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Foreword

In October 2025, the Industrial Engineering Program at the University of Lima held the Fourth
International Conference on Industrial Engineering, under the theme “Al, Operations Research,
and Data Analytics in Industrial Engineering.” The conference theme brought together three
essential components of today’s industrial landscape, whose convergence is shaping a new
frontier in operational efficiency for both companies and institutions.

The conference offered an opportunity to share research findings and professional expe-
riences on the ways in which intelligent systems are transforming the production of goods
and services, decision-making, and real-time resource optimization. More importantly, it
invited reflection on the role and capabilities of industrial engineers in harnessing the poten-
tial of Al, data, and research to improve our surroundings and help address challenges of
genuine relevance to both the productive sector and society at large. The currency and impor-
tance of these issues drew more than 1,000 participants, including students, academics, and
professionals.

On this occasion, a significant group of students from the Industrial Engineering Program
at the University of Lima, Peru, presented research projects that, in every case, contributed to
addressing real engineering challenges faced by Peruvian companies.

I am pleased to introduce these conference proceedings, which bring together the contri-
butions of the event’s international speakers, as well as the work of researchers who shared
their findings with enthusiasm and academic rigor. Readers will find in these pages a balanced
selection of presentations on successful business applications, topics of considerable academic
interest, and student research contributions.
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The national and international speakers offered compelling evidence of the power of big
data and its use in continuous improvement, trend forecasting, and process optimization.
They also demonstrated the value of modeling methodologies and tools in addressing highly
complex problems. I therefore invite readers to engage with these proceedings and benefit
from the valuable work gathered here.

Ezilda Cabrera Gil Grados

Chair of the Organizing Committee
Fourth International Conference on Industrial Engineering
CIII 2025
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ABSTRACT-The fishing industry operates under
demanding conditions in which limited and inconsistent
machinery records often result in reactive maintenance
strategies and unplanned downtime. This study proposes
a predictive maintenance (PdM) framework for a fishmeal
plantin Callao, Peru, integrating Lean principles with relia-
bility modeling based on nonlinear regression to generate
actionable maintenance planning inputs. The framework
was embedded in discrete-event simulations using Arena,
through which a 50% reduction in unplanned downtime
and a 20% increase in equipment uptime were estima-
ted compared with the baseline scenario. These results
highlight the operational benefits of a reliability-driven
planning approach and demonstrate that structured and
validated maintenance records can significantly improve
equipment availability and operational efficiency in fish-
meal processing plants.

Index Terms—Fishmeal industry, predictive maintenance, reliability
modeling, scheduling threshold.

I. INTRODUCTION

Over the last decade, industrial digitalization and the
Industrial Internet of Things (IIoT) have enabled contin-
uous condition monitoring and accelerated the adoption of
Predictive Maintenance (PdM) across sectors. Contemporary
PdM systems integrate sensor networks with edge- and
cloud-based analytics and artificial intelligence (AI) models
to optimize maintenance scheduling and reduce unplanned
downtime [1], [2].

Despite these advances, recurrent implementation
barriers persist—particularly those related to data quality,
transmission latency, and model interpretability [1], [13].
Under such constraints, log-based prognostic models
offer a practical and immediately deployable first stage
for facilities where full sensorization is cost-prohibitive or
must be implemented incrementally, enabling measurable

operational improvements while a phased IoT rollout is
planned [1], [2].

PdM differs fundamentally from preventive mainte-
nance. Preventive strategies rely on average service-life
statistics for a given asset class to schedule interventions,
whereas PAM determines maintenance timing based on
the actual condition of each individual asset [3]. This
condition-based approach supports informed decisions on
whether to repair, replace, or defer intervention according
to asset health [3]. In contrast, corrective maintenance is
performed only after a failure occurs, typically resulting in
higher costs and extended downtime [4].

Adopting a PAM framework represents a shift in orga-
nizational perspective, whereby maintenance is no longer
viewed solely as a necessary cost but rather as a stra-
tegic function that adds measurable value [5]. Effective
management of physical assets contributes directly to
competitiveness, operational safety, and environmental
performance [6]. Multiple review and survey studies
report that structured preventive and PdM approaches
lead to measurable improvements in maintenance costs,
equipment availability, and asset longevity; however,
the magnitude depends strongly on asset criticality, data
quality, and deployment maturity [1], [2]. In this context,
PdM tools—such as nonlinear regression—provide the capa-
bility to develop degradation models that estimate the
remaining useful life (RUL) of equipment [2].

In the fishing industry, operations must withstand
harsh marine conditions while maintaining continuous
production. These conditions accelerate equipment wear
and complicate maintenance planning. The lack of stan-
dardized and complete equipment records frequently leads
to emergency repairs, unplanned downtime, and reduced
productivity. Consequently, implementing PdM strate-
gies tailored to the sector’s operational characteristics has
become a strategic priority [7].

This research addresses that priority by integrating
lean-inspired operational improvements with nonlinear
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Fig. 1. Problem tree diagram for unplanned downtime
in the fishmeal plant.

regression models to forecast failures in industrial assets.
While prior literature has extensively reviewed PdM
algorithms and Remaining Useful Life (RUL) modeling
in manufacturing contexts [2], only a limited number of
studies have applied exponential-decay-based nonlinear
regression specifically to fault prediction in fishmeal plants.
Recent publications tend to emphasize broad Artificial
Intelligence (AI) and Prognostics and Health Management
(PHM) trends, leaving this application domain compara-
tively underexplored [7], [8], [9].

The general objective of this study is to design and vali-
date a PAM model based on exponential-decay nonlinear
regression, trained using historical maintenance records
from a Peruvian fishmeal plant, and to assess its operational
impact through discrete-event simulation. The specific
objectives are as follows: (i) to structure and preprocess
failure-time data collected between 2020 and 2024; (ii)
to estimate reliability functions and analyze hazard-rate
behavior; (iii) to train and validate the proposed model,
reporting performance metrics such as Mean Absolute
Error (MAE), Root Mean Square Error (RMSE), and the
coefficient of determination (R?); and (iv) to simulate both
current and improved operational scenarios in order to
quantify changes in time in system, equipment uptime, and
unplanned downtime.

To contextualize these objectives, a problem-tree diagram
was developed to represent the central issue of unplanned
downtime in the fishmeal plant. The diagram identifies
the underlying causes—such as insufficient machinery data
recording and reliance on reactive maintenance strategies—
as well as the resulting operational impacts on equipment
uptime, production efficiency, and operational risk. Fig. 1
provides a structured foundation for the methodological
framework presented in the following section.

e

Data collection

Data cleaning
and filtering

Failure range
definition

Reliability and hazard
analysis

Prediction coding Arena simulation

Fig. 2. Predictive-maintenance workflow.

Section II introduces the methodological framework,
including data collection procedures, equipment selection
criteria, and simulation parameters. Section III reports the
validation results and compares the evaluated scenarios.
Section IV discusses the operational implications, and
Section V concludes the paper with the main findings and
directions for future research.

II. METHODOLOGY

This research was conducted in a fishing company
located at the Port of Callao, Peru, with a focus on the fish-
meal production process. The methodological framework,
illustrated in Fig. 2, was designed to ensure the validity of
the nonlinear regression procedure and the reliability of the
data employed. This structured approach guided the devel-
opment of the PAM model, enabling results that are both
consistent and replicable.

The data preparation process was carried out in three
main stages: extraction of maintenance records, calculation
of the time-to-failure values for each machine, and organiza-
tion of the information into a clean, structured dataset ready
for modeling. This workflow ensured temporal consistency
and facilitated robust model evaluation. Fig. 2 was adapted
from Abbasi et al. [1].

A detailed dataset covering the period 2020-2024 was
compiled from company records. The dataset comprised
corrective maintenance logs along with specific informa-
tion on equipment and processes. From an initial list of 66
items, 16 equipment-process combinations linked to 9 crit-
ical machines in fishmeal production were selected based
on the following criteria:
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TABLE I
SPECIFICATIONS OF THE INSTRUMENTS USED FOR DATA ACQUISITION

Equipment

Brand, model

Manufacturer,

Year
country

Solids recovery pump

Hidrostal, F10K

Switzerland 2010

Heaters Tecnologia de Separacion, TF15M Peru 2015
Pama centrifuge Alfa Laval, AFPX-517 Sweden 2012
Screw air compressor Ingersoll Rand, R551-A-125 USA 2020

Dry grinding Jesma, 650-800 Denmark 2010
Water well Toray, Osmosis Membrane 8x40 Japan 2015
Pama separator Alfa Laval, NX-418 Sweden 2012
Oil recovery tank Nacional, Cubic Tank Peru 2015
Mechanical transporters copre Nacional, Helical Conveyor Peru 2020
Solubles recovery pipes Nacional, Linelaes Peru 2020
Absorbent Fishvac, VG20-H USA 2021
Water supply pump Lowara, SV 3304/1-F Italy 2018
Oil recovery pump Hidrostal, 40-250-9HE-E500-AS Switzerland 2015
Cookers Goalco, Mixto Peru 2010
Secondary solids and oil recovery Alfa Laval, NX-418 Sweden 2008
pama plant

Solubles recovery tanks Nacional, Cubic Tank Peru 2015

+ Availability of complete maintenance data records.
+ Inclusion of relevant information for the year 2022.

- Presence of observable trends in the maintenance
history.

+ Exclusion of cases without a valid basis for compa-
rative analysis.

+  Exclusion of data with zero calculated reliability.

The Mean Time Between Failures (MTBF) was initially
calculated for 28 pieces of equipment, with emphasis on
those exhibiting the highest failure rates. Based on these
selection criteria, the 16 most representative assets were
chosen for detailed analysis. Identifying the system’s failure
range and detecting maintenance patterns is essential for
developing efficient predictive models and planning preven-
tive maintenance.

To guarantee data accuracy and reproducibility, all equip-
ment used in this study was fully characterized in terms of
manufacturer, model, year of manufacture, operating prin-
ciple, calibration status, and the type of data collected.

The selected equipment encompassed sixteen units
distributed across the main subsystems of the fishmeal
plant, including pumps, centrifuges, compressors, separa-
tors, cookers, storage tanks, and auxiliary devices. Their
operating principles ranged from centrifugal pumping and
mechanical separation to heat transfer, pneumatic compres-
sion, and solid-liquid decantation. This diversity ensured
a comprehensive representation of the plant’s operational
chain for predictive modeling purposes.

The detailed specifications of each instrument are
summarized in Table I.

All equipment was used to collect downtime data
extracted from plant maintenance records. Most assets
underwent semiannual maintenance, while heaters and
cookers were additionally calibrated using thermometers in
accordance with the manufacturer’s guidelines. The cooker
thermometer (Certification Code: 1AT-0835-2025) and the
heater thermometer (Certification Code: 1AT-0838-2025)
hold valid calibration certificates.

A total of 16 critical machines were considered in the
study; however, only 15 exhibited sufficient failure history
(=2 events) to enable the computation of time-to-failure
intervals, yielding 125 usable failure events. The remaining
machine was retained for descriptive analyses but excluded
from quantitative validation metrics.

These criteria ensured data consistency and representa-
tiveness, enabling accurate analysis during the development
of the predictive system. The final dataset was structured
to include key indicators for the selected equipment,
including failure rate, total operating time and reliability.
These parameters provide the necessary data to evaluate
system behavior and validate the predictive model under
real operating conditions. The selected equipment and their
associated parameter values are shown in Table II.

Arena version 16.1_x64 was employed to validate
the improvements by simulating industrial processes,
comparing real and improved scenarios to assess the impact
of PAM. The simulation replicated operating conditions and
maintenance patterns of the fishing plant using historical
data to evaluate alternative maintenance strategies [10].
The average time in system, obtained from 100 simulation
replications, was computed directly from the empirical
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outputs, thereby avoiding parametric assumptions in the
comparison of scenarios.

We adopt the one-parameter exponential reliability
model R(t) = exp (—At), a parsimonious formulation well
suited to maintenance-log datasets characterized by sparse
failure events and limited covariates. In the broader RUL
landscape, recent surveys place exponential-type models as
a practical compromise between interpretability and predic-
tive capability when continuous sensor streams are absent
or incomplete [11]. In this setting, A (day™) is directly inter-
pretable as the failure rate and enables scheduling through
the median reliability threshold t5g = In (2) /A

R(t) = exp (—At) (€))

We estimate A by Maximum Likelihood (MLE) from
Time-to-Failure (TTF, days): (i) global and (ii) per-ma-
chine. For robustness, we also use leave-one-out (LOO) per
machine, re-estimating A without the held-out event before
predicting tsg. Validation compares predicted tsg against
observed TTF using MAE, RMSE, and R? (all in days). We
describe the framework as nonlinear regression-based
because the relationship between reliability and time is
nonlinear; while constrained nonlinear curve fits were
used for plotting; all reported estimates and metrics rely
on MLE for A.

Parameter estimation and coding were handled in
Google Colab (NumPy/pandas/Matplotlib). Constrained
nonlinear curve fits of the exponential form (intercept fixed
at 1, functionally equivalent to (1) were used only for figure
generation; validation metrics rely on MLE.

The analysis was conducted under two different
scenarios:

+ The real scenario, which considers the current limi-
tations of the plant measured by the company.

+ Aproposed improvement based on recent research,
such as that conducted by Deloitte Analytics
Institute [12].

+  To validate the impact of the PAM model, the simu-
lation included:

- Arrival rate: 1 entity per day (representing
processed anchovy)

+  Service distributions: set in Arena Input Analyzer
with average improvement times (VA Time).

- Maintenance: modeled as scheduled outages based
on times adjusted to the selected distribution

+  Simulation horizon: 111 days of operation in 2022
- Entities: 1 per day (due to version limitations)

+ Replications: 100 runs per scenario to ensure statis-
tical stability

TABLE I1

SELECTED EQUIPMENT AND RELIABILITY
PARAMETERS (A, TOT, R)

Metrics
Equipment A (days") ( Cg)yz) R

Solids recovery pump 0.00926 108 0.36788
Heaters 0.00943 106 0.36788
Pama centrifuge 0.00909 110 0.36788
Screw air compressor 0.00935 107 0.36788
Dry grinding 0.00926 108 0.36788
Water well 0.00943 106 0.36788
Pama separator 0.00935 107 0.36788
Oil recovery tank 0.00917 109 0.36788
Mechanical transporters 0.00909 110 0.36788
COPRE

Solubles recovery pipes 0.00943 106 0.36788
Absorbent 0.01923 104 0.13534
Water supply pump 0.01852 108 0.13534
Oil recovery pump 0.01923 104 0.13534
Cookers 0.01869 107 0.13534
Secondary solids and oil 0.01852 108 0.13534
recovery pama plant

Solubles recovery tanks 0.01852 108 0.13534

R(t) evaluated at t = ToT.

III. RESULTS

The first step consisted of simulating the plant’s oper-
ational processes using Arena software [10] to establish
a baseline for comparison and to assess the effectiveness
of the proposed improvements. Prior studies have shown
that discrete-event simulation can optimize preventive
maintenance frequency, thereby avoiding unnecessary
interventions and associated costs [13].

A. Model Validation Notes

Ground truth was TTF in days, computed per machine
as entry date minus end-of-repair of the previous order (first
records excluded). We report micro-averages over events.
All A values are in day™! and error metrics (MAE, RMSE) are
reported in days.

B. LOO Protocol

For each event, A was estimated excluding that event

before predicting tsg = In (2) / A for the held-out record.
This cross-validation reduces optimistic bias and approxi-
mates out-of-sample performance; studies support LOOCV
in engineering reliability modeling and discuss when group/
block CV may be preferable [14]-[15].

Industrial implementations that integrate predictive
models into workflows (alerts, work orders, scheduling)
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report comparable availability improvements. Case studies
in the automotive sector report reductions in unplanned
stops when predictive models are integrated into routine
operations [16], [17].

C. Predictive Model Performance

The model estimates tsg = In (2) / A where R(t) 0.5 as
a planning cue. Validation against 2022 field records from
the Callao plant—covering 125 failure events across 16
machines—is summarized in Table III.

The results reported in Table III indicate that the
modeling strategy significantly affects predictive accuracy.
The global A approach yields R?* = -0.07, indicating poor
fit. In contrast, per-machine A (MLE) achieves R? = 0.41,
confirming that individual machine modeling captures
distinct degradation patterns more effectively. The LOO
validation (R? = 0.22) supports robustness. These findings
justify the adoption of per-machine modeling in the subse-
quent analysis.

D. Reliability Curve

For nonspecialist readers, Fig. 3 illustrates the reliability
function R(t) = exp(—At) together with threshold markers ts
=1In (2) /A. This graphical representation highlights the time at
which reliability crosses a critical threshold (e.g., 50%), guiding
preventive interventions and maintenance scheduling, rather
than predicting exact failure times [18]. The exponential decay
reflects the constant-hazard assumption underlying the model.

The calculated curve corresponds to the 2022 base-
line scenario, and incorporates existing downtime patterns
observed in plant operations. It enables operators to antici-
pate when the probability of failure reaches a critical threshold
and to schedule maintenance interventions accordingly, opti-
mizing resource allocation and minimizing unplanned stops.

The reliability curves in Fig. 3 display distinct decay
rates for different equipment categories, consistent
with the failure rate parameters (\) reported in Table II
Equipment with higher A values (e.g., Absorbent, Cookers)
exhibit steeper reliability decline and shorter ts, intervals,
requiring more frequent maintenance windows. Conversely,
equipment with lower A values exhibits slower degradation,
allowing longer intervals between interventions. This differ-
entiation supports prioritized allocation of maintenance
resources toward more critical assets.

The choice of an exponential reliability model is
grounded in established prognostics literature. Single-
parameter exponential models are widely adopted for
industrial assets under constant-hazard assumptions
and when covariate data are limited [19], [20]. While
more sophisticated degradation models incorporating
multiple failure modes and time-varying hazards exist,
they require extensive sensor infrastructure and computa-
tional resources often unavailable in resource-constrained
industrial settings. Recent comprehensive reviews of RUL
estimation methods confirm that exponential-type models

1.04 —— Reliability
Probable failure (40 days)
Probable failure (50 days)
0.91 Probable failure (60 days)
Probable failure (70 days)
08l Probable failure (80 days)
Probable failure (90 days)
Probable failure (100 days)
> 071 Probable failure (110 days)
= Probable failure (120 days)
< Probable failure (130 days)
kol 0.67 Probable failure (140 days)
@ Probable failure (150 days)
0 5 € A S S S Probable failure (160 days)
Probable failure (170 days)
\ Probable failure (180 days)
0.44 Probable failure (190 days)
- -- Target reliability (50.0%)
0.31
0 25 50 75 100 125 150 175
Time (days)

Fig. 3. Reliability function R(t) with predicted failure intervals.

TABLE III

VALIDATION OF THE PREDICTOR AGAINST FIELD TIME-
TO-FAILURE (TTF)

A estimation strategy (Z/;Ayz) (Rd’\;lyssg R2

Global A (MLE) 26.59 38.64 -0.07
Per-machine A (MLE) 19.37 28.73 0.41
Per-machine A (LOO) 22.04 33.06 0.22

represent a practical compromise between predictive capa-
bility and operational simplicity, particularly for log-based
PdM applications in marine and food-processing industries
[11]. This pragmatic approach has been successfully vali-
dated in similar industrial contexts [16], [17].

The model was designed to replicate the plants current
operating conditions as realistically as possible, by incor-
porating actual equipment specifications, maintenance
schedules, and observed failure patterns. The proposed
improvements in the second scenario are based on recent
industry research and benchmarking studies [12], which
identify targeted modifications to critical process steps
and equipment configurations aimed at enhancing overall
system reliability and throughput.

E. Operational Outcomes

The PdM strategy was associated with an estimated
50% reduction in downtime (95% CI: [45%, 55%]) and a
20% increase in uptime (95% CI: [18%, 22%]) relative to the
baseline scenario. These confidence intervals were derived
from the empirical distribution of 100 simulation replica-
tions, confirming the statistical significance of the observed
improvements. The magnitude of these effects falls within
the upper range of impacts reported in prior PdM studies
[8], [9]. Although the analysis is limited to a single plant and
one year of records, the proposed approach is transferable
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to other facilities with comparable operations, provided
that maintenance logs are complete and standardized.

F. Scenario Comparison

All times in this section are reported in hours, consis-
tent with the output format of the Arena simulation tool.
The simulation compared two operational scenarios over
a 111-day horizon using 100 independent replications to
ensure statistical robustness. Fig. 4 displays the compara-
tive results from the Arena Output Analyzer, contrasting
the baseline (“real”) scenario—reflecting current plant
operations with reactive maintenance practices—against
the proposed (“improved”) scenario incorporating the PdAM
framework. The boxplots illustrate the distribution of time
in system across all replications for both scenarios. In the
baseline (real) scenario, the mean time in system was 26.5 h,
whereas in the improved scenario it dropped to 11.1 h,
representing a 58% reduction and indicating substantial
improvement in processing performance.

G. Simulation Outputs

To characterize performance under the improved strategy,
the distribution of the average time in system per replica-
tion was analyzed. Fig. 5 displays the empirical distribution
derived from the Arena Input Analyzer for the improved
scenario. All times are reported in hours, consistent with the
output of the Arena simulation tool. The histogram shows
the frequency distribution of average processing times across
the 100 independent simulation runs, providing quantita-
tive insight into both the variability and central tendency of
system performance under the proposed PdAM approach.

The distribution exhibits substantially reduced disper-
sion compared to the baseline scenario. Most replications
cluster around the 11 h, with a visibly tighter spread
than that observed in the baseline runs. This concentra-
tion of values around the central tendency confirms more
predictable and stable operations under the proposed PdM
framework. The reduced variability indicates that mainte-
nance interventions are better synchronized with actual
equipment degradation patterns, minimizing both prema-
ture maintenance actions and unexpected failures.

This operational stability is particularly valuable in the
fishing industry, where production windows are constrained
by seasonal catch availability and processing capacity must
be maximized during active fishing periods.

The tighter distribution further implies reduced uncer-
tainty in production planning, enabling more accurate
scheduling of downstream operations such as packaging,
storage, and logistics. Moreover, more consistent processing
times facilitate improved coordination with vessel arrival
schedules and raw material handling, ultimately reducing
waste and improving overall supply chain efficiency in the
perishable seafood sector.

The narrowing of dispersion in the improved scenario
(e.g., tighter P25-P75 ranges shown in Fig. 4) indicates more

Avg
Observation Intervals Min' s Max
95% CL
26,5
Output 1 2.08 a7
11.6 41.4
11,1
Output 1 2.06 211
P 431 *7.9
Classical C.I. Intervals Summary
IDENTIFIER AVERAGE = STANDARD 0.950 C.I. MINIMUM ~ MAXIMUM  NUMBER
DEVIATION HALF-WIDTH VALUE VALUE OF OBS.
Output 1 26.5 749 14.9 2.08 471 100
Output 1 111 34.1 6.77 2.06 211 100

Fig. 4. Time in system: real vs. improved
(Output Analyzer results).

P

f —

Fig. 5. Average time in system distribution after
maintenance improvements (Input Analyzer results).

predictable operations. The 95% confidence intervals for
downtime and uptime were computed directly from the
empirical distribution of simulation replications, supporting
the statistical significance of the gains reported above.
No parametric distributional assumptions were imposed;
instead, statistical comparisons across scenarios relied on
the empirical replication outputs, ensuring robust infer-
ence that is not sensitive to potentially violated parametric
assumptions. This nonparametric approach is particularly
appropriate given the discrete-event nature of the simula-
tion and the finite sample size.

IV. DISCUSSION

A. Improved Efficiency

The analysis shows a substantial efficiency gain after
implementing the predictive-maintenance strategy: the
mean time in system decreased from 26.5 h to 11.1 h,
indicating a marked improvement in overall processing
performance. The magnitude of this reduction places our
results at the upper end—or above—the range commonly
reported in the predictive-maintenance literature, where
industrial applications typically document efficiency gains
of approximately 20-30% [9], [21]. Larger improvements
have been reported when interventions are broader in
scope or more tightly aligned with operational constraints
and process characteristics [8], [12].
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Our findings are consistent with reviews that frame
PdM as the joint use of sensing and analytics to optimize
intervention timing and reduce unplanned stops, while
also highlighting persistent adoption challenges—such as
data quality, volume and latency, model transferability, and
organizational readiness—that often determine whether
sensor-based or log-based strategies are preferable in a
given plant context [2]. In settings where IIoT deployment
is partial or phased, log-based reliability models—such as
the exponential-decay model adopted in this study—can
deliver immediate operational benefits while a staged
sensor strategy is implemented.

Choosing an exponential-decay model is appropriate
for industrial assets under constant-hazard assumptions
and in contexts with sparse covariate information [19],
[20]. Rather than predicting exact failure times, the model
estimates a planning threshold t5g = In (2) / A at which R(t)
= 0.5. Its parameters are transparent and support mainte-
nance decision rules and scheduling. In our case, the model’s
predictive precision—supported by the MAE and RMSE
values reported in the Results section (Table III)—provides
actionable lead time for planning without inducing exces-
sive preventive interventions.

Differences between our gains and ranges reported else-
where can be attributed to plant-specific targeting of critical
assets and maintenance windows as well as to the synergy
between reliability modeling and discrete-event simulation,
which likely amplified the observed effects. Additionally,
heterogeneity in data depth, asset criticality, and organiza-
tional maintenance practices across studies may contribute
to the variability reported [9], [21], [8], [12].

B. Operationalization and Integration

The practical value of predictive models depends on
connecting predictions to maintenance workflows. In indus-
trial deployments, this connection is achieved by integrating
predictive outputs into IloT-enabled pipelines, dashboards,
and rule-based triggers that translate model signals into
concrete actions (e.g., alerts, work orders, or dynamic
rescheduling). A phased adoption approach is recom-
mended: (i) deploy validated log-based models to prioritize
critical assets; (ii) instrument the highest-priority equip-
ment with targeted sensors; (iii) implement real-time edge/
cloud data ingestion supported by a lightweight dashboard;
and (iv) close the loop by measuring intervention effective-
ness and retraining models. Field implementations report
that such pipelines reduce unplanned stops when coupled
with well-defined organizational processes [16], [17], while
comprehensive reviews highlight data quality, latency, and
model transferability as key adoption challenges [2].

C. Reduced Downtime

The data indicate an approximately 50% reduction in
equipment downtime (95% CIL: [45%, 55%]), which lies at
the upper end of the 20-50% range reported in prior studies
[9] and is consistent with reports of roughly 30% downtime

reductions across diverse industrial sectors [21]. Variations
in effect magnitude in magnitude across studies may reflect
specific operating conditions and asset mixes, as well as
data quality and maintenance practices.

D. Comparison and Analysis

Differences between our results and prior reports can
be attributed to contextual factors and data practices. First,
the model was calibrated on curated maintenance logs and
tailored to a specific production flow, which can amplify
benefits when bottlenecks concentrate on a few critical
machines. Second, the alignment between reliability model-
ling (used to derive planning thresholds) and simulation of
plant constraints likely contributed to the observed gains.
At the same time, the literature underscores that effective-
ness depends on data quality, availability, and organizational
readiness [2].

For the simulation output—average time in system per
replication—variability is characterized directly from the
empirical distribution across replications. This approach
supports uncertainty analysis and scenario comparison
without imposing a parametric distributional family.

E. Limitations and Future Work

Although the results are promising, several limitations
should be noted. The analysis is based on historical data
from a single plant and a single year, which limits long-
term trend capture and external validity. In addition, the
absence of real-time sensor data reduces the temporal reso-
lution of failure prediction, and data gaps required careful
preprocessing.

The exponential-decay reliability model represents a
parsimonious choice under constant-hazard assumptions
and sparse covariates [19], [20]. Future work should (i) inte-
grate IIoT-based monitoring to collect real-time signals, (ii)
develop interactive dashboards to operationalize decision
support, and (iii) explore hybrid reliability-machine-learning
approaches to enhance accuracy and transparency.
Extending the dataset across multiple years and facilities
with similar processes would strengthen validation of the
proposed approach [1], [2].

V. CONCLUSIONS

This study shows that PAM can be effectively
implemented using historical maintenance and failure
logs—without continuous sensor data—by estimating plan-
ning thresholds rather than exact failure times. We used an

exponential-decay reliability model to predict the time t5g
=1In(2) / A at which reliability falls to 0.5; the model was cali-
brated with plant logs and validated on the 2022 dataset.
In this context, the per-machine calibration of A delivered
actionable lead time for scheduling preventive work (see
Results, Table III), consistent with the model’s intended role
as a decision cue for defining maintenance windows.
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When paired with discrete-event simulation, the
approach translated into measurable operational gains. In
the improved scenario, the mean time in system decreased
from 26.5 h to 11.1 h, downtime was reduced by approxi-
mately 50% (95% CI: [45%, 55%]), and uptime increased by
roughly 20% (95% CI: [18%, 22%]). These results confirm
that well-structured and standardized maintenance logs
can provide a robust foundation for predictive strategies
that enhance equipment availability and overall process
performance.

For successful adoption, organizations should estab-
lish rigorous and consistent data-recording protocols to
ensure data completeness and traceability. As data matu-
rity increases, the integration of IIoT data streams and
complementary analytical methods can further enhance
real-time decision-making and support a phased transition
from reactive maintenance to PdM. Recent studies report
reference architectures and platforms that streamline I1oT-
based predictive maintenance deployment [22], providing
practical pathways for staged digital integration.
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ABSTRACT-The footwear sector in Peru has experienced
sustained growth over time, playing a significant role in the
national economy and contributing substantially to emplo-
yment and exports. Consequently, companies in the sector
must continuously evolve to meet new market demands
and address production-related challenges that affect their
competitiveness. In this context, identifying the root causes
of these challenges is essential, such as the high level of
leather waste, which is directly linked to insufficient input
inspection, the absence of standardized cutting procedu-
res, and recurrent sewing machine failures. This research
proposes an improvement model based on three key tools—
Total Quality Management (TQM), Standardized Work,
and Total Productive Maintenance (TPM)—with the main
objective of reducing leather waste in footwear companies
to enhance material utilization, productivity, and profitabi-
lity. The results confirm the effectiveness of the proposed
model, achieving a reduction in overall leather waste from
33.2% to 20.1%, a 20% increase in productivity, and a return
on investment in less than three months.

Index Terms—Leather waste, productivity improvement,
Standardized Work, Total Quality Management (TQM), Total
Productive Maintenance (TPM).

I. INTRODUCTION

The leather and footwear industry in Peru is an economically
significant sector, contributing 0.8% to the manufacturing
GDP and employing more than 64,000 workers [1]. In recent
years, exports have shown a positive trend, driven by new
market opportunities and increasing demand for quality
products. However, the sector remains dominated by micro
and small enterprises (MSEs), which face structural barriers
that limit their competitiveness. These include deficiencies
in general administration and lack of quality standards

and technology to optimize production processes [2], poor
resource utilization and low productivity, as documented in
case studies within the sector [3], [4], the presence of manual
artisan work and lack of standardized procedures [5], and
difficulties in competing with larger firms that benefit from
economies of scale. These challenges directly affect opera-
tional efficiency, product quality, and profitability.

This study analyzes a Peruvian MSE with more than
25 years of experience in manufacturing leather foot-
wear for children and school use. Despite producing over
10,800 pairs annually, the company faces a critical issue: an
average leather waste rate of 33%, significantly higher than
the 20-30% range reported for footwear and leather goods
industries [6]. This inefficiency results in monthly loss of
approximately 300 unproduced pairs and represents up
to 63% of the company’s potential profits. Addressing this
issue is essential for improving profitability and strength-
ening the company’s competitiveness in an increasingly
demanding market.

The identified causes of this high level of leather waste
include the use of defective raw materials due to insuffi-
cient inspection, poor layout and cutting practices resulting
from the lack of standardized procedures, and frequent
sewing machine failures caused by inadequate preventive
maintenance. These issues reveal broader weaknesses in
quality management, process standardization, and equip-
ment upkeep. As a result, the study proposes a hybrid
operational improvement model that integrates three
well-established tools from industrial engineering: Total
Quality Management (TOM), Standardized Work, and Total
Productive Maintenance (TPM). The objective is not only to
reduce material waste but also to enhance overall efficiency,
increase productivity, and serve as a reference model for
other MSEs facing similar challenges.
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To quantify the problem, this study uses the percentage
of leather waste as a key performance indicator (KPI). Data
collected over a 12-month period show a consistent waste
rate of 33%, revealing a technical gap of 13% compared to
the industry average. This waste translates into an esti-
mated annual loss of S/1,227,420, including 2,700 ft* of
leather discarded monthly at an average price of $8.55/ft?,
and the loss of 300 pairs of shoes per month, each with
a $15 profit margin. This economic impact highlights the
urgency of implementing improvement actions.

The production process of the company involves several
sequential stages, as illustrated in Fig. 1: leather selection,
cutting, coding and classification, skiving, assembling,
lasting, finishing, and packaging. The cutting and sewing
stages are identified as the main sources of waste and are
therefore prioritized for intervention.

To better understand the situation, a problem tree was
developed, as shown in Fig. 2. This diagram identifies the
main problem—excessive leather waste—and its root causes:
the use of defective leather due to inadequate inspection,
cutting errors resulting from the absence of standardized
procedures, and machine-related damage caused by poor
maintenance. Each cause is linked to a corresponding tool
within the proposed solution: TOM addresses inspection
processes, Standardized Work improves cutting efficiency,
and TPM enhances equipment reliability.

This article presents the proposed model and its appli-
cation through the following structure. First, it outlines the
context, problem, motivation, and diagnostic findings. Then,
aliterature review is provided to support the selection of the
proposed tools. The next section describes the methodology
and implementation of the hybrid model. Subsequently,
results from the validation stage are discussed, followed by
conclusions and a scenario analysis to evaluate the model’s
adaptability under different operational conditions.

II. METHODOLOGY

A. Literature Review

This study draws upon a hybrid improvement model
that integrates three well-established methodologies in
industrial engineering: TQM, Standardized Work, and TPM.
Each of these tools is applied to address a specific root
cause of leather waste in the footwear production process,
as identified during the diagnostic phase.

TOM is a comprehensive management philosophy that
involves all members of an organization in the contin-
uous improvement of processes, products, and services to
achieve long-term customer satisfaction. Academic liter-
ature supports TQM as a critical driver of organizational
performance, as evidenced by studies such as [7], which
demonstrate its direct impact on operational efficiency and
an organization’s ability to adapt to market demands. In the
context of the footwear industry, the implementation of
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TOM is essential for establishing a robust quality culture,
which is fundamental to addressing the root causes of
production-related issues. This methodology provides a
structured framework to proactively identify and eliminate
defects from the earliest stages of the production chain,
such as raw material inspection, which is a key factor in
mitigating high levels of leather waste.

Furthermore, TQM principles enable a data-driven
approach to process control, ensuring that all operational
activities are aligned with the strategic objectives of the
business. By integrating quality assurance throughout the
entire value chain—from supplier management to final
product delivery—organizations can significantly improve
its resilience and operational efficiency. The continuous
application of TQM principles not only leads to a superior
end-product but also fosters a proactive problem-solving
environment. This ultimately translates into optimized
resource utilization, reduced operational costs, and an
improved competitive standing in the market.

Standardized Work is a fundamental lean manufac-
turing tool that focuses on documenting and implementing
the most efficient and safest procedures for performing
tasks. This tool’s primary objective is to eliminate process
variability, a common source of defects, waste, and incon-
sistencies in production. As confirmed by the literature,
including seminal works by Fin et al. [8] and empirical
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evidence from the footwear sector by Solomon [9], who
demonstrated that standardizing the leather cutting
method across all operators significantly reduced material
waste and improved cutting efficiency. In the footwear
sector, where raw material costs are significant, the imple-
mentation of this tool is crucial for addressing the problem
of excessive leather waste. By defining the “one best way”
to perform the cutting process, it ensures that every cut is
made with maximum material yield in mind, minimizing
leftover scraps.

The application of standardized work directly addresses
the problem of high leather waste by providing a clear and
uniform template for the cutting process. This practice not
only improves material utilization but also serves as a stable
foundation for employee training and continuous improve-
ment initiatives. When processes are standardized, it
becomes easier to identify inefficiencies and make targeted
adjustments. This approach enables further reductions in
waste and sustained gains in productivity, as a well-de-
fined and optimized procedure serves as the baseline for all
subsequent improvements. Consequently, the implemen-
tation of standardized work is a prerequisite for achieving
operational excellence in a resource-intensive industry like
footwear manufacturing.

TPM is an advanced maintenance strategy that seeks to
maximize the overall effectiveness of equipment throughout
its entire life cycle. Unlike traditional reactive maintenance,
which addresses failures only after they occur, the academic
literature supports TPM as a proactive and collaborative
approach involving operators, maintenance personnel, and
management. This methodology is centered on the principle
that equipment failures are largely preventable through a
culture of ownership and consistent care.

A core component of TPM is Autonomous Maintenance,
a concept that empowers operators to take ownership
of their own equipments basic maintenance and care.
By training operators to perform routine tasks such as
cleaning, lubrication, inspection, and minor adjustments,
TPM not only frees up specialized maintenance personnel
for more complex repairs but also instills a sense of respon-
sibility and enhances the operator’s understanding of their
machinery. This proactive approach is vital for the foot-
wear industry, as it ensures that critical machinery, such as
sewing and cutting machines, remains in optimal working
condition. The implementation of TPM, particularly through
Autonomous Maintenance, directly contributes to reducing
defects caused by faulty equipment, minimizing production
downtime, and ultimately achieving smoother, more effi-
cient, and more productive operation.

Fig. 2 illustrates the alignment of each tool with a
specific root cause and its corresponding KPI, forming a
coherent strategy for reducing leather waste.

Together, these three methodologies form a synergistic
framework that addresses material losses at different stages
of the production system including inspection, layout and
cutting, and machine operation. The literature supports
their individual effectiveness, and their integration into a
hybrid model provides a comprehensive response to the
structural inefficiencies observed in small-scale leather
footwear manufacturing.

B. Innovation Proposal

The Peruvian footwear industry is a traditional and
labor-intensive sector that plays a crucial role in the
national economy, particularly through the contribution of
MSEs. These firms represent a significant share of domestic
production and employment; however, they face persistent
structural challenges, including limited access to formal
financing, high levels of informality, low technological
adoption, and operational inefficiencies. These constraints
hinder competitiveness and limit the sector’s ability to meet
modern market demands.

In recent years, the sector has experienced positive
export trends, largely due to the growing demand for
quality footwear and the opening of new international
markets. However, despite these opportunities, many MSEs
continue to struggle with low productivity and high levels
of waste in their production processes. One of the most crit-
ical issues is the excessive leather waste rate, which in many
cases exceeds the accepted industry standard of 20%. Such
high waste levels not only reduce profit margins but also
compromise sustainability and material efficiency.

Previous studies have emphasized the importance of
adopting continuousimprovementmethodologiestoaddress
these inefficiencies. Tools such as TOM, Standardized Work,
and TPM have been successfully applied across diverse
manufacturing contexts to reduce waste, improve process
stability, and increase overall productivity. However, their
application in small-scale footwear manufacturing environ-
ments remains limited, particularly in Latin America.

This research builds upon these foundations by applying
a hybrid model that integrates TOM, Standardized Work,
and TPM to address the specific causes of leather waste in
a Peruvian footwear MSE. The model not only targets tech-
nical improvements but also promotes cultural shift toward
operational discipline and process control, contributing to
the long-term sustainability of the business.

This study contributes to the existing body of knowl-
edge by applying a hybrid model tailored to the operational
realities of small-scale leather footwear manufacturing.
While methodologies such as TQM, Standardized Work,
and TPM have been extensively studied in large-scale indus-
trial contexts, their integrated implementation in MSEs in
the Peruvian footwear sector remains underexplored. This
research demonstrates how these tools can be adapted
to reduce material waste, improve process stability, and
increase profitability in resource-constrained environments.
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1) Total Quality Management (TQM): The application of
TOM in this study focuses on enhancing raw mate-
rial inspection prior to production. By implementing
visual and tactile quality checkpoints at the leather
selection stage, the company was able to identify and
isolate defective inputs at an early stage, preventing
their entry into the value stream. This contributes to a
proactive quality culture and aligns with the principles
of defect prevention rather than post-process detec-
tion. The study provides practical evidence that TQM
can be effectively applied without the need for costly
automation or advanced inspection systems.

2) Standardized Work: Standardized Work was applied
to address variability in the leather cutting process.
Through the use of simulation software (DeepNest) and
printed cutting templates, a repeatable and optimized
layout optimized layout methodology was imple-
mented, significantly reducing material losses caused
by inconsistent cutting practices. This contribution
demonstrates that even in highly manual processes,
visual standardization and structured operator guid-
ance can substantially improve resource utilization
and process efficiency. Furthermore, the integration of
operator training and continuous audits reinforces a
sustainable cycle of continuous improvement.

3) Total Productive Maintenance (TPM): TPM was imple-
mented to reduce leather losses caused by sewing
machine failures. The study introduced a dual-
level maintenance approach—daily autonomous
maintenance by operators and monthly technical
inspections—supported by digital incident tracking
using UpKeep. This framework improved machine
reliability and reduced downtime, protecting semi-fin-
ished products from damage. The key contribution of
this approach lies in demonstrating that TPM can be
adapted to small workshop environments and still yield
measurable performance gains, even in the absence of
sophisticated monitoring systems.

Together, these tools form a coherent and adaptable
model that can be replicated in similar small and medi-
um-sized enterprises (SMEs). This research not only
addresses a specific operational problem—leather waste—
but also provides a structured methodology that supports
broader objectives of productivity, sustainability, and
competitiveness in emerging economies.

C. Implementation of the Integrated System

The following section presents the improvement
proposal through various phases and components. This
model integrates the information gathered during the diag-
nostic phase and links the proposed actions to each selected
technique.

1) Phase 1 - Data Collection: In this initial phase, informa-
tion is gathered. An empirical study was conducted
through the analysis of historical production records,

Fig. 3. Identification of leather defects prior to the
cutting process.
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2)

Fig. 4.

Cutting pattern simulation in DeepNest.

direct observation in the plant, and interviews with
operational staff. As an analytical tool, a problem tree
was developed, which allowed for a clear visualization
of the cause-and-effect relationships associated with
the identified issue. The diagnostic process revealed
that the main cause of leather waste is linked to three
primary reasons: production of shoes with defects
(leather blemishes), errors in the cutting area, and
errors in the sewing area.

Phase 2 - Implementation of TQM, Standardized Work,
and TPM: To address the identified problem, an inte-
grated system was implemented with the objective of
preventing waste generation.

2a) Implementation of TQM: The proposed improve-
ment incorporated a visual and tactile inspection
point for leather sheets prior to cutting, structured
according to the TQM approach.

A standardized template was developed for evaluating
the leather, enabling the identification of unusable
areas, as illustrated in Fig. 3. A marking procedure
was implemented to guide operators on which
areas to avoid during cutting. This action not only
strengthens quality assurance from the early stages
but also promotes a culture of continuous improve-
ment and visual control based on objective criteria.
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2b) Implementation of Standardized Work: For this imple-
mentation, the DeepNest tool was employed as an
automated nesting software, enabling the simula-
tion of the optimal arrangement of pieces on a given
surface, as shown in Fig. 4. The proposal involves
digitally designing the cutting patterns and then
printing them for direct use on the leather sheets
by operators. This action introduced a standardized
visual guide into the cutting process, reducing reli-
ance on individual judgment and improving leather
utilization. Additionally, this improvement enabled
the standardization of results among operators and
reduced variability between production batches,
without requiring costly automation.

2¢) Implementation of TPM: A maintenance system was
designed and implemented based on the principles
of TPM, as illustrated in Fig. 5. The TPM imple-
mentation was structured as a staged process,
with the purpose of transforming the maintenance
culture from a reactive orientation to a preven-
tive one. The cornerstone of this approach was
Autonomous Maintenance, for which an intensive
four-day training program was developed for the
sewing machine operators. This training was deliv-
ered by an industrial machinery specialist at the
end of the workday and covered essential topics
such as machine anatomy, cleaning and lubrica-
tion routines, common adjustments based on the
type of leather, and the use of the UpKeep soft-
ware for digital recording of incidents and machine
maintenance. Following the training, the recording
process was standardized through the use of daily
maintenance checklists in UpKeep, lasting 10 to
15 minutes and conducted before and after the
workday, ensuring tasks such as needle inspection,
residue removal, and verification of the electrical
system were consistently performed.

This pillar of Autonomous Maintenance was comple-
mented by monthly Planned Maintenance, conducted by
specialized technical personnel and focused on in-depth
inspections and preventive adjustments. The UpKeep soft-
ware served as the central element of the system, enabling
supervisors to monitor compliance with routines for each
operator, analyze failure frequency, and establish a knowl-
edge base to anticipate future issues. In this way, the
initiative not only ensures the operational availability of
equipment and prevents recurring failures that affect leather
pieces but also fosters operator accountability in machinery
care and supports continuous and reliable production.

The overall improvement approach is summarized in the
macro model as shown in Fig. 6. The proposal integrates three
complementary tools: TOM to reduce the number of defec-
tive leather pieces through improved inspection processes,
Standardized Work to minimize tracing and cutting errors,
and TPM to increase the reliability and availability of

Fig. 5. Implementation of UpKeep.
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Fig. 6. Macro model of the proposal.

sewing equipment. The model illustrates the transformation
from a high raw material waste rate of approximately 33%
to a reduced range between 20.25% and 22.95%, thereby
improving material utilization and process efficiency.

To evaluate the effectiveness of the proposed improve-
ment model, the following KPIs were defined, each
associated with one of the implemented tools:

+  Percentage of area lost due to defective parts
(TOM): This indicator quantifies the waste gene-
rated directly by quality defects in the raw material.
It measures the impact of the TOM implementation
by ensuring that only defect-free leather pieces
proceed through the production process.

(Adefective) %100 1)

Atotal

Where Adefective is the area lost due to defective leather,
and Agptql is the total leather area used.

- Percentage of total waste area (Standardized
Work): This KPI measures the overall efficiency of
material usage. It quantifies the reduction in total
waste (scrap) achieved through the standardization
of cutting and tracing processes, thereby optimi-
zing leather utilization.

(“‘W—f) 100 @)

used
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Where Ayyaster is the total scrap leather area, and Ayged is
the total leather area fed into production.

«  Percentage of area lost due to sewing machine
breakdowns (TPM): This indicator quantifies mate-
rial losses specifically caused by technical failures
or equipment breakdowns. It serves as a direct
measure of the effectiveness of TPM in ensuring
machinery availability and proper operation.

( Adamaged ) *100 (3)

Ainfprocess

Where Adgmaged 18 the number of pairs damaged due to
machine failures, and Ajn—process is the total number of pairs
in process.

+ Total Percentage of Lost Leather (General): This
overall indicator consolidates the losses identified
by TOM, Standardized Work, and TPM. It repre-
sents the cumulative reduction of waste throughout
the process, providing a comprehensive view of the
project’s success.

(£t ) 100 @)

Atotal

Where A[yst is the sum of all leather losses from various
causes, and Agggql is the total leather area available for
production.

ITII. RESULTS

The implementation of the hybrid improvement model,
integrating TQM, Standardized Work, and TPM, resulted in
measurable and significant reductions in leather waste.

As summarized in Table I, TOM reduced the percentage
of area lost due to defective (scarred) leather pieces from
6.8% to 4.4%, a decrease of 2.4 percentage points. This
improvement was achieved by strengthening the inspection
stage, enabling early detection and marking of unusable
areas to prevent their incorporation into production.

Standardized Work had the largest impact, reducing
the total percentage of area wasted from 22.4% to
13.5% (-8.9 percentage points). The implementation
of optimized cutting layouts using DeepNest soft-
ware, combined with printed templates for operators,
minimized cutting variability and enhanced leather
utilization across production batches.

The implementation of Autonomous Maintenance,
as a fundamental pillar of TPM, demonstrated significant
improvements in the operational efficiency of the produc-
tion process. Quantitatively, the KPI percentage of area lost
due to sewing machine breakdowns decreased from an
average of 4% in the baseline scenario to 2.2% in the improved
scenario, representing a reduction of 1.8 percentage points.
The robustness of this improvement was confirmed through

TABLE I
IMPLEMENTATION RESULTS

Tools Indicator Unit  ASIS TO-BE Var

Percentage of area lost
TQM due to defective (scarred) % 6.8% 44% -2.4%
leather pieces

Standardized Total percentage of area

0, 0, 0, . 0,
Work wasted %  224% 13.5% -89%
Percentage of area lost
TPM due to sewing machine % 4% 22% -18%
breakdowns
%Loss 332% 20.1% -13.1%

statistical analysis, as the 95% confidence intervals for
both scenarios ([3.85%, 4.15%] for the baseline and [2.1%,
2.3%] for the improved) do not overlap. Consequently, the
observed difference is statistically significant (p <0.05) and
cannot be attributed to random variation. From a qualitative
perspective, the application of Autonomous Maintenance
routines—including daily cleaning, lubrication, and inspec-
tion tasks performed by operators, complemented by
monthly technical inspections—contributed to a substantial
reduction in production losses associated with equipment
failures. Moreover, it standardized maintenance practices
and fostered a cultural shift among workers.

The combined effect of these tools reduced the overall
%Loss indicator from 33.2% to 20.1%, representing a total
improvement of 13.1 percentage points. This translates into
both material and economic benefits, with the company
recovering a substantial volume of usable leather while also
strengthening operational reliability.

IV. DISCUSSION

A. Validation Scenario

The validation of the proposed model, which integrates
TOM, Standardized Work, and TPM, allowed for a direct
comparison between the current state and an improved
scenario through both Arena simulation and on-site pilot
tests. The simulation incorporated specific modules such as
Leather_Inspection_Marking for TOM, DeepNest Simulation
for Standardized Work, and scheduled maintenance using
UpKeep for TPM, enabling an accurate representation of the
improvements in quality control, cutting optimization, and
machine availability.

Post-implementation results were consistent across
both validation methods, confirming the robustness of the
proposed model. Leather loss decreased from 946 ft* to 553
ft> per month, corresponding to a saving of USD 3,444 per
month, while the overall waste percentage dropped from
44% to 26%. These results exceed the reduction needed to
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Fig. 7.

meet the sector benchmark. This performance is theoret-
ically supported by Al-Qahtani et al. [7] and is consistent
with the empirical evidence of Phan et al. [10] that TOM
process control practices reduce process variance, leading to
fewer scraps and lower production costs in manufacturing
environments.

B. Initial Diagnostic

In the initial diagnostic, the waste rate of 32% signifi-
cantly exceeded the industry standard of 20%. The main
causes identified were cutting defects (43%), sewing errors
(19%), and leather with blemishes (38%). These conditions
generated irrecoverable material losses and adversely
affected the final product quality.

Additionally, operator productivity averaged 71 pairs
per month, and leather utilization showed high variability.
These findings underscore the need for an integrated
approach capable of simultaneously addressing quality
inspection, process variability, and equipment reliability
simultaneously.

C. Validation Design

The validation was designed with a dual approach
combining simulation and real-world experimentation. The
model was first tested in Arena, representing both the current
(AS-IS) and improved (TO-BE) processes, as shown in Fig. 7.

Subsequently, pilot tests were carried out focusing on
Standardized Work and TPM, while the validation of TQM
was mainly supported by simulation.

In both cases, KPIs, waste volume and final output,
showed significant improvements: waste from blemishes
decreased by 35%, waste from sewing errors decreased by
42%, and monthly productivity per operator increased by
39%, rising from 71 to 99 pairs. The benefit-cost ratio (B/C)
was 11.64, confirming the economic feasibility of the model.

, Paresde zaiams cread

Diagram of the improved production model.

While the results indicate strong potential for replica-
tion in other footwear SMEs, the model’s success depends
on sustained training, cultural adoption of standardized
practices, and adaptation to local constraints. Integration
with digital monitoring or partial automation could further
enhance preventive maintenance effectiveness and real-time
quality control, amplifying the model’s long-term impact.

V. CONCLUSIONS

This research presented an operational improvement
model aimed at reducing leather waste in a Peruvian
small-footwear manufacturing enterprise. The proposed
hybrid model combined TQM, Standardized Work, and
TPM to address the primary sources of waste: defective raw
materials, inefficient cutting processes, and sewing machine
failures.

The model’s implementation reduced total leather waste
from 33.2% to 20.1%. Individually, cutting waste decreased
from 22.4% to 13.5%, machine-related losses from 4% to
2.2%, and material losses due to defects from 6.8% to 4.4%.
These results were validated using both real data collection
and discrete-event simulation.

The financial analysis indicated a benefit-cost ratio
(B/C) of 11.64, with monthly savings of USD 3,444 against
an initial investment of USD 2,678.40. The return on invest-
ment was achieved in under three months, confirming the
solution’s economic feasibility.

The integration of the three tools enhanced operational
discipline, process standardization, and preventive main-
tenance practices without requiring high-cost automation.
The results support the scalability and applicability of the
model to other SMEs within the footwear industry that face
similar constraints.
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ABSTRACT-The Peruvian textile industry, a key contri-
butor to the national economy representing approximately
8% of manufacturing GDP, faces a persistent production
decline of 4.45% and a defective product rate of 6.6%
among small and medium-sized enterprises (SMEs).
Despite extensive research on defect reduction through
Six Sigma, Total Quality Management (TQM), and Total
Productive Maintenance (TPM), gaps remain in scalable
and low-cost solutions tailored to resource-constrained
SMEs in developing contexts. This study introduces novel
variables—ergonomic improvements and iterative operator
feedback loops—that have been underexplored in Peruvian
textile SMEs. Focusing on a Lima-based SME dedicated to
jeans production, a mixed-methods approach was applied
to implement process standardization and TPM, reducing
the overall defect rate from 10.15% to 6.75%. Unlike prior
studies, this research integrates real-time operator input
to continuously refine interventions, resulting in a replica-
ble and cost-effective model suitable for SMEs with limited
resources. Future research may explore automated fault
detection systems to further enhance scalability.

Index Terms—Defect reduction, textile manufacturing,
Total Productive Maintenance (TPM), trial testing, work
standardization.

I. INTRODUCTION

The peruvian textile industry is a vital economic sector,
contributing approximately 8% of national manufacturing
GDP and generating significant employment and export
revenue, according to the National Institute of Statistics and
Informatics (INEI) [10]. However, the sector has experienced
a 4.45% decline in production compared to the previous
year [10]. In particular, small and medium-sized enterprises
(SMEs)—which account for more than 90% of textile firms
nationwide—continue to face high defective product rates,

averaging 6.6% at the national level [11]. This study focuses
on a textile SME in Lima specializing in jeans production,
where defects, primarily from cutting and sewing errors,
lead to substantial operational inefficiencies.

The motivation for this research stems from the need
to address recurring quality issues in Peruvian textile
SMEs, driven by insufficient process standardization, inad-
equate maintenance of critical equipment such as overlock
machines, and inconsistent coordination across the supply
chain. Prior studies, such as [3], concluded that Six Sigma
reduces defects by up to 30% in textile SMEs by minimizing
process variability, while [5] demonstrated the effective-
ness of Total Productive Maintenance (TPM) in enhancing
equipment reliability and reducing machine-related defects.
Additionally, [1] emphasized importance of supplier selec-
tion as a strategy to improve material quality and reduce
input-related defects. However, existing studies tend to
focus on large-scale or resource-intensive methodologies,
leaving significant gaps in the availability of practical and
low-cost solutions for resource-constrained SMEs, partic-
ularly in developing contexts such as Peru, where scalable
Lean tools remain underexplored.

This study fills this gap by applying process standard-
ization and TPM to reduce defects in a resource-limited
SME, providing a replicable model for similar enterprises.
It addresses research questions such as: How does supplier
selection influence defect reduction in textile inputs?
What adjustments in cutting and sewing processes mini-
mize defects in finished garments? How can ergonomic
improvements contribute to defect reduction? The article
is structured as follows: the Introduction synthesizes rele-
vant studies, the Methodology details the mixed-methods
approach and pilot design, the Results present defect reduc-
tion outcomes including statistical validation, the Discussion
interprets the findings and compares them with prior work,
and finally the Conclusions and Recommendations outline
implications and future steps.
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II. METHODOLOGY

To guide the implementation of process standardiza-
tion and TPM for reducing defective products in a Peruvian
textile SME, a systematic literature review was conducted.
From an initial pool of 3,121 articles, 35 were filtered based
on publication year, accessibility, and relevance to the
research questions. Of these, six articles were selected for
in-depth analysis. These studies were organized into three
typologies—supply chain management, process improve-
ment, and equipment maintenance—to address the research
questions: how supplier selection impacts material defects,
what process adjustments minimize finished garment
defects, and how maintenance or ergonomic improvements
reduce defects. This classification provides a structured and
comprehensive framework for analyzing defect reduction
strategies in textile SMEs.

For Process Improvement, this category includes studies
on quality control methodologies aimed at reducing process
variability and defects in textile manufacturing. Six Sigma
was applied in textile SMEs, achieving up to 30% defect
reductions by minimizing variability in cutting and sewing
processes [3]. Total Quality Management (TOM) was used
to promote a quality-driven culture through standardized
procedures and operator training, suitable for resource-con-
strained SMEs [6]. Generalized Moving Dispersion Statistic
(GMDS) charts were used to manage variability in high-fluc-
tuation processes such as textile production, providing
a practical tool for SMEs to detect and control defects
compared to traditional control charts [12]. Root causes
of sewing defects were investigated using TOM tools,
identifying critical issues in knit garment production and
proposing corrective actions that reduced common defects
effectively [9]. These approaches highlight scalable strat-
egies for improving process consistency and reducing
finished garment defects.

For Equipment Maintenance, this category covers
studies on maintenance strategies to address defects
caused by mechanical failures. TPM’s effectiveness in
enhancing equipment reliability in textile production was
demonstrated, reducing defects from machine failures, such
as those in overlock machines, through autonomous and
preventive maintenance tailored for resource-limited SMEs
[5]. Standardized Work with visual controls in a textile
SME achieved significant defect reductions by ensuring
consistent equipment operation and operator adherence
[2]. Material-product transformation in clothing lines
was optimized, focusing on movement efficiency to mini-
mize defects and improve operator conditions [8]. These
findings support the adoption of maintenance- and ergo-
nomics-focused interventions aimed at enhancing machine
performance and reducing sewing-related defects.

This study employed a mixed-methods approach to
design, implement, and validate process standardization
and TPM interventions to reduce defective products in a
Peruvian textile SME specializing in jeans production. The

study was conducted over a two-month period in 2025. The
methodology involved problem analysis, solution design,
pilot testing, and statistical validation, with iterative
improvements to enhance effectiveness, as detailed below.

The initial phase identified the root causes of defec-
tive products in the cutting and sewing stages through
data collected over five weeks from production records,
quality control logs, defect reports, operator interviews, and
supplier surveys. These revealed an average defect rate of
10.15% (ranging from 8.15% to 17.27%) across 2,709 jeans,
with defects categorized into cutting errors (e.g., misaligned
cuts, irregular edges) at 2.18% and sewing issues (e.g.,
irregular stitches, loose threads). A problem tree analysis
pinpointed inconsistent fabric tensioning during cutting
and mechanical failures in overlock machines caused by
inadequate maintenance as primary causes, exacerbated by
variable operator skills and material quality, as informed by
findings from the literature review.

Two Lean Manufacturing tools were designed to
address these causes: process standardization for cutting
and TPM for one overlock machine. For process standard-
ization, a procedure adapted from [2] was developed to
reduce variability in fabric tensioning, involving pre-cut-
ting surface cleaning to remove debris, tensioning fabric
under controlled environmental conditions (20 + 2°C, 65
+ 4% humidity, per ISO 139:2005); the use of visual guides
and plotter reference lines to ensure precise cutting with
a manual vertical cutter (tolerance +3 mm), and imme-
diate sorting and labeling of cut pieces to prevent mix-ups.
Implementation involved operators following these steps on
a daily basis, guided by visual control tools such as checklists
and instructional posters displayed at the cutting station,
with training sessions conducted to ensure skill acquisition
and procedural consistency. Improvements were made by
adjusting visual guides based on operator feedback during
the first week of the pilot to enhance clarity and reduce
initial deviations, as observed in early checklist compliance
data. For Total Productive Maintenance (TPM), a program
based on [5] and [7] was implemented, including an initial
diagnostic of critical machine components (e.g., tension
systems, bearings, and drive wheels), operator training in
autonomous maintenance activities (e.g., lubrication, minor
adjustments, and early fault detection), the use of daily
inspection checklists, and the establishment of a preventive
maintenance schedule. Implementation required opera-
tors to carry out daily inspections and maintenance tasks,
while a maintenance technician refined the checklist format
after the initial pilot days to streamline fault detection.
Based on early pilot data indicating recurrent issues in the
tension system, the maintenance schedule was adjusted by
increasing the inspection frequency for these components.

A two-week pilot study was conducted to test these
interventions on one cutting station and one overlock
machine, producing 450 jeans, compared to a baseline of
2,709 jeans, with a control group (another cutting station
and overlock machine under standard conditions) for
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Fig. 1. Integrated model for quality improvement and processes.

comparison. Data were collected daily via operator logs
and quality inspections, with visual controls ensuring
procedural compliance. KPIs measured initial operating
conditions: defect rates (overall 10.15%, cutting 2.18%),
cutting execution time per batch, procedural adherence,
and unscheduled machine stops. Improvements resulting
from process standardization were reflected in reductions
in the cutting defect rate and execution time, as precise
cutting and reduced variability decreased errors and sped
up operations, measured via quality inspections and batch
timing logs. Procedural adherence, tracked through check-
list compliance, showed operator adoption of standardized
steps. For TPM, improvements were evident in reduced
unscheduled machine stops, measured via operator logs,
and lower overall defect rates, driven by enhanced machine
reliability from maintenance tasks.

The trial was designed for resource-constrained
settings, leveraging existing personnel (production
manager, industrial engineer, and maintenance techni-
cian) to ensure cost-effectiveness and scalability within the
Peruvian textile SME. Implementation relied on low-cost
tools, including visual aids (e.g, instructional posters,
painted guides on cutting tables, and laminated checklists)
and structured training sessions, totaling 12 h per operator
over a two-week period. These sessions covered standard-
ized cutting procedures, autonomous maintenance tasks
for TPM, and defect identification protocols, achieving an
85% improvement in operator technical knowledge based
on pre- and post-training assessments. To enhance sustain-
ability, the training incorporated practical exercises and
feedback loops, allowing operators to suggest refinements
to visual aids, which were adjusted in the first week to
improve clarity and usability, as evidenced by a 20% increase
in checklist compliance by the fifth day.

The pilot was conducted over a three-week period,
extended from the initial two-week plan to accommodate

iterative adjustments. It covered 450 jeans in the pilot
group, with daily production batches of 50 units monitored
for defects. Data collection relied on quality control logs,
operator checklists, and maintenance records, which were
cross-verified by the industrial engineer to ensure accuracy.
The methodology included iterative improvements. For
process standardization, visual guides were refined based
on operator feedback to reduce cutting deviations, including
increasing plotter line thickness from 1 mm to 2 mm to
enhance visibility. For TPM, the maintenance schedule was
updated after initial pilot data identified recurring issues
in the tension system, leading to an increase in inspection
frequency from daily to twice daily for critical components.

Statistical validation employed a two-proportion
hypothesis test to compare defect rates between the base-
line (2,709 jeans, 10.15% defect rate) and pilot groups (450
jeans, 6.75% defect rate). The analysis yielded a z-score of
1.73 (a = 0.05), confirming significant defect reduction.
Data reliability was ensured through dispersion analysis,
with interquartile ranges (IQR) for cutting (Q,=0, Q,=2.72,
no outliers) and sewing (Q,=0, Q,=3.33, no outliers), and
standard deviations (cutting p=1.53, 0=1.5; sewing p=2.11,
0=2.04, no outliers), indicating consistent performance
across batches. Additionally, a Monte Carlo simulation
(1,000 iterations) was performed to assess the robustness
of economic outcomes, projecting a 95% confidence interval
for cost savings due to reduced rework and material waste.
These analyses, supported by [3], [8], and [9], further under-
score the reliability of the interventions.

To ensure long-term sustainability, a follow-up plan was
established, including monthly retraining sessions, quar-
terly maintenance audits, and integration of defect tracking
into the SME’s existing Enterprise Resource Planning (ERP)
system. This approach is consistent with [5], emphasizing
scalable, low-resource maintenance strategies, and [2],
which highlight the role of visual controls in sustaining
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process improvements. The trial's design, rooted in Lean
principles, minimized external resource dependency,
thereby enhancing its replicability for other textile SMEs
facing similar constraints.

ITII. RESULTS

The two-week pilot implementation of process stan-
dardization and TPM was designed to reduce defective
products and improve operational efficiency in the cutting
and sewing processes of a Peruvian textile SME specializing
in jeans production. This section introduces the pilot selec-
tion process, its implementation stages, and the validation
of results, followed by the outcomes and their statistical
evaluation.

The pilot was strategically designed to focus on the cutting
and sewing processes, which were identified as the primary
sources of defects based on the initial diagnostic analysis. The
data revealed an average defect rate of 10.15% across 2,709
jeans, with cutting defects—such as misaligned cuts and
irregular edges—accounting for 2.18%, while sewing defects,
including irregular stitches and loose threads, contributed
significantly to the overall defect rate. One cutting station and
one overlock machine were selected for the pilot due to their
high defect prevalence, as determined by quality control logs
and operator feedback. A control group, consisting of another
cutting station and overlock machine operating under stan-
dard conditions, was established to provide a baseline for
comparison, ensuring the pilot’s results could be attributed to
the interventions. The pilot was conducted over a two-week
period, during which 450 jeans were produced under the new
conditions, compared to the baseline of 2,709 jeans.

The trial testing comprised four stages:

+  Preparation: This stage involved setting up the
interventions by training operators on standardized

Integration of model components.

cutting procedures and TPM protocols, preparing
visual control tools (e.g., checklists and instructional
posters), and conducting initial diagnostics on the
overlock machine to establish baseline performance
metrics (e.g., Mean Time Between Failures, MTBF).

+ Implementation: The standardized cutting procedure
was applied at the selected cutting station, involving
controlled fabric tensioning (20 + 2°C, 65 + 4% humi-
dity, per ISO 139:2005), visual guides, and precise
cutting (tolerance +3 mm). TPM was implemented
on the overlock machine, with operators performing
daily inspections, autonomous maintenance tasks
(e.g., lubrication and minor adjustments), and adhe-
ring to a preventive maintenance schedule.

- Data Collection: Daily data were gathered via
operator logs and quality inspections, capturing
defect rates, cutting execution time, procedural
adherence (via checklist compliance), and unsche-
duled machine stops. Visual controls ensured
consistent application of the interventions.

+  Evaluation: Data were analyzed to assess the inter-
ventions’ impact, by comparing pilot results with
the baseline and control group. Statistical valida-
tion, including hypothesis testing and confidence
intervals, was conducted to confirm the signifi-
cance of the observed defect reductions.

This structured approach ensured that the pilot was
focused, measurable, and replicable, providing robust
evidence of the effectiveness of the interventions in a
resource-constrained setting.

A. Process Standardization Outcomes

A standardized work procedure was applied at a single
cutting station across 18 production blocks, covering a total
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of 450 jeans. The intervention aimed to reduce recurring
defects such as misaligned cuts, irregular edges, and incon-
sistent piece dimensions, which were identified as primary
contributors to rework and material waste. The procedure
incorporated visual controls (e.g., painted guides on cutting
tables and plotter lines with +3 mm tolerance), pre-cutting
surface preparation to ensure debris-free conditions, and
operator training to maintain consistent fabric tensioning
under controlled environmental conditions (20 + 2°C, 65 +
4% humidity, per 1ISO 139:2005).

Before implementation, the average -cutting-related
defect rate was 2.18%, based on 59 defective units out of
2,709 jeans, with defects primarily attributed to operator
variability and inconsistent fabric handling. After implemen-
tation, only three defects were recorded among the 450 jeans
of the pilot group, reducing the defect rate to 0.67%. This
represents a relative reduction of 68.81% in cutting defects.
The improvement was supported by full procedural adher-
ence by block 9, as verified through daily checklists, and a
20% reduction in cutting time per batch due to streamlined
processes. Operator feedback led to iterative refinements,
such as increasing the visibility of visual guides, which
further minimized deviations and enhanced precision.

The data show a consistent reduction in execution time
and stabilization of process performance. Only blocks 1, 2,
and 18 recorded defects, each associated with partial devia-
tions from procedural adherence.

B. TPM Outcomes

TPM was implemented on one overlock sewing machine
over a three-week period, during which 300 jeans were
produced under the new maintenance system. Simultaneously,
a control group using a standard machine produced another
300 jeans under normal conditions. The TPM intervention
included autonomous maintenance tasks (e.g., daily lubrica-
tion, tension system checks, needle inspections), operator
training (8 h over two sessions), and a preventive maintenance
schedule tailored to address frequent mechanical failures,
such as irregular stitches and thread breakages.

The machine maintained under TPM recorded three
fewer defects, equivalent to a 42.86% reduction compared
to the control.

Operators consistently followed daily maintenance
routines, including lubrication, inspection, and adjustments.
Visual checklists were completed without interruption,
contributing to a more stable sewing operation.

C. Overall Impact

Together, both interventions improved quality across
the production system. A total of 750 jeans were manu-
factured under the new procedures, with only 30 defective
units, compared to 286 defects in 2,709 jeans prior to the
interventions.

TABLE I
OPERATIONAL PERFORMANCE BY BLOCK

Execution time

Block Compliance (%) (minsec) Defects
1 100 16:56 1
2 85.71 16:46 1
TABLE II

SEWING DEFECTS BY WEEK

Control machine

Week TPM machine (Defects) (Defects)
1 2 3
2 1 2
3 1 2
Total 4(1.33%) 7 (2.33%)
TABLE III

MAINTENANCE ACTIONS PERFORMED

Date Issue detected Root cause Corrective action
May 15 Loose threads Feed roller wear Adjusted thread
tension
May 17 Incomplete Misaligned Calibrated foot
overlocking presser foot pressure
May 24 Thread Bent needle Replaced needle
breakage
TABLE IV
DEFECT SUMMARY BY PROCESS STAGE
Process Units Defective Defect
stage produced units rate (%)
Cutting 450 3 0.67
(Standardized)
Cutting (Before) 2,709 59 218
Overlock (TPM) 300 4 1.33
Overlock (Control) 300 7 2.33
TABLE V

TOTAL COMPARISON - BEFORE AND AFTER

Metric Before After Improvement
Total units 2,709 750 -
Total defective units 286 30 -256 units
Overall defect rate 10.55% 4% 16.55 percentage
points
Relative reduction - - 62.13%

These results confirm that both tools—Standardized
Work for cutting and TPM in sewing—effectively reduced
production defects and stabilized key processes under real
operating conditions.
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TABLE VI
COMPARISON OF RESULTS

Current value

Projected value  Trial testing

Indicator Formula (ASIS) (TO-BE) value Usefulness

Y: Percentage of (Defective products/ 10.55% 6.93% 6.75% Measures the total per-

defective products  Total products) x100 centage of non-compliant
jeans. This is the key
indicator of the quality
system.

X1: Percentage of (Products with uneven 2.19% 0.71% [2] 0.67% Allows monitoring of

products with cuts/Total products) errors resulting from the

uneven cuts x 100 cutting process.

X2: Percentage of (Products with over- 3.21% 2.44% [5] 1.33% It assesses the quality

products with locking errors/Total
overlocking de- products) x 100
fects

of the stitching and its
impact on product
contformity.

IV. DiSCUSSION

The implementation of process standardization and
TPM at the SME significantly reduced defective products,
consistent with Lean Manufacturing principles adapted
for a resourceconstrained textile SME. The pilot results—
showing a 68.84% reduction in cuttingrelated defects and
an overall defect rate decrease from 10.15% to 6.75%—
demonstrate the effectiveness of the interventions. This
section interprets the findings, contrasts them with prior
literature, and discusses their implications for textile SMEs.

A. Interpretation of Results

The standardized cutting procedure effectively reduced
variability in fabric tensioning, a primary cause of defects
such as misaligned cuts and irregular edges. As a result,
cutting-related defects dropped by 68.84%, from 2.18% (59
defects in 2,709 jeans) to 0.67% (3 defects in 450 jeans).
This improvement was driven by the use of visual control
tools, operator training, and the progressive adherence to
standard procedures, which reached 100% compliance by
block 9. Additionally, a downward trend in cutting execu-
tion times indicated a positive learning curve and improved
operator efficiency, consistent with findings in [2].

In the sewing process, the TPM intervention applied to
the overlock machine led to a reduction in sewing-related
defects from 3.1% (84 in 2,709 jeans) to 1.33% (4 in 300
jeans). Daily inspections and autonomous maintenance—
focusing on routine tasks such as lubrication and minor
adjustments—helped reduce skipped stitches and thread
inconsistencies by improving the stability and reliability of
the machine.

At the overall level, the total defect rate decreased from
10.15% to 6.75%, surpassing the projected improvement
threshold of 10%. To evaluate the statistical significance
of these reductions, a two-proportion hypothesis test was
conducted. In the cutting process, the test yielded a Z-value

of 2.14, confirming a statistically significant difference at a
95% confidence level. Similarly, in the sewing process, the test
produced a Z = 1.73, also exceeding the critical value and vali-
dating the reduction. Confidence intervals further reinforced
these findings. For the cutting process, the baseline interval
[1.63%, 2.73%] and the pilot interval [0%, 1.42%] did not
overlap. In the sewing process, the baseline interval [2.45%,
3.75%] remained entirely above the pilot interval [0.04%,
2.63%], reinforcing the effectiveness of TPM. The lack of
overlap in both processes provides strong statistical evidence
that the interventions produced significant improvements.
These findings demonstrate that lean tools—when appro-
priately adapted to SME contexts—can deliver high-impact,
low-cost solutions for improving quality in the textile sector.

B. Comparison

The findings are consistent with prior studies identified
in the literature review. Significant defect reductions in a
textile SME were reported using Standardized Work with
visual controls, corroborating the 68.84% reduction in cutting
defects [2]. Likewise, the effectiveness of TPM in mitigating
mechanical failures supports the improved reliability of the
overlock machine [5]. The overall defect rate reduction to
6.75% is comparable to the 30% reduction achieved with
Six Sigma in textile production [3], while the current lean-
based approach required fewer resources. Unlike [12], which
used GMDS charts for variability control, this study relied on
simpler visual controls and checklists, making it more acces-
sible for SMEs with limited technical expertise.

The literature also highlights the importance of
supply chain improvements [1], [4], which were not
directly addressed in the pilot but were identified as
contributing factors to material quality issues. Future
integration of supplier selection strategies could further
enhance outcomes, as suggested by [12] for building resil-
ient supply chains.
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C. Implications

The results have significant implications for textile
SMEs, particularly in resource-constrained settings like
Peru. The success of process standardization and TPM
demonstrates that low-cost, scalable interventions can
achieve substantial quality improvements, reduce defect
rates and enhancing operational efficiency. The 100% proce-
dural adherence by block 9 suggests that operator training
and visual aids foster a culture of continuous improvement,
aligning with SDG 8 (Decent Work and Economic Growth)
by improving workplace practices. The reduction in sewing
defects through TPM also supports SDG 12 (Responsible
Consumption and Production) by minimizing rework and
waste

This model’s scalability—using existing personnel and
minimal tools—offers 62.13% defect reduction without
capital investment, deepening economic analysis: rework
costs fell 30%, projecting S/ 5,081.89 annual savings (Monte
Carlo simulation, 95% CI). Limitations include single-sta-
tion pilot, restricting generalization; future scaling could
amplify impacts but requires multi-site validation. Socially,
85% knowledge gain post-training reduced resistance (40%
initial), enhancing decent work (SDG 8). Environmentally,
30% rework drop minimized waste (SDG 12). Deeper
implications: Ergonomic feedback fosters continuous
improvement, contrasting resource-heavy studies, providing
new insights for SMEs.

These interventions are replicable in other SMEs, as
they rely on existing personnel and minimal materials.
However, challenges such as operator learning curves—
evident in early pilot blocks—and potential resistance to
new procedures highlight the need for ongoing training
and monitoring. Given that the study focused on a single
cutting station and overlock machine, scaling to full opera-
tions could yield even greater benefits, provided adherence
is maintained.

V. CONCLUSIONS

The implementation of process standardization and
TPM at a Peruvian textile SME effectively reduced defec-
tive products in the cutting and sewing processes. The
three-week pilot (adjusted from initial two-week estimates
based on operational needs) achieved a 68.84% reduction
in cutting-related defects, dropping from a baseline of
2.18% to 0.67% in the pilot group of 450 jeans. The overall
defect rate decreased from 10.15% to 6.75%, surpassing the
target of a 10% improvement. These results were driven
by standardized cutting procedures, supported by visual
controls including painted guides and checklists, along
with operator training, which achieved 100% procedural
adherence by block 9. TPM enhanced the reliability of
the overlock machine, reducing sewing defects through
autonomous maintenance, daily inspections, and preven-
tive routines, resulting in fewer unscheduled stops (a

75% reduction in downtime) and improved Mean Time
Between Failures (MTBF).

Statistical validation confirmed the significance of the
defect reduction (Z = 1.73, a = 0.05) with no significant
outliers, indicating consistent performance across the pilot
phases. Additionally, the training component—totaling 12 h
per operator—boosted technical knowledge by 85% based
on post-training assessments, fostering a culture of contin-
uous improvement and reducing initial resistance to change
among 40% of the staff. This approach not only promoted
active participation in anomaly detection but also ensured
long-term sustainability of the implemented practices.
Furthermore, the interventions also led to a 30% decrease in
rework volumes, optimizing material usage and minimizing
waste.

Economically, the project demonstrated a positive
return, as reduced defect rates translated into lower mate-
rial and labor costs, as detailed in the economic evaluation.
From a broader perspective, these interventions align
with Sustainable Development Goals (SDGs) 8 and 12 by
improving workplace practices, enhancing employee skills,
and minimizing rework-related waste, thereby contributing
to environmental sustainability through reduced resource
consumption. From a social standpoint, the emphasis on
ergonomics and safer maintenance routines improved
operator well-being, while environmentally, the decrease
in defects lowered the overall carbon footprint associated
with production inefficiencies.

These findings demonstrate that Lean tools, tailored
to resource-constrained settings, can significantly enhance
quality and efficiency in textile SMEs, offering a scalable
model for similar enterprises. By integrating standardiza-
tion and TPM, the project not only addressed immediate
operational challenges but also laid the foundation for
ongoing improvements, suggesting potential for expan-
sion to other production areas like inventory management
or supply chain integration in future iterations. Overall,
this approach validates the adaptability of industrial engi-
neering principles in small-scale operations, providing a
blueprint for Peruvian textile firms to boost competitive-
ness in a challenging market.
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ABSTRACT—The metal-mechanic sector plays an
important role for the Peruvian economy, repre-
senting approximately 1% of total GDP and 6% of
manufacturing GDP. It is particularly relevant for its stra-
tegic role in providing essential components and services
for sectors such as mining, construction, and agribu-
siness. The problem that motivates this study focuses
on the need to reduce the waste of resources in metal-
working companies where operational performance is
affected, and in this sense, the research was carried out in
a factory producing fans with the objective of developing
an operations management model to improve compliance
with the production plan. An empirical study was conduc-
ted using Lean Manufacturing techniques—specifically
5S, Standardized Work, and Single-Minute Exchange of
Dies (SMED)—to develop a model that was functionally
validated through a pilot test and process simulation. The
results showed that production plan compliance reached
60.7%, non-productive time was reduced by 92.8%, cycle
time decreased by 3.46%, and setup time was reduced
by 25.2%. The contribution of this research demonstra-
tes that integrating the applied engineering techniques
results in a robust and effective combination for impro-
ving industrial processes.

Index Terms—5S, fan manufacturing, metalworking industry, SMED,
standardization.

I. INTRODUCTION

This research addresses the problem of low production
plan compliance in a Peruvian metalworking company
dedicated to the manufacture of axial fans. The importance
of this study lies in the strategic role of the metal-me-
chanic industry in the Peruvian economy, as it accounts
for approximately 1% of the country’s total Gross Domestic

Product (GDP) and 6% of manufacturing GDP, with an esti-
mated annual turnover of 13 billion soles [1]. Beyond its
economic contribution, the sector plays a strategic role by
supplying components, metal structures, machinery, and
specialized technical services that enable the operation and
development of key industries such as mining, construc-
tion, agribusiness, and manufacturing in general. In this
context, it was identified that the company under study
has a production plan compliance rate of only 23.3%, which
is significantly lower than the 70% achieved by leading
plants in the sector [2]. This results in an annual economic
impact of 573,804 soles—equivalent to 23% of the compa-
ny’s revenue— and highlights the need for a solution model
aimed at addressing this type of issue.

The implementation of Lean Manufacturing techniques
has shown significant benefits in industrial processes,
particularly in enhancing efficiency within the metalworking
sector, as underscored by various authors. In [3], issues such
as high levels of non-productive time, disorder in the work
area, lack of standardization in tool changes, and inefficient
physicallayout were identified. To address these issues, meth-
odologies such as Sort, Set in order, Shine, Standardize, and
Sustain (5S), Single-Minute Exchange of Dies (SMED), and
Systematic Layout Planning (SLP) were applied, achieving a
6.79% reduction in lead time. Similarly, another study in the
same sector found that low productivity resulted from work-
space disorganization, the absence of standard times, and a
lack of visual control. To mitigate these issues, tools such as
5S, Andon, and standard time were implemented, achieving
an increase in productivity from 0.26 to 0.33 tons per sol
over a five-month period [4].

In this context, the relevance of this study lies in its
practical and applicable nature, as it proposes a model
that not only enhances operational efficiency and reduces
waste but also lays the foundation for a culture of contin-
uous improvement within the sector, generating value and
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contributing knowledge at both the business and indus-
trial levels.

Based on the analysis conducted, the general objective
of this research is to develop an operations management
model that improves the production plan compliance
in a metalworking factory through the application of
Lean Manufacturing techniques. The specific objectives
are to reduce material search times in the painting area,
decrease variability in welding tasks, and optimize setup
times in laser cutting and pressing machines. The scope
of the research includes the improvement of operational
processes in the painting, welding, cutting, and pressing
areas in the production of axial fans. These areas were
selected as the exclusive focus of intervention because
they concentrate the main problems identified in the initial
diagnosis, such as unnecessary delays, lack of standard-
ization, and excessive setup times. The study followed a
structured approach comprising an introduction and back-
ground review to define the objectives, a description of the
methodology and tools, a presentation of the results with a
before-and-after comparison, and a discussion contrasting
the findings with the literature.

II. LITERATURE REVIEW

Various relevant academic sources published in recent
years were analyzed and retrieved from databases such as
SciELO, ScienceDirect, Dialnet, and Google Scholar.

A. 5S Methodology

According to a study conducted in a plant dedicated to
the production of aqueous adhesives, significant improve-
ments in productivity were achieved. Initially, major issues
related to workplace disorder, the accumulation of unneces-
sary materials, and a lack of process standardization were
identified. The initial diagnosis revealed a low 5S compli-
ance score, averaging 2.8 points, which motivated the
implementation of improvement strategies. These actions
included removing non-essential materials, assigning
specific locations for tools, introducing regular cleaning
routines, designing standardized procedures, and training
personnel to promote effective organizational practices. As
a result, the 5S compliance score increased to an average of
4.03 points, leading to optimized time and space usage and
an increase in average productivity from 4.37 kg/labor hour
in 2019 to 5.58 kg/labor hour in 2020 [5].

B. Standardization

In an agricultural machinery manufacturing plant,
waste and defective products were reduced through the
implementation of standardization across six stages:
current-state design, data collection, takt time calculation,
preparation of the Operator Balance Chart (OBC), future-
state design, and development of a Work Standard Sheet for
each operator. The results showed time savings of 49.5 min

per day and approximately 18 h per month, and a signifi-
cant reduction in the variation of returned boxes, with the
coefficient of variation for “Bin A” boxes decreasing from
31.44% to 7.4% [6].

C. SMED

The implementation of this technique in a vacuum
cleaner manufacturing company led to a significant
reduction in model changeover times on the injection
line, decreasing from 459 to 189 min, which represents
an improvement of over 58% and a 68% achievement of
the expected results [7]. Similarly, in a plastic products
manufacturing company, the application of this technique
reduced mould changeover time from 1 h and 23 min to
approximately 49 min, representing a 36.79% improvement
[8]. As a result, operational efficiency improved, failures
related to the lack of procedures were reduced, and process
stability was enhanced.

III. PROPOSED SOLUTION MODEL

A. Background

In the metalworking sector, small and medium-sized
companies that manufacture equipment such as axial
fans face important challenges related to their production
processes efficiency. One of the main issues is the limited
ability to meet established delivery deadlines, which
directly affects customer satisfaction and business profita-
bility. The average on-time delivery rate in this sector
is only 70% [2], indicating shortcomings in operational
management and in the effective use of available plant
time. This situation highlights the need to implement
improvements aimed at optimizing resource availability
and reducing non-productive time.

Table I presents a matrix that links the identified root
causes with the selected Lean Manufacturing techniques,
including the main authors and the years in which their
studies were carried out.

B. Model Components

The following solution model was developed, by inte-
grating the data obtained during the diagnostic phase and
linking the proposed actions for each selected technique,
as shown in Fig. 1, to provide a structured and comprehen-
sive view of the improvement proposal across its different
phases and components.

Phase 1 - Diagnosis: This phase of the study corresponds
to a quantitative, applied, and empirical research design,
as it is based on the collection of real data and their anal-
ysis to identify opportunities for process improvement.
Compliance with the production plan is identified as the
dependent variable and cycle times, model changeover
times, work area organization, and variability in task
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Fig. 1. Proposed solution model for an axial fan manufacturing company.
execution are identified as the independent variables. The TABLE I
unit of analysis is an axial fan. MATRIX LINKING ROOT CAUSES AND ANALYZED
The sampling strategy used was non-probabilistic ARTICLES
convenience sampling, with data collected through direct
observations in the plant. Causes
. . . Long times High task .
Accordingly, instruments such as the Outline Process dg 4 J bilit Long setup times due
Authors ueto varia oty to manual calibrations
Chart (OPC) and the Process Flow Chart (PFC) were used disorder due to lack of without external
for data collection and analysis, enabling the mapping of andvisible - standardized preparation
. . . . waste sequence
the current sequence of operations and the identification
of non-value-adding activities. Analytical tools such as the 2,151 58
Cause-and-Effect Diagram and the Pareto Chart were also [3],[9], 1] 58 SMED
applied to identify and prioritize the root causes of the
PP fy P - [41,00l 58 Standardization
problems. In addition, key performance indicators (produc-
tion plan compliance, productivity, cycle time, and model [l Standardization
changeover time) were analyzed, and a problem tree was 7] SMED
developed to visualize cause-effect relationships (Fig. 2).
) ) te] 55 Standardization SMED
Phase 2 - Implementation of the Integrated System: The imple-
mentation of the 5S in the painting area is done through 02 Standardization SMED
several steps. It begins with the elimination of unnecessary Proposal 53 Standardization SMED

materials, followed by the organization of the workspace
through the classification and labeling of containers and
tools. Subsequently, specific locations are assigned to facil-
itate accessibility and maintain order. Thorough cleaning
activities are then performed, and organization is standard-
ized through the consistent use of visual controls. Finally,
discipline is promoted among personnel through training,
ensuring that the improvements are sustained on a contin-
uous and long-term basis. As a result, workspace utilization
is optimized, unnecessary movements are reduced, and
overall operational efficiency is improved.

In the standardization stage, data are collected on
the available production time and customer demand.
These data are used to calculate the Takt time for the
activities. Subsequently, the OBC is developed, which is
a Lean Manufacturing tool used to visualize and improve

workload balance among operators on a production line.
This diagram shows the time each operator dedicates to
their assigned tasks, facilitating the identification of work-
load imbalances. For its analysis, it is necessary to measure
the execution times of each workload and to redistribute
tasks in order to achieve a better balance. The final step
consists of developing a Work Standard Sheet for each
operator, which includes specific activities, assigned times
and sequence of operations.

SMED implementation starts with the identification
of all operations related to the production cycle change-
over, differentiating between internal activities, which are
performed while the machine is stopped, and external activ-
ities, which can be performed while the machine is running.
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These activities are then classified to determine which can
be carried out in parallel with the production process. Based
on this classification, as many internal tasks as possible are
converted into external ones in order to reduce downtime
by preparing the tools and materials required for the next
production cycle in advance.

Finally, the machine settings are optimized by elimi-
nating non-value-adding activities and simplifying those
that are necessary, in order to improve the efficiency of the
setup process.

Phase 3 - Validation: The improvement proposal made it
possible to identify and validate optimization opportunities
at different stages of production. Validation is carried out
through a pilot test of the 5S methodology, together with
a simulation model also for the Standardization and SMED
tools. As a result, a more orderly, balanced, and produc-
tion-aligned operational scenario was designed. These
improvements enhance operational efficiency and could be
replicated in other areas of the shop floor, provided they are
properly adapted to the specific process conditions.

C. Model Indicators

Indicators are proposed to measure production
performance in terms of efficiency, time utilization, and
responsiveness to demand. The formulas used, as well as
the interpretation of their variables, are presented below:

- Compliance with the production program (CPP):
Actual production corresponds to the volume effec-
tively completed, while planned production refers to
the assigned target; the result is multiplied by 100
to express it as a percentage.

Actual production

CPP =

" Planned production

100 (1

KPI: Setup time

ST = £ aser cutting) + Es (pressing)

Identification of problems, root causes, and solutions in axial fan production.

+ Unproductive time: Actual time corresponds to the
total observed duration, including delays, while
standard time refers to the reference established by
methods engineering; the difference represents the
portion of the shift that does not generate value
and can be reduced through the application of 5S.

UT = Actual time — Standard time (2)

+  Cycle time: Each t, represents the manufacturing
time of the part in the hull, bases and spider opera-
tions. As long as this sum exceeds the Takt time, the
line will not meet the demand, making it essential
to standardize work paths and reduce variability.

(T = tcasing + tbases+spider (3

+  Setup time: Each represents the setup time of the
cutting and pressing areas, measured from machine
stoppage to the production of the first conforming
part after setup.

TS = ts (laser cutting) + & (pressing) 4

IV. RESULTS

A problem tree was developed to break down the
main problem into its causes and root causes. This anal-
ysis tool provides a clear and detailed understanding of the
factors involved, facilitating the identification of specific
corrective actions (Fig. 2). To complement this diagnosis,
the OPC was used, which translates the identified pro-
blems into the production flow and enabling the visualization
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of the specific stages where they occur (Fig. 3). Its develop-
ment enabled the identification of the points at which the
different product components are incorporated, providing
an overall view of the manufacturing and assembly process
of axial fans. Likewise, it proved useful for understanding
the process structure and for visually documenting the activ-
ities required for the development of the simulation model
in Arena, as it provides the logical and detailed sequence of
operations needed to construct the system flow.

To validate the effectiveness of the proposed improve-
ments, two scenarios were developed in Arena software:
one representing the current situation of the production
process and the other one reflecting the system with the
integrated improvements.

A. Modeling of the Current Situation

A base model representing the current situation was
constructed and simulated using the Arena software. This
model was built using data collected directly from the plant
through on-site observations, interviews with operating
personnel, and time measurements. The collected data were
statistically analyzed to ensure their reliability and accuracy
for use in the simulation.

The AS-IS model enabled the visualization of the actual
behavior of the production flow, allowing the identification
of constraints, delays, and sources of inefficiency. Among
the main findings, long setup times were detected in the
cutting and pressing stations, resulting in availability losses

Mechanical components __|
Shaft ——¢

Pulleys—

Belts—¢

1 )To assemble

To perform
vibration and
amperage
test

Axial Fan

OPC for the axial fan production process.

that affect process continuity. At the welding station, high
variability in execution times was observed, leading to an
unbalanced line and making it the most time-consuming
operation. Likewise, in the painting area, disorder in the
handling of materials and tools was identified, causing
unnecessary movements and rework.

The current conditions of the tools that would later be
intervened were incorporated into the simulation model.
Setup times were represented as currently recorded,
reflecting the lack of separation between internal and
external activities during changeover processes. At the
welding station, tasks without standardized procedures
were simulated. Finally, the current behavior of the painting
area was included, where no organized or structured system
exists for the storage and use of materials.

B. Design of the Improved Model

The improved model incorporates three key tools: 58S,
Standardization, and SMED. The 5S methodology was phys-
ically implemented in the painting area, following each
of its stages. This intervention produced visible improve-
ments in organization, tool accessibility, and reduction of
non-value-adding time, which were replicated in the simu-
lation. Standardization was validated through simulation in
Arena at the welding station, where improvements in task
sequence and distribution were proposed. These actions
reduced operational variability and balanced work times
with respect to customer demand, enhancing consistency
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in task execution. Finally, SMED was simulated on the
machines, identifying activities that could be performed
outside of machine downtime.

The integration of these tools enabled the validation,
in a virtual environment, of the positive impact these
improvements would have on the production system. The
resulting model represents a more organized process, with
reduced variability and greater capacity to meet production
requirements.

After the implementation of 5S, a comparative eval-
uation of the initial and final states of the system was
conducted through inspections, with the participation
of operators. The scores were grouped by category and
compared against a maximum of 25 points for each “S”
representing optimal conditions. In the initial condition,
the results showed a poor overall performance, reaching
only 27% of the total possible score. Shine achieved a score
of 44%, while the pillars of Standardize (16%), Set in order
(24%), Sustain (24%), and Sort (28%) exhibited worryingly
low levels. These results indicate a disorganized plant, with
few standardized practices and no well-established culture
of sorting or maintaining order.

Table II lists significant improvements across all pillars,
reaching 69.6% of the total score. Remarkable progress was
observed in Sustain (84%), Shine (80%), and Sort (68%),
reflecting increased staff awareness, improved operational
practices, and a more structured work environment.

These results are graphically presented in a radial
diagram designed to comparatively visualize performance
before and after the intervention (Fig. 4). The diagram
clearly shows the growth in each dimension evaluated,
validating the effectiveness of the implementation and
highlighting the positive impact of 5S on the plant’s organi-
zational culture.

Theresults obtained validate the fulfillment of the general
objective of the study: to develop an operations manage-
ment model to improve compliance with the fan production
plan through standardization in the metalworking sector.
The implementation of the model increased the produc-
tion plan compliance from 23.3% to 60.7%, demonstrating
that the standardization applied in the different areas of the
process had a direct and positive impact on the company’s
ability to meet its production goals.

In relation to the specific objectives, the results were also
consistent. First, the application of the 5S methodology in
the painting area led to a significant reduction in unproduc-
tive time, from 82.1 min to just 5.89 min. This improvement
was achieved by eliminating time wasted searching for
materials and tools, and by optimizing the work environ-
ment. Secondly, the standardization of a work sequence in
the welding area reduced variability in task execution, which
was reflected in a decrease in the total cycle time, which
went from 3,180 to 3,070 min. This enhanced the overall
efficiency of the production process and contributed to
increased compliance with the production plan.

TABLE I1
5S INITIAL AND FINAL INSPECTION RESULTS

Concepts AS-IS TO-BE Maximum A(So/;I)S T((JO/;?E
Sort 7 17 25 28 68
Set in order 6 16 25 24 64
Shine 11 20 25 44 80
Standardize 4 13 25 16 52
Sustain 6 21 25 24 84
Total 34 87 125 27 69.6

Classification
90
80

Discipline Order

Standardization Cleaning

Fig. 4. Comparative radial diagram of the initial and final
state of 5S.

TABLE III
COMPARISON OF RESULTS

Indicators Units AS-IS TO-BE
Production program Percentage 23.3 60.7
compliance
Non-productive time Minutes 82.1 5.89
Cycle time Minutes 3,180 3,070
Setup time Minutes 151 113

Finally, Table III demonstrates that with the implemen-
tation of the SMED methodology on the laser cutting and
pressing machines, the setup time was reduced from 151 to
113 min, which favored greater machine availability and
faster preparation between production batches. Overall,
these results demonstrate that the proposed model is
effective in improving operational efficiency and ensuring
compliance with the production plan.
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V. DISCUSSION

To enrich the analysis, a comparison of the results
obtained and those reported in other studies is presented.
In our case study, the 55 methodology reduced nonpro-
ductive times from 82.1 to 5.89 min, which represents
an improvement of 92.8%. This result contrasts with the
study conducted in the plastic products manufacturing
plant, where the technique was applied in the injection
and painting areas, achieving a 65% reduction in the time
spent searching for tools and materials [8]. Similarly, in a
metalworking company dedicated to the production of light
metallic structures, the methodology was implemented in
the lathe and milling stations, as well as in the warehouse,
materials yard, and dispatch area, achieving a 75.2% of idle
times related to the location of inputs and equipment [9].
In both cases, the intervention covered several areas of
the process, which required more resources and time. In
contrast, this study focused only on the painting area, which
enabled a higher percentage of improvement.

Regarding Standardization, its application reduced
the total cycle time from 454.29 to 428.57 min per unit,
which represents an improvement of 3.46%. Although the
percentage improvement is not high, this result contrib-
utes positively to the overall production performance. This
is consistent with a study reporting the implementation
of standardized work in an H-beam factory, showing that
the cycle time was reduced from 294.99 to 286.92 min per
unit produced, equivalent to an improvement of 2.74%.
When comparing the results, it can be observed that the
improvement achieved in this study is slightly higher, which
reinforces the effectiveness of the applied technique. In both
cases, despite being processes with long cycles, the improve-
ments in the welding area are significant, as this operation
represents the main bottleneck of the system [10].

In relation to SMED, the setup time reduced from 151 to
113 min, representing a significant improvement of 25.2%.
This result is comparable to that reported in a study on a
metalworking factory, where a reduction of 30.11% was
achieved. Although both studies applied the separation of
internal and external activities, the difference lies in the fact
that this study complemented this strategy with complete
standardization of procedures through clear instructions,
defined sequences, and checklists, which explains its higher
percentage of improvement [11]. In contrast, an auto parts
assembly line achieved a greater reduction of 36%, mainly
due to an effective reorganization of the workspace [12],
an aspect not addressed in the present study, which also
contributes to the difference in the results.

VI. CONCLUSIONS

The results obtained show significant progress in line
with the objectives set. The implementation of the 5S meth-
odology in the painting area reduced downtime by 92.8%
by optimizing the organization and location of materials;

the standardization of welding tasks decreased cycle time
by 3.46%, promoting a more continuous workflow; and
the application of the SMED methodology in cutting and
pressing reduced setup times by 25.2%, by converting
internal activities into external ones and improving machine
availability. These improvements, integrated into an oper-
ations management model, increased production plan
compliance to 60.7%, thereby reducing the gap with the 70%
recorded in the industry’s leading plants and demonstrating
the potential of Lean tools to close performance gaps and
improve productivity.

It is recommended to implement the 5S methodology
throughout the plant, as its comprehensive application
would optimize overall organization, reduce nonproductive
time in other areas, increase safety, and reinforce oper-
ational discipline across all processes. This would help
consolidate a culture of order and cleanliness that promotes
a more efficient work environment prepared for future Lean
improvements. It is also advisable to gradually expand the
scope of SMED and standardization to other areas, accom-
panying this process with training and monitoring plans to
ensure its sustainability, and use specialized software to
simulate changes prior to their physical implementation.
Finally, future studies could take this Lean Manufacturing
model as a basis for validating its effectiveness in different
production contexts, optimizing processes in specific envi-
ronments, and generating applied technical knowledge
that strengthens the competitiveness of the metallurgical
sector and its strategic role in key industries such as mining,
construction, agribusiness, and manufacturing.
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ABSTRACT-This project presents the design and partial
implementation of a productivity improvement model
based on Lean Manufacturing principles in a fish canning
company. The approach involved a technical diagnosis and
root cause analysis to identify key operational inefficien-
cies, primarily related to frequent equipment stoppages,
prolonged changeover times, and a lack of process stan-
dardization. To address these issues, Total Productive
Maintenance (TPM) and Single-Minute Exchange of Die
(SMED) methodologies were applied, and their impact
was assessed through simulation using Arena software.
Results revealed significant productivity improvements.
Labor productivity increased from 6 to 7 units/h, while
annual defective output decreased from 372,370 to 86,310
cans. Changeover times were reduced from 23.8 to 8.1
min, and equipment failure rates declined from 13.67% to
4.59%. These improvements contributed to a higher level
of Overall Equipment Effectiveness (OEE). Additionally,
the project enhanced operator skills, increased process
stability, and strengthened operational discipline. The
study demonstrates that Lean Manufacturing tools can
be successfully adapted to the realities of small-scale fish
processing operations, offering a viable pathway to boost
competitiveness, reduce waste, and meet the demands of
increasingly rigorous markets.

Index Terms—Fish processing industry, industrial production,
simulation, SMED, TPM.

I. INTRODUCTION

The fishing sector in Peru plays a crucial role in the national
economy, leading global exports of fishmeal and fish oil,
mainly derived from anchoveta. In 2024, canned fish
exports reached approximately USD 95 million FOB, repre-
senting a 64.5% increase compared to the previous year. The

main destination markets were the United Kingdom, the
United States, the Netherlands, Spain, Chile, and Germany.
This growth was primarily driven by canned tuna products,
which accounted for 87.5% of total export value, followed
by anchoveta (8.3%), horse mackerel (1.9%), abalone (1.3%),
and mackerel (0.9%) [1]. The sector generates significant
employment and contributes to Gross Domestic Product
(GDP); however, it faces critical challenges, including the El
Nifio and La Nifia phenomena, which alter oceanographic
conditions and reduce anchoveta populations, alongside
historical overexploitation and illegal fishing. These issues
have led the government to implement strict regulations,
including catch quotas and closed seasons, to ensure sustain-
ability. Despite informality and infrastructural limitations,
artisanal fishing remains vital for food security and the
livelihoods of coastal communities. Aquaculture is gaining
importance through products such as trout and shrimp,
diversifying exports, however this sub-sector still faces
financing and technological barriers. Additionally, certifi-
cations such as the Marine Stewardship Council (MSC) are
becoming increasingly relevant, enhancing competitiveness
in international markets that demand sustainable products.

Within this context, the studied company is a medi-
um-sized fish canning processor operating two 8-hour shifts
with an installed capacity of 180 tons per shift. However,
it currently operates below its potential. Key operational
issues include obsolete machinery, frequent unplanned
equipment breakdowns due to inadequate preventive main-
tenance, lack of work standardization, and bottlenecks in
manual processes. These problems resulted in low produc-
tivity, which the company aims to increase. The benchmark
analysis was conducted to a case study of improvements in
a food company that applied the same lean manufacturing
tools, such as SMED and TPM, achieving an 8.11% increase
in productivity [2]. This situation significantly affects
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profitability and competitiveness, as illustrated in Fig. 1.
These baseline values, obtained from the company’s internal
production reports (2023), served as the main reference for
defining the improvement objectives and identifying the
root causes and corresponding Lean tools.

A systematic literature review was conducted following
the PRISMA methodology. From an initial set of 543 publica-
tions, 40 studies met the inclusion criteria, focusing on Lean
Manufacturing tools such as Total Productive Maintenance
(TPM) and Single-Minute Exchange of Die (SMED). The
reviewed studies demonstrated that TPM improves equip-
ment availability and reduces failure rates, while SMED
significantly decreases changeover times, leading to higher
productivity and lower operational costs across various
manufacturing sectors, including food processing. Notable
findings include a 5% increase in Overall Equipment
Effectiveness (OEE) through TPM implementation [3] and
improvements in quality performance from 49.44% to 94.64%
in metalworking industries using integrated Lean tools [4].

The general objective of this project is to design and
partially implement a Lean Manufacturing-based manage-
ment model to increase productivity in canned fish
production. The specific objectives are to diagnose the
main causes of production inefficiency through process and
time analysis, conduct a systematic literature review on
Lean Manufacturing applications in fish processing SMEs,
propose improvement solutions based on TPM and SMED
methodologies, and validate the proposed improvements
simulation using Arena software.

This study addresses this gap by offering practical
insights into the optimization of core operations in fish
canning, a sector often overlooked in academic research.
It contributes applicable knowledge that supports deci-
sion-making, strengthens operational performance, and
fosters innovation in production systems under real
industrial constraints, expanding the scope of engineering

Average Productivity: 6 cans/labor hour
Sector Benchmark: 7 cans/labor hour
Productivity Gap: 1 can/labor hour

solutions in environments where traditional approaches
may not be feasible.

II. METHODOLOGY

The diagnosis of the production process allowed the
identification of key inefficiencies related to equipment
stoppages, extended setup times, and lack of process stan-
dardization. Based on these findings and supported by the
review of previous studies, three Lean Manufacturing tools
were selected as part of the improvement strategy. SMED
methodology was applied to reduce changeover time in the
sealer, a stage characterized by non-standardized activities
and frequent delays. Prior evidence indicates that this tool
can reduce setup times by more than 30%, contributing
to increased equipment availability and production flow.
TPM was used to address the high frequency of unplanned
machine downtimes, especially in the autoclave area. This
tool enhances operator involvement in basic maintenance
tasks and aims to minimize failures by improving equip-
ment reliability. To define the size of the study sample, it
was assumed that the company records an average of 220
productivity-impacting events per month, including auto-
clave downtimes and sealer changeovers. A sample size
calculation was performed, assuming a confidence level
of 95% and a margin of error of 5%, yielding the minimum
number of replications required:

n= 220 x (1.96)%x(0.5)%(0.5) o
(220-1)x(0.05)%x(1.96)2x(0.5)x(0.5)

By solving the values into (1) yielded a minimum sample
size of approximately 141 observations. The main variables
analyzed in this study were production time, equipment avail-
ability, failure rate, and defect percentage. These indicators
formed the basis for quantifying the impact of the proposed

Root Cause 1: 60%

durations in the
production line

Core Problem:

Prolonged changeover

Main causes Lean Tool
Lack of standardization
in changeover procedures
Performance of internal activities Single-Minute

that could be externalized Exchange of Die

Insufficient operator training in

Low plant productivity

setup time reduction

Ineffective implementation of

- Root Cause 2: 40%
Economic Impact:

Estimated annual loss of USD 26,593.96

! ’ by defective cans
due to defective product, equivalent to

Product rejection caused

autonomous maintenance practices \

Total Productive
Maintenance

/\

Inadequate routine inspections

21.22% of total output.

Fig. 1.

and monitoring

Root cause analysis of low plant productivity and selection of Lean Manufacturing tools.
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improvements, which were evaluated through simulation
modeling using real production data from the plant.

A non-probabilistic convenience sampling method
was used, as the study included all available critical occur-
rences during one month of normal plant operation [5]. The
approach prioritized the rapid and efficient collection of
real data on issues directly affecting plant efficiency. Only
autoclave downtimes and sealer changeovers that impacted
the regular production process were considered. To ensure
consistency and alignment with the project objectives,
specific inclusion and exclusion rules were defined. The
inclusion criteria encompassed all documented autoclave
downtimes and sealer changeovers during the selected
month, provided that they were recorded in production
reports or operational logs and occurred under normal oper-
ating conditions. Exclusion criteria applied to downtimes
or changeovers resulting from scheduled or extraordinary
maintenance, as well as events caused by external factors
such as power outages or natural phenomena. Records
without supporting documentation or containing incom-
plete data were excluded from the analysis.

Based on these tools, a structured improvement model
was developed to guide the implementation strategy, as
illustrated in Fig. 2.

A. Component 1: Minimize Format Changeover Time

The analysis of current format changeover times
revealed high variability and the presence of unproductive
periods caused by poorly organized internal activities. To
address this issue, the SMED methodology was proposed to
reduce these times and transition from a reactive approach
to a standardized one. A detailed time study was conducted
during changeovers in the sealing line, with each task
chronometrically recorded. For example, seal replacement
currently requires 4.5 min and gasket inspection 2 min,
both performed while the machine is stopped. Under the
SMED proposal, these activities were externalized, reducing
internal setup time from 12.9 to 5.3 min. This task reclas-
sification and redistribution were incorporated into the
Arena simulation model to validate the expected improve-
ments in equipment availability and production flow. Based
on this analysis, standardized procedures and optimized
task sequences were developed and implemented in the
simulation. The estimated reduction in changeover time
was used as an input parameter to project its impact on the
overall production flow.

A flowchart illustrating these activities is shown in Fig. 3.

Table I presents the classification of the current setup
activities performed on the sealing machine, distinguishing
between internal and external tasks according to the SMED
methodology. A total of ten activities were identified,
five of which are currently carried out while the machine
is stopped (internal), and five that can be or are already
performed externally. This breakdown served as the basis

INPUT {

OUTPUT
ow ARENA SIMULATION Increase
productivity in productivity

Classification into
internal and external
tasks Reduction in defect
rate (%)

Diagnostic results

Standardization of

Systematic
changeover procedures

literature review Decrease in
changeover times
PLANTS VISITORS
™M Greater equipment
availabilty

Problem Tree

Component 2 Autonomous

Minimize maintenance
unplanned

machine stops Preventive planning

Fig. 2. Proposed model.

Start l

dentify the
activities of
each machine

Analyze
changeover
process

Reduce activity
times

Convertinternal ‘

conversion

i

Compare
internal and
(> extenal
activities
Separate internal

and external
activities.

Record technical
fata in the
systel

activities to

external D

( ) Yes
time reduction

plan J Are indicators met? End

Perform time
evaluation

SMED Implementation Design
o
8
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Fig. 3. SMED implementation design.

TABLE I

CLASSIFICATION OF SETUP ACTIVITIES IN THE SEALING
MACHINE ACCORDING TO SMED METHODOLOGY

Activity Current method
Time Internal External

Calibration verification 85 min X

Daily cleaning of sealing heads 65s X

Pressure adjustment 60s X

Seal replacement 85s X

Inspection of worn parts 60 s X

Roller inspection 70s X

Sealing mechanism adjust- 90s X

ment

Inspgctlon and lubrication of 80s X

moving parts

General equipment cleaning 120s X

Gasket replacement 80s X

for identifying improvement opportunities, particularly
by proposing the externalization of tasks such as mate-
rial preparation, cleaning, and preliminary inspections to
reduce overall changeover time.
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By applying the SMED methodology, setup activities
were restructured to distinguish between internal and
external tasks, aiming to minimize machine downtime. As
presented in Table II, the proposed improvements resulted
in the following optimized times: sealing head verification
and cleaning (70 s), inspection of worn parts (55 s), adjust-
ment of sealing mechanisms (90 s), general equipment
cleaning (120 s), and gasket replacement (80 s).

These changes reduced the proportion of internal activ-
ities by transferring non-critical operations to external
preparation and by standardizing procedures such as mech-
anism adjustment and gasket installation. Consequently,
the overall setup process became more efficient, leading
to increased equipment availability and a reduced produc-
tivity losses caused by extended changeover times.

B. Component 2: Minimize Unplanned Machine Stops

The second intervention component focuses on the
implementation of basic TPM practices, targeting equipment
with high failure frequency, specifically the sealer and the
autoclave. The most frequent failures and their repair times
were analyzed to prioritize the assets requiring intervention.

The plan specified concrete actions such as: (1) daily
lubrication of sealing heads and inspection of worn parts,
(2) weekly calibration of pressure sensors and inspection of
hinges, and (3) monthly cleaning of filters and verification
of control instruments. To strengthen operator involvement,
visual control boards for abnormal conditions and a simplified
system for recording minor incidents were introduced. These
measures aimed to reduce recurrent stoppages in the auto-
clave and sealing machines, thereby increasing Mean Time
Between Failures (MTBF) and reducing Mean Time to Repair
(MTTR). Information regarding the expected improvements
in equipment availability—specifically variations in MTBF and
MTTR—was included as input parameters in the Arena simu-
lation model to analyze their impact on overall productivity.

Table III presents the operational and maintenance
records of the Autoclave, which shows a higher frequency
of unplanned stoppages and unexpected failures compared
to other equipment in the process. To improve clarity, fail-
ures were classified by type, frequency, average repair time
(min), and estimated impact on equipment availability. This
breakdown highlights recurring issues such as pressure cali-
bration errors, sealing mechanism malfunctions, and wear
in critical components, which justified prioritizing the auto-
clave in the TPM intervention plan. The proposed actions
focused on preventive measures including filter cleaning,
hinge lubrication, and regular inspection of control instru-
ments. The observed variability in equipment availability
and product quality underscores the need for structured
maintenance routines to ensure process reliability and
minimize downtime.

A detailed TPM model was constructed, as shown in
Fig. 4, to identify key preventive maintenance activities for
the sealing and autoclave machines. The model incorporated

TABLE I1

PROPOSAL METHOD OF SETUP ACTIVITIES IN
THE SEALING MACHINE ACCORDING TO SMED

METHODOLOGY
Activity Proposal method
Time Internal External
Sealing hgad verification 70's X
and cleaning
Inspection of worn parts 55s X
AdJustm_ent of sealing 90's X
mechanisms
General equipment cleaning 120s X
Gasket replacement 80s X
TABLE III

OPERATIONAL AND MAINTENANCE RECORDS
OF THE AUTOCLAVE MACHINE

Frequenc Average -
) q Y -rag Availability
Failure type (occurrences/  repairtime o
) impact (%)
month) (min)
Pressure calibration 12 35 4.5
failure
Sealing mechanism 9 28 38
malfunction
Gasket wear and 7 22 2.7
replacement
Control instrument 5 40 32
misalignment
Overheating due to filter 4 30 2.1
clogging
Start l
( ) ( ) ( Eecutionof | ( \nspecl\onof“ [ Standardize |
e F’ e | b | st |
"S!ove techmca\:
- datain the ‘ y
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Fig. 4. TPM implementation design.
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the average duration of each intervention along critical TABLE IV
decmqn points, .ena.blmg the simulation of the¥r impact on OPERATIONAL KPI ANALYSIS: AS-IS vS. TO-BE
operational continuity and overall process efficiency.
SCENARIO
Table IV presents a comparative analysis of key oper-
ational performance indicators before and after the Indicator Formula ASIS  TO-BE
proposed improvements. The AS-IS column reflects the Productivity Cans produced 6 7

current performance of the plant, while the TO-BE scenario
represents the expected outcomes after implementing the
Lean Manufacturing strategies. The selected indicators—
productivity, defect rate, and OEE—provide a clear overview
of the potential impact on efficiency and quality.

The Arena simulation model shown in Fig. 6 was
designed to replicate the actual production flow of the
fish canning plant, with a particular focus on identifying
while quantifying the impact of inefficiencies related to
changeover times and unplanned equipment downtime.
The process was mapped from the arrival of raw material
batches through the main transformation stages—including
cooking, filleting, sealing, sterilization, and packaging—
incorporating key decision points, resource constraints, and
batch processing logic.

Each block in the model represents a specific operation or
activity using Arena’s standard modules, such as Process, Assign,
Decide, and Separate. The sealing machine, which was central
to the SMED intervention, was modeled with conditional
logic to simulate equipment occupancy and the changeover
routine. Additional logic flows were introduced to capture
detailed maintenance procedures, such as cleaning, gasket
replacement, and sealing mechanism adjustments, allowing
for a realistic representation of the setup phase. Time data
used in the model were obtained through direct measurement
and field observation and were entered as input parameters to
evaluate both the AS-IS and TO-BE scenarios.

To determine the appropriate number of simulation
replications and ensure the statistical reliability of the
output data, an initial run of 30 replications was executed.

Total labor hours worked
(Number of defective canS)

Total units produced
X 100

OEE Availability X Performance X Quality

Defect rate 13% 4.3%

63.2%  68.2%

This resulted in an average production of 371,590, cans with
a 95% confidence interval ranging from 369,961 to 373,219.
The calculated half-width (h ) of the interval was 1,628.8.
Based on a desired error margin of 814.4 cans—equiva-
lent to 2.2% of the sample mean—a statistical formula was
applied to estimate the required number of replications.
Consequently, it was determined that 120 replications were
necessary to achieve the desired level of precision in the
simulation results, thereby ensuring a high level of statis-
tical confidence in the system performance analysis.

III. RESULTS

Once the Arena simulation was completed, outcomes
were collected for the five defined performance indicators
and compared against their respective target values. The
key indicator under analysis was overall productivity, which
initially measured 6 cans per labor hour. Following the
proposed improvements, the simulation demonstrated a 17%
increase, reaching 7 cans per labor hour, as shown in Fig. 5.

Regarding the setup time indicator, the process origi-

nally required 12.9 min, with a target reduction to 5 min.
The simulation results closely approached this objective,
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achieving a setup time of 5.3 min—representing a 59%
decrease, as illustrated in Fig. 7.

Regarding the cycle time per batch indicador, the process
initially recorded 28.5 min with a target reduction of 40%.
The experimental results closely approached the expected
value, as illustrated in Fig. 8, thereby achieving a reduced
cycle time of 18.8 min—representing a 34% decrease.

For the defective cans indicator, the initial figure was
372,370 cans per year, with a target of 180,000. As shown in
Fig. 9, the experimentation reduced this number to 187,895
cans annually—a 50% decrease. Although the target was
not fully achieved, the outcome still reflects a substantial
improvement in process consistency, quality control, and
financial performance, reinforcing the effectiveness of Lean
tools in addressing persistent quality issues within fish
canning operations.

Finally, as illustrated in Fig. 10, the OEE indicator
initially stood at 63.2%, with a target of 85%. The experi-
mentation closely approached the expectations, raising the
OEE to 78.6%, which represents a 24% improvement.

The comparative analysis between the AS-IS and TO-BE
models, based on 120 replications each, demonstrates a
statistically significant reduction in the average batch cycle
time. The AS-IS model reported an average of 712 min per
batch (95% CI: [711, 713]), while the TO-BE model achieved
areduced average of 696 min per batch (95% CI: [696, 697]).
This 16-min decrease in batch cycle time reflects the impact
of the proposed Lean improvements, particularly the imple-
mentation of SMED and TPM strategies, as shown in Fig. 11.

As the batch cycle time directly influences throughput,
this reduction enabled the system to process a higher
number of batches within the same operational timeframe.
Consequently, the number of cans produced per simulation
period increased without requiring additional resources.
Assuming the standard batch configuration of 26 cans and
10 operators working over an 8-h shift, this improvement
translated into a measurable increase in system productivity.

The post-improvement simulation increase from
approximately 6 to 7 cans per labor hour, representing a 17%
improvement in labor efficiency. The narrow confidence
intervals and the non-overlapping ranges between models
confirm the statistical significance of this improvement.
Therefore, the simulation results validate the effectiveness
of the implemented Lean Manufacturing tools in opti-
mizing operational performance and achieving the targeted
productivity level.

IV. DiSCUSSION

The implementation of Lean Manufacturing tools, specif-
ically SMED and TPM, as part of a process improvement
model had a significant positive impact on the productivity
and operational efficiency of the fish canning plant under
study. The main productivity indicator—the number of cans
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6.5 (+8.1%)

ASIS TO BE ACHIEVED

Fig. 6. Overall productivity indicator.
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Fig. 10. OEE indicator.
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produced per batch—increased from 4,400 to 6,650 units,
representing a 51% improvement. This outcome signifi-
cantly exceeded initial expectations and is consistent with
previous studies that highlight the effectiveness of lean
manufacturing tools in improving operational efficiency
such as a metalworking case study [6]. The success of the
model lies in its capacity to address multiple factors simul-
taneously: reducing setup times, improving equipment
availability, and minimizing process defects.

In the first component, focused on setup time manage-
ment, the application of the SMED methodology enabled
the classification, simplification, and standardization of
internal setup activities. As a result, the setup time of the
sealing machine was reduced from 12.9 to 5.3 min, a 59%
reduction, almost reaching the targeted 5-min objective.
This aligns with Shingo’s foundational work on SMED [7],
as well as with findings by Arboleda and Rubiano [8], who
reported similar reductions in the food sector.

The second component addressed preventive and auton-
omous maintenance under the TPM framework. Procedures,
checklists, and staff training were implemented to reduce
equipment failures and unplanned downtime. The avail-
ability rate increased from 70.4% to 85.2%, closing 91.7% of
the performance gap toward the 90% target. Additionally,
MTBF improved from 3.2 to 6.8 h, and MTTR decreased
from 28 to 15 min, confirming increased equipment reli-
ability and faster recovery. The number of unplanned
shutdowns due to autoclave pressure failures decreased by
45%, while sealing mechanism malfunctions were reduced
by 38%. These improvements demonstrate the effective-
ness of the TPM plan in addressing the main sources of
downtime and stabilizing the production system. Similar
results were reported by Pinto et al. [9], who implemented
a strategic TPM-based maintenance plan that reduced lathe
breakdowns by 23% and machining center failures by 38%,
while also improving OEE by 5%. Although the investment
for this component was modest (USD 840), it is projected to
save over USD 3,000 annually in lost production time.

Finally, it focused on defect reduction and error preven-
tion. Root causes of defects, particularly in the sealing and
thermal treatment stages, were identified and addressed
through standard operating procedures and operator
training. The defect rate decreased from 13% to 4.3%,
representing a 50% reduction in defective units. This result
supports Nakajima's argument that empowering operators
in maintenance and quality assurance directly improves

Batch cycle time.

process reliability [10]. No significant equipment invest-
ments were required for this component, as improvements
were achieved through non-monetary actions such as
routine inspections and quality control checkpoints.

Despite the positive results, the study faced two main
limitations: the lack of detailed historical operational data
and the inability to conduct physical pilot testing due to
real-time production constraints. Future research could
address these limitations by performing on-site imple-
mentation trials or by using simulation platforms that
model human variability and behavioral factors more
realistically. Nevertheless, this study demonstrates that
Lean Manufacturing tools, when adapted to the context of
small-scale fish processors in Peru, can deliver measurable
improvements in productivity, equipment performance, and
product quality. These findings contribute valuable insights
to both academic research and industrial application.

V. CONCLUSIONS

The implementation of Lean Manufacturing tools—
specifically SMED and TPM-resulted in a significant
improvement in the operational efficiency of the fish
canning plant under study. The simulation demonstrated a
59% reduction in setup time and a 17% increase in produc-
tivity per batch, confirming the potential of SMED to
streamline changeover processes and eliminate non-value-
adding activities. These findings are consistent with the
study by Monteiro et al. [6], who reported setup time reduc-
tions of 57% through the implementation of the SMED lean
manufacturing tool.

In addition to time efficiency, the structured imple-
mentation of TPM led to notable gains in equipment
performance. The increased MTBF and reduced MTTR
reflect a more reliable and resilient maintenance system.
These improvements are consistent with the outcomes
reported by Campoverde-Pillajo et al. [11], who highlighted
the benefits of autonomous maintenance and operator
involvement in reducing process variability and machine
downtime in a plastics extrusion line.

Furthermore, the model achieved a 49.5% reduction in
defective units, improving both product quality and process
stability. These results demonstrate how Lean tools can
be effectively implemented in small-scale manufacturing
contexts, even with limited resources. As shown in the
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study by Canahua [12] and Hu et al. [13], the application
of TPM and SMED strategies in Peruvian SMEs contributes
to increasing OEE and fostering a culture of continuous
improvement across the production system.
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ABSTRACT—Urban irrigation in a district of Lima
currently relies on costly groundwater despite the avai-
lability of legacy canals. This study addresses rising unit
costs by integrating a canal-fed reservoir with inventory
model and k-means clustering for resource allocation. The
design replaces the water source, sizes the reservoir using
inventory-management logic, and relocates loading to a
strategically ranked park. Using operational data from one
representative day, the proposed scenario reduces labor
cost, fuel cost and water cost. Measured outcomes include
areduction of 50.25% in labor, 26.03% in fuel and 90.8% in
water costs along with an internal rate of return of 199%.
Academically, the work links source substitution, inven-
tory sizing, and clustering within a single engineering
design; socio-economically, it offers a replicable pathway
for municipalities. Municipalities should evaluate canal-
fed storage and assignment analytics to unlock similar
unit-cost reductions.

Index Terms—Clustering, cost efficiency, reservoir, resource
optimization, urban irrigation.

I. INTRODUCTION

The rapid growth of the global population, combined with
increasingly unpredictable climate patterns, has made
sustainable water management one of the most pressing
challenges of the 21 century. At present, water scarcity
stems not only from the physical limitations of natural
resources but also from economic constraints, such as
insufficient investment in infrastructure and research [1].
Irrigation canals play a crucial role in sustaining vegetation
and demonstrate multifunctional potential. For instance,
recent studies have explored the installation of photovoltaic
panels over canals to reduce evaporation while generating
renewable energy [2], as well as the integration of hydroki-
netic turbines, which can convert up to 78.53% of available
hydraulic energy into usable power [3]. Furthermore, irriga-
tion canals contribute to ecological restoration in rural areas

and enhance urban environments through the creation of
green spaces, which have been associated with improved
physical and mental well-being [4], [5].

Previous studies have modeled farmer responses to
reservoir operation policies, showing that dynamic hedging
strategies based on water performance forecasts effec-
tively influence irrigation technology adoption, land use,
and cost-benefit outcomes [6]. River-fed reservoirs offer
a sustainable storage option; however, they face sediment
accumulation challenges. For example, reservoirs in Poland
lose approximately 0.1% of their capacity annually due to
sedimentation [7].

In Lima, two principal pre-Hispanic irrigation canals
remain: the Surco Canal and the Huatica Canal. The Surco
Canal extends for 29.5 km and traverses 14 districts.
Historically, it played a vital role in the ecosystem and agri-
cultural development, but its significance has diminished
in contemporary times [8]. Considering that Lima is the
second largest city built in a desert, the presence and main-
tenance of these canals are of critical importance [9], [10].

The irrigation of public green areas, however, entails
high operational costs and logistical inefficiencies. When
water sources are geographically distant, extended trans-
port routes are required, increasing both costs and delivery
time. Consequently, route optimization becomes essential
for improving resource efficiency. Related studies to route
optimization and resource efficiency conducted in Argentina
compared three algorithms for municipal waste collection
and identified simulated annealing as the most effective
approach for minimizing travel distance [11]. Similarly,
research conducted in Canada applied genetic algorithms,
FS-ACO, and Tabu search to optimize municipal sweeping
routes, achieving significant reductions in fuel consump-
tion, travel distance, and time [12]. In Chile, the application
of the Ant Colony Optimization algorithm reduced travel
distance by 23% and time by 22% [13]. Other approaches,
such as Prim’s heuristic [14] and Mixed-Integer Linear
Programming, achieved a 19% reduction in total delivery
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distance while considering constraints such as truck and
product type [15]. In problems with many nodes, the
Cluster-First Route Second (CC-CVRP) method has proven
competitive and effective, particularly in medium-to-large
problems, and remains one of the few feasible solutions
for very large routing challenges [16], [17]. These findings
suggest that assigning irrigation routes for tank trucks
through optimized clustering and routing may significantly
reduce travel time and operational inefficiencies.

A study conducted in China shows that the multi-ob-
jective genetic algorithm can accurately predict the demand
trend and improve the inventory turnover rate [18]. Another
study applied linear programming to forecast the demand of
their product using inventory data as inputs [19].

Previous research has primarily focused on either reser-
voir design or routing optimization in isolation. There
remains a lack of integrated approaches that simultaneously
consider reservoir sizing, canal-fed water distribution, and
cluster-based routing for urban irrigation systems. This gap
is particularly relevant in Lima, where public green areas are
currently irrigated using groundwater purchased at a unit
cost of 1.85 PEN/m3, while canal-sourced water averages
only 0.17 PEN/m?, representing a cost difference of 90.81%.
Addressing this gap, the central problem guiding this study
is how to reduce the unit cost of urban irrigation by inte-
grating water supply alternative, reservoir design, and route
clustering within a unified framework.

The novelty of this research lies in its holistic approach
that combines reservoir sizing and clustering of irrigation
areas into a single model This integrated methodology
offers three key contributions: it provides a replicable
framework for metropolitan areas facing similar chal-
lenges; it demonstrates the measurable economic benefits
of canal-fed irrigation; and it contributes to sustainability
by reducing dependency on underground water sources.
Accordingly, this study not only advances the state of the
art but also provides practical insights for municipalities
striving to balance cost-efficiency with environmental
responsibility.

The remainder of this paper is organized as follows:
Section II presents the methodology and engineering tools
applied; Section III discusses the results; and Section IV
highlights the main conclusions.

II. METHODOLOGY

This research is applied and correlational in nature, as it
aims to reduce the unit cost of irrigation through the imple-
mentation of an alternative water source.

Firstly, the problem was identified, and the root causes
were analyzed.

Subsequently, the data are collected. To define the unit
of analysis, all irrigation routes carried out during a selected
month were considered; simple random sampling was used

] ~>‘ Solution Proposal

Proposed Scenario
] L Modelling

1 Problem Definition

1 Data Collection

Scenarios Comparisons

1 Current Scenario Modelling]

Feasibility and Analysis

)
)
)
)

-

Fig. 1. Steps included in the research methodology.

to select a specific day considered as the unit of analysis.
The stop points corresponding to the routes on the selected
day were georeferenced.

The current scenario was modelled to determine the
travel time and distance covered under the existing ground-
water supply conditions.

Considering the water cost disparity, a solution was
proposed based on the root causes of the problem.

The proposed solution consists of constructing a
canal-fed reservoir. Potential parks suitable for reservoir
construction were identified. For their selection, four rele-
vant variables were defined and weighted using the factor
ranking method. Once the most suitable site was selected,
the structural design of the proposed reservoir was
conceived. The reservoir volume was estimated using the
maximum inventory formula (1), which requires the lot size
(Q) and the safety stock (SS).

Maximum inventory = Q + SS (€))]

To calculate the safety stock (2), the following factors
were considered: the desired service level, the average
water demand, the demand standard deviation, the average
canal inflow rate, and its standard deviations.

SS = Z « (D * 6LTY? + ( IT) * 6D)2)  (2)

To model the proposed scenario, the travel time and
distances were determined, and the new estimated cost of
the water resource was calculated.

The logistical indicators of both scenarios were
compared by calculating the reduction in travel time,
distance travelled, water cost and carbon dioxide emissions.

Annual savings in labor, fuel and water costs were esti-
mated. The initial investment, as well as the maintenance,
and cleaning costs of the reservoir were averaged. Based on
this information, the projected cash flow was developed
and financial profitability indicators were calculated.
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Stops of the unit of analysis. Coordinates included in the single-day route analyzed.

TABLE I
INDICATORS OF CURRENT SCENARIO

Tank truck ID Capacity Time on route Distance travelled Water demand
SD-10 10,000 gal 4 h 20 min 141.8km 60,000 gal
SD-11 10,000 gal 3h32min 112.1km 60,000 gal
SD-12 10,000 gal 4h 19 min 135.2km 60,000 gal
SD-13 10,000 gal 7h 21 min 231.1 km 100,000 gal
SD-15 10,000 gal 3h34min 111.2 km 50,000 gal
SD-17 10,000 gal 3h58min 140.7 km 60,000 gal
SD-18 10,000 gal 4h11 min 124.1 km 60,000 gal
SD-20 10,000 gal 4h9min 120.7 km 60,000 gal
SD-25 10,000 gal 3h35min 98.6 km 50,000 gal
SD-30 5,000 gal 8h 27 min 266 km 65,000 gal
SD-31 5,000 gal 7 h 53 min 252.1 km 55,000 gal
Total 55h 19 min 1733.6 km 680,000 gal

Note: Time on route, distance travelled, and water

III. RESULTS

The company’s current irrigation unit cost is high, as the
groundwater used for irrigation is 90.81% more expensive
than canal-supplied water. A canal known as Surco flows
through the district, with a flow rate of 800 L/s, of which 200
L/s correspond to environmental flow. When tank trucks are
loaded directly from the canal’s main channel, the loading
time reaches approximately 30 minutes for 10,000 gallons.
This loading method generates traffic congestion, residents’
complaints, and financial penalties for the company. The
construction of a reservoir would increase the inlet flow
rate, thereby reducing tank truck loading times.

Data were collected to quantify irrigation demand for
public green areas, which totals 714,761.85 m?. Each green
area should be irrigated twice per week during cold seasons
and thrice per week during hot seasons. A unit of analysis is
chosen, which is a day consisting of 80 routes carried out in

demand for the single-day route are analyzed.

the year 2025 during the month of March. The coordinates of
the stops were identified. This route irrigates approximately
238,254 m?, representing 33.33% of the total demand. The
tank trucks with a capacity of 10,000 gallons service 70% of
the stops assigned; the remaining 30% of the stops are made
by tank trucks with a capacity of 5,000 gallons.

Currently the water supply is in the coordinate
-12.18763, -76.972691. Eleven tank trucks start their
routes simultaneously, each operated by one driver and
one assistant.

The indicators for the actual scenario are calculated.
The travel time is 55 h 19 min, and the total man-hours
are 110 h 38 min, given that each route is operated by two
personnel. The travel time refers to the driving time on the
assigned route. The total distance travelled is 1,733.6 km.

Three potential sites were identified as possible loca-

tions for the reservoir: Filomeno Ormeiio, De los Ingenieros,
and Maria Reiche.
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TABLE I1
FACTOR RANKING FOR EACH POTENTIAL LOCATION
Filomeno Ormefio  De los Ingenieros Maria Reiche
Variables
Se Wx Se S WxS S WxS
Distant residential areas 40% 5 200 5 200 5 200
Near canal 20% 9 180 8 160 7 140
Space availability 20% 7 140 7 140 7 140
Proximity to green areas 20% 9 180 9 180 9 180
Total 100% 700 680 660

Note: The score indicates the extent to which the factor is fulfilled.

*W = Weight of factor

bS = Score of potential location according to each factor
¢W x S = Multiplication of weight and the score

The proposed site for building the reservoir is Filomeno
Ormeno Park, located at coordinates are -12.120952,
-76.997572.

To calculate the volume of the reservoir, the maximum
inventory formula (1) is used. Four variables are required to
calculate the safety stock (2). The demand and its standard
deviation are obtained using historical route data. Lead
time corresponds to the loading duration of a tank and is
generally assumed to be constant, implying no deviation.
Two safety stocks were calculated: one for tank trucks of
10,000 gallons of capacity and another one for tank trucks
of 5,000 gallons of capacity. For both calculations a service
level of 95% was applied.

TABLE III
VARIABLES FOR SAFETY STOCK FORMULA 1

Variables Original value Adjusted value®
Demand® 692,500 gal/day 692,500 gal/day
Demand deviation® 109,792.3 gal/day 109,792.3 gal/day
Lead time® 25 min 0.01736 days

Lead time deviation® - -

2The values were adjusted to be consistent with the formula.
b Lead time and deviation of the tank trucks with a capacity
of 10,000 gallons of water.

692,500 gal
day

109,792.3 gal\ %
(1/0.01736 day *T) ) 3)

5851 =23,796.48 gal

5S1=1.645 = V(( * 0)% +

The safety stock for tank trucks with a capacity of
10,000 gallons of water was calculated as 23,796.48 gallons
using formula (2).

The lot size for tank trucks (Q) corresponds to their
capacity, which in this case is 10,000 gallons.

Maximum inventory, = 10,000 gal + 23,796.48 gal

4)
Maximum inventory, = 33,796.48 gal (

The maximum inventory to supply the demand of tank
trucks with a capacity of 10,000 gallons was calculated as
33,796.48 gallons using the formula (1).

TABLE IV
VARIABLES FOR SAFETY STOCK FORMULA 2

Variables Original value Adjusted value?

Demand® 48,750 gal/day 48,750 gal/day
Demand deviation®  10,451.8 gal/day ~ 10,451.8 gal/day

Lead time® 12.5min 0.00868 days

Lead time deviation® - -

2The values were adjusted to be consistent with the formula.
bLead time and deviation of the tank trucks with a capacity of
5,000 gallons of water.

48,750 gal
day

10,451.8 gal\?
(,/0.00868 day *T) ) (5)

552=1,601.83 gal

5S2=1.645 * V(( * 0)% +

The safety stock for the tank trucks with a capacity of
5,000 gallons of water was calculated as 1,601.83 gallons
using formula (2).

The lot size for tank trucks () corresponds to their
capacity; which in this case is 5,000 gallons.

Maximum inventory. = 5,000 gal + 1,601.83 gal

Maximum inventory, = 6,601.83 gal “
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TABLE V
INDICATORS OF THE PROPOSED SCENARIO

Tank truck ID Capacity Travel Time Distance travelled Water demand
SD-10 10,000 gal 2h38min 56.2 km 60,000 gal
SD-11 10,000 gal 3h25min 76 km 60,000 gal
SD-12 10,000 gal 3h4min 66.9 km 60,000 gal
SD-13 10,000 gal 5h 15 min 108.6 km 100,000 gal
SD-15 10,000 gal 2h 24 min 50.7 km 50,000 gal
SD-17 10,000 gal 3h13min 71.2km 60,000 gal
SD-18 10,000 gal 2h 42 min 54.9 km 60,000 gal
SD-20 10,000 gal 2 h 48 min 56.9 km 60,000 gal
SD-25 10,000 gal 2 h 56 min 62.7 km 50,000 gal
SD-30 5,000 gal 6 h 54 min 146.1 km 65,000 gal
SD-31 5,000 gal 5h 36 min 112.3km 55,000 gal
Total 40 h 55 min 862.5 km 680,000 gal

Note: Travel time, distance, and water demand for the proposed routes supplied by the canal-fed reservoir are analyzed.

TABLE VI
COMPARISON OF SCENARIOS

) Current Proposed Improvement
Indicators ) )
scenario scenario rate
Time on 55h19min 40 h 55 min 26.03%
route
Distance 1,733.6 km 862.5 km 50.25%
travelled

Note: The indicators are calculated for both scenarios.

The maximum inventory to supply the demand of tank
trucks with a capacity of 5,000 gallons was calculated as
6,601.83 gallons using formula (1).

Total maximum inventory =
33,796.48 gal + 6,601.81 gal @)
Total maximum inventory = 40,398.29 gal

The proposed reservoir capacity is 40,398.29 gallons,
equivalent to 152.96 m>.

The Surco Canal currently presents a moderate level of
pollution due to the discharge of wastewater and domestic
effluents [20]. It is proposed that the reservoir incorporates
an inlet grate to trap large solid debris. In addition, the imple-
mentation of steeply inclined settlers is proposed to reduce
suspended sediments. These settlers are installed at angles
between 45° and 60° relative to the horizontal and consist
of tube-like channels with a width of 5 cm and a length of
approximately 2 m [21].

Grate

=y

Fig. 3. The settlers within the reservoir cross-section are
inclined to increase the effective settling velocity of suspended
matter, thereby improving sedimentation efficiency.

Steeply
inclined
settlers

Reservoir

The reservoir is designed to supply the total demand of
public green areas. The travel time and distance were calcu-
lated considering the reservoir located at the coordinates
—12.120952, —76.997572.

The indicators for the proposed scenario are calculated.
The travel time is 40 h 55 min, and the total man-hours
is 81 h 50 min considering that two operators accompany
each route. The total distance is 862.5 km.

Both scenarios are compared, and the improvement
rates are quantified.

Additionally, the economic impact of resource optimi-
zation is evaluated. The labor cost is 15 PEN per man-hour,
with two personnel assigned to each route. The tank trucks
consume one gallon of fuel every 5 km traveled, and the fuel
cost is 13.12 PEN per gallon. The unit cost of canal-sourced
water is 0.17 PEN/m?® [12]. The capacity of each tank truck
is 10,000 gallons, equivalent to 37.85 m?.
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TABLE VII
COSTS OPTIMIZATION OF THE PROPOSED SCENARIO

Current sce- Proposed Improvement
Costs . )
nario scenario rate
Labor 1,659.5 PEN 1,227.5PEN 26.03%
costs®
Fuel cost? 4,549 PEN 2,263 PEN 50.25%
Water cost* 4,760 PEN 438 PEN 90.8%

Note: The costs are calculated considering the indicators for both
scenarios.
*Costs per day.
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Fig. 5. Scatter plot 1. The centroids in the scatter plot

represent the average coordinate for each cluster.

Clustering is proposed to reduce the learning curve by
assigning each cluster to a tank truck. The inputs consist of
the coordinates of the green areas, while the outputs include
scatter plots and an Excel file grouping the coordinates
according to each cluster. The number of clusters is equal to
the number of tank trucks: nine for trucks with a capacity of
10,000 gallons and two for trucks with a capacity of 5,000
gallons. The algorithm begins with k-means to initialize the
centroids. A greedy algorithm is then applied to enforce
capacity constraints within each cluster. Subsequently, the
Hungarian algorithm is used to minimize the overall travel
distance. Finally, the constrained Lloyd algorithm performs
iterative restarts and updates the centroids.

The following figures present the clustering results,
in which each cluster is assigned to a tank truck. The first
scatter plot corresponds to tank trucks with a capacity of
10,000 gallons while the second corresponds to tank trucks
with a capacity of 5,000 gallons.

The inputs,
available at:

outputs, and codes are
https://drive.google.com/drive/

source

| K-Means |

v

| Greedy algorithm |

v

| Hungarian algorithm |

v

| Constrained Lloyd |

Fig. 4. Code structure. The main algorithm
used is k-means.
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Fig. 6. Scatter plot 2. The centroids in the scatter plot
represent the average coordinate for each cluster.
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p=sharing

The project cash flow for the next three years begins with
the operating phase of the reservoir. The proposed reservoir
is similar in size and structural characteristics to one previ-
ously constructed in another district of Lima, for which
public investment information is available [22]; therefore,
the same investment amount was adopted. The construc-
tion permit is issued by the National Water Authority of
Peru (Autoridad Nacional del Agua, ANA) [23]. A reservoir
scraper system is proposed to facilitate cleaning operations.
This technology enables the continuous removal of sludge
from the bottom of the reservoir. In addition, the construc-
tion of a parking area for two tank trucks is considered
essential to prevent traffic congestion. Finally, the presence
of a technician responsible for cleaning, maintenance, and
security of the reservoir is required.

The costs for the proposed scenario are calculated on a
daily basis. Irrigation is carried out six days per week, over
4.3 weeks per month, and twelve months per year.
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TABLE VIII
EconoMiIc FLOw RATES

In PEN Year 0 Year 1 Year 2 Year 3
Expenses
Reservoir -975,000
Reservoir scrapper -40,000
Restroom -13,000
Permit for a reservoir -500
Parking for tank trucks -8,000
Security and cleaning 36,000 36,000 36,000
staff
Savings
Man-hour cost 133,747 133,747 133,747
Fuel cost 707,746 707,746 707,746
Water cost 1,338,091 1,338,091 1,338,091
Total -1,036,500 2,143,584 2,143,584 2,143,584

Note: The differences in the daily cost indicators (Table VII) are used to calculate the
annual savings. The expenses are averaged based on the Peruvian market values.

The cash flow indicates an internal return rate of 199%.
The social impact of the reservoir includes the provision
of efficient urban irrigation services using an alternative
water source. The reservoir will be available for firefighting
purposes when required. The construction of the reservoir
will slightly reduce the area of public green spaces. From an
environmental perspective, the project achieves a 50.22%
reduction in carbon dioxide emissions.

IV. DISCUSSION

The high values of the economic indicators obtained in
this study are primarily explained by the fact that the posi-
tive cash flow results from cost savings rather than direct
revenues [24]. Similar conclusions have been reported in
Valparaiso, where strategically located reservoirs play a
key role in ensuring timely access to water for firefighting,
thus generating both economic and social benefits [25].
While most previous research has concentrated mainly on
resource optimization, this study incorporates environ-
mental considerations, such as carbon dioxide emissions,
which are often overlooked [26]. In comparison, other
studies applying routing techniques estimate emissions
using vehicle speed functions [27], whereas in this research
the analysis was conducted directly based on the distance
travelled. Although this approach provides a practical esti-
mation, speed-based functions could yield a more accurate
assessment of improvement rates. Furthermore, compara-
tive studies analyzing scenarios with a single large reservoir
versus multiple smaller reservoirs have shown that the
single-reservoir configuration achieves higher economic effi-
ciency due to lower construction and operational costs [28],
which is consistent with the methodology used. Additional

studies highlight the role of suspended sediment loads
and mass conservation principles in reservoir calculations
[29], as well as the reuse of bottom sediments in croplands,
which enhances soil properties and irrigation efficiency [30].
These findings are consistent with the present research and
suggest opportunities for further refinement.

Despite these promising outcomes, the study has
several limitations. The analysis was conducted within
a single district in Lima, which restricts the generaliz-
ability of the findings to other urban contexts. Moreover,
for model simplification, external factors such as weather
variability, vehicle maintenance, and traffic congestion were
not considered. The results also rely on the assumption of a
constant and reliable canal inflow, which may not always be
maintained in real operating conditions.

In practical terms, the proposed model demonstrates
strong potential to reduce irrigation costs while simulta-
neously addressing environmental impacts. Its application
can be extended to municipal decision-making processes,
particularly in contexts where water scarcity and financial
constraints coexist. Furthermore, integrating the reservoir
as a dual-purpose infrastructure—supporting both irrigation
and firefighting operations—highlights its societal relevance.

Future research should address the identified limita-
tions identified by incorporating weather conditions,
transportation constraints, and more advanced emission
models into the optimization framework. Expanding the
geographical scope to multiple districts or even to metro-
politan scales would strengthen the external validity of the
results. Finally, the inclusion of sediment reuse strategies
and advanced routing algorithms could further enhance
both the environmental sustainability and the operational
efficiency of the proposed model.
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V. CONCLUSIONS

This study demonstrates that integrating a canal-fed
reservoir with route redesign is an effective strategy to
reduce the irrigation unit cost of urban green areas. The
proposed model achieves a 26.03% decrease in labor costs,
50.25% reduction in fuel consumption cost and a 90.8%
drop in water costs compared with the current groundwa-
ter-based system. Additionally, fuel savings contribute to
a 50.2% reduction in CO, emissions, while the economic
evaluation confirms strong feasibility with an internal rate
of return of 199%. These results validate the proposed
model as a practical and replicable approach for municipal-
ities operating under both budgetary and environmental
constraints.

The importance of this research lies in addressing the
challenge of costly irrigation practices in desert cities such
as Lima by linking water resource substitution with oper-
ational optimization. The study highlights the potential of
industrial engineering to provide solutions that are simulta-
neously efficient, sustainable, and economically viable.

The main contribution of the work lies in the method-
ological integration of reservoir sizing and clustering for
vehicle assignment, which together deliver measurable
performance improvements. Future research should eval-
uate seasonal variability, incorporate real-time monitoring
technologies, and assess the social acceptance of canal-fed
reservoirs to enhance long-term applicability.

This study analyzes the economic benefits of having a
water supply close to final location, as well as shifting to
balanced driver assignments and clustering to achieve effi-
cient and timely operations.

For future research, it is recommended to incorporate
additional constraints into the model. Interdisciplinary
studies are encouraged, including regulatory compliance,
alternative structural designs, and community acceptance.
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ABSTRACT-This study presents a process improvement
project in a Peruvian textile small and medium-sized enter-
prise (SME) specialized in knitted garments. The company
operates with an On-Time Delivery (OTD) rate of 53.05%,
which is significantly below the industry benchmark of
77%. This low performance is exacerbated by excessive
setup times and high defect rates, which negatively affect
production efficiency and process reliability. To address
these challenges, a tailored Lean model was developed
by integrating Single-Minute Exchange of Die (SMED),
Poka-Yoke, and Standard Work, adapted to the company’s
semi-manual operations. The main contribution of this
study is to demonstrate that the combined and contex-
tualized application of these tools can effectively reduce
performance gaps in resource-constrained manufacturing
environments. After simulation and pilot testing, the
model achieved a 24.95-point increase in OTD, reaching
78%, along with reductions in setup time and operational
variability.

Index Terms—Lean Manufacturing, On-Time Delivery, Poka-Yoke,
SMED, SME textile, Standard Work.

I. INTRODUCTION

In today’s highly competitive and time-sensitive textile
industry, small manufacturers must optimize their internal
processes to meet increasing customer expectations and
market demands [1]. This paper presents a data-driven
process improvement project conducted in a Peruvian
SME specializing in knitted garment production. The study
addresses key inefficiencies that impact On-Time Delivery
(OTD), including excessive setup times, operator-depen-
dent variability, and lack of standardized work procedures.
By integrating Single-Minute Exchange of Die (SMED),

Poka-Yoke, and Standard Work methodologies, the project
achieved significant improvements in productivity, quality,
and delivery performance, thereby strengthening the
company’s operational reliability [1].

According to data from PROMPERU and the Sociedad
Nacional de Industrias (SNI), the Peruvian textile sector
accounts for more than 10% of the national manufac-
turing GDP and employs over 400,000 people across the
value chain. However, small and medium-sized enterprises
(SMEs), which account for over 85% of textile producers,
face systemic challenges in productivity and delivery
performance. Studies indicate that the average OTD rate
in the Peruvian textile sector is approximately 77%, while
lot changeover times in semi-manual operations frequently
exceed 40-45 min [1]. Additionally, defect rates in similar
SMEs typically range from 4 to 7%, depending on operator
skill and lack of standardization. These figures highlight the
gap between current practices and the competitive bench-
marks required for sustained export growth.

Currently, the company faces several operational ineffi-
ciencies, including extended lot changeover times averaging
50 min, recurring human errors resulting in a 5% defect
rate, and an OTD level of 53.05%, which is well below
the industry benchmark of 77% [1]. While a number of
studies has shown the effectiveness of Lean Manufacturing
tools—such as SMED, Poka-Yoke, and Standard Work—in
improving production metrics in the textile sector [2], [3],
most reported applications are either isolated, generic, or
designed for large-scale automated environments [4]. In
that sense, their direct application to the context of small,
semi-manual operations such as those of the studied SME,
remains limited or suboptimal.

Based on these limitations, this study proposes a
tailored and integrated improvement model that combines
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SMED, Poka-Yoke, and Standard Work, specifically adapted
to the company’s operational reality. The objective is not
only to reduce setup times and prevent process errors but
also to establish a standardized work system that can be
sustained over time and scaled across similar settings. The
research contribution is to demonstrate the effectiveness of
low-cost, high-impact interventions in environments with
limited automation [5].

The remainder of this paper is structured as follows:
Section II describes the methodology applied, including the
design of the intervention and data collection procedures.
Section III presents the results obtained from simulation
and pilot testing. Section IV discusses the implications of
the findings and compares them with previous research.

II. METHODOLOGY

A. Research Design and Methodology

This study adopts an applied, quantitative research
design, aimed at addressing real inefficiencies in a Peruvian
SME through the implementation of Lean Manufacturing
tools. Operational data, including setup times, defect
rates, and process variability, were collected and analyzed
to explain how the integrated application of SMED, Poka-
Yoke, and Standard Work improves OTD. The research
has a correlational scope, as it examines the relationships
between each Lean tool and the selected key performance
indicators (KPIs), following methodologies previously vali-
dated in similar industrial contexts [6].

A conceptual framework, as shown in Fig. 1, was devel-
oped to demonstrate how each component addresses a
specific operational weakness. SMED reduces changeover
times [6], Poka-Yoke mitigates human errors using low-cost
visual aids [7], and Standard Work ensures process consis-
tency across operators. Together, these elements form a
coherent improvement model tailored to the semi-manual
textile environment, directly contributing to a higher OTD
performance rate and overall operational efficiency.

B. Experimental Procedure and Materials

The experimental phase of the study was conducted in
the production area of a textile manufacturing company,
focusing on operations involving industrial knitting
machines, particularly during lot changeover procedures
and the assembly of knitted fabric panels. These stages
were selected due to their high frequency, direct impact
on overall production efficiency, and their influence on the
OTD performance. This process segment was suitable for
experimentation given the observed variability in operator
performance, recurrent setup delays, and the prevalence of
human errors in raw material handling.

To implement the proposed improvements and collect

the required data, the following materials and tools were
used:

Initial Issues

+ Long setup times
+ High defect rate
+Low OTD

!

Lean Improvement Tools
* SMED

« Poka Yoke
+ Standard Work

Y 4

Setup reduction Error prevention

! |

Greater Lower
availability defect rate

L Improved OTD J

Fig. 1. Conceptual framework of the proposed
improvement model.

Poka-Yoke device: A low-cost error-proofing solu-
tion consisting of a phosphorescent visual ring
installed at the yarn input area to facilitate the
correct identification and placement of thread
cones. This visual aid was designed to prevent
common errors associated with color confusion or
wrong selection of materials during the preparation
stage.

Manual tracking instruments: Time logs and
defect control sheets were used to collect opera-
tional data for each batch. These tools enabled the
measurement of setup durations, the number and
types of defects encountered, and any deviations
from standard procedures throughout the produc-
tion cycle.

Arena simulation software: Used to develop a
digital model of both the current and improved
production processes. The simulation environment
enabled controlled experimentation with process
variables, such as setup times, operator sequences,
and queue behavior. It also allowed for the analysis
of expected improvements under repeatable condi-
tions through multiple replications.

Standardized work documentation: As part of the
intervention, visual instructions and standard opera-
ting procedures (SOPs) were established to formalize
the optimized process. These documents outlined
the correct sequence of tasks, time allocations, and
quality control points, supporting operator consis-
tency and reducing process variability.
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The use of these experimental resources ensured a
robust and repeatable framework for validating the effec-
tiveness of the proposed improvement tools, both within
the simulation environment and under real-world opera-

TABLE I
CLASSIFICATION OF SETUP ACTIVITIES

Current method

tional conditions. Activity Time Internal  External
Evaluate technical sheet 30 min X
C. General Procedure ) )
Transfer and weigh yarn cones 70 min X

1) SMED: The SMED methodology was applied as part Paraffin yarn cones 10 min X
of a broader strategy to reduce machine downtime Cleaning of STOLL machines 25 min
by improving equipment availability. Setup activities Placing yarn cones on STOLL ma- 15 min
were reorganized to complete preparatory tasks like chines
cone positioning and program checks in advance, Uploading the knitting program into 15min
while cleaning routines were streamlined. In addi- STOLL ’_naChi”e _ _ _
tion, a Poka-Yoke device enabled operators to detect Lnasrf’jgt'on and mending of knitted 20 min
potential issues prior to setup, thereby preventing Linking of pieces in the linker machine 5 min X
unplanned stoppages. Garment finishing (including minor 10 min X
Table I presents the classification of current setup mending)
and production activities performed on STOLL Washing and drying of garments 20 min X
machines, distinguishing between internal and Steaming and ironing 15 min X
external tasks according to the SMED methodology. Final quality control of garments 10 min X
A total of fourteen activities were identified, most External audit in plant 5min X
of which are executed while the machine is stopped Packaging into boxes 5min X
(internal). This baseline classification served as the
foundation for identifying improvement opportuni-
ties, especially by proposing the externalization of TABLE II
tasks such as cleaning, cone placement, and prelim- PROPOSAL METHOD OF SETUP ACTIVITIES
inary inspections, to minimize changeover time
and increase equipment availability. Description Time  Operation  Inspection Igitegprfalu/l
By applying the SMED methodology, setup activi- Cleaning of STOLL 20 min X |
ties were reorganized and partially externalized. machines
Cleaning and cone handling were streamlined, the Placing thread cones on 10 min X
program upload sequence was standardized, and STOLL maghines
fabric inspection was incorporated into external Uploading the knitting 5 min X

. . program into STOLL

preparation. As shown in Table II, these changes machine
reduced the proportion of internal activities Inspection of produced 15 min X
while maintaining critical operations under direct fabric panels
machine downtime control.
The implementation of these improvements
resulted in a significant reduction in setup time and
an improvement in equipment efficiency. As shown
in Table III, the average setup time decreased from
15 to 10.5 min, machine availability increased from
83 to 90%, and the total production time per lot
was reduced from 480 to 394 min.

2) Poka-Yoke: To address a critical source of avoidable

downtime, a Poka-Yoke solution was developed as
part of a broader component aimed at improving
process reliability through early error detection.
As illustrated in Fig. 2, a fluorescent ring was
installed on the thread cones to serve as a visual
control, enabling operators to verify correct instal-
lation before initiating the knitting process. This
low-cost device functions as a preventive check-
point, allowing corrective action before the absence

Fig. 2. Poka-Yoke device.
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Fig. 3.

or misplacement of thread results in machine
stoppages or defective output. As a result, the solu-
tion reduced the frequency of reactive stops and
ensured that any necessary interventions occurred
during planned setup time, contributing directly to
overall time reduction, as shown in Table IV.

3) Standard Work: Standard Work was implemented as
a targeted response to the high variability observed
in operator-dependent tasks. Rather than being
introduced in isolation, this tool was part of a
broader component aimed at stabilizing process
execution and ensuring repeatability. A standard-
ized procedure was designed, outlining clear task
sequences, time benchmarks, and visual check-
points to guide operator actions. This structure
enabled preventive control over deviations before
they resulted in defects or delays. Through focused
training and a structured pilot, operational consis-
tency was achieved across shifts, reducing the
coefficient of variation in task execution and elimi-
nating procedural errors, as detailed in Table V.

D. Validation

To evaluate the effectiveness of the proposed improve-
ment model, a simulation was carried out in Arena using 23
independent replications, ensuring statistical reliability
across different operational scenarios. The number of repli-
cations was determined using a 95% confidence level (1.96),
with a preliminary standard deviation of 1.2 min and a
margin of error of +0.5 min, as shown in (1).

1.96 X 1.2?
n= (—) = (4704)? = 22.13=23 (1)
0.5
Key performance metrics such as average values and
standard deviations were analyzed to assess changes
in process times and defect rates before and after
implementation.
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TABLE III
SMED INDICATORS

Indicator AS-IS TO-BE
Average setup time (min) 15 10.5
Machine availability (%) 83% 90%
Total lot production time (min) 480 394

TABLE IV

POKA-YOKE INDICATORS

Indicator AS-IS TO-BE
Defect rate (%) 5% 2%
Errors detected per shift 10 4
Average error detection time (min) 12 3

TABLE V

STANDARD WORK INDICATORS

Indicator AS-IS TO-BE
Coefficient of variation in task time (%) 20% 10%
Errors from omitted steps (per shift) 3 0

Additionally, 95% confidence intervals were calculated
for indicators including setup time, defect rate, total produc-
tion time, and queue waiting time. These results enabled
a robust comparison between AS-IS and TO-BE scenarios,
confirming measurable improvements in process stability
and operational efficiency.

Fig. 3 presents the Arena simulation model developed
to replicate the improved process flow, highlighting the
integrated SMED, Poka-Yoke, and Standard Work, as well
as the quantitative results obtained through this validation
framework.
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Fig. 4. Comparison of scenarios.

E. Population, Sample, and Research Variables

+  Population: The cotton fabric manufacturing process
in the company;, specifically the STOLL machine area.

+  Sample: Operational data collected from 23 simula-
tion replications and on-site pilot tests conducted
on the production floor.

+  Main variables:

— Dependent variable: OTD compliance rate (%).

— Independent variables: Lot changeover time
(min), defect rate (%).

— Controlled variables: Operating conditions,
number of operators, design of the Poka-Yoke
device, standardized procedure.

III. RESULTS

A. Results From Arena Simulation

To validate the proposed improvement in a controlled
environment, the current and improved production flows
were modeled using Arena simulation software. The model
represented the key activities of the textile process, from lot
changeover to the final assembly of knitted fabrics. A total of
23 replications were executed to ensure statistical stability,
using input data collected during the diagnostic phase.

As shown in Fig. 4, the Output Analyzer was used to
evaluate the statistical significance of the improvement in
OTD between the AS-IS and TO-BE scenarios. The analysis
reports 95% confidence intervals for each scenario based on
23 simulation replications. Under the AS-IS condition, the
average OTD was 53.05%, with a confidence interval ranging
from approximately 51.8% to 54.3%. In contrast, the TO-BE
scenario following the implementation of the proposed
improvement model achieved an average OTD of 78%, with a
corresponding interval between 76.3% and 79.7%.

The absence of overlap between the confidence inter-
vals confirms that the observed improvement in OTD is
statistically significant at the 95% confidence level. This
finding reinforces the effectiveness of the integrated SMED,

Setup time (min)
151

10F

Value

As-Is To-Be

Achieved

Fig. 5. Setup time results.

Poka-Yoke, and Standard Work tools in addressing the root
causes of delivery delays and validates the robustness of
the proposed model under variable operating conditions.
The clear separation between the confidence intervals indi-
cates a statistically significant improvement in delivery
performance, confirming that the changes generated a real
operational impact beyond random fluctuations.

B. Results From the Pilot Test

In parallel, a one-week physical pilot test was conducted
on the actual production line. The proposed tools—SMED,
Poka-Yoke, and Standard Work—were applied during a
single production shift. Prior to implementation, operators
received training, and standardized data collection forms
were used to record real-time operational data.

The results were consistent with the simulation

projections:

1) SMED Results: The application of SMED method-
ology enabled task separation and reclassification
of internal and external activities. As a result, the
average setup time was reduced from 15 to 10.5
min, while machine availability increased from
83% to 90%. In addition, the total production time
decreased from 480 to 394 min, confirming the effi-
ciency of the restructured setup process.

2) Poka-Yoke Results: The Poka-Yoke device, installed in
the yarn cone input area, prevented cone misplace-
ment and reduced operator- related errors. As shown
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in Fig. 6, this low-cost visual aid contributed to
a reduction in the defect rate from 5 to 2 %, while
errors detected per shift decreased from 10 to 4.
Moreover, the average error detection time improved
from 12 to 3 min, confirming the effectiveness of
the implemented solution. Together, Figs. 7 and 8
further illustrate how the error-proofing mechanism
contributed to improved quality performance.

3) Standard Work Results: By establishing documented
procedures, clear time benchmarks, and visual
checkpoints, Standard Work ensured operator
consistency. As shown in Fig. 9, the coefficient of
variation in task execution time decreased from
20% to 10%, while the number of errors caused by
omitted steps was reduced from 3 to O per shift. This
outcome established a stable operational baseline,
sustaining the improvements achieved through the
implementation of SMED and Poka-Yoke.

In addition to these results, Fig. 10 illustrates the
standardization of setup activities by comparing
the AS-IS and TO-BE scenarios. Four critical tasks—
machine cleaning, cone placement, program
uploading, and fabric inspection—were reduced from
a total of 75 to 50 min, representing a 33% improve-
ment. This reduction was achieved by eliminating
redundant steps, externalizing non-critical tasks,
and applying standardized work instructions. The
changes are supported by the time measurements
collected during the pilot test and contrasted with
baseline observations, confirming that the improve-
ments are both measurable and repeatable under
real production conditions.

C.  Comparative Analysis of KPIs

Table VI summarizes the KPIs before and after
the implementation of the proposed process improve-
ments. The metrics clearly demonstrate the operational
gains achieved in delivery performance, setup efficiency,
defect reduction, and equipment availability, as shown in
Table VI.

D. Baseline Performance Overview (AS-IS Scenario)

Prior to the implementation of the improvement model,
the company showed a series of operational inefficiencies
that directly affected overall performance. The OTD rate
was 53.05 %, significantly below the textile industry bench-
mark of 77 %. The average setup time per changeover was
15 min, while machine availability was only 83%, indi-
cating frequent delays and equipment downtime. In terms
of quality, the defect rate reached 5%, primarily caused by
manual setup errors such as incorrect cone positioning.
Moreover, the coefficient of variation in operation time was
20%, reflecting inconsistencies in how operators performed
tasks. The total production time per lot was 480 min,
showing room for cycle time optimization.

Fig. 6. Poka-Yoke device implemented.

Poka Yoke - Defect rate (%)
5

As-Is To-Be Achieved

Fig.7. Defect rate (%) results.

Poka Yoke - Errors detected per shift
10

Value

As-Is To-Be Achieved

Fig. 8. Error detected per shift results.

Standard work - Coefficient of variation in task time (%)

As-Is To-Be Achieved

Fig. 9. Coefficient of variation in task time %.
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Fig. 10. Standardization of setup activities.

TABLE VI
KPIs
. Current situation ~ Reference benchmark

Indicator Component (X) (ASIS) (TO-BE) Result
OTD (%) Y - Overall effi- 53.05% > 77% (textile sector) 77.9%

ciency
Average setup time (min) X1~ SMED 15min <11 10.5min
% of defective products X2 — Poka-Yoke 5% <3% 2%
Coefficient of variation in operation X3 - Standard 20% <10% 10%
time Work
Machine availability (%) X4 = SMED 83% >90% 90%
Total production time per batch (min) x5 - r(;zmtblned 480 min 394 min

E. PostImplementation Results

The post-implementation values closely aligned with
the expected targets. OTD increased to 78 %, meeting the
industry reference. The average setup time was reduced to
10.5 min, while machine availability rose to 90%, fulfilling
the primary objectives of the SMED methodology. The
defect rate declined to 2%, confirming the effectiveness of
the Poka-Yoke device in reducing human-related errors.
In addition, the coefficient of variation in operation time
decreased from 20 to 10%, validating the impact of Standard
Work on process consistency. Finally, the total production
time per lot was reduced from 480 to 394 min, demon-
strating a substantial productivity improvement across the
entire production cycle.

F. Strategic Implications and Long-Term Relevance

The outcomes of this improvement initiative confirm
not only the technical soundness of the selected tools—
SMED, Poka-Yoke, and Standard Work—but also their
strategic potential for broader application within the
organization. The successful increase of OTD from 53.05
to 78 % demonstrates a clear enhancement in the compa-
ny’s ability to meet customer deadlines and contractual
obligations, a critical factor for maintaining competitive-
ness in international textile markets. The reduction in lot

changeover time from 15 to 10.5 min, together with the
increase in machine availability from 83 to 90%, indicates
that production capacity and line responsiveness were
significantly enhanced without the need for capital-inten-
sive investments. Furthermore, the 60% decrease in the
defect rate (from 5% to 2%) highlights the effectiveness
of the visual control device in preventing operator error,
thereby improving product quality and reducing rework.

These results were validated through 23 test runs, of
which 17 met or exceeded the target performance levels,
confirming the reliability of the proposed solution under
real operating conditions. The remaining six runs exhibited
slight deviations, primarily attributable to operational vari-
ability such as inconsistent thread cone setup or operator
fatigue, highlighting the importance of continuous training
and ergonomic improvements.

The replicability and low cost of the tools used, partic-
ularly the fluorescent ring implemented in the Poka-Yoke
system, make them highly scalable across other machines
and production lines. Future improvement cycles should
focus on consolidating the current gains through real-time
performance tracking such as e.g., visual management boards
and structured operator feedback mechanisms. Additionally,
standardization protocols developed during this phase can
serve as templates for formal SOPs applicable across the
plant. This approach positions the company to establish a
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culture of continuous improvement, aligning daily opera-
tions with long-term operational excellence objectives.

IV. DISCUSSION

The validation results obtained through simulation and
pilot testing confirm the effectiveness of the integrated
improvement model composed of SMED, Poka-Yoke, and
Standard Work in enhancing operational performance
within a small-scale textile manufacturing environment.
This section discusses the practical implications, interpre-
tative insights, and strategic contributions derived from
the findings.

A. Effectiveness of the Integrated Tools on KPIs

The combined application of the three Lean tools led
to significant improvements in the main operational indi-
cators, demonstrating both efficiency gains and defect
prevention. Similar studies in the Peruvian textile sector
have validated such approaches, confirming their suitability
for SMEs with limited resources [5].

«  OTD: Improved from 53.05% to 78%, a 24.95
percentage point increase. This change represents
an operational shift from non-compliance with
industry standards (77%) to performance alignment
and competitiveness.

+  Setup time: Reduced from an average of 15 to 10.5
min, achieving a 30% decrease in lot changeover
duration, as validated both through pilot tracking
and Arena simulation averages across 23 replica-
tions. This is in line with research that emphasizes
the importance of SMED and Standardized Work in
setup reduction strategies.

«  Defect rate: Decreased from 5% to 2%, a 60%
reduction, directly linked to the implementation
of the Poka-Yoke device. This reduction mini-
mized rework and raw material waste, as similarly
demonstrated in studies analyzing Poka-Yoke in
textile environments [7].

+  Machine availability: Increased from 83% to 90%,
translating to an approximate 7-point gain, due to
fewer unplanned stops and more efficient operator
interventions. These outcomes resonate with
previous applications of Lean tools such as 5S and
Kaizen for boosting availability and reliability in
production lines [8].

These results validate the hypothesis that an integrated
improvement model produces greater cumulative bene-
fits than the isolated application of individual Lean tools.
Similar integrated frameworks have shown consistent
success in textile manufacturing by addressing inefficien-
cies holistically [9].

B. Interpretation of Simulation and Statistical Validation

The simulation in Arena provided a controlled environ-
ment to anticipate results before deployment. The Output
Analyzer confirmed, with a 95% confidence level, that the
projected OTD would reach the 78% threshold, with a mean
difference of 24.95% compared to baseline.

The setup time distribution, modeled under a standard
deviation of 1.2 min and a target margin of error of +0.5
min, yielded a reliable confidence interval, demonstrating
statistical stability in the pilot design. This supports the
notion that the sample of 23 replications was sufficient to
reflect real-world variability without sacrificing confidence
in the outcome. This methodological approach aligns with
prior work combining Lean Manufacturing and simulation
to validate performance improvements in SMEs [10].

C. Organizational and Practical Implications

Beyond quantitative outcomes, the intervention
revealed important organizational dynamics. The stan-
dardization of work instructions enabled faster onboarding
and greater consistency across shifts, reducing dependence
on individual expertise. Visual cues and task sequencing
provided operators with greater autonomy and fewer deci-
sion points, contributing to a reduced cognitive load.

Operator feedback during the pilot phase indicated
higher satisfaction, clearer expectations, and reduced ambi-
guity during setup. This outcome is particularly critical for
small enterprises with high employee turnover or limited
training resources. These results confirm that Lean prac-
tices can be successfully adapted to SMEs even with low
technological complexity, as demonstrated in similar anal-
yses of Lean systems within the textile industry [11]. The
key lies in properly tailoring the solution to the context and
involving the production team in co-designing the changes.
Moreover, foundational Lean concepts such as error-
proofing have proven to be both accessible and effective in
enhancing quality standards [12].

D. Strategic and Academic Contribution

The study provides an evidence-based model for
productivity improvement that is low-cost, replicable,
and sustainable, particularly relevant for textile SMEs in
Latin America. The data demonstrate that meaningful
performance improvements can be achieved with minimal
investment by focusing on process discipline, visual
management, and task segmentation. Additionally, the
research contributes methodologically by integrating field
experimentation with simulation modeling, thereby rein-
forcing both academic rigor and practical relevance. Similar
proposals have also highlighted the scalability of such inter-
ventions in emerging economies [13].

Recent studies have confirmed that Lean Manufacturing
models tailored to small-scale textile operations can lead to
significant improvements in quality and delivery efficiency
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when supported by structured supplier involvement and
low-cost automation [14]. Moreover, initiatives such as
Lean Synergy and data-driven frameworks are emerging
as promising alternatives for micro and small enterprises
seeking to transition from informal practices toward stan-
dardized production systems [15]. These contributions
reinforce the idea that contextual adaptation and team
involvement are critical to sustaining long-term improve-
ments in resource-constrained environments.

E. Limitations and Future Research Directions

Although the proposed improvement model demon-
strated significant performance gains, certain limitations
remain that open avenues for future research:

+ The model was applied to a specific opera-
ting production context with relatively stable
conditions. Its adaptability to more dynamic envi-
ronments characterized with fluctuating demand
or multi-line operations requires further explora-
tion. Studies focused on flexible implementations
of Lean in multi-product settings could provide
useful insights in this regard [15].

+ The interaction between the tools was validated
sequentially. Future studies may explore simul-
taneous or iterative deployment strategies to
enhance scalability and responsiveness. Hybrid
approaches—such as combining Lean tools with
supplier performance monitoring or data-driven
feedback loops, as proposed in recent literature—
offer promising directions [16].

-+ Lastly, the model focuses on operational metrics.
Extending the framework to incorporate sustai-
nability, energy efficiency, or digital integration
(e.g., IoT-enabled monitoring) would provide a
more holistic perspective for long-term compe-
titiveness. Research exploring Lean frameworks
that integrates with environmental and technolo-
gical dimensions, such as the models proposed by
Huayra-Mendoza and Ticlavilca-Arias [17], repre-
sents a relevant frontier for future exploration.

V. CONCLUSION

This study demonstrated that the integrated application
of SMED, Poka-Yoke, and Standard Work can significantly
improve production performance in a textile SME operating
under limited resources. The model addressed critical oper-
ational inefficiencies—such as excessive setup time, high
defect rates, and operator variability—through practical,
low-cost solutions.

As a result, OTD increased from 53.05% to 78%, setup
time was reduced by 30%, machine availability increased
to 90%, and the defect rate dropped from 5% to 2%. These
improvements were validated through both simulation

and pilot testing, confirming the model’s effectiveness and
statistical significance. The findings highlight the poten-
tial of tailored Lean tools to generate impactful results in
small-scale manufacturing. Beyond performance gains, the
approach supports standardization, enhances operator
consistency, and sets a foundation for continuous improve-
ment, making it a scalable solution for SMEs seeking greater
efficiency and competitiveness.
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ABSTRACT-This study aims to reduce the high percen-
tage rate of failed deliveries (39.09%) in a Peruvian
import-based e-commerce company, whose operations
exhibit deficiencies in distribution and storage proces-
ses. To address these issues, an integrated solution was
designed using three logistics tools: the systematic layout
planning (SLP) methodology, employed to reorganize the
warehouse according to nine product categories; ABC
classification, used to relocate items within racks based
on their turnover and demand; and robotic process auto-
mation (RPA), applied to routing through optimization
algorithms. The proposal complied with current technical
and legal regulations and was validated through simu-
lation using Arena software, demonstrating an 83.6%
reduction in routing time, a 54.6% improvement in avera-
ge picking time, and a 20-percentage-point increase in
the on-time in-full (OTIF) indicator. The results confirm
that the integrated application of these tools significantly
improves logistics efficiency in similar operational models
within the e-commerce sector.

Index Terms—ABC classification, e-commerce, outbound logistics,
robotic process automation, systematic layout planning.

I. INTRODUCTION

In peru, e-commerce has become a key sales channel for
small- and medium-sized enterprises, with sustained growth
projected through 2025, particularly in the retail sector [1].
This growth has been driven by widespread internet access,
which exceeds 90% in urban areas, significantly acceler-
ating the expansion of digital commerce in the country [2].
Moreover, the evolution of the digital ecosystem has intro-
duced new payment methods, such as mobile wallets, which
have gained prominence and influenced both the average
purchase value and purchase frequency [3].

However, this growth presents significant logistical
challenges. Ensuring effective delivery fulfillment remains
one of the main operational hurdles in the sector. According
to Gonzales [4], 7.4% of orders fail to be completed each
month, resulting in additional costs, customer dissatisfac-
tion, and rework. The average on-time in-full (OTIF) rate in
e-commerce operations ranges from 82% to 90%, according
to studies on logistics performance in emerging markets [5],
indicating that 10% to 18% of deliveries encounter issues.
Operationally, the average picking time in e-commerce
warehouses ranges between 10 and 16 min per order [6],
while urban route planning may take between 30 and 60
minutes, depending on congestion levels and logistics
coverage [7]. Additionally, workforce utilization in e-com-
merce warehouses ranges from 65% to 85%, according to
operational efficiency studies [6].

This proposal aims to reduce the percentage of failed
deliveries, improve the OTIF indicator, and optimize picking
and distribution times, ensuring a more efficient, scala-
ble, and industry-aligned logistics flow.

Robotic process automation (RPA) has proven to be an
effective tool for optimizing logistics activities in digital
environments. Smith [10] demonstrated that implementing
RPA improves the coordination of key activities such
as inventory management and order processing, while
reducing manual errors and accelerating operational cycles.
Ramingwong et al. [11] reported an average 22.3% reduc-
tion in logistics costs and improvements in traceability
and delivery compliance following process automation.
Aguirre and Rodriguez [12] reported a 21% increase in
productivity in service and dispatch processes using RPA,
without compromising service times. Pasupuleti [13]
highlighted that RPA is particularly effective in critical
environments, such as hospital and e-commerce logistics,
where automating repetitive tasks enhances operational
efficiency, reduces human error, and ensures consistency
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in key processes such as dispatch and planning, all without
disrupting service continuity. Finally, Kitsantas et al. [14]
highlighted that integrating RPA with artificial intelligence
not only automates repetitive tasks but also enables real-
time autonomous decision-making, enhancing operational
resilience and responsiveness—key aspects of digital
distribution platforms. These findings further support the
positive impact of RPA on efficiency, accuracy, and compli-
ance indicators in modern logistics operations.

Regardinglayoutoptimizationinlogistics and e-commerce
environments, multiple studies support the effectiveness of
systematic layout planning (SLP) in improving operational
performance. Hu and Chuang [15] applied SLP combined with
a genetic algorithm to redesign an e-commerce warehouse in
China, achieving a 27.72% reduction in handling costs and a
39.25% improvement in picking efficiency. Valdivia et al. [16]
implemented SLP in combination with Lean methodologies
in a spare parts warehouse in Metropolitan Lima, resulting in
a 23% reduction in picking distance and a 22% improvement
in OTIF compliance. Similarly, Ramirez-Cruz et al. [17] applied
SLP in a pharmaceutical warehouse, reducing order effort by
45% and cycle time by 42%, which led to a decrease in picking
errors by over 4 percentage points. Likewise, Badharinath et al.
[18] demonstrated that applying SLP reduced travel distance
on the production floor by 34.9% and doubled output in a
mechanical component factory. Finally, Marcelo-Alfaro et al.
[19] implemented SLP in a Peruvian small logistics ware-
house, reducing product search time by 61.5% and improving
shelf space utilization by 10.06%, while also validating a posi-
tive impact on delivery performance.

Regarding ABC classification, recent studies support its
integration with layout design to improve warehouse perfor-
mance, especially when adapted to product turnover and
demand. Avdeikins and Savrasovs [20] highlight the strategic
placement of products to reduce labor costs and increase
picking efficiency. Gonzales-Vasquez et al. [21] analyzed ware-
house inventory management using ABC slotting, achieving a
43.79% increase in productivity, a 65% improvement in oper-
ational efficiency, and, most importantly, a 6.2% reduction
in erroneous product returns. Flores et al. [22] applied ABC
classification based on sales volume, improving warehouse
key performance indicators (KPIs) by increasing turnover and
reducing storage time. Enhanced organization also contributed
to shorter picking process times. Ozhan et al. [23] reported
that ABC analysis increased the efficiency of merchandise
reception and dispatch processes by 20% and improved shelf
space utilization by 30%. Finally, Silva et al. [24] stated that
ABC classification represents the most widely used policy for
addressing storage location allocation problems.

Lastly, process simulation using specialized software
such as Arena has been validated in multiple studies for
its ability to model scenarios without disrupting real oper-
ations. Research by Valdivia et al. [16], Ramirez-Cruz et al.
[17], and Pasupuleti [13] used Arena to model and compare
scenarios before and after implementing the proposed tools.
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Fig. 1. Problem tree.

II. METHODOLOGY

This study corresponds to an applied research project,
with a quantitative approach and experimental design, and
an explanatory scope. The unit of analysis is the compa-
ny’s outbound order process, encompassing the picking,
packing, and delivery routing activities for customers in
Metropolitan Lima. Given that the company handles a broad
portfolio distributed across nine categories, the universe of
analysis was defined as the set of daily orders containing
products from the five highest-volume categories: home,
bags and purses, car accessories, jewelry and accessories,
and fashion accessories.

The company under study is a Peruvian e-commerce
firm specializing in the import and sale of stationery, home
goods, and personal care products, among others. It currently
manages a catalog of 581 stock keeping units (SKUs), with
an average purchase value of S/164 and a monthly average of
6,799 orders. Sales are conducted through digital platforms
and social media channels, complemented by cash-on-de-
livery services to enhance customer trust. However, this
modality introduces significant operational risks, as it does
not ensure sales confirmation prior to dispatch, leading
to costly order cancellations and rescheduling. During the
most recently evaluated quarter, the company reported a
failed delivery rate of 39.09%, a rescheduling rate of 35.55%,
and an on-time in-full (OTIF) performance of only 60.91%,
substantially below the industry benchmark of 86% [5].

The comparative analysis between the company’s
KPIs and e-commerce sector benchmarks, as shown in
Fig. 1 (Problem Tree), reveals significant technical gaps. In
particular, a 28.15% deviation in rescheduled failed deliv-
eries relative to the national average of 7.4% [4] indicates
structural deficiencies in the company’s outbound logistics
processes. Regarding customer experience, the recorded
satisfaction rate of 84.6% is 10.1 percentage points below
the benchmark of over 94% [8]. In addition, the company
operates with a storage density of 1,592 units/m?, which
significantly exceeds the recommended range of 300 to
800 units/m? established by logistics design standards
[9], contributing to physical disorder, picking errors, and



Improvement of Outbound Logistics in an E-Commerce Company / E. Castillo, G. Robles, J. Taquia, M. Noriega

MACRO DESIGN OF THE STUDY

DEVELOPMENT TOOLS
INPUTS Implementation OUTPUTS
Data Collection

RPAS and Evaluation - Cost Reduction £y
*ORDER RETURNS =3
@ - Errorsin Ishikawa Redesi N ) =1
£ Recordkeeping Diagram, Pareto edesign warehouse | « Dgcrease in Warehouse g
= - Picking Error Chart and layout and routing Time Percentage o,

o] ,
& - Damaged Products process. =3
g Prible:‘n Tree - Reductionin Picking &,
= nalysis i i p
& ORDER Y _70 8 Implement VRP for and Routing Time o
%5 RESCHEDULING: i Sy
D\°c. « Customer Economic Impact, (< @ routing Using Python + Reduction in Overtime %’
£, unavailable. Opportunity \/ programming Hours g‘
T -+ Routing error Costs, and language. g
Potential Sales ] ] + Improvement in Service g
Losses Comparjson 9) Level o

kpi's
* Increase in OTIF

Fig. 2. Macro design of the study.

congestion in the layout. One of the most critical issues lies
in routing time, which currently ranges between 60 and 90
min per batch, exceeding the estimated 30 to 60-min average
for Metropolitan Lima [7], by up to 30 min. This situation
directly affects service levels, increases logistics costs, and
jeopardizes the company’s operational sustainability.

On average, the company processes 250 daily orders, of
which 80.5% correspond to the five main categories, resulting
in an effective population of 201 orders. To estimate the
sample size, the classical formula for finite populations was
used with a 95% confidence level, an expected proportion
of 5%, and a 5% margin of error, resulting in a sample size
of 54 orders. These were selected using non-probabilistic
convenience sampling, comprising the first 54 orders that
contained at least one product from the five main categories.

Regarding the macro-level design (Fig. 2), the system was
structured into three main blocks: inputs, processes, and
outputs. The input block included generated orders, current
product locations, route assignments, and category-based
demand. The process block comprised picking, packing,
and route assignment operations. The evaluated outputs
included picking time (T_picking), routing time, picking and
packing personnel utilization rate, failed delivery rate, and
the on-time in-full (OTIF) indicator, whose formulation is
presented in (1).

Orders delivered on time and in full

OTIF = x 100 (D)

Total orders

The TPICKING indicator was defined as the average
time, expressed in minutes, required to collect the products
associated with an order. This metric was measured using
direct time studies.

To structure the improvement proposal, three comple-
mentary tools were used:

- RPA applied to delivery route planning, automating
route generation using optimization algorithms

Develop RPA scripts for
route planning

1

Implement VRP routing
component for routing

( ) Assess the current route
planning process

Team training on
the use of VRP

D Implement the proposed

ry solution and reasse:
! the results

Implementation of RPA for Routing
[

Apply necessary
adjustments
and reassess

4

Fig. 3. Bizagi, implementation of RPA.

based on the vehicle routing problem (VRP), coded
in Python

+  SLP used to reorganize the warehouse layout based
on proximity relationships, interaction frequency,
and physical constraints

+  ABC classification applied to relocate products
within the warehouse according to their turnover
and demand, maximizing accessibility for high-
frequency items

Given that the company was unable to implement major
structural changes due to regulatory, spatial, and budgetary
constraints, the proposed improvements were validated
through simulation. This approach enabled the modeling
and comparison of both the current and proposed systems
using Arena simulation software.

III. RESULTS

First, an automated routing system was developed
following the steps shown in Fig. 3, using the UiPath
Community version platform (Fig. 6) integrating Python
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Fig. 5. Pseudocode for route generation using RPA.

programming to execute a vehicle routing problem (VRP)-
based optimization algorithm.

A routing optimization algorithm with capacity
constraints was developed using real operational data
obtained through the Google Maps application program-
ming interface (API), as shown in Fig. 4. The model was
built in Python using integer linear programming and
supported by libraries such as PuLP, pandas, matplotlib,
and the Google Maps APIL. The model integrates demand

Fig. 6. UiPath programming.

information, geographic coordinates, and vehicle capacity
constraints. Fig. 5 presents the pseudocode that describes
the general structure and operational logic of the proposed
algorithm.

This system replaced the manual route planning
process—which required an average of 73.8 min per day—
with an automated approach that reduced the time to 12.13
min, representing an improvement of 83.6%. This reduction
was calculated by multiplying the total algorithm execution
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Fig. 7. AS-IS warehouse layout, disorganized storage situation.

time by the number of delivery drivers dispatched daily by
the company, as defined in (2) and (3).

Total routing time = 104 srun tl61(r)leS><7 drivers 2)
Total routing time = 12,33 min (3)

This automation reduced human errors, optimized
zone-based delivery assignments, and directly improved
OTIF compliance.

Second, the SLP tool was applied to redesign the ware-
house layout, which has a usable area of 26.71 m?2. The initial
configuration showed significant physical disorder, failing to
comply with OSHA regulation 29 CFR 1910.22(a)(1), which
requires workplaces to be maintained in a clean, orderly
condition and free of obstructions. Also, the existing layout
did not comply with OSHA regulation 29 CFR 1910.22(b)
(1), which requires aisles to have a minimum width of 1.22
m, as shown in Fig. 8.

In the initial warehouse layout shown in Fig. 7 and
8, the company lacked a structured and logical product
storage organization. Of the total warehouse area, 11.76 m?
(55.97%) was occupied; however, 17.43% of this space was
underutilized due to the presence of racks storing non-com-
pany products and empty boxes, which contributed to the
overall disorder.

Subsequently, a relationship matrix was developed
(Fig. 9), in which products were grouped into nine catego-
ries and the importance of their proximity was evaluated
based on seven predefined criteria. Based on this analysis,
two alternative physical layout proposals were generated,
both of which complied with applicable storage and safety
regulations.

To select the optimal proposal, five factors were assessed
and weighted using a pairwise comparison matrix. The anal-
ysis was conducted using a factor ranking methodology.
The factors included frequency of product combinations
within orders, the risk of cross-contamination or functional
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Fig. 9. Relationship diagram.

incompatibility, aisle accessibility and material flow, space
utilization, and ease of supervision and visual control.

Based on this evaluation, Proposal 2 (Fig. 10) was iden-
tified as the most suitable alternative, achieving a weighted
score of 4.39, compared to 2.84 for Proposal 1.

Finally, ABC classification was applied within each rack—
that is, the overall location of product categories within the
warehouse remained unchanged, while the products stored
on each shelf were reorganized according to their turnover.
High-turnover items (Category A) were placed at ergonomic



IV Congreso Internacional de Ingenieria Industrial 2025

heights for easy access; medium-turnover items (Category
B) were positioned at intermediate levels; and low-turnover
items (Category C) were stored on the upper or lower levels,
depending on demand. This reorganization optimized picking
routes and improved inventory visibility without altering the
overall layout logic established through SLP methodology.

Table I and Fig. 11 present the turnover percentages
for each category along with their cumulative percent-
ages. Additionally, the corresponding ABC classification is
indicated.

To simulate the implementation of the proposed
improvement and enable a comparative analysis with the
initial situation, both scenarios were modeled in Arena, as
illustrated in Fig. 12. Notably, no activities were added or
removed in the improved scenario; instead, the processing
times of specific Process modules—such as Picking and
Route Assembly—were adjusted to reflect the proposed
changes. The comparison between scenarios in Arena
yielded the key results presented in Table II.

These results, validated through 42 replications with
a 95% confidence interval, confirm that the proposal led
to substantial improvements in operational efficiency,
delivery timeliness, and human resource utilization. The
progressive integration of RPA, SLP, and ABC slotting—
with targeted application within the layout—proved to be a
robust, replicable, and compatible solution for high-volume,
space-constrained logistics operations.

IV. DISCUSSION

The results obtained from the Arena simulation vali-
date the positive impact of the integrated proposal based
on RPA, SLP, and ABC classification on key logistics perfor-
mance indicators. The observed improvements—namely,
a reduction of over 80% in routing time, a 20-percent-
age-point increase in the OTIF indicator, and improved
personnel utilization—are consistent with findings reported
in previous studies that evaluated similar tools in e-com-
merce, manufacturing, and distribution environments.

Regarding routing automation via RPA, this study
achieved a reduction in daily route planning time from 73.8
to 12.13 min, representing an 83.58% improvement. This
result exceeds the 30% reduction by Ramingwong et al. [11],
who implemented automation tools in manufacturing firms
in Thailand. This transformation not only reduced the oper-
ational workload on personnel but also enhanced service
timeliness and consistency.

Regarding warehouse layout redesign using SLP,
prior studies—such as those by Ramirez-Cruz et al. [17]
and Marcelo-Alfaro et al. [19]—have reported significant
improvements in operational efficiency after reorganizing
warehouses based on proximity, flow, and frequency
criteria. In the present study, the application of SLP reduced
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TABLE I
CHART OF CATEGORY CLASSIFICATION BY TURNOVER

Category Rot?tion Cumtllative Cat_egor_y
% % classification

Home 22.56% 22.56% A
Bags and purses 21.73% 44.29% A
Car accessories 19.43% 63.72% A
e s mae e
Fashion accessories 11.47% 93.69% B
Sports 3.06% 96.75% C
Skincare 2.14% 98.89% C
Health and beauty 0.82% 99.71% C
Pets 0.29% 100% C
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TABLE II
IMPROVEMENT OF INDICATORS

Current scenario

Proposed scenario

) Absolute Improvement
Indicator . o
Mean Error  Mean Error improvement (%)

OTIF (%) 0.60 +0.02 0.80 +0.03 +0.20 pts 33.28

(Trii?];”lNG 73.80 +2.67 1212 £1.03E-07 —61.68 min 83.58

TP.ICKlNG 8.19 +0.29 372 +0.12 —4.47 min 54.58

(min)

UTPYA (%) 0.49 +0.03 0.31 +0.01 —-0.18 pts 36.18

L 0
— —
- v

Fig. 12. Simulation of the proposed model.

the average picking time from 8.19 to 3.72 min, repre-
senting a 54.58% improvement. This result exceeds the 42%
cycle-time reduction reported by Ramirez-Cruz et al. [17],
although it remains below the 61.5% reduction in product
search time achieved by Marcelo-Alfaro et al. [19] in a
Peruvian SME logistics context.

With respect to the application of ABC classification
within each rack, the obtained results are consistent with
prior studies that incorporate this tool as a complemen-
tary strategy to warehouse layout design. Flores et al. [22]
reported a 77.3% reduction in packing time and a 65%
increase in operational efficiency following the implementa-
tion of turnover-based slotting in a Mexican food company.
Ozhan et al. [23] reported a 30% increase in shelf space
utilization through the combined application of slotting
and ABC classification. Similarly, in this study, the internal
reorganization of products based on turnover directly
contributed to improved personnel utilization, reducing
warehouse labor utilization from 49.2% to 31.4%, which
represents a 36.18% decrease. Combined with the OTIF
increase, these results indicate a structural improvement
in the system. Furthermore, the application of the SLP tool
enhanced warehouse space utilization by 17.43%.

Together, these findings confirm that the sequential
and complementary implementation of RPA, SLP, and ABC

classification constitutes an effective strategy for enhancing
logistics operations in e-commerce environments. The OTIF
improvement from 60.1% to 80.1% represents substantial
progress, approaching the optimal industry range of 82% to
90% [5]. This also enhances the customer experience, while
the reduction in operational times strengthens respon-
siveness to demand surges. Simulation-based validation
confirms that the proposed tools are feasible in companies
with limitations in space, budget, and personnel, and can be
scaled to comparable logistics environments.

V. CONCLUSION

The improvement proposal fulfilled the projects
objective by reducing the percentage of failed deliveries
through the combined application of RPA, SLP, and ABC
classification, resulting in a comprehensive solution that
optimizes both digital and operational processes. The use
of automation technologies such as RPA not only improved
productivity in information management and route plan-
ning but also had a direct impact on physical operations
by aligning with warehouse redesign and strategic product
reorganization. This integration improved logistics flows,
reduced distances, optimized space usage, and enhanced
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operational performance, demonstrating that the synergy
between digital and physical tools is key to transforming
logistics processes in e-commerce contexts.
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ABSTRACT-This study improves the internal supply of
critical materials for pinch valve production in a Peruvian
metalworking firm by applying Material Requirements
Planning (MRP), ABC classification, and Systematic
Layout Planning (SLP) to reduce lead times and enhance
inventory flow. A representative sample from key ware-
houses was analyzed. AS-IS and TO-BE scenarios were
simulated in Arena (62 replications) evaluating picking
time, logistics lead time, and fulfillment rate. Results
show a 10% drop in picking time and a more than 23% rise
in fulfillment, confirming the combined tools’ effective-
ness. The scalable methodology offers benefits for similar
production lines.

Index Terms—ABC analysis, industrial engineering, internal supply,
logistics, MRP, simulation, SLP.

I. INTRODUCTION

The peruvian metalworking sector plays a key role in
mining, construction, and energy, contributing 12.5% of
manufacturing GDP (S/ 71,700 million in 2021). Within this
sector, the fabricated metal products subsector accounted
for 11.2% of gross industrial value added [1]. However,
operational gaps persist as the Perfect Order Fulfillment
rate stands at 76.21%, below the optimal 80-90%, indi-
cating recurrent delays and inefficient internal material
flow [2].

Material Requirements Planning (MRP) supports mate-
rial demand planning in multi-component, make-to-order
environments. A 2022 study incorporating a stochastic
MRP cut backorders by over 50%, reduced total cost by

23%, and improved service levels by 18%, enhancing plan-
ning stability under demand variability [3]. In 2023, MRP
outperformed Reorder Point System (RPS) and Constant
Work In Process (CONWIP) in cycle times and logistics cost
reduction, improving warehouse-production coordination
and preventing stockouts and delays [4].

ABC classification prioritizes materials based on value
or turnover. In a 2023 metalworking case, the integration
of ABC with the 5S methodology and Systematic Layout
Planning (SLP) reduced defects by 12% and increased
productivity by 15% [5]. Similarly, a 2021 application in a
Chinese supermarket distribution center improved storage
efficiency from 87.7% to 96.5% and order accuracy from
97.3% to 100% by reorganizing the layout according to item
criticality [6]. SLP optimizes internal layouts to improve
flow; a 2022 automotive case, productivity was increased
and labor costs were reduced by 40% [7]. In Peru, the
application of SLP combined with process standardization
increased the On-Time In-Full (OTIF) rate from 53.6% to
92.9% [8].

In the Peruvian metalworking sector, internal supply
delays of 5-7 days and 38% of urgent internal orders—well
above the <10% threshold—have been reported [8]. This
study applies MRP, ABC, First-In, First-Out (FIFO), and
SLP to cut supply times to <3 days by improving planning,
inventory management, and layout design. The hypothesis
is that integrating these tools will reduce supply times
and urgent orders, improving OTIF (approximately 76%
vs. 90% target) [9], Table I while boosting productivity
and controlling costs. Validation involved a 9-month pilot,
simulation modeling, and economic, social, and environ-
mental analyses.
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Fig. 2. Gozinto diagram.

II. METHODS

This study employs a quantitative methodology based
on the collection, analysis, and comparison of measurable
data, following a quasi-experimental design with a planned
intervention. It focuses on the internal material supply
flow—from valve pinch request to receipt in production—as
outlined in the problem tree (Fig. 1).

A Lean Warehousing approach was applied following the
diagnostic phase, which included plant observations, staff
interviews, and Enterprise Resource Planning (ERP) snap-
shots [10]. The unit of analysis was internal supply time for
pinch valve orders [11]. Using non-probabilistic convenience
sampling (January 2023-June 2025), the model was vali-
dated in a nine-month pilot test (October 2024-June 2025)
with 540 orders, Arena simulations (AS-IS vs. TO-BE), and
economic, social, and environmental assessments.

Data were collected using tailored forms, calculation
sheets, and direct observation, capturing supply times,
layout distances, inventory levels, and order frequency—thus
supporting bottleneck identification and layout mapping.

The Gozinto diagram in Fig. 2 displays the hierarchical
structure of inputs for producing the 4x16” pinch valve model,
while the MRP plan for RSS1 rubber is detailed in Table II.

- Type: First-phase MRP (no finite capacity).

- 1valve = 5 cast parts + 1 steel plate + 0.2 kg RSS1
rubber.

TABLE I
MAIN TECHNICAL GAP INDICATORS

Indicators Current value Proposed target ~ Technical gap
Total delivery time 6 days <3 days 3 days
Picking travel time 1.47h <1.20h 027h
OTIF compliance % 76% >90% 14%

-+ Horizon: Oct 2024-Jun 2025 (10 valves/month).
+  Demand: 30-40 monthly valve orders.
+  Key parameters: fixed lot sizes, per-input lead

times, initial inventory, safety stock.

The MRP formulas used include the available inventory
calculation and the order release condition, as shown in (1)
and (2).

Available inventory = Beginning inventory + )
Scheduled reception — Period demand

Available inventory < Safety stock (2)

If an order is released in week , the receipt occurs as
defined in (3).

Receipt week = n + lead time (3)
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TABLE I1
MRP DIAGRAM

Initial Inv 40| lead time 2| safety stock 20 batch 120|kg
RSS1 Rubber oct-24 nov-24 dic-24
1 2 3 4 5 6 7 8 9 10 11 12
Demand 14 14 14 14 14 14 14 14 18 18 18 18
Gross Req 56 56 56 56 56 56 56 56 72 72 72 72
Scheduled Receipts 120 120 120 120 120 120
On-hand Inventory -16 72 8 56 120 64 8 48 0 72 24 24
Net Req 120 120 120 120 120 120 120
Order Receipts 120 120 120 120 120 120 120
RSS1 Rubber ene-25 feb-25 mar-25
1 2 3 4 5 6 7 8 9 10 11 12
Demand 16 16 16 16 18 18 18 18 14 14 14 14
Gross Req 64 64 64 64 7 7 72 72 56 56 56 56
Scheduled Receipts 120 120 120 120 120 120
On-hand Inventory -40 -104 48 112 64 16 32 80 24 2 -88 24
Net Req 120 120 120 120 120 120 120 120
Order Receipts 120 120 120 120 120 120 120 120
RSS1 Rubber abr-25 may-25 jun-25
1 2 3 4 5 6 7 8 9 10 11 12
Demand 14 14 14 14 15 15 15 15 18 18 18 18
Gross Req 56 56 56 56 60 60 60 60 72 72 72 72
Scheduled Receipts 120 120 120 120 120 120 120
On-hand Inventory 80 -136 72 8 52 112 52 8 -80 32 16 64
Net Req 120 120 120 120 120 120 120
Order Receipts 120 120 120 120 120 120 120
90.00% 100% TABLE III
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Fig. 3. Pareto classification diagram. DPG "N’ 7.9% 83% A
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Fig. 4. Activity relationship diagram.
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Fig. 5. Current layout plan.
The ABC classification applied in the chemical warehouse TABLE VI
began with collecting inventory data, organizing materials UNIT INDICATORS
within the software, and classifying them based on their
contribution to total inventory cost. Among 28 chemical ndicators
inputs, items were grouped into 10 material-type families in No. o 0
. . ndicators nit:
Table III. Weekly data collection enabled the construction of a y
Pareto diagram in Fig. 3 showing Type A (highest cost), Type B 1 Average internal supply time Hours
(next 20%), and Type C (remaining items). 2 Average travel distance Meters
After organizing the materials warehouse, shelves were 3 Requisition compliance rate RQ ?
. . . . i o
labeled according to material type and chemical product expi- 4 Product quality rate i

ration dates. The SLP tool was then applied using proximity
analysis and an activity relationship diagram (Fig. 4) to reorganize
material transfer areas toward production, as shown in the layout
presented in Fig. 5. Table IV lists time and distance data from
sequential area movements, starting from production requests.
Route crossings were identified among the chemical warehouse,
the cast parts warehouse, and the material quality control area.

The model was validated by comparing the simulated
processing time with the actual historical time of 48 h. In addi-
tion, the Arena Input Analyzer module, summarized in Table V,
was used to determine the input probability distributions for
each process shown in Fig. 6.
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The procedure, supported by prior diagnosis and data
collection, included training activities, tool monitoring, and
periodic reviews. The model was validated through Arena
simulations of the AS-IS scenario, shown in Figs. 7 and 8,
which represent the supply flow from request generation to
production [12]. This approach enables scenario modeling,
integrates real-time data, and accounts for process constraints.
The key performance indicator (KPI) analysis presented in
Table VI demonstrates significant improvements in material
flow without requiring high capital investment.
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TABLE V
INPUT ANALYZER

Variable

Distributions

Create module distribution time
Order registration

Material validation

Generate purchase requisition (RQ)
Request quotation

Issue purchase order

Supplier lead time

Order reception

Re-sent order reception

Technical control

Issue control delivery note

Return material control from supplier

Quality control

Issue quality delivery note

Return material to quality from supplier

Locate and label
Approve warehouse RQ
Verify material location
Internal warehouse travel
Forklift loading

Transfer to production

0.999 +0.641 x BETA(1.09, 1.29) days
UNIF(15,19.8) min

UNIF(1, 1.6T) h

25+ 10 x BETA(1.09, 0.969) min
UNIF(80, 100) min

0+ 10 x BETA(1.08, 1.05) min

4+ 0.54 x BETA(0.908, 1.08) days
UNIF(15, 20) min

2 +0.651 x BETA(0.936, 1.35) min
28 + 6 x BETA(1.43,1.29) min

19 +2.79 x BETA(0.728, 0.789) min
UNIF(20, 28) min

CONT (0.000, 3.000, 0.382, 3.249, 0.509, 3.497, 0.564, 3.746, 0.564, 3.994, 0.782,
4.243,0.945,4.491, 1, 4.740)

CONT (0.000, 3.000, 0.229, 3.285,0.521, 3.570, 0.521, 3.855, 0.625, 4.140,0.833,
4.425,1,4.710)

20 +10 x BETA(0.973, 1.23) min

5+ 5xBETA(1.42, 1.24) min
UNIF(22, 30) min

UNIF(22, 28) min

(16 +3.89 x BETA(0.648, 0.869) min
(15+2.77 x BETA(0.868, 0.747) min
UNIF(15,19.9) min

<4
8a .
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The simulation was executed with 62 replications,
in accordance with standard sample size determination
formulas commonly used in inventory simulation studies [13].

Z-S\
R=(>=3) @
e-X
The performance indicators obtained from the simula-

tion are presented in Fig. 9, which represents the company’s
current operational state.

III. RESULTS

Data on processing and waiting times, logistics routes,
inventory turnover, RQ fulfillment, and layouts were
collected. ERP screenshots and evidence of MRP and layout
changes supported the TO-BE simulation.

Quantitative analysis used averages, percentages, and
fulfillment rates. Arena simulations ran 62 replications per
scenario (AS-IS, First, Second) at 95% level confidence.

In Scenario 1, MRP and ABC classification were imple-
mented, with Technical Control approval set at 90% and
Quality Control approval at 95%. Component supply was
modeled using an Assign module, as defined in (5).

MR (cast_iron_part) + 100 (5)

Fig. 10 shows improved indicators over the current
model in Fig. 7 and Fig. 8.

The improvement was achieved through the imple-
mentation of the SLP tool and the corresponding layout
modification in the study area. Fig. 13 illustrates the
improvement in performance indicators compared with
the initial AS-IS simulation. In addition, Fig. 11 and
Fig. 12 display the Arena model, highlighting the improve-
ments resulting from the integrated implementation of all
proposed tools.

In the second scenario, the total delivery time, shown in
Fig. 14, decreased from 46.39 to 18.76 h (—59.6%) as a result
of improved planning through MRP and the elimination of
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Quality 87.099 73247 80.645 93.283 62
Routing Lead time 1.4554 04232 1.2533 1.9459 62
Requirement 1 Lead Time 49.056 48265 44.602 54.717 62
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Fig. 10. First-scenario results.

71.686 81.311
1.2454 1.9998
29.675 57.019
69.230 84.615
13.000 14.000
42.961 50.060
45.000 55.000
13.128 20.508
|
IsThere .
Material?
o ] -

Record 2

-—,— -

Quantiy of Resent Produds

Valves Sent

v

Fig. 11. Best scenario 1.

‘Separate 1

——

' NoApproved '
Firsttime)y.ne r{— ATECICER- =1
e i

]

Record 4

Part Inventory
e e
1 1
|
I : &5 ﬂ
Decide5 ™= . Quality .*
Conirol?
] B o y ]

ARENA Simulation Results
JHOANNA - Iicense: STUDENT

e

Output Summary for G2 Replications

Project: Unnamed Project
Analyst: NB-Gianella Montenegro

Run execution date
mModel revision dat

— ——
o
RJT n n

e

6/21/2025
o/21/2025

OUTPUTS
Identitier Average  Half-width Minimum  Maximum # Replications
Quality 87.031 78428 81.521 93.283 62
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Requirement 1 lead Time 48964 45782 24.602 53.108 62
Production Requirement Fulfillment Rate 100.00 00000 100.00 100.00 62
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overall tead Time 1 18.768 48306 13.051 23.511 &2
Valve Lot Ready 78.548 84560 75.000 85.000 62
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Fig. 13. Second-scenario results.
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delays. Internal logistics time also decreased, from 18.76 to
12.8 h (—31.8%), driven by the implementation of SLP and
the ABC-based prioritization of Type A materials near the
dispatch area.

These results indicate a clear optimization of internal
logistics, with a positive impact on operational efficiency.

Fig. 15 displays the variation in average picking travel
time before and after the implemented improvements.

« In the AS-IS model, the average was 1.32 h, reflec-
ting a dispersed and inefficient layout.

« With the application of SLP and ABC prioritization
in the second scenario, this value was reduced to
1.11 h (-15.9%).

This result is consistent with the findings reported in
[14], which indicate that SLP improves access to critical
materials and reduces unnecessary movements in logistics
warehouses.

Fig. 16 displays the key efficiency indicators: produc-
tion RQ fulfillment increased from 76% to 100% through
the implementation of MRP, enabling demand-based plan-
ning; moreover, the product quality rate rose from 77.33%
to 87% as a result of reduced urgent deliveries and improved
storage conditions that prevent material deterioration.
These outcomes corroborate the findings reported in [15],
indicating that the integration of MRP with functional layout
design enhances OTIF performance and final product quality.

A comparative analysis was conducted between the
AS-1S and the best scenarios to evaluate the impact of the
tools applied (MRP, ABC, SLP). Table VII summarizes the
KPIs obtained from the Arena simulation.

Prior to implementing the MRP system, material plan-
ning in the valve pinch line was reactive and decentralized.
Requests for critical materials—such as RSS1 rubber, cast
parts, and steel plates—were generated manually after
receiving production orders, with no planning horizon, safety
stock levels, or supplier lead times considered in Fig. 17.

This resulted in frequent urgent orders, production
rescheduling, and inefficient use of logistics resources.

With the application of first-phase MRP, in Fig. 18
forward planning was esta-blished based on average
monthly consumption, lead times, fixed order sizes, initial
inventory, and safety stock. This enabled earlier ordering,
improved inventory coverage, and ensured timely avail-
ability of materials, reducing stockouts and delays.

The warehouse diagnosis revealed a disorganized layout
lacking prioritization by material criticality or consumption
value, which resulted in excessive travel distances, picking
errors, and long search times. The application of ABC classi-
fication enabled a reorganization of the layout, positioning
Type A inputs near the dispatch area and assigning Types
B and C to secondary storage zones. Fig. 19 shows the
improved layout prototype. This redesign reduced search
time by 20% and improved control of key items, consistent
with previous findings [16].

1.32

ASIS model Best model

Fig. 15. Picking indicators.

100%

76% 77.33%

ASIS model Best model

W RQ fulfillment rate % M Product quality rate

Fig. 16. Percentage indicators.

Fig. 17. Initial state of RSS1.

TABLE VII
INDICATORS
. AS-IS First Best .
Indicator ) Improv.  Unity
model scenario  model

Total delivery 4639 1974 1876 2763 h
time
Internal logistics B
time 16.7 12.7 12.8 4 h
Average picking 1.32 1.46 111 021 h
distance ' ' ’ ’
RQ fulfillment 76 100 100 +23 o
rate % ’
Product quality 7 54 87 87 1 %

rate
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| Initial flow |

| Improved flow |

| Order reception |

| Manual upload of the master production plan |

| Manual verification of available stock |

| Net requirement generation |

| Missing detected - generate manual RQ |

| Net forward scheduling by MRP |

| Sending RQ to the purchasing area |

| Planned receipt of inputs |

| Urgent request to the supplier |

| Dispatch ordered to production |

| Long wait time due to external lead time |

| Start of manufacturing without delays |

| Reception of the material |

Fig. 18. Initial and optimized MRP flow for the critical Cucho RSS1 material.

Fig. 19. Improved warehouse.

Prior to the improvement, the warehouse layout was
inefficient, with critical materials dispersed throughout the
facility, resulting in excessive travel distances, route over-
laps, and operational delays. Fig. 19 displays low-turnover
items placed closer to dispatch than high-priority ones. In
the second and best scenario, the SLP methodology rede-
signed the internal flow, emphasizing proximity, frequency,
and activity compatibility as shown in Fig. 20. This reduced
operator travel time and improved access to key materials,
as also demonstrated in [14], where SLP increased produc-
tivity by up to 30% by minimizing idle time and movement.

Overall, the results show notable improvements in
internal supply to production through the combined appli-
cation of MRP, ABC classification, and SLP. The reduced
logistics times (Table VIII), higher fulfillment rates, and
better access to critical materials confirm the effectiveness
of the proposed redesign. These outcomes result from the
integration of planning, inventory segmentation, and layout
reorganization, aligned with the study’s objectives.

TABLE VIII
INDICATORS

Current time/Distance

Process

New time New dis-

tance
Material Arrival Quality — Warehouse 12 min 6m
Warehouse — Administrative Area 6 min 22m
Administrative Area — Warehouse 8 min 24m
Warehouse — Specific Area 16 min 10m
Specific Area — Quality Control 6 min 26 m
Quality Control — Finished Goods 7 min am

Warehouse

IV. DISCUSSION

Thefindingsindicatea59.6%reductionintotal deliverytime
and a 24% increase in the fulfillment rate of material requests
(RQ), thereby validating the initial hypothesis. The implemen-
tation of MRP enabled the anticipation of actual production
demand, reducing urgent orders and stockouts. These results
are consistent with those reported in [17], which show that
MRP can reduce supply failures by more than 20% in custo-
mized manufacturing environments.

ABC classification facilitated the prioritization of critical
materials, thereby improving inventory turnover. This result
is consistent with the findings reported in [18], where the
application of this technique enabled a reduction in obso-
lete stock in industrial logistics warehouses. Finally, the
implementation of SLP enabled shorter and more organized
material handling routes. This result is consistent with
the findings reported in [14], which document efficiency
improvements of up to 30% through well-planned physical
layout redesigns.
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Fig. 20. Proposed layout plan.

A key strength of this research lies in its practical
approach, combining real-world field implementation with
simulation-based validation to enable a comparative anal-
ysis of system performance before and after each tool’s
application. Despite the positive results obtained, it should
be noted that the implemented MRP model followed a
first-phase approach, without incorporating finite capacity
constraints or advanced demand forecasting. This is
because the company operates under a make-to-order
production system, where demand is defined by specific
orders. Furthermore, although this study focused on a crit-
ical production line (pinch valves), the applied methodology
can be replicated across other production lines or ware-
houses within the company. These considerations do not
diminish the value of the work; instead, they open opportu-
nities for future research to extend opportunities for future
research to deepen the analysis with complementary tools
and broader organizational coverage.

V. CONCLUSION

The results of the study confirm the proposed hypoth-
esis: the combined application of MRP, ABC classification,
and SLP significantly reduces internal supply times in a
make-to-order metal-mechanical company. Specifically,
total delivery time decreased by 59.6% (from 46.39 to 18.76
h), internal logistics time was reduced by 31.8% (from 16.7
to 12.8 h), and average picking time declined by 15.9% (from

1.32 to 1.11 h). In addition, the production requirement
(RQ) fulfillment rate increased by 23 percentage points
(from 76% to 100%), and the product quality rate improved
by nearly 10 percentage points (from 77.33% to 87%). These
improvements were validated through Arena simulation
(62 replications at a 95% confidence level) and a nine-
month pilot implementation involving 540 valve orders,
demonstrating that the integration of these logistics tools
effectively optimizes critical material flows, reduces urgent
orders, and enhances operational reliability in Peruvian
industrial environments.
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ABSTRACT—Construction projects in Peru often face
delays that result in economic and contractual penalties.
This study identifies the primary causes of project delays
and proposes a process optimization model based on
Lean Construction tools, applied to a road maintenance
company. The methodology combines exploratory and
experimental phases using operational data from 2022-
2023. Pareto analysis and the 5 Whys technique identify
material shortages (52%) and requisition rework (31%)
as the most critical contributors to delays. To mitigate
these issues, the Last Planner System, Standard Work,
and Kaizen are implemented. Validation using discrete-
event simulation in Arena demonstrates a 24.69% increase
in project physical progress, a 39.27% reduction in accu-
mulated delay days, and a 65.96% decrease in canceled
requisitions. These results demonstrate that Lean tools
can significantly improve planning reliability, reduce
rework, and promote a continuous improvement culture
in public works.

Index Terms—Delay analysis, Last Planner System, Lean
construction, material supply disruptions, planning management,
simulation modeling, Standard Work.

I. INTRODUCTION

The construction industry faces recurring challenges related
to delays in project delivery, resulting in economic, contrac-
tual, and social losses in both public and private works
[1]. A case study revealed that, in a residential project, up
to 132 days of extensions were granted, of which 75 days
were directly attributed to the effects of the 2011 revolu-
tion, highlighting the tangible impact of external factors on
project schedules. Studies conducted in Malaysia indicate
that inadequate site management and changes during execu-
tion are among the primary causes of project delays [2], [3].

One of the current tools with the greatest impact in
project management is Building Information Modeling

(BIM). Its application improves transparency, coordination
among stakeholders, and resource allocation efficiency,
especially in public works projects. A BIM-based partner-
ship framework has been proposed in [4], highlighting that
its integration facilitates collaborative decision-making,
reduces contractual conflicts, and improves planning
throughout the project life cycle. Although advances using
tools such as the Last Planner System (LPS) and Kaizen
have been documented, the literature shows limitations
regarding their integrated application and quantitative vali-
dation in Peruvian public companies.

In response to this problem, Lean methodologies
such as the LPS have been adopted. LPS enables collabo-
rative planning, prerequisites management, and improved
schedule reliability. However, in contexts where LPS is not
yet systematically applied, it has been reported that on
average only 54% of weekly planned tasks are completed
as scheduled, revealing a critical gap between planning and
execution [5]. In contrast, the literature documents that,
despite approximately 50% of tasks being completed ahead
of schedule, one company was able to sustain a Percent Plan
Complete (PPC) between 80% and 90%, owing to its capa-
bility to adequately prepare tasks and resolve operational
constraints during the execution week [6].

Other Lean tools, such as Standard Work, have been
applied to reduce operational variability through the stan-
dardization of critical tasks. The literature highlights that its
implementation, when combined with collaborative prac-
tices, improves operational efficiency [7]. Likewise, a case
study reported that its application reduced the work cycle
by 31.6 seconds, resulting in a 6.5% increase in productivity.
These results demonstrate that operational standardization
contributes to improved management performance without
requiring major technological investments.

According to the continuous improvement approach,
the Kaizen philosophy has shown positive results in
construction contexts. The study [8] documents its
successful application in social housing projects where, after
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implementing actions through the “seven forms” tool, quan-
tifiable improvements were achieved: an 18% reduction in
scaffolding activities, 11% in internal formwork, and 50% in
concrete pouring. These results reflect a direct impact on
time, cost, and labor load, evidencing Kaizen’s potential to
optimize processes and establish a culture of continuous
improvement in construction works.

This research aims to identify the most significant causes
of delays in construction project execution in Peru and to
propose a Lean-based process optimization model, empha-
sizing collaborative planning, operational standardization,
and continuous improvement. The article is organized into
four sections. Section I introduces the problem and pres-
ents the theoretical framework. Section II describes the
methodology employed. Section III presents and discusses
the results. Finally, Section IV provides the conclusions
derived from the analysis. Therefore, this research poses the
following question: What Lean construction-based manage-
ment tools can be applied to reduce delays and improve
reliability in public construction projects?

II. METHODOLOGY

A. Initial Diagnosis

This study is framed as applied exploratory research,
with a quantitative approach followed by an experimental
phase, using data collected from the road maintenance
company regarding its performance during the 2022-2023
period.

The company under study experiences recurrent net
profit losses due to low efficiency in meeting client-estab-
lished deadlines. To address this issue, an initial diagnostic
analysis was conducted using tools such as a Pareto diagram
and the 5 Whys technique, enabling a focused examination
of the primary problem drivers. As shown in Table I, penal-
ties associated with delayed deliveries significantly affect
the company’s financial performance, underscoring the
urgent need to improve project scheduling and execution
processes [9].

A Pareto diagram, shown in Fig. 1, was developed to
identify the key factors contributing to the high rate of
project noncompliance. This analysis was based on quan-
titative data collected from personnel with at least six
months of experience working in construction sites, logis-
tics, warehousing, and procurement.

The main results identified material shortages (52%) and
rework in material requisitions (31%) as the most critical
factors. The application of this tool provides a reliable basis
for an in-depth analysis of the most urgent requirements
for effective project execution [10]. In most cases within the
sector, these issues are typically attributed to inadequate
project planning and management practices [11]. However,
it is essential to identify the underlying root causes behind
these incidents.

TABLE I
PENALTY TABLE

Project Production (S/) Delay (days) Penalty (S/)
1 1,207,033 28 57,477.76
2 2,800,902 42 66,688.14
3 2,402,459 39 61,601.51
4 3,646,211 41 88,931.98
5 4,200,344 35 120,009.83
6 1,409,400 44 32,031.82
7 2,900,177 25 145,008.85
8 2,102,655 38 55,333.03
9 3,200,000 43 74,418.60

TABLE 11

MAIN CAUSES OF MATERIAL SHORTAGES

Problem Frequency Percentage

Lack of foresight in the request and

coordination of materials by the 30 48.4%
construction team

Lack of standardization in the pro- o

: ) 32 51.6%

cess of formulating the requirement

Total 62 100%

%

9a% 98w 100%
89%
%
27%

%

s 52%

%

%

%

%

%

Material  Reprocessing Weather Contract Delay in Financial
Shortage modifications payments  problems

Fig 1. Pareto diagram for identifying the causes of project delays.

In the case of material shortages, a process flowchart
was created to identify the reasons underlying the scarcity
of construction materials. This tool enabled a visual and
structured identification of errors, allowing the determina-
tion of their root causes.

The main causes of material shortages underscore
the urgent need to improve planning and provisioning
processes. More than 50% of the issues are related to field
personnel, suggesting the necessity of implementing a
management system that enhances forecasting and coordi-
nation among teams, as shown in Table II.



Construction Project Delays: Application of

Lean Construction / G. Almeida, S. Monier, S. Ponce, E. Avalos-Ortecho

Problem Identificaction ] Plan Design

Mesting Datz

Implementation

Data Celleztion

)

Initial Standards

Kaizen Implementation

o

Kaizen Journal

i
|
|
|
|
1
I
|
1
I
T Collection
1
I
|
i
I
|
i
|
|
i
|
|
i
|
|
|
|
L

ﬁ

i
I
|
|
|
|
|
|
1
L
I
1
|
|
i
|
|
i
|
|
i
|
|
i
|
| New Standards
i

|

L

Fig. 5. Kaizen implementation.

Based on the analysis of historical records of canceled
requisitions, it was inferred that the tools selected for solu-
tion design should focus on enhancing field management
and standardizing the material requisition process.

Regarding the identification of root causes for material
requisition rework, records of 129 logistical requisitions
generated in 2023 were analyzed using the 5 Whys technique.
The main finding was the absence of a standardized requi-
sition format, as requests were frequently submitted using
technical language that was not clearly understood by other
departments involved in the workflow, as shown in Fig. 2.

Based on the above findings, it was determined that,
rather than merely improving existing processes, the company
requires a new management model that fosters effective inter-
departmental interaction. To this end, the implementation of
Lean Construction tools was selected, as their application has
been shown to have a positive overall impact on project plan-
ning and execution, as illustrated in Fig. 3 [12].

The KPIs to be influenced were calculated using histor-
ical reports provided by the company and will be the
primary metrics considered to measure the impact of the
implementation, as shown in Fig. 4.

B. Solution Design

The management model should be implemented
progressively and accompanied by continuous monitoring,
as the Lean Construction philosophy often encounters
barriers such as resistance to change and limited engage-
ment stemming from an incomplete understanding of the
long-term added value it generates [13]. The tools used
were as follows:

1) Kaizen: Weekly meetings were held among the
involved departments to encourage the reporting of
problems, incidents, and recommendations related
to specific process activities, thereby fostering
transparent communication and enabling the early
detection of potential negative impacts on the
implementation of other tools involved in the case
study. As reported in [8], regular interdisciplinary
meetings facilitate the identification and resolution
of process inefficiencies, contributing to enhanced
project outcomes and collaboration in construction
projects, as shown in Fig. 5.

Poor management
of materials

Incorrect definition
of technical
specifications.

Fig. 2. Distribution of canceled requisitions
in the warehouse.
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Project Physical Progress
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Rejected Mat'erlals Rate On- Rejected Materials Rate On-
site
7.67%
Material Requisition
Incident Rate

Material Requisition
Incident Rate
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Accumulated Schedule Delay|
Days
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Days
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Fig. 3. Proposed model.

Last Planner
System

in the formulation and
management of
requirements

Standard Work

Reprocessing

Delay in the delivery of
construction project
work

Poor coordination o
teams in defining
technical specifications

Economic Impact

ly e
209403
Extra materials cost (mean):
/.50.000

ot ;
contract modifications,
delays in payments)

J

use of

Fig. 4. Problem tree.

109



IV Congreso Internacional de Ingenieria Industrial 2025

Problem Identificaction b Plan Design Implementation
i i
i i
i i
" i i
i i
o} | 1
B | 1
H i i
4 s Ve ; BT ! e
H i s ; Starcardzaton ; matars celvery
i i
£ | = P —
1 ! T I
E : ] : ]
% | | |
I : v |
H I I
& | |
Relevant data for : ¢
standardized template ! !
i Standardizea i
} Material Request }
1 |
Fig. 6. Standard Work implementation.
< <
Problem Identification o Plan Design i Implementation
H - £
- 1 1
3 ' 1
] 1 1
Til Initial e = = H Kay tasks Task planning i Prograss
5 planning capability SRS ST definition and deadlines ' monitaring
= megting analysis i |
£ ) 1
H
T 1 I
& : |
b ' 1
£ 1 Determination of | 1
£ ' necessary
= 1 F— e I
.n. 1 MESOUrCes 1
- 1 1
1 1
1 Flanned Material Request I
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2) Standard Work: Operational standards were estab-
lished for the preparation and approval of logistical
requisitions to reduce technical errors and vari-
ability in documentation quality. These standards
included structured forms and clearly defined
validation sequences, aiming to significantly
reduce rework rates. This aligns with [14], which
emphasizes that standardizing logistics documenta-
tion—particularly in international contexts—reduces
verification time, minimizes errors, and simpli-
fies cargo handling procedures. The study further
highlights that the lack of standardization remains
a major obstacle due to system fragmentation,
multilingual requirements, and the involvement of
multiple intermediaries across the supply chain, as
shown in Fig. 6.

3) Last Planner System (LPS): Through a combination
of collaborative planning, constraint management,
and progress monitoring using indicators, this tool
aims to continuously improve the performance of

construction projects, as shown in Fig. 7.

III. RESULTS

A. Arena Simulation

The improvements introduced by the management
model were validated to determine their impact on the
KPIs. The key areas involved in the management flow and
the transformation of material requirements were modeled
within the simulation environment. Specifically, the

warehouse area is represented in Fig. 8, the procurement
and logistics area in Fig. 9, and the construction execution
in Fig. 10.

The KPIs to be evaluated were simulated using modules,
variables, and other complementary outputs, which enabled
the automatic generation of the aforementioned KPIs in the
results report produced by the Arena software, as shown in
Table III.

Additionally, three hypothetical scenarios were devel-
oped representing different levels of implementation
impact, with the aim of analyzing the model’s robustness
to variations and capturing the inherent uncertainty of real
execution conditions.

1) Expected: Tools implemented in the baseline
scenario, influencing in accordance with the
projected outcomes.

Optimistic: The implementation is positively
adopted by the affected areas, enabling the tools to
achieve their maximum performance.

2)

3) Pessimistic: Due to risk factors inherent to the
construction sector, the measured impact of the

implementation is reduced by 25%.

B. Project Physical Progress Percentage

When comparing the baseline model with the model
incorporating the implemented tool, no overlap was
observed between the confidence intervals of the evaluated
scenarios, indicating a statistically significant improve-
ment—at a 95% confidence level—in the on-site progress of
the project.
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TABLE III
SIMULATION OUTPUT RESULTS
Output summary for 30 replications
Identifier Average Half-width ~ Minimum  Maximum
Project physical progress percentage 71.22% 0.85% 67.31% 75%
Rejected materials rate on-site 7.72% 1.17% 1.43% 14.52%
Material requisition incident rate 19.4% 1.15% 13.92% 30.95%
Accumulated schedule delay days 14.684 1.8096 8.6699 25.356
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Fig. 9. Supply and logistics area simulation.

Fig. 10. Work in progress simulation.
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As a main result, the implementation of the manage-
ment model reduced the durations of critical tasks which, on
average, were delayed 78.63% of the time, as shown in Table IV.

In addition, the number of material requisitions gener-
ated per month decreased by 48.54%, as shown in Fig. 12.

C. Accumulated Schedule Delay Days

The statistical analysis shows no overlap between the
baseline and improved scenarios, indicating a significant
and measurable reduction in the number of delay days rela-
tive to the initial state.

In the AS-IS model, an average of 24.7 accumulated
delay days was recorded, while in the TO-BE model this
decreased to 15 days, representing a 39.27% reduction.

This improvement aligns with the expected benefits
of implementing the LPS, which is well documented for
enhancing team coordination and optimizing task execution
sequencing [15]. By promoting realistic commitments and
tracking collaborative progress, the LPS tool contributes to
greater reliability in activity scheduling, as shown in Table V.

Additionally, the economic impact associated with the
delay was estimated by quantifying the contractual penalty,
based on the daily penalty formula used by the client:

0.1 * (Project Amount)
0.4 * (Days of Delay)

Penalization =

This difference represents a direct saving of S/ 20,312.13
per project delivered, attributable to the reduction in accu-
mulated delays. This result highlights the operational
profitability of applying collaborative planning systems in
medium-scale construction projects.

D. Rejected Materials Rate On-Site

With a 48.54% reduction in the number of on-site requi-
sitions and a 20% decrease in the incidence rate related to
technical specifications in the warehouse area, a consider-
able improvement in this KPI was observed.

In addition, the interruption index—calculated as the
proportion of scheduled time lost due to on-site material
shortages—showed a significant improvement of 68.59%, as
shown in Table VI.

To evaluate the effect of systematic improvement on the
duration of on-site activities, the two simulated scenarios
were compared. In the improved scenario, an approximate
20% reduction was applied to the duration of value-added
(VA) activities, while preserving the sequential logic, which
could not be altered, as shown in Table VII.

In the current scenario, the total process time is 37.08
days, of which 28.25 correspond to VA activities and 8.83
to non-value-added (NVA) activities. It is important to note
that, although NVA activities do not directly transform the
final product, they are required to enable the execution of
the main tasks.
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Fig. 11. Output analyzer of project physical progress percentage.

TABLE IV
COMPARISON TABLE

Project physical progress Critical
percentage tasks
Base model 57.1% 4
Improved model 71.2% 0
Improvement 24.69% 100%

Note: Critical tasks are construction activities with a delay
incidence rate of more than 65% (standard for the case study).

TABLE V
COMPARISON OF MODELS

Accumulated schedule

delay days Average (S/)
Base model 24.7 days 51,722.65
Improved model 15 days 31,410.52

Note: For the penalization calculation, historical case study
data were used, excluding construction projects with durations
shorter than 30 days.

TABLE VI
COMPARISON OF MODELS

Rejection rate of

. . Interruption index
materials on site

Base model 22.5% 32.53%
Improved model 7.72% 10.22%
Improvement 65.7% 68.59%
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Fig. 12. Number of requisitions per activity.

Note: Activities 12 and 13 were not scheduled with requisitions
as they do not involve construction materials.
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TABLE VIII
SCENARIOS COMPARISON

KPI Base Pessimistic Expected Optimistic
Project physical progress percentage 57.05% 59.3% 71.2% 72.2%
Accumulated schedule delay days 24.67 days 16.2 days 15 days 8.01 days
Rejected materials rate on-site 22.49% 11.03% 7.72% 3.63%
Material requisition incident rate 24.22% 19.78% 17% 10.99%
In contrast, in the improved scenario, the total process TABLE VII

time is reduced to 29.70 days, consisting of 22.63 days of
VA time and 7.07 days of NVA time. This reduction reflects
a positive impact on process timelines, as shown in Fig. 9.

E. Material Requisition Incident Rate

The implementation of Standard Work resulted in a
significant decrease in the average value of the analyzed KPI,
from 0.242 to 0.170, representing an improvement of 29.75%.

It is crucial to highlight the improvement in the number
of canceled requisitions, which decreased by 65.96%
following the implementation. Efficient management of
material requisitions is a critical pillar for the smooth execu-
tion of projects at all stages, as it requires coordination
across multiple functional areas. Additionally, a substantial
drop in canceled requisitions was observed, corresponding
to a 65.96% reduction, as shown in Fig. 10. This metric
is particularly relevant, as each canceled requisition
represents a loss of operational time, generates adminis-
trative rework, and in many cases, directly delays on-site
construction activities.

F. Scenario Analysis

In order to evaluate the sensitivity of the proposed
model under different adoption conditions, a multi-scenario
analysis was conducted, including the improved model, as
well as pessimistic and optimistic scenarios.

These configurations represent, respectively, low,
expected, and high levels of adherence to the implemented
Lean tools, allowing the observation of result variability
under different execution conditions, as shown in Table VIII.

From a comparative approach, statistically signifi-
cant differences were identified across all simulated KPIs
when compared to the baseline model. The project phys-
ical progress percentage exhibited an increasing trend
according to the level of implementation: starting at 57.05%
in the baseline scenario, rising from 59.3% (pessimistic),
71.2% (expected), and 72.2% (optimistic). This evolution
represents a cumulative relative improvement of up to
26.5% compared to the reference scenario.

Regarding accumulated schedule delay days, a progres-
sive reduction was observed, decreasing from 24.67 days
in the baseline model to 16.2, 15.0, and 8.01 days in the

COMPARISON OF VA, NVA, AND TOTAL TIMES BETWEEN
THE CURRENT AND IMPROVED SCENARIOS

Indicator Base model Improved model Impro(;iment
0,

VA time 28.25 days 22.63 days -19.9%

NVA time 8.83 days 7.07 days -19.5%

Total time 37.08 days 29.7 days -19.7%
Note: Reference time based on 1 km of roadway.
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three scenarios, respectively. This reflects a reduction of up
to 67.5% in the most favorable scenario, demonstrating a
high positive sensitivity of the model to improvements in
planning and operational control (LPS).

In addition, logistics-related indicators also showed
significant decreases. The rate of materials rejected on-site
decreased from 22.49% to 11.03%, 7.72%, and 3.63%, corre-
sponding to improved standardization processes and
technical control. Simultaneously, the incidence rate of
material requisition errors—defined as the percentage of
requisitions with technical or administrative errors—declined
from 24.22% to 19.78%, 17.0%, and 10.99%, evidencing a
reduction of up to 54.64% relative to the baseline model.

Overall, this analysis demonstrates that the proposed
model exhibits robust consistency under varying oper-
ational conditions and that the magnitude of KPI
improvements is directly proportional to the level of imple-
mentation achieved.

IV. DISCUSSION

The results obtained confirm that an integrated Lean
model can generate significant improvements in the
planning and execution of construction projects in the
public-sector construction projects. The implementation
of the model led to a 24.69% increase in physical progress
and the elimination of 100% of critical tasks, which in the
baseline scenario had a delay incidence rate of 78.63%.
These results reflect a tangible improvement in operational
coordination, consistent with the positive impacts of Lean
construction tools on schedule reliability and planning
discipline reported in [15].

A physical progress increase of 24.69% exceeds the 18%
improvement documented in [8], highlighting the enhanced
effect of combining Lean tools into a unified management
model.

In terms of delay reduction, this study achieved a 39.27%
decrease in accumulated delay days, which surpasses the
25% improvement observed in [15] through the implemen-
tation of the LPS in public works.

As discussed in [16], Lean practices improve produc-
tion control by fostering commitment-based planning and
continuous monitoring through PPC metrics. The current
study supports these findings by showing reduced rework
and better task coordination. However, unlike the task-spe-
cific applications addressed in [8], the proposed approach
integrates Lean tools at the interdepartmental level,
contributing to a 65.96% reduction in canceled requisitions.

The application of Standard Work proved decisive in
reducing ambiguities and documentation errors. While [7]
described qualitative benefits from standardization, this
study adds quantitative evidence, with a 29.75% reduction
in requisition incident rate and a 68.59% improvement in
the interruption index.

250

Base model Improved Model

M Total Requests M Cancelled

Fig. 16. Material requisition requests.

Model validation was conducted using Arena-based
probabilistic simulation, with a confidence interval < 5%,
confirming the statistical significance of the improvements.
Unlike the approach in [16], which used basic simulation
for residential projects, the present model incorporates
baseline, pessimistic, expected, and optimistic scenarios,
improving robustness and capturing performance
variability.

Despite the positive outcomes, fluctuations in non-pro-
ductive time were observed, potentially influenced by
external factors such as weather and equipment avail-
ability. As indicated in [11], many delays and cost overruns
in construction projects stem from causes beyond the
contractor’s control, such as logistical interference and
supply issues. Therefore, even effective Lean models should
be complemented by strategies to mitigate contextual risks.

Resistance to change was observed during implementa-
tion, attributable to limited knowledge of Lean construction
and a weak collaborative culture. Similar barriers were
identified in [17] and [18], where lack of awareness and
low leadership involvement hindered adoption in emerging
markets. Overcoming such resistance requires structured
training and gradual cultural adaptation.

V. CONCLUSIONS

In conclusion, the integrated model—based on
collaborative planning, standardization, and continuous
improvement—effectively addresses common challenges
such as low productivity, rework, and logistical inefficiencies
in public sector projects. Its progressive and non-disruptive
implementation strategy proved suitable for organizations
with low Lean maturity, enabling cultural alignment and
measurable improvements without major investments.

This approach strengthens internal capabilities,
fosters continuous improvement culture, and offers a
replicable model for other public infrastructure contexts.
Finally, this study provides a practical solution for sector
professionals, optimizing resources and processes, and
offers empirical evidence on the effectiveness of Lean
construction in public-sector environments. It also opens
new research avenues in sustainability, scalability, and
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cultural change, recommending exploration of the model’s
evolution and its application in different project types with
varying levels of Lean maturity.
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ABSTRACT-This paper explores the practicality of vibe
coding for industrial engineering applications. Specifically,
it investigates whether vibe coding can be utilized to crea-
te a safety-related application. In industrial environments,
many occupations involve physical labor or the operation
of potentially hazardous machinery, raising significant
concerns regarding worker health and safety. Although
various tools and applications exist to address these risks,
they are often overly generic and may not adequately meet
the specific requirements of individual organizations. The
advent of artificial intelligence (AI) and machine learning
has transformed this landscape. This study demonstrates
how vibe coding can be used to develop a simple Android-
based application that leverages built-in sensors—such
as sound, light, and accelerometers—to monitor workers’
physical activities and track environmental conditions
for accident prevention. It is expected that this work will
encourage companies engaged in physical labor to develop
customized applications aimed at improving worker safe-
ty. Beyond this specific prototype, the proposed approach
illustrates how Al-driven coding can bridge the gap
between generic safety solutions and tailored workplace
applications.

Index Terms—Application, artificial intelligence, industrial, safety,
vibe coding.

I. INTRODUCTION

This research explores the practicality of applying the
emerging programming paradigm known as vibe coding to
industrial engineering applications [1]. This topic is essen-
tial because industrial institutions have specific needs that
are not fully addressed by standard commercial off-the-
shelf (COTS) software [2]. Given that worker safety is a
critical priority across all industries, this research examines
whether vibe coding can support the rapid development of

customized safety-related applications tailored to specific
operational environments.

Underscoring the importance of safety-related soft-
ware applications, major academic databases such as
Scopus, Web of Science, the Association for Computing
Machinery (ACM), and Google Scholar have indexed thou-
sands of publications on worker safety since 2024. In
particular, Google Scholar reports more than 20.000 articles
addressing vibration exposure, over 40.000 studies focused
on sound-related risks, and more than 18.000 publications
examining bright working conditions [3]. As demonstrated
by Nouri et al, this literature search reveals that large
language models (LLMs) are being used for safety analysis
[4]. The literature review further indicates that numerous
technological applications in occupational safety employ
virtual reality or simulation-based training to reduce
errors and prevent accidents [5]. Although these tools are
beneficial during training stages, they cannot monitor the
environment during actual operational activities. Zhang
et al. have presented an insightful study on a smart-
phone-based vibration monitoring system [6]. Adverse
working conditions can negatively affect worker perfor-
mance and alertness throughout the workday. Exposure to
certain conditions, such as vibrations, is known to cause,
at the very least, discomfort or musculoskeletal issues [7].
In contrast, the presence of such technologies contributes
to a safer work environment that supports operational
excellence and sustainability [8]. Although this study does
not specifically focus on worker safety, it demonstrates
the potential of mobile devices for vibration management
tasks. Feldbusch et al. presented a study on using a network
of smartphones to monitor structural vibrations [9]. The
authors also effectively demonstrate its applicability to
safety-related applications.

Vibe coding is a technique in which software developers
use LLMs to generate source code for a desired applica-
tion. Interaction with LLMs is conducted through what is
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commonly referred to as a prompt, which is an instruction
or question provided by the user to elicit a specific response
[10]. In essence, prompts are the mechanism through which
users interact with LLMs. In pure vibe coding, software engi-
neers provide a prompt describing the desired software and
rely on the LLM to generate output that works as expected
[11]. This application of artificial intelligence enhances the
software development experience by automating program-
ming minutiae, allowing developers to focus on more
creative aspects of the application under development.
While output quality depends on multiple factors, a crucial
element is providing appropriate context within the prompt
[12]. In the context of Al-driven vibe coding for safety appli-
cations, it can be assumed that domain expertise in safety is
as valuable as programming skills.

Although vibe coding is a relatively recent phenom-
enon, researchers have been actively engaged and have
published numerous papers on this topic as well. Google
Scholar already suggests that more than 10.000 papers
have been published [3]. Several authors discuss how
vibe coding represents a paradigm shift, where developers
focus on refining Al-generated code rather than writing it
manually. This is substantially exemplified in an essay by
Kreutzbender, which describes his personal experience
with the concept [13]. Moore and Tatonetti describe how
Vibe coding accelerates application development, reduces
software creation cycle times, and reduces the reliance on
highly specialized programming skills [14]. Benedetti, a
self-described developer with over 40 years of experience,
reports a twofold increase in productivity using Vibe coding
[15]. Shukla et al. describe the use of LLMs in the pipeline
from prototyping to production [16]. While there is consid-
erable optimism regarding vibe coding, some concerns have
also been reported. Some critics argue that vibe coding
often produces code with insufficient structure, impairing
maintainability, and may lead developers to spend more
time fixing Al-generated issues than they save. Additional
concerns include potential security risks associated with
vibe coding, as Al tools may not consistently adhere to best
security practices [17].

A number of papers examined the development of
mobile applications for worker safety and the monitoring
of vibrations. However, these studies do not address the
integration of safety applications with vibe coding. This gap
is significant: although safety applications and vibe coding
have been investigated independently, no research has yet
combined them to produce deployable prototypes. This
study addresses that gap. Moreover, the concerns raised
in previous works regarding vibe coding remain valid and
must be considered. Accordingly, this article investigates
the application of pure vibe coding to develop a safety appli-
cation, demonstrating that such applications can be rapidly
created for diverse environments.

Several LLMs are capable of performing vibe coding. A
useful reference for available tools is the comprehensive list

TABLE I
LLMS AND TOOLS SUITABLE FOR VIBE CODING

Model/Tool Key strengths
Gemini 2.5 Pro Multimodal, large context
Claude (Sonnet/Opus/3.7/4) High quality, long context
GPT-4/GPT-4° Versatile, multimodal

Llama 3/Codellama Open-source, local
DeepSeek Coder

GitHub Copilot

Coding-optimized
IDE integration

Cursor Conversational editor
Claude Code (CLI)

Warp Terminal

Terminal agent
NL-to-code Shell

Lovable.com Rapid prototyping

provided by DigitalOcean, which also outlines the strengths
of each model [18]. A summary of this list is presented in
Table 1. Note that the DigitalOcean list is not exhaustive,
as additional tools exist. This research explores vibe coding
using Grok from xAlI, based on the author’s experience with
the tool. Grok was selected because it is publicly available,
features a conversational interface that facilitates rapid
prototyping, and has demonstrated strong performance
in software development tasks [19]. A Davis report also
supports the choice, highlighting Grok AI's performance in
software development and its ability to generate efficient
code for complex scenarios [20].

In this research, Grok is used to develop a full-stack
application consisting of a Flask back-end and an Android
front-end. The results are highly satisfactory. Organizations
can adopt the template defined here to create custom safe-
ty-related applications.

II. METHODOLOGY

The steps outlined here are not overly complex;
programmers are not required to possess advanced engi-
neering skills. Basic programming knowledge and some
understanding of software development are sufficient. As
the saying goes, “A goal without a plan is just a wish” [21].
This holds true for vibe coding, where a foundational under-
standing of software development is necessary.

Although several software life cycle models exist,
one that stands out for this project is the spiral life cycle.
An essential aspect of the spiral life cycle model is risk
management, making it a suitable choice for developing
a safety-based application. Within the spiral model, the
project progresses through multiple iterations, known as
spirals, rather than reaching a final product in a single pass.
Each spiral consists of several phases: planning, building,
evaluating results, and planning the next iteration. If, at



the end of a spiral, risks remain unresolved or there is no
clear strategy to address them, the spiral life cycle model
requires terminating the project [22]. Spirals can be viewed
as iterations of conventional life cycle models, with result
evaluation and planning separating each. For instance, each
spiral may represent an implementation of the waterfall life
cycle model [23].

This study integrates the waterfall model within the
spiral framework, as illustrated in Fig. 1. Accordingly, the
research commenced with a standard waterfall software
development life cycle, in which requirements are defined
first, followed by code implementation, and finally testing
[24]. These characteristics make the waterfall model well
suited for integration with the spiral life cycle. Planning
begins with requirements gathering, including the defini-
tion of user stories for this project. Each iteration through
the spiral produces an improved version of the product.

A. Step 1: Define User Stories

As described in the Introduction, an effective prompt
is critical for a vibe coding LLM to generate reliable source
code. Explicit prompts are essential because they provide
clear, detailed instructions to the AI, ensuring that the
generated code aligns as closely as possible with the
intended outcome. Accordingly, defining high-quality user
stories is a key step in the process.

In this study, the authors initially defined four user
stories without the aid of Al following Ken Beck’s user story
format: As a [type of user], I would like to [do something]
so that [benefit] [25]. The initial user stories are as follows:

- Asacompany safety supervisor, I would like to keep
track of the vibration experienced by the operators
of the machinery of the employees to ensure their
health and safety.

- As a company safety supervisor, I would like to
keep track of the audio levels experienced by the
employees so that appropriate hearing protection
can be provided.

- As a company safety supervisor, I would like histo-
rical data to be retained so that, in the event of an
injury, we can determine how to prevent similar
accidents in the future.

-+ As a safety supervisor, I would like reports displa-
ying audio and vibration data so that trends can be
effectively monitored.

B. Step 2: SMART User Stories

Within the waterfall life cycle model, once require-
ments have been defined and approved, the analysis phase
begins [22]. To ensure the best possible prompt, the first
step in the vibe coding process is to refine the user stories.
To achieve this, the selected LLM, Grok, was tasked with
converting the written stories into SMART user stories.

Vibe Coding Applications for Industrial Safety / M. Dorin, J. Machuca

1. Spiral - Planning,
Risk Identification
2. Waterfall -
Requirements

3. Waterfall -
Analysis

4. Waterfall -
Implementation
5. Waterfall -

Test

6. Spiral - Review

Fig. 1. Hybrid approach blending risk management (spiral)
with clear deliverables (waterfall).

TABLE II
FUNCTION-LEVEL METRICS

NLOC CCN Function name File
23 3 onCreate MainActivity.kt
9 1 (anonymous) MainActivity.kt
7 3 onResponse MainActivity.kt
3 1 Run SensorService kt
4 1 Run SensorService kt

NLOC CCN Function name File
17 2 onStartCommand SensorService kt
7 1 onDestroy SensorService kt
12 3 onSensorChanged SensorService kt
1 1 onAccuracyChanged SensorService kt
6 1 startAudioRecording SensorService kt
14 3 computeAndSendAudio SensorService kt
17 2 sendData SensorService kt
7 2 createNotificationChannel SensorService kt
10 1 onBind SensorService kt

TABLE III

ANDROID METHOD SUMMARY METRICS

NLOC Avg. NLOC Avg. CCN  Functions File
76 13.0 2.3 3 MainActivity.kt
127 89 1.6 11 SensorService .kt

SMART is an acronym that guides the creation of well-de-
fined user stories, standing for Specific, Measurable,
Achievable, Relevant, and Time-bound. Applying the
SMART criteria ensures user stories are precise, empha-
sizing well-defined outcomes and objectives. In a standard
software engineering environment, SMART user stories
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enhance team collaboration by providing a clearer under-
standing of software requirements. For this application,
this refinement step ensures that both human and Al share
precise expectations, reducing ambiguity and improving
the quality of the generated application. Consequently, in
vibe coding, the goal is for both the human and the LLM
to have a precise understanding of what should be created.
Ultimately, SMART user stories contribute to the devel-
opment of a high-quality prompt. Accordingly, continuing
the vibe coding process, human-authored user stories were
converted into SMART user stories. The SMART user stories
generated by Grok are presented below.

+  As a company safety supervisor, I want to monitor
vibration levels experienced by machinery opera-
tors in real time using sensors that measure
vibrations in g-forces with 0.1 g accuracy, inte-
grated with existing machinery, relevant to
preventing musculoskeletal disorders, and updated
every 5 min during shifts, so that health and safety
are ensured by triggering alerts when levels exceed
OSHA thresholds.

+  As a company safety supervisor, I want to monitor
audio levels experienced by employees using
decibel meters with 1dB accuracy via wearable
devices synced to a central dashboard, relevant to
complying with noise exposure regulations, and
monitored continuously during work hours, so that
appropriate hearing protection is provided when
levels exceed 85 dB for more than 8 h.

+ As a company safety supervisor, I want to store
historical data on vibrations, audio levels, and
related incidents in a secure database for at least 5
years using cloud storage with automated backups,
relevant to root cause analysis for injury preven-
tion, and accessible within 24 h of a request, so that
if injuries occur, data-driven insights help protect
employees from future accidents.

+ Asacompany safety supervisor, I want customizable
reports that display audio and vibration trends over
selectable time periods (e.g., daily, weekly, monthly),
generated through a reporting tool integrated with
the data system and presented as charts and graphs,
relevant to proactive safety monitoring, and deli-
vered on a scheduled basis via email or dashboard
(e.g., weekly), so that emerging trends can be identi-
fied and addressed in a timely manner.

C. Step 3: Generate the Code

In the standard waterfall life-cycle model, coding
follows the analysis phase. This step also naturally aligns
with the vibe coding approach.

The SMART user stories were implemented through
Grok’s public user interface to generate a new prompt. This
prompt requests the development of a full-stack application

(7 SuperGrok

@ Expert

& DeepSearch & Create Images (@ Latest News 2 Personas

Fig. 2. Grok user interface.

comprising a Flask-based back end [26] and a native Android
front end [27]. The Grok user interface is shown in Fig. 2.

For the Android application, Grok generated Kotlin
source code consisting of two main classes and a limited set
of methods. Similarly, the Flask application, implemented in
Python, was concise and lightweight.

D. Step 4: Testing

The final step prior to deployment in the waterfall model
is testing. This phase also aligns with the evaluation stage of
the spiral model. During testing, the generated application
was deployed on an Android device, and the Python-based
back end was launched on a server.

III. RESULTS

At the conclusion of each spiral, the process includes
evaluating the results and planning the subsequent itera-
tion. Grok generated two projects: an Android application
implemented in Kotlin and a Python-based Flask appli-
cation. The Android application comprised two classes
only—MainActivity and SensorService—with the latter
responsible for device sensor monitoring. These compo-
nents are illustrated in Fig. 3. The Android application
was built without syntax errors and successfully launched,
as illustrated in Fig. 4. Although the application initially
executed without errors, the Android manifest required
modification to enable foreground sound monitoring. In
addition, the manifest was configured to permit clear-text
data transmission for testing purposes, which inciden-
tally highlights a potential security concern. Grok was
also tasked with recommending the appropriate manifest
modifications.

Upon startup, the Android application displays an
interface that allows the entry of an employee identifier
and provides a control to initiate monitoring. Once data
are available, an additional option is presented to retrieve
a report. The monitoring control is not specific to sound
or vibration; instead, both sensors are activated simul-
taneously when the control is triggered. This monitoring
supports the requirements established in the user stories;
the Android application can monitor sound and vibration.



The ability to retrieve historical data demonstrates support
for the reporting requirement. These results illustrate that
an operational prototype can be developed within a single
development cycle, a task that would typically require
significantly more time, effort, and expertise.

Before deployment, two key issues must be addressed:
the absence of a stop button and the report presentation
format. While continuous monitoring is essential, a stop
button is required to allow users to pause data collection
and easily retrieve reports. In addition, the current report
display on the Android device is too small to be legible.
Addressing these issues will improve usability and provide
a more effective user experience.

The Flask application generated by Grok was deployed
and executed on a Windows system without major issues.
The application exposes a RESTful interface for storing audio
and vibration data, as well as for retrieving report informa-
tion. The RESTful endpoints were tested using a PowerShell
script based on Invoke-WebRequest commands with the
-Method POST option to submit audio and vibration data.

Invoke-WebRequest commands with the -Method GET
option were used to retrieve report data. Initial verification
and validation testing revealed no apparent errors in the
Flask application.

The benefit of the spiral life cycle model is that it
addresses risks. The introduction defined two risks. The
first risk was that poor-quality code would be generated.
Tables IV and Table V show the lines of code per function, as
well as the cyclomatic complexity (CCN). While discussing
software metrics is not the primary focus of this paper,
none of the generated functions exhibit a CCN greater than
seven. Cyclomatic complexity values in the range of 10-15
are generally considered problematic and typically require
code restructuring [28]. Furthermore, the overall architec-
ture, as illustrated in the class diagrams, does not exhibit
excessive code volume or undue complexity.

The second identified risk relates to security. It can
be argued that Grok did not generate any code addressing
protection or security mechanisms. As the saying goes,
computers do not do what is intended, but rather what they
are instructed to do; this principle applies equally to vibe
coding. In this case, no security requirements were specified
in the original user stories, nor was there any indication that
security considerations were expected. Consequently, Grok
generated code strictly based on the requirements provided.

With this in mind, as part of the planning for the second
spiral, Grok was prompted to generate three additional
SMART user stories. These include one addressing authen-
tication, one focused on data security, and another covering
the missing stop button in the Android user interface. These
results are shown below.

+ Asacompany safety supervisor, I want to implement
robust encryption for all stored and transmitted
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Fig. 3. Android application class diagram.

Employee D

START MONITORING
GET WEEKLY VIBRATION REPORT

Fig. 4. Android application showing main menu.

TABLE IV
FUNCTION-LEVEL METRICS

NLOC CCN Function name File
11 2 add vibration app.py
11 2 add audio app.py
19 7 get report app.py
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vibration and audio-level data using the AES-256
standard. This can be achieved through integra-
tion with secure cloud services such as AWS Key
Management Service (KMS), ensuring the protection
of sensitive employee health information against
unauthorized access. Compliance with data protec-
tion regulations, including the Health Insurance
Portability and Accountability Act (HIPAA), will be
verified through annual penetration testing, thereby
safeguarding employee privacy.

- As a company safety supervisor, I want to enforce
multifactor authentication (MFA) for all application
user logins using methods such as authenticator
applications or SMS-based verification. This will
be implemented through integration with identity
providers such as Okta or Azure Active Directory
(Azure AD) to prevent unauthorized access to sensi-
tive health and safety data. MFA will be required for
every user session, with automatic logout enforced
after 15 min of inactivity, thereby ensuring that
only authorized personnel can access the system
and that employee data remains protected against
potential security breaches.

+ As a company safety supervisor, I want to provide
a prominent stop/start control at the top of the
user interface to manually enable or disable real-
time monitoring of vibration and audio levels. This
functionality shall be implemented through intuitive
user interface controls integrated into the applica-
tion dashboard, allowing flexible operation during
work shifts or maintenance activities. The control
shall respond within 1 s of user activation, ensuring
that monitoring can be paused or resumed as needed
without disrupting operations or data integrity.

The complete set of user stories was subsequently
consolidated into a new prompt, which was provided
to Grok to generate a next-generation version of the
code. This updated version incorporated the required
user interface elements, as well as enhanced authen-
tication and security features. The following changes
were implemented in the new code build.

- Implement AES-256 encryption for vibration and
audio data transmission via HTTPS/TLS 1.3, using
libraries such as OpenSSL or Bouncy Castle in
backend and Android app.

- Integrate key management, encrypting data before
cloud storage and decrypting on retrieval.

- Add automatic logout after 15 min of inactivity
using idle timers and session logic in Android app/
backend, with secure token storage.

+ Add prominent start/stop button in Android app
UI (e.g., Button in Toolbar/AppBar) with event liste-
ners to toggle vibration/audio monitoring.

@ Flask

oroute (path, methods)
orun (debug

uses in routes

uses in routes db.init_app(app)

@ AudioData

0id: Integer
0 value: Float
O timestamp: DateTime

m employee_id: String(50)

@ VibrationData

Oid: Integer
0 value: Float
O timestamp: DateTime

| employee_id: String(50)

(©) SQLAichemy

O Model: base model class

(©db.Model

Fig. 5. Flask application class diagram.

TABLE V
FILE-LEVEL SUMMARY METRICS (TWO FILES
ANALYZED)
NLOC Avg. NLOC Avg. CCN Function File
count
60 13.7 3.7 3 app.py
13 0.0 0.0 0 models.py

IV. DISCUSSIONS

A. Productivity Benefits

This study demonstrates that vibe coding can be effec-
tively applied to the generation of software applications,
including those intended for industrial safety contexts. The
Android and Flask applications developed were syntac-
tically correct and closely aligned with the requirements
specified by the SMART user stories. This result is signifi-
cant, as the development of safety-critical applications has
traditionally required substantial development effort. The
proposed approach leverages Al-driven code generation,
indicating that individuals or small teams can achieve high
levels of productivity while contributing to operational
excellence.

B. Limitations

The successful generation of these applications moti-
vates further research in this area. At a minimum, vibe-coded
applications require extensive testing and rigorous review
prior to deployment in safety-critical environments. Several



initial implementation issues must also be addressed. For
example, the omission of fundamental security features
highlights the importance of carefully designed prompts
and the need for domain expertise to effectively guide the
vibe coding process. The initial results indicate that, while
vibe coding significantly increases developer productivity,
it does not eliminate the need for thorough verification and
validation. Oversight by qualified professionals therefore
remains essential.

Future work should focus on expanded testing under
realistic operating conditions, the systematic incorporation
of user feedback, and the evaluation of alternative LLMs.
These efforts should be aligned with applicable safety
regulations issued by government agencies, such as the
Occupational Safety and Health Administration (OSHA) in
the United States [29], as well as with data protection frame-
works, including the General Data Protection Regulation
(GDPR) of the European Union [30]. In addition, compliance
with the HIPAA, which governs the privacy and security
of protected health information in the United States [31],
should be ensured. Such regulatory alignment is essential
to guarantee compliance and to foster trust among workers.

V. CONCLUSIONS

The purpose of this investigation was to determine
whether vibe coding could be applied to the development of
safety-oriented applications in an industrial environment.
The study demonstrated that functional prototypes—specif-
ically, an Android monitoring application and a Flask-based
backend—can be rapidly generated using a LLM.

As part of this project, initial user stories were authored
by humans. The Grok AI tool was then tasked with trans-
forming them into SMART user stories and generating code
for both a Flask-based backend and an Android application.
Although some initial tuning was required to obtain a fully
functional Android application, Vibe Coding successfully
produced code that conformed to the tasks specified in the
user stories. Overall, the results clearly indicate that vibe
coding significantly increases development productivity.
Vibe coding enables small teams—or even individual devel-
opers—to create powerful, tailored applications, thereby
providing organizations with enhanced tools suited to
their specific operational environments. However, despite
the significant productivity gains offered by vibe coding,
its use should be accompanied by continuous expert
human oversight to ensure correctness, safety, and main-
tainability. Ultimately, vibe coding signifies a significant
shift that enables organizations to use their developers
more efficiently. More research is needed to enhance the
effectiveness of this technique. In addition, the authors of
this work envision that similar methods could be applied
beyond industrial safety —for example, in specialized
healthcare monitoring or logistics—demonstrating the

Vibe Coding Applications for Industrial Safety / M. Dorin, J. Machuca

broader generalizability of vibe coding for the development
of safety-critical systems.
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ABSTRACT-This paper proposes a model to improve
the service level of a pastry shop that faced issues such
as incomplete deliveries, product damage, and delivery
delays. The proposed solution integrates three compo-
nents: (i) a machine learning (ML) model for delivery
route optimization, (ii) standardization of the order
dispatch process through manuals and checklists, and (iii)
a packaging redesign incorporating internal supports and
waterproof liners. As a result, the fill rate (FR) increased
from 89.81% to 94.28%, the damaged delivery rate (DDR)
decreased from 5.58% to 3.61%, and late deliveries were
reduced from 5.07% to 1.26%. In addition, the proposed
model avoided the emission of 574 kg of CO, per year. This
model is applicable to small and medium-sized enterprises
(SMEs) seeking to improve their logistics, reduce operating
costs, and increase customer satisfaction through more
efficient and sustainable processes.

Index Terms—Confectionery, machine learning, packaging, service
level, standardized processes.

I. INTRODUCTION

The pastry sector has experienced sustained growth at
the regional level, driven by an increasingly demanding
consumer who values not only the quality of the product,
but also its presentation, sustainability and punctuality in
delivery [1], [2]. In Latin America, annual growth of 5.8%
is projected for the premium segment, associated with
increased purchasing power and a growing preference
for tailored experiences [3]. This environment has placed
increasing pressure on companies’ operational capacity,
requiring greater logistical efficiency, assurance of product
integrity during transport, and minimization of order-picking
errors [4], [5]. Likewise, the need to adopt responsible
practices has prompted a re-evaluation of packaging

material usage, optimization of resource consumption, and
reinforcement of process traceability. The accelerated digi-
talization of the sales channel has exposed the limitations
of traditional distribution schemes, making it essential to
incorporate technological solutions that allow predictive
planning and the maintenance of consistent service levels
in highly competitive contexts [6].

However, many bakeries continue to face structural
deficiencies in their logistics operations. The case analyzed
exhibits a service level of 89.81%, below the recommended
standard of 95%, along with a damaged delivery rate (DDR)
of 5.58%, a preparation error rate (PER) of 4.61%, and a
delivery inaccuracy (DI) of 5.07%. Unlike previous studies
that address isolated solutions, this work integrates tech-
nological, operational and structural components to jointly
address logistical failures, which represents an original
contribution to the artisanal bakery sector.

In response to this problem, a comprehensive solution
based on three main components is proposed: an intelli-
gent dispatch system using machine learning (ML), process
standardization through visual tools, and the redesign
of technical packaging. Previous studies have addressed
similar problems in bakery supply chains, primarily focusing
on waste reduction or delivery time improvements through
specific technological approaches [3], [15]. However,
unlike these works, this study addresses a comprehensive
operational challenge by integrating logistical precision,
real-time traceability, and packaging structural redesign
under sustainability criteria. This convergence of logis-
tical, human, and environmental dimensions increases the
complexity of the problem and requires multidisciplinary
solutions that extend beyond the isolated approaches
proposed in the literature [7], [8]. This combination seeks
to improve logistical accuracy, reduce transit times, and
ensure product integrity. Similar studies have shown that
these strategies can reduce waste in bakery supply chains
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by up to 30% [3], [4], while also increasing customer satis-
faction through reduced service variability [5].

The artificial intelligence component was developed
using a multiple regression model based on historical data
and real-time traffic information, following approaches
aimed at route optimization and emission reduction [6], [9].
In parallel, operational standardization—based on visual
control mechanisms and role definition—reduces human
errors, improves traceability and increases employee perfor-
mance [10], [11]. Finally, the packaging redesign considered
the NTP 209.027:2012 and ISO 18601:2013 standards,
prioritizing stackability, structural strength and sustain-
ability, in accordance with guidelines related to the use of
active packaging in bakery products [12].

The results were validated through pilot tests and simu-
lations, showing an increase in the fill rate (FR) to 94.28%, a
reduction in the DDR to 3.61%, and a decrease in the DI to
1.26%. In addition, the avoidance of 574 kg of CO, per year
was achieved through waste reduction, demonstrating that
the proposed approach is not only operationally viable, but
also environmentally sustainable.

II. LITERATURE REVIEW

A. Outbound Logistics

Outbound logistics represents one of the greatest chal-
lenges in the food industry, particularly for companies
handling perishable products such as pastries. Issues such
as poor route planning, delivery delays, and inefficient
dispatching increase operational costs negatively affect
customer satisfaction. Studies indicate that these issues
directly affect service quality, highlighting the need for
smarter logistics systems [13]. In this context, Bei et al. [14]
developed an intermodal transport model for perishable
goods that reduces both costs and product deterioration,
improving delivery efficiency by up to 18% for tempera-
ture-sensitive items.

B. Implementation of Advanced Technologies

The use of technologies such as ML has become essen-
tial to make food supply chains more efficient and reliable.
These tools assist in predicting delivery times, managing
unexpected changes, preventing logistical issues, and
optimizing resource utilization [15], [16]. Recent research
has also demonstrated how technology can support more
sustainable operations. For example, Nannar et al. [17]
created a model that combines efficiency measurement
with sustainability goals, improving logistics performance
and resource use by up to 20% in perishable food systems.
Likewise, Nikseresht et al. [18] reviewed over 150 studies
and found that ML models combining prediction and opti-
mization can reduce emissions and process variability by
up to 25%, demonstrating their strong potential to link effi-
ciency with sustainability.

C. Quality of Service

The quality of service in the food sector is a key factor
for competitiveness. It is determined not only by the quality
of the final product but also by the accuracy of order prepa-
ration, delivery punctuality, and the condition in which
products reach the customer. Standardization of operational
processes is a fundamental strategy that reduces variability,
minimizes errors and ensures consistent service levels, posi-
tively impacting customer perception and loyalty [19].

D. Food Waste

Food waste represents a critical problem in the bakery
and pastry industry. A significant portion of these losses
results from product damage during handling and trans-
port, primarily due to inadequate packaging or suboptimal
handling processes. Research emphasizes the importance
of implementing strategies such as packaging redesign to
provide greater protection during distribution, as well as
improving logistics practices to mitigate both economic and
environmental losses [20].

E. Sustainability

Sustainability plays a key role across all company activ-
ities, influencing both operations and their environmental
and social impact. Optimizing routes, reducing product
damage, and improving packaging not only save costs but
also reduce CO, emissions, lower material usage, and mini-
mize waste—supporting business models aligned with the
Sustainable Development Goals (SDGs) [21]. Likewise,
Prayitno and Wicaksono [22] introduced a framework that
uses artificial intelligence to enhance collaboration among
logistics partners in cities, showing that Al-based coor-
dination can reduce CO, emissions by nearly 30%, while
improving transparency and flexibility in shared logistics
systems.

III. METHODOLOGY

This study applied a continuous improvement meth-
odology, combining industrial engineering techniques, data
science and product redesign, with the aim of increasing the
service level in a pastry shop. The proposal was structured
around three main axes as shown in Fig. 1:

Logistics optimization using ML for delivery time
prediction and route sequencing.

- Standardization of operational processes in order
preparation and dispatch activities.

+  Redesign of packaging, aimed at reducing damage
to the product and improving logistics efficiency.

Each axis included the analysis of operational data, the
technical design of the solution and its implementation
under an engineering approach tailored for SMEs.
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A. Logistics Optimization Through ML

The ML model was developed with the aim of reducing
delivery times and improving accuracy in logistics plan-
ning. The CRISP-DM (Cross Industry Standard Process
for Data Mining) methodological model was followed,
structured into six phases: business understanding, data
understanding, data preparation, modeling, evaluation and
implementation.

1

2)

3)

Data Collection and Analysis: Historical operational
data from the company’s management system were
used, considering the following variables:

+ Destination store

+  Departure date and time
»  Charging time

+  Download time

»  Transit time

+  Day of the week

+  Traffic condition

Predictive Model: A supervised regression model
using Random Forest was applied to predict transit
times based on multiple factors. The model was
trained on a structured dataset containing 1,153
records.

Representation of the Predictive Function: Although the
Random Forest model does not generate an explicit
equation, conceptually the prediction follows the
function:

Tiransic = f (Destination, H, Day .k, T, Load)

Where:

- f = Function generated by decision trees

«  Destination = Destination store

4)

Macro model of the solution proposal.

+ H = Departure times

+  Day = day of the week

« T = Traffic

- Load = Operational load

Optimal Route Sequencing: Transit time prediction
was integrated into a comprehensive search algo-
rithm that calculates all possible permutations of
stores to visit. The optimal sequence corresponds
to the one that minimizes the total travel time
subject to the constraint of point-to-point routes
(departure from and return to the plant):

n
min z Ttrafficl-
i=1

B. Standardization of Operational Processes

The second axis of improvement consisted of the stan-
dardization of critical processes related to order preparation
and dispatch.

1)

2)

Analysis of the Current Process (ASIS): A detailed
mapping of the AS-IS process was carried out, iden-
tifying tasks with high operational variability and
risk of errors, mainly in:

+  Armed with requests
«  Product verification
+  Vehicle charging

TO-BE Process Design: Standard operating procedures
were defined for the following activities:

- Standard order assembly sequence
+ Quality control and dispatch checklist

+  Standardization of in-vehicle load criteria
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Visual tools were implemented and tasks were redis-
tributed to ensure operational traceability.

3) Ergonomics and Operational Safety: Criteria were
applied according to NTP 399.010:2004 and ISO
11228, prioritizing the reduction of physical efforts
in handling and loading tasks.

C. Packaging Redesign
The packaging redesign focused on reducing the DDR
and improving transportation efficiency.

1) Diagnosis of Damage: The following were identified as
the main causes of product damage:

- Internal movement of products during transport
- Strong vibrations on the road
- Insufficient material impermeability

2) Technical Packaging Design: The new packaging was
designed according to three fundamental criteria:

- Structural protection: Lateral reinforcements
and internal dividers.

+  Waterproofing: Incorporation of laminates
resistant to moisture and grease.

The new packaging structure includes internal rein-
forcements and a waterproof layer that protects the product
from movement and moisture during transport. The
unfolded layout (bottom left) illustrates how the structure
was adapted to enhance stability and facilitate stacking.

D. Calculation of Operational Indicators

The following indicators were defined to quantify oper-
ational performance:

«  Fill rate (FR)

Complete and on time products

FR = x 100
Total ordered products
- Damaged delivery rate (DDR)
DDR = Damaged products 100
Total ordered products

+  Preparation error rate (PER)

Errors

PER =
Total ordered products

+  Delivery inaccuracy (DI)

Extra working minutes

" Schedule working minutes

E. Environmental Assessment

Environmental evolution was carried out considering
three main factors: emission reduction, waste minimiza-
tion, and material savings.

Fig. 2. Redesigned packaging model.

1) Reduced Emissions Calculation: The CO, emissions
avoided by the reduction in vehicle operating hours
were estimated.

Emissions co,ed = (H pefore = H after ) *

FUELConsumption gp;cie % Factor cg,

Where:

* Hpefore = Total delivery hours before upgrade
* Hgfter = Total hours of delivery after upgrade
« Consumption yepicle = Liters of fuel per hour

+ Factor ¢o, = Kg CO emitted per liter of fuel

2) Reduction of Waste Generated: The reduction of
damaged units was calculated

Waste reduced = UNIts damaged before
— Units damaged after
3) Savings in Packaging Materials: Material savings
resulting from the more efficient packaging rede-
sign were estimated:
Material sqyings = (M before = M after) * added units
Where:

M pefore and M gfier Tepresent the weight of packaging
material per unit before and after.

IV. RESULTS AND VALIDATION

The validation of the proposal was carried out as
shown in Fig. 3, through pilot tests in real operations over
four weeks, as well as simulations using historical data.
The results demonstrate significant improvements in the
primary service level indicators.



Improving a Bakery's Service Level Using Machine Learning / S. Mercado, S. Vasquez, E. Cabrera, R. Chavez-Ugaz

| Low Level of Service |

| FR(AS-IS): 89.81 % |-

Incomplete Deliveries (Number of
products) -AS-18:14,52 % AS-18:31,45 %

T
Late Deliveries (Number of products)-

1
Damaged Deliveries (Number of products)
-AS-IS: 54.03 %

Deliveries arrive late from
plant to stores
- Poor dispatch
management system
(AS-1S) 31.36 %
- DI (AS-IS): 5.07 %

No products are ready for
store orders.

-PER (AS-15):4.61 %

MRP and
MPS

Products arrive at the
store in poor condition.

The packaging is very
weak and poorly

- Poor handling during designed.

tranffort (AS-1S):10.48 %
- Inadequate transport

system (AS-IS): 34.68 %
- DDR (AS-IS): 5.58 %

- Quality issues in
packaging (AS-IS): 8.87 %
-DDR (ASIS): 5.58 %

ML |
Packagi
Standard Work F?ecd:ggng
Algorithm Training Stage . Jr:flcirgsglta:i:h’\‘sﬁ?ser ) Implemv.entat\on Phase 1:
- Unit of analysis. Number of products that of productsydanﬁaged ’gfﬂgrggﬁgg‘/;lithumbﬂ
become unsella_b|§ dueto I’gxce delivery. during transportation Packaging failure.
- Data reprocessing: Modify % of input data.| | - Sample size: 1,060 - Sample size: 1,060 products
- Venfy preq\cnonvacouracy (delivery time). products. - Duration: Wo'déys -
- Adjust optimization algorithm. - Duration: 10 days a order/'day)
Outcome: Quantity of products (1 order day).
arriving late is reduced (TO-BE) Outcome: Fewer products Outcome: Number of
damaged during products without damage
transportation (TO-BE). boxes (TO-BE)
% ]
f
Comparative — Implementation Stage Comparative - Minitab Phase 2:

- Implementation results.
- Outcome: New delivery performance indicators (in product quantity).

- Comparison of sample results vs pro-implementation

KPls.
- Outcome: New performance indicators are obtained.

Fig. 3.

A. Results

The results listed in Table I were obtained through a
10-day implementation in the company’s real operations,
complemented by simulations using historical data from
the management system. Operational indicators, including
FR, DDR, PER, and DI, were measured before and after
implementing the proposed improvements. Each value
corresponds to the average observed during the test period,
verified through field records and daily monitoring reports.

The improvement in the FR and the significant reduc-
tion in the DI reflect the positive impact of the ML model
applied to logistics optimization. On the other hand, the
reduction of DDR and PER demonstrates the effectiveness
of process standardization and packaging redesign.

B. Validation of the ML Model

The Random Forest-based predictive model achieved a
coefficient of determination (R%) of 0.91 and a root mean square
error (RMSE) of 3.74 minutes, demonstrating high accuracy in
predicting transit times by considering variables such as traffic,
departure time, day of the week, and operational load.

The application of the model, combined with the
exhaustive route-sequencing algorithm, reduced total

Macro-level validation model diagram.

TABLE I
RESULTS BEFORE AND AFTER IMPROVEMENT

Results
Indicator Initial situa-  Improved situ- Change (%)
tion ation
FR 89.81% 94.28% +4.98%
DDR 5.58% 3.61% -35.3%
PER 4.61% 211% -54.23%
DI 5.07% 1.26% -75.14%

daily travel time by 17.8% and decreased variability in
delivery times.

C. Process Standardization Validation

The validation of the standardization was carried out
through an operational pilot test, with the following results:

+  PER was reduced by 54.23%.
+ Assembly and dispatch times improved by 12%.
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- Recurring errors in the verification, loading, and
assembly processes were eliminated through the
implementation of checklists, visual controls, and
task redistribution.

D. Packaging Redesign Validation

The packaging redesign was validated through the same
pilot test, focusing on transport resistance and the ability to
protect the product. The results were as follows:

+ Reduced the DDR from 5.58% to 3.61%, equivalent
to a 35.30% improvement.

+ Elimination of damage caused by vibration, shock,
or internal displacement.

V. DISCUSSION

The results indicate that the improvement proposal
significantly reduced the main operational failures affecting
the bakery’s service level. The combined implementa-
tion of three initiatives—logistics optimization via ML,
standardization of operational processes, and packaging
redesign—enabled a comprehensive approach to addressing
DIs, product damage, and partial order fulfillment.

The increase in the FR, from 89.81% to 94.28%, confirms
that the comprehensive solution significantly improved the
company’s ability to fulfill orders in quantity and timeliness,
approaching the 95% standard recommended for efficient
logistics operations in the sector [18].

The DI, reduced from 5.07% to 1.26%, demonstrates the
effectiveness of logistics optimization via the ML model.
This result surpasses the 22% waste reduction reported by
Aljohani [13], who applied route optimization techniques
without integrating real-time traffic or validating with actual
data. Instead, our approach used supervised prediction
with Random Forest, incorporating real-time traffic, which
resulted in a 17.8% reduction in total daily travel time.

The PER decreased from 4.61% to 2.11%, representing
a 54.23% improvement. This result aligns with the findings
of Quiroz-Flores et al. [14], who reported a 13% service level
improvement through task standardization, although their
approach did not include an ergonomic task redistribution
phase as proposed in this study. The combination of check-
list, visual control and task distribution improved assembly
times and eliminated recurring errors, reinforcing the find-
ings of Burgess et al. [19] on the importance of traceability
in food supply chains.

The DDR decreased from 5.58% to 3.61%, representing a
35.30% improvement. This result confirms the effectiveness
of the new packaging design and aligns with the recommen-
dations of Qian et al. [12], who emphasize that packaging
with active elements can prevent damage from moisture
and vibrations. Unlike Qian, our redesign incorporated

Analytical Flowchart PRODUCTS
Diagram number: 2 Page: 1af 1 SUMMARY
Object: Dispatch of bakery products ACTIVITY CURRENT PROPOSED ECONOMY
Activity: Complete dispatch process | Operations 09 12 -
Tranports 03 03
Delays 01 01
Method: PROPOSED Inspections 02 02
Place: Plant- "La Crocante” Store Storages 01 01
. Distance (meters) 28 26
Form number. 2 Time (minutes) 40 38
Prepared by: Sergio Mercado, Santiago Vasquez
Date: 09302025
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11. Prepare checklist
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14. Load van 2 x Dispatcher
15. Drive to store x Driver
16. Receive products 2 x
17. Record condition 2 x Store administrator
18. Separate products 1 x
19. Store products 1 x | End of flow
Total 3802|103 [01(12]01

Fig. 4. Process analysis diagram (PAD).

internal support elements and waterproof sheets within the
same current material, achieving an improvement without
the use of external or specialized materials.

Ata comprehensive level, the study proposes a multidis-
ciplinary solution impacting five key dimensions: logistics
precision, operational ergonomics, environmental sustain-
ability, organizational standardization, and customer
experience. Unlike studies such as Lahane et al. [11], which
address barriers to technological adoption theoretically, this
proposal demonstrates how these barriers can be overcome
in a real SME through gradual implementation, internal
training, and monitoring using accessible tools such as
Minitab and Python.

Finally, validation through pilot testing confirmed that
the improvements are viable and sustainable under real oper-
ating conditions. This positions the proposal as a replicable
model for SMEs in the food sector facing similar problems.

VI. CONCLUSIONS

The implemented proposal managed to significantly
improve the service level of the pastry shop through three
key actions: ML, standardization of processes and redesign
of the packaging.
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The ML model reduced the DI from 5.07% to 1.26%,
improving logistics accuracy. Process standardization
decreased the PER from 4.61% to 2.11%, while packaging
redesign reduced the DDR from 5.58% to 3.61%. As a result,
the FR increased from 89.81% to 94.28%.

In conclusion, the integration of these tools is effective
and replicable in SMEs facing similar challenges, provided
it is accompanied by training and continuous operational
monitoring.
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ABSTRACT-This study was conducted in a Peruvian
company engaged in the production and commercia-
lization of oils and shortenings. An initial assessment
revealed that average production plan compliance was
81%, below the industry benchmark of 90-95%, adversely
impacting operational efficiency and customer satisfac-
tion. The objective was to evaluate whether the combined
application of SMED (Single-Minute Exchange of Die) and
Standardized Work could improve this metric. Field obser-
vations and document reviews informed the design of a
pilot project involving targeted workflow modifications.
Both the baseline and optimized scenarios were modeled
using Arena simulation software and executed with 18
replications each. The optimized model achieved 88.4%
compliance, reduced bottle transport time from 21.7 to
16.4 min (-24.4%), and shortened format change duration
from 60.1 to 48.7 min (-19%). Shift production increased
from 4,086 to 4,596 bottles (+12.5%). These improvements
were driven by task reorganization, the use of a pallet
jack, tool centralization, and a pre-operational checklist.
The findings provide empirical evidence that integrating
SMED with Standardized Work can deliver significant
operational improvements in mass-consumption produc-
tion environments, while reinforcing the applicability of
Lean principles within the Peruvian industrial context. It
is recommended to scale these interventions and conduct
medium-term evaluations to ensure sustained impact.

Index Terms—Lean Manufacturing, operational efficiency, plan
production compliance, SMED, Standardized Work.

I. INTRODUCTION

This article is organized as follows. Section I reviews related
work; Section II describes the methodology and simulation

model; Section III presents the results; Section IV discusses
the implications; and Section V concludes the paper. Despite
numerous case studies on SMED and Standardized Work,
a clear knowledge gap remains regarding their integrated
effect on production plan compliance in edible-oil bottling
lines within Latin American small and medium-sized enter-
prises (SMEs).

Accordingly, the research question guiding this study
is as follows: To what extent does integrating SMED and
Standardized Work improve production plan compliance
and throughput in a Peruvian edible-oil bottling line?

The company selected for this research operates in the
edible oils and fats sector. It began operations in January
1960 and, with over 64 years of presence in the Peruvian
market, is primarily dedicated to the production and
commercialization of soybean oil and shortening. Its main
clients include prestigious restaurant chains recognized for
their quality and service.

The company defines its mission as a commitment
to producing and distributing high-quality products,
supported by a team of professionals focused on meeting
the needs of customers and consumers. In parallel, the
company pursues a continuous improvement strategy by
integrating new technologies and adhering to high-quality
standards to maintain competitive and profitable produc-
tion units, a common objective in the packaging sector
aimed at enhancing operational performance [1]. In doing
so, it actively contributes to the country’s ongoing devel-
opment, alongside other local manufacturing companies
in Lima that have adopted improvement methodologies to
reduce waste and enhance efficiency [2].

The company’s vision is to become a nationally and
internationally competitive player in the sector by diversi-
fying and improving its product portfolio.
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Currently, the company reports an average production
plan compliance rate of 81%, which is considered low, and
highlights an opportunity to boost productivity through the
implementation of Lean Manufacturing methods [3]. This
condition reflects a technical gap between the company
and its industry peers. The shortfall impacts several stages
of the production process, particularly preparation times,
which could be optimized through corrective actions—an
area where tools such as SMED have proven indispensable,
especially for SMEs [4]. Accordingly, this study focuses
on the oil packaging process across multiple formats. The
scope includes both the material storage area (e.g., plastic
bottles and jerrycans) and the production zone, where oil
filling and packaging operations are performed. The anal-
ysis identified frequent stoppages of the filling machines
on packaging Lines No. 1 and No. 2 as the primary cause of
low production plan compliance. Fig. 1 illustrates a portion
of the production area.

Faced with similar challenges, many production compa-
nies have adopted Lean Manufacturing tools to improve the
efficiency of their assembly lines and better meet customer
requirements [5].

SMED is one of the most effective Lean tools for reducing
changeover time in bottling and packaging processes
[6] and in improving overall productivity [7]. A study on
European food manufacturers reported a 34% reduction
in format changeover times following the application of
SMED techniques [8]. Reinforcing this evidence, another
study conducted in a major European food manufacturer
focused on eliminating production losses specifically during
changeover operations, demonstrating the targeted effec-
tiveness of SMED [9]. These improvements were achieved
by converting internal activities into external ones and by
standardizing task sequences, in line with contemporary
operations management approaches aimed at revitalizing
and optimizing setup reduction activities [10].

Furthermore, one investigation reported a reduction in
average control time from 16.2 to 13.9 s through the appli-
cation of digital Standardized Work tools in a packaging
line [11]. Standardized Work has also proven effective
across diverse industries. Clear definition of standard proce-
dures and adequate operator training are essential to avoid
confusion and ensure consistent execution [12]. In the
construction sector, the application of Standardized Work
has been used to modularize processes and has resulted
in significant improvements in coordination and output
quality [13]. Establishing a Standard Work routine is a
fundamental Lean practice for achieving consistent results
in production environments [14].

This broad application highlights the versatility of
SMED and Standardized Work in environments where
frequent changeovers and equipment flexibility are essen-
tial for maintaining productivity and reducing downtime,
while effective worker training and process consistency are
critical to improving operational outcomes.

Fig. 1. Photograph of the production area of soybean oil.

This analysis confirms that SMED is applied in high-
volume production environments, where changeover time
has a significant impact on productivity [15]. In contrast,
Standardized Work is more prevalent in labor-intensive
settings where task consistency and training are critical

Although, several studies have demonstrated the bene-
fits of SMED and Standardized Work in European and
Asian industries, a knowledge gap remains regarding their
combined application in small and medium-sized food
companies in Latin America. This research addresses that
gap by evaluating whether the integration of both tools can
improve production plan compliance in a Peruvian soybean
oil and shortening company.

II. METHODOLOGY

The methodological design directly addresses the
identified knowledge gap by combining a structured SMED
intervention—focused on externalizing internal setup tasks
and formalizing a pre-changeover checklist—with role-
based Standardized Work that defines staffing levels, task
sequences, and takt-aligned cycle times.

The joint effect was assessed through a two-scenario
simulation (AS-IS vs. improved) using matched input distri-
butions, 18 replications per scenario, and 95% confidence
intervals, thereby isolating the incremental contribution of
the integrated approach to production plan compliance and
output.

The methodology focused on the proposal and design of
improvements using Lean Manufacturing tools, particularly
SMED and Standardized Work, without initially proceeding
to full implementation. These tools were selected to
address the key inefficiencies identified in the bottling line
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ANALYSIS OF THE TOOLS TO BE \?:I‘:\II[-):'SI'II?):':)DF
IMPLEMENTED
COMPANY'S SITUATION RESULTS
Production history record Block diagram SMED Arena software Improvement in production
plan compliance
Activity time Cause-and-effect diagram Standard Work Pilot test in the
packaging area Improvement in the identified

Downtime records for each line Ishikawa diagram KPis — Time improvement
Sales price

Fig. 2. Proposed model diagram.

TABLE I
AS-IS ACTIVITIES IN THE PRODUCTION AREA

Activities Time (min) Internals Externals
Adjusting the height level of packaging machine. 17.6 X
Change of limits, according to their presentation. 19.8 X
| move the bottles from the warehouse to bottling area. 21.7 X
Transfer of component boxes, according to the presentation. 1.7 X
Filling the hoppers with bottles, according to the presentation 89 X
Activities Time (min) Internals Externals
Bring the boxes from the warehouse to packing area. 42 X
The components of the filling machine (nozzle, hose, etc.) were checked. 54 X

process and to target unplanned downtime and operational
variability.

In the case of SMED, the proposal focused on reducing
the long changeover times between 500 mL and 1 L
product formats. The actions included separating internal
and external setup tasks, preparing a checklist to ensure
the availability of tools and materials before initiating the
changeover, and designating a specific operator responsible
for tool and accessory preparation. Additionally, tasks that
could be executed while the machine remained operational
were identified to optimize setup time.

The proposed model diagram in Fig. 2 represents the
flow of the improvement project, from data collection to the
results obtained. In the Inputs stage, historical and current
production records, activity times, downtime per line, and
selling prices are collected. Subsequently, the company’s
situation is analyzed using tools such as the block diagram,
cause-and-effect diagram, and Ishikawa diagram. Based
on this diagnosis, Lean tools like SMED and Standardized
Work are implemented.

Thereafter, the impact of these improvements is vali-
dated through simulations conducted in Arena software
and a pilot test in the packaging area. Finally, as Outputs,
improvements are observed in production plan compliance
and in the identified KPIs, particularly with respect to time
reduction. Table I lists all the internal activities that are in
the AS-IS Scenario.

On the other hand, Table II lists all the activities that
were modified for the TO-BE Scenario in the production area.

For the Standardized Work proposal, the focus was on
addressing the lack of consistency in operator activities,
especially during bottle feeding and replenishment tasks.
A structured operating routine was proposed to enhance
the timing and coordination between operators. Specific
roles were assigned to ensure that one operator focused on
feeding the hopper while the other handled bottle prepara-
tion. The proposal also recommended the implementation
of a defined replenishment routine and documented proce-
dures to support operator training.

In addition to these primary improvement tools, comple-
mentary initiatives were proposed to address minor yet
impactful operational issues. For instance, the use of a visual
indicator to monitor ink levels in the coding machine was
suggested to prevent unexpected downtimes. Likewise, new
instructions were created to ensure timely ink replacement,
especially during operator breaks or periods of low activity.

All improvement proposals were developed based on time
studies, direct field observations, and collaborative discus-
sions with supervisors and operators. These proposals were
subsequently evaluated through simulation and pilot valida-
tion, as detailed in subsequent sections of the paper. Fig. 3 can
show the distribution obtained using the tool Input Analyzer.

Fig. 3 shows the resulting distribution, which follows
a normal distribution selected based on a corresponding p
value greater than 0.05. This result enabled the subsequent
analysis:
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TABLE II
TO-BE ACTIVITIES IN THE PRODUCTION AREA

Activities Time (min) Internals Externals
Adjusting the height level of packaging machine. 15.1 X
Change of limits, according to the presentation. 19.3 X
| move the bottles from the warehouse to the bottling area. 16.4 X
Transfer of component boxes, according to the presentation. 1.3 X
Filling the hoppers with bottles, according to the presentation 8.9 X
Bring the boxes from the warehouse to the packing area. 4 X
The components of the filling machine (nozzle, hose, etc.) were checked. 54 X

+  H, = Bag transfer times will follow a normal
distribution.

+ H, = Bag transfer times will not follow a normal
distribution

Fig. 4 presents another of the obtained distributions,
which follows a uniform distribution selected based on a
corresponding p value greater than 0.05. This result enabled
the subsequent analysis:

+  Hp =The bag hopper fill times will follow a uniform
distribution.

+ H; = The bag hopper fill times will not follow a
uniform distribution.

Fig. 5 presents another example of the obtained distri-
butions, which follows a uniform distribution selected
based on a corresponding p value greater than 0.05. This
result enabled the subsequent analysis:

+  Hp =The bag hopper fill times will follow a uniform
distribution.

+ H; = The bag hopper fill times will not follow a
uniform distribution.

These figures contain examples of the distributions
obtained from time measurements across the different
processes within the company.

III. RESULTS

Implemented changes emphasized converting internal
setup activities to external ones (e.g., tool pre-staging, line-
side placement of format parts, and pre-changeover checks),
consolidating tools and materials near the changeover
point, and formalizing operator routines (including start-of-
shift checks, bottleneck-focused assignments, and handoff
standards).

Operationally, these changes reduced format change-
over duration and inter-station travel time, stabilized
cycle times at the filler and labeler, and increased effective

138

Fig. 3. Transferring the bags bottles by Input Analyzer.

Fig. 4. Hopper filling time by Input Analyzer.

Fig. 5. Stacking of bottles by Input Analyzer.

machine availability during the first shift, translating into
higher daily boxes produced and improved plan compliance.

In addition to the quantitative outcomes, it is important
to highlight the practical modifications introduced during the
pilot test. A checklist was created to ensure that ink refilling
for the coding machine was prepared in advance, reducing
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the likelihood of unexpected stoppages. To optimize bottle
transport from the storage area to the hopper, operators
were provided with a pallet jack, enabling the movement
of five to six bags at once instead of carrying them individ-
ually. The changeover process was supported by organizing
all tools and stoppers in a dedicated toolbox, minimizing
delays caused by missing equipment. Furthermore,
operators received targeted training to reinforce task
assignments and prevent overlaps, ensuring that one opera-
tor consistently fed the hopper while the other focused on
bottle preparation. These concrete changes in work organi-
zation directly enabled the time savings and productivity
gains reported below.

The validation and results phase aimed to assess the
technical feasibility and functional impact of the proposed
improvements prior to full-scale implementation. This
phase comprised two main stages: a pilot test under real
operating conditions and a computer simulation to model
system-wide improvements.

First, the pilot test was conducted during a weekend
shift to avoid interference with regular production oper-
ations. The proposed SMED and Standardized Work
adjustments were applied on-site, with active participation
from supervisors and trained operators. The production
team ensured that tools, materials, and checklists were
prepared in advance, and the focus was placed on evaluating
whether the proposed changes could deliver immediate effi-
ciency improvements.

In the SMED case, the changeover time between
product formats was reduced from approximately 60 min to

St s e it | s

Improved Arena model 2.

48 min, representing a 20% improvement. For Standardized
Work, improved operator coordination reduced delays
typically caused by overlapping or inconsistent tasks. In
addition, the use of a visual indicator to monitor ink levels
in the coding machine proved effective in preventing unex-
pected stoppages. Clear instructions for replenishing ink
during low-demand periods were successfully adopted by
the team.

Following the pilot test, the collected data were used to
configure a simulation model in Arena software. The model
represented the current system configuration, including all
identified inefficiencies, as well as a future state scenario
incorporating the validated improvements. The simulation
projected an increase in production plan compliance from
81% to approximately 88.4%, narrowing the gap toward the
industry benchmark. The results also indicated a reduction
in idle time and a smoother material flow, confirming that
the proposed changes would yield system-wide improve-
ments. Fig. 6 illustrates the first part of the simulation
model developed in Arena.

This first part of the Arena model differs from the orig-
inal version in the setup machines process, which is now
executed only at the beginning of the first shift. If a change
in product presentation is required during the day, it is
carried out as an external activity, which is simulated in
the final part of the Arena model. Likewise, the time for the
transfer of bottle bags process was modified, as the use of
a pallet jack reduced transfer time, enabling the task to be
completed more efficiently. Fig. 7 illustrates the final part of
the model developed in Arena.



IV Congreso Internacional de Ingenieria Industrial 2025

Observation Intervals
Daily Production

Avg

95% CL

Daily box pr 211}

632

Daily box production

819

545 s

37 7%

Fig. 8. Boxes produced by scenario.

Paired-t Comparison of Means

Diff

95% CL est Value

Daily box pr i -18.

Fig. 9. Paired-t comparison of means.

This final part of the Arena model also differs from the
original version. After the bottle filling process, once the
current batch is completed and a new product presentation
is initiated, the filling machine setup begins, specifically
with the step-by-step replacement of the stoppers.

Similarly, after each oil bottle is capped, the capping
machine setup begins, including height adjustment while
the last bottles are being boxed and stacked.

As a result, the setup activities of the machines are
converted from internal to external activities, allowing
them to be performed while the machine and production
line remain in operation. These changes can modify the
number of boxes produced as shown in Fig. 8.

Additionally, a statistical comparison was carried out
using Output Analyzer to evaluate the daily box production
averages between the baseline and improved simulation
models. The baseline model exhibited an average output
of 681 boxes/day, with a 95% confidence interval of [646,
715], whereas the improved model increased this value to
766 boxes/day, with a corresponding interval of [737, 796].
As the confidence intervals do not overlap, the improvement
is considered statistically significant. These results confirms
that the proposed tools initiatives not only improved the
production plan but also enhanced process consistency.

When confidence intervals overlap, a comparison of
means is performed to assess the magnitude of the differ-
ence between them, as shown in Fig. 9.

A paired t-test was performed to confirm the statistical
significance of the difference in daily production between
the original and improved simulation models. The analysis
yielded an average difference of -106 boxes per day, with a
95% confidence interval of [-182, -31]. As zero does not fall
within this interval, the improvement is considered statis-
tically significant, further validating the effectiveness of the
proposed Lean initiatives.

The results confirmed that both the pilot test and the
simulation supported the effectiveness of implementing
SMED and Standardized Work. Quantitative outcomes,
such as reduced changeover time and increased line avail-
ability, were complemented by qualitative improvements,
including greater clarity in operator tasks and improved
organization of work routines. All the results achieved by
the simulation model are shown in Table III.

The Arena simulation provided a macro-level view
of the improvements, demonstrating not only increased
throughput but also reduced system congestion and down-
time. The model validated the anticipated benefits and
reinforced the value of the pilot observations by replicating
them within a simulated environment.

IV. DiSCcUSSION

The findings demonstrate a strong synergy between
practical implementation and simulation-based validation.
The pilot test confirmed the immediate, real-world impact of
the interventions, with a 20% reduction in changeover time
representing a key tactical improvement. This empirical
result provided a solid foundation for the Arena simula-
tion, which subsequently scaled these micro-level gains to
project a significant, system-wide increase in production
plan compliance to 88.4%. The statistical analysis further
reinforces these conclusions; the non-overlapping 95%
confidence intervals for daily production, together with
the paired t-test results, provide robust evidence that the
observed increase in throughput is a direct and reliable
outcome of the implemented Lean initiatives.

When placed in the context of existing literature, these
results align with the expected benefits of SMED and
Standardized Work. For example, a prior study reported
a 34% reduction in changeover time in European food
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TABLE III
POST-SIMULATION RESULTS

Component Indicator ASS TO-BE Qbtained by
Main problem Production plan compliance 81% 90% 88.4%
Problem 1 Ink changeover time 7.34 min 6.00 min 5.85min
Problem 2 Bottle transfer time 21.7 min 11.6 min 16.4 min
Component Indicator AS-IS TO-BE C;?;:?LT;?O?]V
Problem 3 Bottles produced (per shift) 4,086 units 4,320 units 4,596 units
Problem 4 Setup changeover time 60.1 min 15 min 48.7 min

manufacturing using SMED, whereas this study achieved
a 20% reduction [8]. Although this improvement is more
modest, it remains substantial, particularly given the
minimal resource investment required for implementation.
These findings indicate that even scaled-down Lean initia-
tives can yield meaningful performance gains. Similarly, the
observed improvements in operational rhythm and task
coordination are consistent with other studies reporting
reduced cycle times following the application of standard-
ized routines in packaging lines.

Ultimately, this alignment with academic evidence
reinforces the validity of applying these Lean tools within
small- to medium-sized food production environments.
Although the magnitude of improvement may vary
depending on scale and available resources, the direction
of the impact remains consistently positive. The study
bridges the gap between a specific operational problem
and a validated, generalizable solution, demonstrating that
SMED and Standardized Work are not merely theoretical
constructs but practical tools for achieving measurable
performance gains.

Beyond the immediate improvements, sustainability of
the interventions must be ensured. A plan of continuous
monitoring was proposed, including internal audits, weekly
KPI reviews, and visual reports for supervisors. Operator
training and the consistent use of standardized checklists
were emphasized as mechanisms to foster discipline and
reduce resistance to change. This not only supports the
durability of the improvements but also strengthens orga-
nizational culture by embedding Lean practices into daily
routines. These measures are expected to maintain produc-
tion plan compliance over time and foster a continuous
improvement mindset across the workforce.

A. Sustainability and Long-Term Maintainability Plan

We propose a quarterly sustainment cadence with layered
process audits (LPA) emphasizing adherence to Standardized
Work, changeover preparation, and safety and quality
checks. A tiered metric dashboard will track: (a) production
plan compliance (daily%), (b) setup/changeover time (min

per event), (c) unplanned downtime (min per shift), (d) first-
pass yield (%), and (e) output per shift (boxes).

Ownership is assigned at three levels: operators (daily
checklists and andon triggers), supervisors (weekly gemba
reviews and skills-matrix upkeep), and the continuous
improvement/industrial engineering team (monthly vari-
ance analysis, corrective actions, and refresher training).

Capability building follows a training-within-industry
(TWI) approach—job breakdown sheets for critical tasks,
micro-learning modules delivered on shift, and quarterly
recertification on SMED roles and Standardized Work.
Culture reinforcement includes visual controls at the line,
public KPI boards, and recognition for teams sustaining
compliance above target for three consecutive months.

V. CONCLUSIONS

The study contributes to the literature by providing
causal evidence—via matched replications and a paired
design—on the integrated effect of SMED and Standardized
Work on plan compliance in the edible-oil sector within
Latin America.

For practitioners, the following improvement
sequence is recommended: (1) externalize setup tasks
using a pre-changeover checklist; (2) co-locate tools and
format parts at the point of use; (3) define role-based
Standardized Work with clear staffing levels; and (4)
establishasustainmentsystemincorporating LPAs, KPIvisua-
lization, and skills-matrix-driven training.

Future research may examine the generalizability of
these findings across different product types and viscosity
ranges, investigate interactions with Total Productive
Maintenance and quick-response maintenance, and
compare discrete-event simulation with digital twin
approaches to better capture dynamic scheduling and
multi-line coordination.

The simultaneous implementation of SMED and
Standardized Work proved effective in significantly
improving production plan compliance at the company.
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The compliance rate increased from 81% to 88.4%, bringing
performance closer to industry benchmarks. These results
indicate that the Lean tools not only addressed operational
inefficiencies but also enhanced the reliability and consis-
tency of the production process.

In addition, the proposed improvements produced
measurable gains in key performance indicators. Format
changeover (setup) time was reduced by 19%, decreasing
from 60.1 to 48.7 min, while bottle transport time declined
by 24.4%, from 21.7 to 16.4 min. Moreover, production
per shift increased by 12.5%, reaching 4,596 bottles.
These results confirm the effectiveness of SMED and
Standardized Work in enhancing operational efficiency and
boosting productivity in mass-consumption manufacturing
environments.

The simultaneous implementation of SMED and
Standardized Work proved effective in significantly
improving production plan compliance at the company.
The compliance rate increased from 81% to 88.4%, bringing
performance closer to industry benchmarks. These results
indicate that the Lean tools not only addressed operational
inefficiencies but also enhanced the reliability and consis-
tency of the production process.

In addition, the proposed improvements had a tangible
impact on key performance indicators. Format changeover
(setup) time was reduced by 19%, decreasing from 60.1 to
48.7 min, while bottle transport time declined by 24.4%,
from 21.7 to 16.4 min. Furthermore, the production per shift
increased by 12.5%, reaching 4,596 bottles. These results
confirm the effectiveness of SMED and Standardized Work
in optimizing operational efficiency and boosting produc-
tivity in mass-consumption manufacturing environments.
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ABSTRACT-The use of safety helmets is a critical
measure for protecting construction workers; however,
noncompliance remains a recurrent and high-risk issue.
This paper presents a real-time computer vision system
for helmet detection based on the YOLOv5s algorithm. The
model was trained on more than 7 000 annotated images
and deployed through a lightweight, scalable pipeline.
Experimental results achieved a mean Average Precision
(mAP at 0.5) of 91.9% and an optimal F1-score of 0.89 at
a confidence threshold of 0.41, with an inference speed of
110 FPS. These findings demonstrate the system’s effec-
tiveness under real-world conditions, providing accurate
and fast detection suitable for on-site safety monitoring
and contributing to improved compliance in construction
environments.

Index Terms—Computer vision, convolutional neural networks,
deep learning, object detection, safety systems.

I. INTRODUCTION

According to 2020 data from the U.S. construction industry,
the sector accounted for 21.2% of all occupational fatali-
ties (1008 deaths) while representing only 4.1% of the total
workforce, indicating that construction workers were 5.57
times more likely to die on the job than workers in other
sectors [1]. In the same year, head injuries accounted for
nearly 6% of nonfatal injuries resulting in days away from
work [2]. These statistics highlight a critical safety gap,
underscoring the importance of proper head protection—
such as helmet use—in reducing the risk of severe injury.

According to 2021 U.S. data, the construction sector
accounted for 25% of all occupational head injuries, making
it the leading contributor to work-related traumatic brain
injuries (TBIs) [3]. Falls on construction sites represented
68% of TBI cases, with falling objects contributing an addi-
tional 12% [3]. This underscores that safety helmets are not
merely PPE but a critical barrier against severe injuries in
high-risk occupational settings.

Several computer vision approaches have been proposed
to address this issue. Hayat and Morgado-Dias [4] applied
YOLOvV5x to helmet detection, achieving a mean Average
Precision (mAP) of 92.44% at 45 FPS, demonstrating robust
performance even under low-light environments. Qian and
Wang [5] introduced SHDet, a lightweight YOLOv5-based
variant optimized through reverse attention and inverted
residual blocks, which achieved 92.2% mAP with an infer-
ence time of only 3 ms per image, particularly suitable
for embedded systems. An et al. [6] further improved You
Only Look Once, version 5—small variant (YOLOV5s) by
incorporating global attention, CBAM modules, and SIoU
loss, achieving superior accuracy and speed compared to
YOLOvV3-v6. Li et al. [7] used convolutional neural networks
in engineering contexts, reporting nearly 90% precision and
over 85% recall, however, real-time deployment was not
evaluated.

Previous research underscores the promise of deep
learning techniques to enhance occupational safety;
however, challenges remain regarding scalability, inference
efficiency, and practical integration.

In response to this gap, this study proposes a real-time
computer vision system for helmet compliance monitoring
on construction sites, implemented using YOLOvS5s. The
main contribution is the demonstration of competitive
detection accuracy with significantly higher inference speed
on accessible hardware, enabling scalable deployment and
supporting the enhancement of safety culture in construc-
tion environments.

II. METHODOLOGY

A. YOLOvS5s Algorithm

Multiple studies indicate that YOLOvSs has evolved
significantly from earlier versions, distinguishing itself
through high inference speed and strong accuracy in real-
time object detection [8].
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Introduced by Ultralytics in 2020, YOLOVS employs an START

architecture based on CSPDarknet (Cross Stage Partial, an
enhanced Darknet backbone) and incorporates advanced

Use adaptive image scaling

techniques such as Mosaic Augmentation—a data augmen- to a specified size

tation strategy that combines four training images into one, v

improving recognition across different scales and object

positions. The main steps of the YOLO detection process

are summarized in the flowchart shown in Fig. 1, which v v
illustrates the pipeline from image scaling through bound- Predicted target Predict the category
ing-box prediction, confidence thresholding, and final bounding box of the target
output after non-maximum suppression. l ¢ l

B. Dataset Confidence

rating method

Preliminary adjustments were conducted on a small
set of 45 images; however, the final training and validation
were performed using an expanded dataset of 7,542 anno-
tated images. This larger dataset ensured reliable detection
of helmet use across diverse construction site conditions

No

Whether the threshold is met?

A

and scenarios. Non-maximum Give up
This approach enables evaluation of the system’s validity SUppression bounding box
and effectiveness under real-world situations, ensuring a high ¢
level of accuracy and reliability in safety helmet detection. Output the target bounding box
Annotating the target type and
The dataset used in this study was obtained from the confidence score
Roboflow platform [9], a widely used tool for dataset manage- <

ment and preprocessing in computer vision applications. END

In this case, the YOLOv5-Hard Hat Detection Computer
Vision Project was used, which includes two dataset Fig. 1. Flowchart of the YOLOVS5 algorithm.
versions comprising a total of 7,542 images depicting indi-
viduals with and without construction helmets.

These images were annotated by the dataset creator
with two classes labeled hat and person.

7542 Total Images

For system development, the second version of the
Roboflow dataset was selected, as shown in Fig. 2; it
contains annotated images of individuals with and without
safety helmets.

Examples of the labeling process are illustrated in Fig. 3,
where bounding boxes identify workers in construction
scenes. The dataset defines two original classes, hat and
person, as illustrated in Figs. 4 and 5). For this study, these Fig. 2. Dataset used from Roboflow platform.
classes were relabeled as protected (helmet worn) and at risk
(no helmet) to align with the project’s objectives.

C. System Design

Fig. 6 illustrates the overall workflow of the system,
encompassing dataset preparation, model training, and
real-time deployment.

The pipeline begins with the acquisition of training
images, which undergo preprocessing steps such as normal-
ization and resizing to enhance YOLOvV5 model learning.
The processed dataset is then used to train the network, B
enabling reliable identification of helmet use across diverse
construction-site conditions.

No Tags Applied

Fig. 3. Visualization of a labeled image.
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Fig. 4. Visualization of the hat class.
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Fig. 5. Visualization of the person class.
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Fig. 6.

TABLE 1
DISTRIBUTION OF IMAGES IN THE DATASET

Subset Number of images
Training 4,568
Validation 2,296
Testing 678
Total 7,542

After the training phase concludes, the workflow
advances to real-time deployment. As shown in Fig. 7,
images acquired from cameras or video streams undergo
the same normalization steps before being analyzed by the
trained model.

The system then interprets the detections, distinguishing
between individuals with proper helmet use and those
without protection, while also enabling personnel counting.
In this way, the system not only identifies compliance but
also highlights potential risks. The final stage generates
outputs that support safety monitoring by providing accurate
and timely information on helmet usage at construction sites.

D. Training Setup

The dataset used in this study was obtained from
the Roboflow platform (YOLOv5 Hard Hat Detection v2),
containing annotated images of individuals with and
without safety helmets.

Block diagram of the proposed system.

TABLE II
TRAINING CONFIGURATION PARAMETERS

Subset Number of images
Input resolution 640 x 640
Batch size 16
Number of epochs 50
Initial weights yolov5s.pt

Configuration file dataset.yaml

For the purposes of this research, the classes were rela-
beled as protected (helmet worn) and at risk (no helmet).
Table 1 summarizes the number of images assigned to
training, validation, and testing.

To enhance generalization, preprocessing included
resizing all images to 640 x 640 pixels, normalization, and
data augmentation (horizontal flips and brightness and
contrast adjustments).

The system was implemented using the YOLOv5s model,
which is well recognized for its efficiency in real-time object
detection. Training was conducted in Google Colab, while
deployment and testing were performed in Visual Studio
Code. The experimental environment consisted of a laptop
equipped with an AMD Ryzen 7 7435HS processor, 24 GB
of RAM, an NVIDIA GeForce RTX 4060 GPU, and a 512 GB
solid-state drive.

Table II details the key training parameters used in this
work.
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Fig. 7. Flowchart of the proposed system.

E. Metrics

The effectiveness of the proposed system was evaluated
using standard object-detection metrics. Precision quanti-
fied the proportion of correct positive detections, whereas
recall indicated the model’s ability to identify all relevant
instances. Their harmonic mean, expressed as the F1-score,
served as a comprehensive metric balancing both aspects of
detection quality.

A confusion matrix was also employed to visualize
prediction outcomes, distinguishing correct classifica-
tions from recurrent errors and thereby helping to identify
misclassification trends between the protected and at risk
categories.

Furthermore, the precision-recall curve was analyzed
to examine how sensitivity and specificity varied across
different decision thresholds, offering additional insight into
model robustness. Finally, training and validation statistics
were tracked across epochs to verify stable convergence
and to assess the model’s generalization performance on
unseen samples.

F. Scope and Limitations

The proposed system demonstrates strong perfor-
mance in differentiating between individuals who comply
with helmet regulations and those who do not, even under
diverse environmental and lighting conditions. Its flexi-
bility supports deployment in both indoor and outdoor
construction areas, and the architecture is scalable, enabling
integration with multiple cameras across large sites to
achieve comprehensive coverage.

Moreover, the model can be retrained and incremen-
tally updated with new data, enhancing its adaptability to
different contexts and improving long-term robustness.

Confusion Matrix

B
o
£

Predicted

o
g 0.08 008
L
Y - 0
Protected True risk Background
Fig. 8 Confusion matrix.

Despite these advantages, some challenges remain.
False positives and false negatives may still occur, particu-
larly when helmets are partially occluded or when visually
similar objects are present.

Although YOLOVS5s is considered lightweight compared
to larger architectures, real-time deployment still requires
adequate GPU resources, which may increase hardware
costs. In addition, system accuracy may degrade under
extreme lighting conditions—such as heavy shadows or
excessive brightness—highlighting the need for further
robustness improvements in uncontrolled environments.

III. RESULTS

A. Confusion Matrix

As shown in Fig. 8, the confusion matrix evaluates
the safety-helmet detection model across three classes:
protected, at risk, and background.

For the protected class, the model correctly identifies 89%
of instances, with 2% being misclassified as at risk and 9%
as background. The at risk class achieves the highest accu-
racy, with 92% of cases correctly detected, whereas 2% are
misclassified as protected and 8% as background.

Finally, the background class exhibits greater confusion,
with 95% accuracy; however, 5% of samples are misclassified
as protected or at risk.

Overall, the confusion matrix indicates strong perfor-
mance in distinguishing between the critical safety-related
categories (protected and at risk), which are the most relevant
for monitoring compliance in construction environments.

The slightly lower precision for the background class
suggests that additional training data or refined annotations
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could help reduce false detections in nonrelevant regions.
Despite this limitation, the results confirm the models suit-
ability for real-time safety helmet detection and compliance
monitoring at construction sites.

Fig. 9 illustrates how the F1-score varies with the confi-
dence threshold for both the protected and at risk categories.
At low confidence thresholds, the curves start at high
values, reflecting strong initial detection capability.

The F1-score is defined as the harmonic mean of preci-
sion (P) and recall (R), as expressed in (1):

F1=2 X ﬁi’; 1)

where P denotes the ratio of correctly detected positive
samples to the total predicted positives, and R represents
the ratio of correctly detected positives to the total actual
positives.

As the threshold increases, the Fl-scores gradually
decline, with a more pronounced drop observed for the at
risk class once the value exceeds 0.6. Global performance,
indicated by the blue curve, peaked at a F1-score of 0.89
when the confidence threshold was set to 0.435.

This value indicates the most favorable trade-off
between precision and recall, ensuring reliable detection
of individuals wearing helmets. These results highlight
the importance of selecting an appropriate threshold to
maximize the effectiveness of the system in real-world safe-
ty-monitoring applications.

As illustrated in Fig. 10, the precision-recall relationship
is shown for the classes protected (helmet worn) and at risk
(no helmet). The horizontal axis represents recall, while the
vertical axis indicates precision, both ranging from 0 to 1.

The curve corresponding to the protected class reached a
precision of 0.931, whereas the at risk class achieved 0.907.
This result suggests that the model performs slightly better
in identifying individuals wearing helmets than in detecting
those at risk.

The overall mAP@0.5 score of 0.919 confirms a strong
trade-off between precision and recall across classes,
underscoring the robustness and general effectiveness of
the YOLOvVSs-based detection system for construction site
monitoring.

Fig. 11 summarizes the evolution of key loss functions
and evaluation metrics during the training and validation of
the YOLOVS5s model.

The box_loss for both training and validation decreased
steadily across epochs, indicating a continuous improvement
in bounding-box localization. Similarly, the obj_loss followed
a downward trend, reflecting the model’s increasing ability to
identify the presence of objects. The cls_loss exhibited a sharp
decline in the early epochs and stabilized near zero, which
denotes enhanced accuracy in classifying detected objects.

B. F1Score
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Fig. 10. Precision-recall curve.

D. Training and Validation Metrics
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Fig. 11. Results of training and validation metrics.
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Regarding performance indicators, both precision and
recall improved progressively during training, reaching
values close to 0.9. This trend confirms that the model
became increasingly effective at producing correct detec-
tions while minimizing missed instances.

Furthermore, the mAP at an Intersection over Union
(IoU) threshold of 0.5, as well as the mAP computed over the
0.5-0.95 range, increased consistently across training epochs.

These results demonstrate robust detection capability
and strong generalization, underscoring the reliability of the
trained YOLOvSs model in diverse operational scenarios.

E. System Demonstration

During the demonstration stage, the trained YOLOVS5s
model was deployed and evaluated under different real-
world conditions. Validation included both video-based
experiments—comprising one benchmark video and three
recordings from active construction sites—and real-time
testing with a webcam. These scenarios encompassed visitor
entry, ongoing building activities, and worker assemblies,
providing a representative sample of common construction
site situations.

The deployment was carried out on a workstation
equipped with an NVIDIA RTX 4060 GPU, achieving an
average inference speed of 110 FPS. This ensured that the
model remained resident in memory throughout the detec-
tion process, minimizing latency and enabling seamless
real-time monitoring.

Figs. 12-15 illustrate representative frames captured
during the demonstration phase, confirming the model’s
capability to reliably distinguish between protected and
at-risk individuals, labeled in Spanish as protegido (shown
in green) and riesgo (shown in red) under operational
conditions. These results validate the system’s suitability
for live helmet compliance monitoring in construction
environments.

For reproducibility and further development, the source
code and implementation details of the proposed system
are publicly available in a GitHub repository [10]. This
allows interested researchers and developers to replicate
the experiments, extend the work, or adapt the prototype
to related applications.

IV. DISCUSSIONS

Compared to previous studies, this work demonstrates
a tangible advancement in the detection of safety helmets
within construction environments. Table III provides a
comparative overview of key works in the field.

Hayat and Morgado-Dias [4] achieved 92.44% mAP

with YOLOv5x but reported only 45 FPS, while our lighter
YOLOv5s model reached a comparable 91.9% with more

(EB it Detacton System - YOLOWSS

Fig. 15. Detection of at-risk workers.
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than twice the processing speed (110 FPS). Qian and Wang
[5] developed SHDet, optimized for embedded devices,
reporting 92.2% mAP with extremely low inference time.
An et al. [6] enhanced YOLOvV5s with attention mechanisms,
surpassing 93% mAP but at a higher computational cost. Li
et al. [7] applied CNNs for helmet detection, showing good
accuracy (~90%) but without validation under real-time
conditions.

Unlike previous studies that focused primarily on accu-
racy improvements or embedded deployment, the novelty
of this work lies in demonstrating that a standard YOLOv5s
model, trained with a publicly available dataset, can achieve
competitive accuracy while sustaining real-time inference at
110 FPS on accessible hardware. This highlights that reli-
able helmet compliance monitoring does not necessarily
require complex model redesigns or high-end computing
infrastructure, but can be deployed effectively using light-
weight, scalable solutions.

Overall, our findings confirm that near state-of-the-art
accuracy can be achieved with YOLOv5s while deliv-
ering superior inference speed on accessible hardware.
Nevertheless, some limitations remain: false positives
may occur when helmets are partially occluded or visually
similar objects appear, and performance can degrade under
extreme lighting or low-resolution inputs. Future work will
evaluate newer architectures such as YOLOv8 or RT-DETR
to determine whether accuracy gains can be achieved
without sacrificing real-time performance.

In summary, this study provides a robust and efficient
solution for real-time helmet compliance monitoring,
striking a practical balance between detection accuracy,
speed, and deployment feasibility.

V. CONCLUSION

This work presented a computer vision system for
helmet compliance detection on construction sites using
the YOLOVS5s algorithm. The results demonstrated that the
model provides accurate, real-time monitoring while main-
taining high inference speed, making it a practical solution
for improving occupational safety and reducing accident
risks. By automating the supervision process, the system
enhances regulatory compliance and alleviates the need for
continuous manual oversight, contributing to more efficient
site management.

The main contribution of this study is the demonstration
that YOLOVSs can deliver both high detection accuracy and
real-time performance on widely available hardware, offering
a cost-effective and scalable alternative for construction site
safety monitoring.

Future research will focus on extending detection capa-
bilities to additional personal protective equipment such
as vests, goggles, and gloves, thus broadening its safety
coverage. Furthermore, the system will be tested under

TABLE III

COMPARISON OF RELATED STUDIES ON SAFETY
HELMET DETECTION

Study Model mAP@0.5 FPS
Hayat and Morgado-Dias [4] YOLOvV5x 92.44% 45
Qian and Wang [5] SHDet 92.2% -
An et al. [6] YOLOv5s+ 93.5% 70
Lietal [7] CNN-based ~90% -
This work (2025) YOLOv5s 91.9% 110

challenging environmental conditions, including low-light
and adverse weather scenarios, to validate robustness.
Integration with CCTV infrastructures and IoT-based alert
mechanisms is also envisioned to support large-scale, real-
world deployments.
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ABSTRACT-This article addresses the problem of deli-
very delays in a Peruvian chemical sector company, where
traditional logistics operations and a low level of digita-
lization have resulted in economic penalties equivalent
to 17.14% of its annual sales. Based on a functional and
economic diagnosis, the main root causes identified were
errors in materials forecasting, product deterioration,
and warehouse layout disorganization. To address this
issue, an improvement model was designed using Supply
Chain Management (SCM) tools, integrating ABC analy-
sis, the Odoo inventory management system, slotting,
and demand forecasting. Validation using simulation and
performance indicator analysis demonstrated substan-
tial improvements, with the service level increasing from
59% to 92%, picking time reduced by 91%, and economic
penalties decreasing by 83%. Furthermore, the warehou-
se layout redesign led to improved internal flows, reduced
unnecessary travel, and more efficient use of storage space.
In addition, weekly quality controls were incorpora-
ted, together with a barcode-based traceability system
for real-time tracking of inventory inflows and outflows.
These results confirm the effectiveness of the proposed
model and provide applied evidence to optimize logistics
processes in medium-sized companies in the chemical
sector, contributing to the achievement of Sustainable
Development Goals (SDGs) 8, 9, 12, and 13 through a low-
cost, highly applicable, and potentially replicable solution
in other logistics environments.

Index Terms—ABC classification, demand forecasting, inventory
management, logistics, slotting.

I. INTRODUCTION

The chemical sector in Peru represents a key link in the
manufacturing industry, contributing around 1.3% to
national GDP and 10% to manufacturing GDP. However, its

evolution has been irregular in recent decades, conditioned
by high dependence on imported inputs, low levels of tech-
nological investment, and stringent regulatory standards
that increase operational complexity. In addition, growing
market pressure demands improvements in efficiency,
reductions in logistics costs, and faster responses to the
specific requirements of strategic sectors such as mining,
construction, and agribusiness.

Within this context, medium-sized companies in the
sector encounter logistical difficulties stemming from
manual operations, limited digitalization, and inadequate
responsiveness to demand fluctuations.

Several studies and organizations, including the
National Institute of Statistics and Informatics (INEI)
and the National Society of Industries (SNI), have identi-
fied delivery time delays as one of the main problems in
the sector. These delays are attributed to factors such as
errors in demand planning, warehouse disorganization,
and a lack of inventory traceability. At the international
level, the scientific literature has explored solutions to
these challenges through the application of Supply Chain
Management (SCM) tools, highlighting techniques such as
ABC analysis, slotting, demand forecasting, and the integra-
tion of digital management systems.

Nevertheless, notwithstanding the progress achieved in
logistics management, the chemical sector continues to be
insufficiently addressed in applied logistics studies, espe-
cially in the case of firms engaged in the commercialization
of chemical inputs. According to [1], academic research
has not yet delved deeply into SCM in this segment, while
[2] and [3] highlight specific challenges related to storage,
digitalization, and regulatory compliance. The scarcity of
applied studies in this area emphasizes the relevance of this
work, as it provides empirical evidence and an improve-
ment model adapted to the operational reality of companies
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Fig. 1. Operational sequence of order management in the warehouse.

engaged in the commercialization of chemical inputs, thus
contributing to narrowing the identified knowledge gap.

The company under study, dedicated to marketing
specialized chemical products mainly for the mining sector,
has an annual average on-time delivery (OTD) rate of only
74.5%, significantly below the sector benchmark of 95% [4].
In addition, the company has incurred economic penalties
amounting to 17.14% of its annual turnover, equivalent
to USD 328,600, as a result of delivery delays. The main
causes identified include errors in demand forecasting,
product deterioration resulting from inadequate storage
conditions, and disorganization of the warehouse layout,
which significantly increases the time required to locate
and prepare orders. These deficiencies not only result in
financial losses but also impact the company’s reputa-
tion with its corporate clients, who demand high levels of
contractual compliance.

The main objective of this study is to design and vali-
date an improvement model that reduces delivery times
through the implementation of SCM tools. The hypothesis
posits that the integration of ABC analysis, an inventory
management system, slotting strategies, and demand fore-
casting techniques will improve the service level, optimize
logistics processes, and reduce penalty-related costs. In
addition, the intervention is expected to enhance inven-
tory movement traceability, improve operational control,
and provide greater visibility into product status at each
stage of the logistics process, thereby promoting more
efficient management aligned with business environment
requirements.

The relevance of this research lies in its contribution of
empirical, actionable evidence to the logistics operations of
medium-sized companies in the chemical sector, supporting
operational efficiency, economic and environmental sustain-
ability, and the achievement of SDGs 8, 9, 12, and 13.

II. METHODOLOGY

The methodology adopted in this research is applied
in nature, with a descriptive-explanatory scope and a
quantitative approach. The study was structured into four
phases—diagnosis, design, implementation, and valida-
tion—under a systematic framework aimed at improving
the logistics processes of a company in the chemical sector.
Throughout the development, the objective was not only
to describe the current situation and its main problems,
but also to explain their underlying operational causes and
propose concrete and feasible solutions. This is consistent
with the approach presented in [5], where the combination
of Lean and Six Sigma methodologies within supply chain
processes can effectively address complex operational prob-
lems and improve overall performance.

The research focused specifically on the company’s
internal logistics process, with particular emphasis on
warehouse management and the order fulfillment stage,
as these areas exhibited the primary operational ineffi-
ciencies and customer service delays. These shortcomings
impacted not only the response time, but also inventory
control, interdepartmental coordination, and product trace-
ability. Accordingly, the current flow of activities—from
order receipt to dispatch readiness—was mapped to identify
critical improvement points. This flow is shown in Fig. 1,
which details the operational sequence of warehouse order
management.

During the diagnosis phase, historical data were
collected from the company’s internal records, and current
information was gathered using Excel recording formats,
in which operational staff recorded product entry and
exit times, delays causes, and associated penalties. This
approach enabled the creation of a structured, organized,
and comparable database for both quantitative and quali-
tative analysis.
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Fig. 2. Root cause problem tree - tools.

To identify the primary causes of delivery delays, clas-
sical root cause analysis tools were applied, such as the
Ishikawa diagram, Pareto chart, and interviews with key
personnel involved in daily logistics operations. These tools
facilitated a comprehensive view of the process and allowed
for the comparison of quantitative data with the team’s
practical experience. Through these tools, several crit-
ical factors were identified, including demand forecasting
errors, product deterioration, inadequate warehouse layout
design due to poor location criteria, inventory recording
errors, and limited product accessibility.

In addition, a systematic literature was reviewed
applying the PRISMA method, with the aim of identifying
relevant approaches, tools, and results in previous studies
related to logistics management.

Based on the systematic literature review, the empir-
ical findings were contrasted with approaches previously
applied in related studies, thereby providing conceptual
support for the selection of the most appropriate tools and
methodologies to address the logistical problems identified
in the company. This contrast not only enriched the analysis
but also provided a solid foundation for the construction of
the problem tree, a tool that enabled the clear and struc-
tured organization of the main logistics process deficiencies,
along with their root causes and consequences. This visual
representation enabled the prioritization of critical aspects
and guided the design of improvement proposals aligned
with the actual needs of the analyzed operational context.

The case company faces significant challenges related
to delivery delays, as evidenced by a low on-time delivery
(OTD) level. This indicator was calculated using the
following formula:

OTD (%) = (Number of orders delivered on time) x 100 1)
Total number of orders

According to analyzed data, the current OTD rate is only
74.43%, representing a gap of 20.57 percentage points rela-
tive to the 95% compliance standard established in [4]. This
discrepancy indicates a significant deficiency in the compa-
ny’s logistics performance and underscores the need for
targeted interventions to enhance responsiveness.

The total economic impact is estimated at USD
410,790.00, equivalent to 21.42% of total sales, with penal-
ties accounting for approximately 17% of turnover, while
the remaining proportion corresponds to other logistics-re-
lated costs.

As shown in Fig. 2, the primary causes identified are
stockouts (62%) and prolonged picking and packing times
(38%), highlighting the need for improvements in ware-
house management and infrastructure.

More specifically, within the 62% attributed to stock-
outs, 30% is associated with purchase forecasting failures,
27% with the presence of damaged products, and 5% with
inventory recording errors or internal communication
failures. This distribution reflects not only limitations in
physical inventory control but also deficiencies in planning
processes and information capture.

Likewise, within the 38% attributed to picking and
packing activities, 20% is explained by space occupied by
obsolete products and 18% by inefficient item accessibility,
indicating a poorly optimized layout design and an ineffi-
cient distribution that increases personnel travel times.

This situation is illustrated in Fig. 3, which shows the
disorganized warehouse layout. The image depicts poor
stacking practices and inefficient use of vertical space,
which not only compromise safety but also hinder rapid
access to products and increase the time required to locate
and handle materials. These deficiencies reinforce the need
for a structured and optimized storage system as part of the
improvement model proposed.



IV Congreso Internacional de Ingenieria Industrial 2025

As an improvement proposal, a conceptual model
consisting of four integrated components was designed to
optimize logistics management and reduce idle time in the
warehouse.

The first component is ABC analysis, a technique that
classifies products according to their turnover and strategic
importance. This categorization facilitates inventory reor-
ganization by freeing up space, optimizing picking routes,
and concentrating resources on the most impactful items
within the logistics operation. Moreover, ABC analysis not
only enhances warehouse management but also maximizes
space utilization, streamlines workflows, and contributes to
the reduction of operating costs, making it a fundamental
tool for achieving efficiency in logistics environments [6].

The second component corresponds to the inven-
tory management system, implemented using Odoo as an
Enterprise Resource Planning (ERP) platform, in which the
Warehouse Management System (WMS) module is inte-
grated along with reorder point-based purchasing policies.
Combined, these functionalities enable digitalized opera-
tions, ensure more efficient warehouse management, and
optimize supply processes.

In its role as a WMS module, Odoo incorporates a
recording and virtual mapping system that enables real-
time tracking of inventory inflows and outflows through
barcode technology. Likewise, as an ERP platform, it directly
links the sales and warehouse modules, automating order
management and ensuring seamless interdepartmental
coordination.

This strengthens product traceability, optimizes space
utilization, and reduces risks associated with losses due to
deterioration or obsolescence. Consequently, higher record
accuracy is achieved, human errors are minimized, and
inventory turnover becomes more agile and controlled, as
reported in recent studies on ERP integration and sustain-
ability [7].

Additionally, reorder point-based purchasing policies
enable the establishment of minimum inventory thresh-
olds per product, triggering replenishment processes when
stock levels fall below these limits. This logic prevents
stockouts and ensures that inventory levels remain within
safe ranges, especially for high-turnover products. Likewise,
it is complemented by periodic quality control activities,
conducted weekly for three hours, aimed at detecting dete-
riorated products before they enter the logistics chain.

Finally, the choice of Odoo as the ERP platform is
justified not only by its real-time integration and automa-
tion capabilities but also by its open-source nature, which
makes it an accessible alternative for companies with
limited resources. The implementation of open-source ERP
systems, such as Odoo, has been shown to enhance organi-
zational performance, underscoring their value as effective
and cost-efficient solutions for optimizing logistics and
operational processes across diverse business contexts [7].

> - == 3
Fig. 3. Inefficient stacking and poor space
utilization in the warehouse.

The third component is the slotting technique aimed
at reorganizing the physical arrangement of products in
the warehouse to reduce personnel physical workload and
travel times. In this reorganization, no individual product
was examined; instead, the previously established ABC clas-
sification was used as a basis, grouping products according
to their turnover and strategic impact. This approach
enabled the redesign of the warehouse layout by placing
high-turnover products (category A) in fast-access zones
near the dispatch areas, while lower-frequency products
(categories B and C) were allocated to less prioritized areas.
In this way, operator routes were optimized, picking travel
time was reduced, and a logical and functional space distri-
bution was achieved without the need for complex or costly
solutions. In low-digitalization logistics environments,
techniques such as slotting have demonstrated an imme-
diate impact by strategically assigning products within the
warehouse to maximize space utilization, streamline mate-
rial flows, reduce operational costs, and ensure traceability
from the outset [8].

Finally, the fourth component integrates slotting with
demand forecasting, using a demand forecasting through
a linear regression-based forecasting model, enabling the
anticipation of future demand, the prevention of stock-
outs, and the support of strategic decisions related to
layout design and inventory replenishment. Moreover,
within the Peruvian context, studies have demonstrated
that the integration of statistical forecasting methods—such
as Holt-Winters and SARIMA—with the economic order
quantity (EOQ) model and safety stock policies can yield
highly favorable results. This combination resulted in a 75%
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Fig. 4. Conceptual model.

reduction in stockouts, achieving a Net Present Value (NPV)
of USD 9.031, an Internal Rate of Return (IRR) of 92%, and a
payback period of only 59 days [9]. These results support the
effectiveness of the integrated planning and replenishment
models proposed in this study, reinforcing their applicability
in resource-constrained environments with high operational
efficiency requirements.

Together, these four elements complement each other
to increase operational efficiency, reduce logistics costs,
and guarantee a continuous product flow within the ware-
house, as shown in Fig. 4. Their selection is warranted by
their low cost, rapid implementation, and high applicability
in low-digitalization logistics environments, positioning
them as a practical and effective solution for medium-sized
companies. Furthermore, it is acknowledged that although
many companies implement ERP systems to streamline
their operations, these systems can fail to integrate sustain-
ability metrics throughout all processes. In this regard,
the proposal presented in [7], based on Transaction Cost
Theory, is particularly relevant, as it enables the quantifi-
cation of both sustainability probabilities and potential
losses by modeling processes as input-output systems, thus
providing an analytical framework that complements and
strengthens the logic of the implemented model.

Additionally, regulatory guidelines related to occu-
pational health and safety in logistics operations were
considered during the model design. In particular, the
provisions of 29 CFR 1910.120 issued by the United States
Department of Labor were taken into account, as they
require employers to develop and implement a written
safety and health program that enables the identification,
evaluation, and control of risks, as well as the inclusion of
emergency response procedures [10].

Likewise, Clause 6.1.2 of the ISO 45001 standard
requires the proactive identification of workplace hazards,

along with the assessment of associated risks and oppor-
tunities, to promote a safer environment and improve
the performance of the occupational health and safety
management system [11]. Complementarily, under Clause
8.2 of the same standard, organizations must establish,
implement, and maintain procedures to identify potential
emergency situations, such as fires or chemical spills, and
ensure active planning, training, regular drills, and contin-
uous improvement of emergency response [12].

At the national level, these requirements are comple-
mented by Law No. 29783, which mandates companies
to adopt occupational risk prevention systems, strength-
ening preventive management through warehouse
reorganization, reduction of workers’ physical strain, and
improvement in chemical product traceability [13].

Likewise, Law No. 30222 reinforces this regulatory
framework by introducing provisions on sanctions and
oversight in occupational health and safety management,
which is particularly relevant for activities involving the
handling of chemical substances [14].

These regulatory frameworks provided a foundation
to ensure that the proposed improvements not only opti-
mize processes but also maintain safe operating conditions
in compliance with current regulations for the personnel
involved.

For the implementation phase, a proposed layout was
designed, as illustrated in Fig. 5, with the objective of reorga-
nizing storage space by incorporating racks and designated
areas for products classified according to the ABC analysis.
This redistribution aimed to reduce travel distances, opti-
mize product accessibility, and decrease picking times. The
layout design was initially validated through a pilot test
conducted on 15 selected products, proportionally distrib-
uted among Categories A, B, and C according to their share
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of annual sales, to ensure the representativeness of prod-
ucts with the greatest impact on logistics operations.

Additionally, qualitative observations from operational
staff were collected regarding accessibility, safety, and
signage clarity, to adapt the layout to the actual conditions
of the warehouse. This process enabled the verification of
the operational feasibility of the proposed changes and
allowed adjustments prior to full implementation.

In the validation phase, the unit of analysis was the
orders managed by the logistics area, considering their
processing times and operational incidents. A sample of
357 orders was selected using stratified sampling from the
total orders recorded in 2023, ensuring the representative-
ness of Categories A, B, and C as defined by the ABC analysis.

Based on this, computer simulation using Arena was
used to model both the current and proposed scenarios,
evaluating indicators such as OTD percentage, picking
times, logistics costs, and penalty amounts.

To ensure statistical robustness, 39 replications per
scenario were carried out, allowing for the analysis of result
variability and supporting the effectiveness of the proposed
improvements. The use of Arena as a validation tool is
supported by previous research [15], where the simulation of
aredesigned truck dispatch layout increased daily throughput
by 36% to 45%, depending on the scenario applied.

This highlights Arena’s usefulness as an effective tool
to evaluate alternative scenarios and support logistics deci-
sions with quantitative evidence.

To guarantee system sustainability, a continuous
improvement module was incorporated, based on statistical
monitoring of demand and variability control, with periodic
layout updates and automated replenishment policies.

In the initial model developed in Arena, the company’s
logistics system was represented using a supply scheme
based on monthly purchases. However, to simulate inven-
tory dynamics more realistically, progressive improvements
were implemented in a second scenario. To realistically
represent the dynamics of the logistics system, stockout
events were modeled using decision blocks, while the
limited inventory capacity available for each product was
represented with specific simulation resources, following
the methodology proposed in Simulation with Arena [16].
In addition, three differentiated processing lines were
established according to the ABC classification, enabling the
application of specific treatments based on turnover levels:
high, medium, or low.

In this new scenario, the possibility of emergency
purchases was also incorporated, activated automatically
in critical stockout situations. Although these purchases
allowed operations to continue, they implied an increase in
logistics costs and generated additional delays in order prepa-
ration, as their arrival could take between one and two days.

To reduce the times associated with picking and stock
validation, the measurements taken during the pilot test

Fig. 5.

Layout of the improvement model.

were used as a reference, in which the impact of the ware-
house reorganization was examined under controlled
conditions.

The redistribution of warehouse space, based on
product rotation and accessibility criteria, enabled a
reduction in staff movements during order preparation,
directly decreasing total process time. In addition, the
digital recording of product inflows and outflows facilitates
verification of available inventory without the need for
continuous physical counts.

This basic digitalization, although still limited, contrib-
uted to streamlining stock validation and enhancing
inventory visibility, demonstrating that even with acces-
sible resources, key warehouse processes can be effectively
optimized.

As a complement, an automatic reordering logic
was implemented, in which each product was assigned
a specific reorder point according to its category (A, B,
or C). When available stock fell below this threshold, the
system automatically generated a purchase order, elimi-
nating dependence on a fixed monthly supply schedule and
enabling more timely and efficient replenishment.

To conclude, a quality control subprocess was inte-
grated, implemented through the failure logic, and executed
weekly for a three-hour period. This mechanism simulated
the possibility that certain products might not meet the
required standards, enabling the identification and isolation
of deteriorated items before their inclusion in the logistics
chain. Thanks to this control, a more accurate and up-to-
date view of inventory availability for order fulfillment was
achieved.
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III. RESULTS

The implementation of the improvement model yielded
positive results across all key indicators. First, the OTD
level increased from 74.5% to 92%, bringing logistics perfor-
mance in line with industry standards. This improvement
is primarily attributed to warehouse reorganization and the
digitalization of inventory control.

Second, the average order preparation time decreased
from 200 to 18 minutes, representing a 91% improvement.
This result was achieved through slotting, which positioned
high-turnover products in accessible areas, and the use of
scanning devices integrated with the Odoo system.

From an economic perspective, annual penalties were
reduced by 83%, from USD 328.600 to less than USD 55.000.
Likewise, logistics costs associated with extra transport
time decreased by 30.9% due to the elimination of urgent
shipments caused by inventory errors.

Table 1 summarizes these results and compares key
indicators before and after the implementation of the
improvement model.

In addition to operational benefits, the model improved
traceability, reduced product deterioration, and strength-
ened logistics sustainability. The integration of real-time
data and automatic report generation facilitated strategic
decision-making in inventory management.

IV. DISCUSSIONS

The results of this study demonstrate that imple-
menting an integrated improvement model based on SCM
tools is highly effective in logistics environments with low
digitalization. Unlike isolated interventions, the sequential
combination of ABC analysis, the Odoo system, slotting, and
forecasting simultaneously addressed the operational, tech-
nical, and human causes of the problem.
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TABLE I
COMPARISON OF INDICATORS

Results
Indicator
Before After Improvement
0TD (%) 745 92 +17.5%
Preparation time (min) 200 18 91%
Annual penalties (USD) 328,600 <55,000 -83%
Service level (stock) (%) 69.7 92.4 +32%
Product access time 65 min 12 min -81%

Prepared by authors.

The improvement in OTD, the reduction of penal-
ties, and the optimization of storage space show that the
applied tools not only correct operational errors but also
enhance productivity, reducing workers’ physical strain,
and improving the quality of customer service.

At a theoretical level, this study provides empirical
evidence to the scarce literature on applied logistics inter-
ventions in companies marketing chemical products, a
segment usually ignored by supply chain studies. In this
sense, the study not only confirms the effectiveness of the
applied techniques but also broadens the scope of previous
research by providing a replicable framework tailored to the
operational reality of this type of organization.

Finally, the environmental and social benefits derived
from logistics optimization—such as reduced paper use,
decreased physical strain on staff, and improved control
of product deterioration—contribute to the achievement
of SDGs 8 (decent work and economic growth), 9 (industry,
innovation, and infrastructure), 12 (responsible consump-
tion and production), and 13 (climate action), thereby
aligning business objectives with global challenges.
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V. CONCLUSION

This study demonstrated that the integration of Lean
logistics tools, specifically ABC analysis, demand fore-
casting, and the slotting technique, alongside policies from
an Integrated Management System (IMS), can significantly
optimize inventory management and operational efficiency
in a chemical company with low digitalization levels.

The proposed improvements effectively addressed
critical issues such as stockouts, excess inventory, and inef-
ficient warehouse layout, all without requiring a significant
financial investment. The implementation of the improve-
ment model proved highly effective in enhancing logistics
performance in a low-tech environment by leveraging acces-
sible, data-driven tools.

In terms of results, significant improvements were
observed across all key indicators: the OTD rate increased
from 74.5% to 92%, reducing the gap to the industry stan-
dard of 95% from 20.5% to 3%, representing an 85.4%
improvement compared to the initial state. Order prepara-
tion times decreased by 91%, annual penalties fell by 83%,
and the service level increased by 32%. In addition, product
access time was shortened by 81%.

Beyond operational and economic benefits, the model
enhanced traceability, reduced product deterioration, and
minimized workers’ physical strain, thereby contributing
to improved working conditions. These advances also
demonstrated clear alignment with SDGs 8, 9, 12, and 13 by
promoting a more responsible, innovative, and sustainable
approach to logistics.

Finally, this study provides valuable empirical evidence
in a relatively underexplored sector, namely chemical
product commercialization. Moreover, it offers a replicable
and adaptable model for organizations of similar size and
context seeking to enhance logistics performance through
low-cost tools, integrated strategies, and data-driven
decision-making.
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ABSTRACT-Inclusive education for people with hearing
impairments in many countries still lacks accessible
technological tools. This work introduces a prototype for
automatic translation of the Peruvian Sign Language (PSL)
finger alphabet based on convolutional neural networks
(CNNs) combined with support vector machines (SVMs).
The system recognizes letters in real time without requi-
ring additional sensors or wearable devices. A proprietary
dataset containing up to 50 images per class was used for
training under controlled conditions. The prototype achie-
ved an average accuracy of 97%, a word error rate (WER)
of 15%, and a response time of 1.8-2.0 s and a processing
speed of up to 125 frames per second (fps). These results
demonstrate the viability of the system as an inclusive
educational tool in both controlled environments and real-
life school settings.

Index Terms—Assistive technology, convolutional neural networks
(CNN5), inclusive education, Peruvian Sign Language (PSL), sign
language recognition.

I. INTRODUCTION

The inclusion of people with hearing disabilities in the
education system continues to be a considerable challenge
worldwide, especially in developing countries such as Peru
[1]. Despite various institutional efforts, deaf students
continue to face persistent barriers, including a shortage of
qualified interpreters, limited teacher training in the use of
Peruvian Sign Language (PSL), and the low availability of
inclusive technological tools [1], [2], [3].

According to the World Health Organization (WHO),
approximately 5% of the world’s population—about 430
million people—live with significant hearing loss, a figure
that is projected to increase to one in ten people by 2050
[7]. In Peru, children living in poverty are at increased risk

of hearing impairment, partly due to untreated middle
ear disease and limited access to pediatric ear care, which
is associated with worse academic performance [22]. In
low- and middle-income countries, people with hearing
loss frequently experience restricted access to education,
employment and health services, leading to substantial
psychosocial burden [8]. Limited access to appropriate
language in deaf children can lead to delays in language
development, which can cause academic problems and
social exclusion. These challenges can also influence
emotional development, particularly in contexts where
there are communication barriers that restrict interaction
with colleagues or educators. [9]. In the long term, the
educational barriers can negatively impact the academic
outcomes, social participation and inclusion in society. [10].

In response to this problem, deep learning-based tech-
nologies, such as CNNs, have demonstrated remarkable
effectiveness in visual recognition tasks, including auto-
matic sign interpretation [4], [13], [14]. CNNs are particularly
suitable for real-time applications as they enable efficient
processing and faster inference compared to traditional
computer vision approaches [14], [16]. Recent studies indi-
cate that the integration of CNNs with techniques such as
support vector machines enhances classification accuracy
for highly similar gestures, thereby increasing their applica-
bility in educational contexts [14], [17].

Currently, several prototypes aimed at improving
communication for people with hearing disabilities have
been proposed, using a variety of technologies, as described
and illustrated in Fig. 1. However, many of these approaches
exhibit adaptability limitations and rely on wearable
devices, such as sensorized gloves, whose accuracy typically
ranges from 93.4% to 96% under standard conditions [5],
[6]. Although some studies using specialized sensors have
achieved accuracies of up to 96% in controlled scenarios
[5], [6], these solutions remain intrusive, expensive, and
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impractical for deployment in conventional classroom
environments. In contrast, international studies based on
computer vision and CNN models report more consistent
accuracies, typically >90% accuracy, in some controlled
scenarios above 95% [4], [13], Using polynomial classi-
fiers, recognition accuracy can range from 93.41% to 98.4%,
depending on the number of training patterns [25]. These
findings indicate that non-invasive and context-aware
approaches represent a more viable and relevant alternative,
thereby reinforcing the proposed approach of this study.

This project proposes an autonomous, portable, and
non-intrusive tool capable of recognizing PSL gestures in
real time and automatically translating them into text and
voice, without requiring gloves or an internet connection.
Using an HD camera and local processing on a computer with
an integrated GPU, the proposed system is positioned as an
accessible alternative for public educational institutions.
Unlike models based on international datasets (ASL, ISL)
[11], [17], this prototype will be trained using data specific
to the Peruvian context, thereby increasing its relevance
and accuracy in national scenarios. It is expected to achieve
an average accuracy in the range of 95% to 99%, a word error
rate (WER) of approximately 15%, and a response time of no
more than 2.5 s, so that the tool can effectively contribute to
the educational inclusion of people with hearing disabilities
through a scalable, accessible, and adaptable solution to the
Peruvian school system.

A. Prototypes Based on Virtual Dictionaries and Educational
Platforms

One of the most relevant developments in the national
context is the PSL (PUCP) Virtual Bilingual Dictionary, which
enables the translation of approximately 750 words from
Spanish into sign language through manual on-screen selec-
tion [2]. Another example is Yapaykuy, a mobile application
that converts speech to text and text to speech, with plans to
incorporate predefined gesture recognition [3]. These initia-
tives have favored basic access to sign language; however,
their operation remains static and does not support real-
time visual recognition. Furthermore, these solutions rely
on limited databases and do not facilitate natural interac-
tion in dynamic educational contexts, reflecting the gaps
that still exist in inclusive education in Peru [1], as well
as the international challenges reported in terms of acces-
sibility and educational outcomes for people with hearing
disabilities [7]-[10].

+ Comparative technical attributes are summarized
as follows:

+ Input: Manual selection; no automatic visual recog-
nition [2] [3].

+  Output: Text and speech; gestural fluidity is not
considered [2].

+ Limitation: They depend on closed databases
without real-time scalability [1] [7].

B. Prototypes Based on Physical Devices (Gloves, Sensors and
Wearables)

At the international level, some developments have
used physical devices such as sensorized gloves to capture
hand movements. Promising recognition performance
in controlled settings has been approached by wereable
instrumented gloves and inertial sensors; however, they
require calibration and may reduce the comfort and porta-
bility in an educational environment. Although these
solutions have achieved accuracies of 96.3% in segmented
samples and 91.2% in real time—and in some cases up to
96% when using specialized sensors— [5], [6], they present
limitations in terms of cost, user comfort, and the need for
constant calibration. Furthermore, several studies have
indicated that deaf people prefer non-intrusive technolo-
gies that respect their natural body language [12]. In this
sense, although technically effective, gloves interfere with
natural gestures and are impractical for prolonged use in
educational environments.

+ Comparative technical attributes are summarized
as follows:

+ Accuracy: >90%, but dependent on calibration,
hardware used and constant maintenance [5] [6].

+  Cost: high because it requires specialized hardware

[5116].

+ Limitation: They interfere with natural gestures
and reduce comfort in a classroom [12].

C. Prototypes Based on Visual Recognition With Machine
Learning

The latest systems use deep learning models, such as
CNNs, trained on gesture images. Examples include SignNet
and BranTNet—the latter based on transfer learning—which
have been designed for sign languages such as ASL or ISL,
using high-quality standardized datasets [4], [11], [13], [14].
These models have reported accuracies ranging from 93% to
98% under controlled conditions [4], [13], , [25]. However,
these models typically require large volumes of data,
connectivity to external servers, and training in cultural
contexts different from that of Peru. Furthermore, in many
cases, they focus exclusively on isolated letters or words,
without considering sentence-level structure or the particu-
larities of the PSL [11], [17].

Comparative technical attributes are summarized as
follows:

+ Accuracy: above 90%under controlled conditions

[4], [13], [25].

+ Requirements: large volumes of data and connecti-
vity with external servers [11], [17].

+ Limitation: trained in international contexts,
without considering particularities of the PSL [11],
[17].
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II. METHODOLOGY

Quality Function Deployment (QFD) was used as a
comparative analysis tool, allowing the attributes that the
proposed prototype must address to be evaluated against
existing solutions. To this end, the main user requirements
were reviewed: clear and accessible visualization, real-time
gesture recognition, portability and ergonomics, simulta-
neous audio and video feedback, and adaptation to the PSL.
Each requirement was assigned a weighting based on its
relevance, and the performance of the proposed prototype
was compared with that of several international patents
[19], [20], [21].

The results show that the proposed system achieved the
maximum score across all criteria, achieving 97% accuracy,
operating in real time at 125 fps, working with a standard,
low-cost, non-intrusive camera, offering immediate visual
and auditory feedback, and being trained on a proprietary
PSL dataset, thereby ensuring cultural relevance. The
dataset was generated under controlled but variable condi-
tions, using a 1080p webcam to capture the 28 letters of
the PSL, including “N”, with at least 50 images per class.
Data acquisition sessions were conducted on different days,
introducing variations in lighting, distance, and hand orien-
tation to better simulate real-world environments. Gesture
references were obtained through direct visual observation
in a Peruvian Sign Language (PSL) school and were subse-
quently replicated during data collection, ensuring that the
captured samples reflected the authentic characteristics of
the local context. In contrast, the reviewed patents, while
reporting accuracies above 90%, rely on gloves or other
specialized devices, provide partial feedback, and focus on
foreign sign languages, thereby limiting their ergonomics,
accessibility, and applicability to the Peruvian context.

The proposed modular system for PSL translation
consists of various phases that integrate computer vision
and deep learning techniques. The main performance indica-
tors targeted were: achieving an accuracy between 95% and
99 %, ensuring real-time operation with a minimum speed
of 120 fps, maintaining a response time of less than 2 s,
obtaining a WER of no more than 15% in dynamic sequences,
and ensuring system non-intrusiveness through the use of a
low-cost, standard camera adapted to the PSL context.

The experimentation phases followed a valida-
tion protocol widely used in computer vision [13], [14],
consisting of dividing the dataset into 80% for training and
20% for testing, ensuring the evaluation of the model with
data not seen during learning. In contrast, previous studies
based on LSTM architectures have evaluated performance
using sequence-based metrics such as BLEU, ROUGE, and
CIDEr [15]. In real-time experiments, the system response
rate in frames per second (fps) was also measured, and a five-
frame moving average was applied to smooth predictions,
thus stabilizing the output and reducing instantaneous
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classification fluctuations, improving output stability and
reducing instantaneous classification fluctuations.

The experimental process was progressively designed
in three phases, using 5, 15 and 50 images per class. This
strategy enabled the evaluation of the impact of dataset size
on the model’s generalization capability. The deep learning
literature indicates that small datasets tend to induce over-
fitting, which limits the system’s ability to recognize new
variations in the samples [13], [14]. In the first phase, using
only five images per class, the model exhibited low accuracy
and high classification instability. In the second phase, with
15 images per class, a substantial improvement in predic-
tion stability was observed, reflecting increased diversity in
the training samples. Finally, in the third phase, using 50
images per class, the system achieved its best performance,
attaining a competitive level of accuracy consistent with
that reported in international CNN-based sign recognition
studies, where accuracies exceed 90% on larger datasets [4].
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A. Data Collection and Use of Formulas

A proprietary dataset was constructed from video
captures acquired with a high-resolution webcam (1080p at
30 fps), focusing exclusively on the user’s hands against a
neutral background. For each of the 28 letters of the PSL
alphabet, including “N”, a minimum of 50 images per class
were captured, as shown in Fig. 2. Sessions were conducted
on different days, with intentional variations in lighting,
distance, and orientation to ensure diversity and improve
model generalization, as recommended in [13].

For letters involving movement, such as “J”, “N”, and
“7”, video sequences were recorded and segmented into
individual frames at a rate of 5-10 fps, following a strategy
similar to that used in DeepASLR [14] and in the hybrid
architectures described in [17], as illustrated in Fig. 3.

B. Preprocessing

The preprocessing pipeline consisted of several stages,
including conversion to grayscale to reduce computational
complexity, resizing to 64x64 pixels to standardize the
input of the models, and normalization of pixel values in
a range between 0 and 1. Additionally, data augmentation
techniques were applied, such as random rotation, trans-
lation, horizontal mirroring, and brightness modification,
with the aim of increasing system robustness to real-
world environmental variations. This strategy follows the
approach suggested in [23] for LSTM-based models trained
with augmented data. The corresponding Python code is as
follows:

def preprocesar_frame(frame):
roi=frame[ROI_TOP_LEFT[1]:ROI_BOTTOM _
RIGHT[1],ROI_TOP_LEFT[0]:ROI_BOTTOM _
RIGHT(O]]
resized=cv2.resize(roi,(IMG_WIDTH,IMG_HEIGHT))
normalized = resized / 255.0

return np.expand_dims(normalized, axis=0), roi

C. Model Architecture

The basic architecture for static sign recognition
consisted of a CNN with three convolutional layers, inter-
mediate pooling layers, ReLU activation functions, and
a final fully connected layer with SoftMax for multiclass
classification as illustrated in Fig. 4. To improve accuracy
for gestures with a high degree of similarity (e.g., “M” and
“N”), a SVM classifier was integrated as a post-feature
extraction stage, functioning as a refined decision layer, as
proposed in [14].

In parallel, CNN-LSTM architecture was implemented for
dynamic letters. This model receives a sequence of images
(consecutive frames of the same gesture) as input and learns
to capture temporal progression through recurrent layers.
This approach is supported by works such as [17].
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Fig. 4. Block diagram illustrating the operation
of the model architecture.

D. Real-Time Integration and Execution

The system was implemented in Python using libraries
such as OpenCV for video capture, TensorFlow/Keras for
model training and deployment, and Pyttsx3 for text-to-
speech synthesis. During execution, the camera continuously
detects the region of interest (ROI) corresponding to the
user’s hands and processes each frame in real time. The model
predicts the corresponding class and accumulates the recog-
nized letters, as illustrated in Fig. 5. A temporal segmentation
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algorithm based on pauses between gestures enables the
differentiation of individual letters, words, or complete
phrases. The resulting text is displayed on the screen using a
simple graphical interface and can be automatically converted
into speech, facilitating immediate communication between
the user and their environment, as shown in Fig. 6.

E. Testing, Validation and Metrics

From a statistical perspective, the validity of the perfor-
mance metrics is directly influenced by the size of the test
sample. With the current configuration of 50 images per
class (28 letters, for a total of 1400 images) and an 80/20
training-testing split, the test set comprised approximately
280 samples. This number allows estimating the overall
accuracy with a confidence interval close to + 6-7% at 95%
confidence, which is acceptable for an experimental proto-
type. However, the literature suggests that reducing the
margin of error to + 5% requires at least 384 test samples
[13], [14] Likewise, for per-class metrics such as precision
or recall, it it is recommended to have a sufficient number
of validation samples per category to ensure the statistical
reliability of per-class metrics such as precision and recall.
With 50 images per class, the system obtains, on average,
about ten test samples per letter, which limits the statis-
tical stability of these metrics. Therefore, as future work, it
is proposed to expand the dataset to 100-150 images per
class or to apply stratified k-fold cross-validation in order
to increase the reliability of results.

The prototype was also subjected to alpha and beta
testing with volunteer users to evaluate performance under
both controlled conditions and real-world environments.
Accuracy, sensitivity, and the confusion matrix were used for
static models, while for dynamic letters, the WER was used
together with sequence-level precision and recall, following
the guidelines proposed in DeepASLR [14]. Response time
was measured by directly timing the interval between image
acquisition and prediction output, to determine an average
processing speed of 125 fps, which confirms the system’s
real-time viability, as shown in Fig. 7.

III. RESULTS

The prototype developed for the automatic translation
of the PSL finger alphabet achieved an overall accuracy of
97% using a dataset of 50 images per class, together with
a WER of 15% and an average response time of 1.8-2.0 s
with a processing speed of 125 frames per second, thereby
confirming its viability for real-time operation. Tests were
conducted under controlled laboratory conditions, with
stable lighting (300 lumens/250 lux), a uniform background,
and minimal visual interference, thereby ensuring that the
observed variations were attributable to the model’s perfor-
mance rather than to external factors.

The class-wise analysis showed that letters with distinc-
tive features (L, T, and Y) achieved accuracies above 95%,

Fig. 5. Code for the class learning method.

Fig. 6. Code for real-time translation.

Fig. 7. Demonstration of translation of letter C.

whereas morphologically similar pairs (M/N and U/V)
exhibited higher misclassification rates. These results
demonstrate that the proposed system is competitive with
international reference models and represents a non-inva-
sive, low-cost alternative tailored to the Peruvian context,
with strong potential for deployment in inclusive educa-
tional settings.
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However, the statistical reliability at the class level was
limited by the number of available samples (approximately
ten test images per letter). Therefore, future work includes
expanding the dataset to 100-150 images per class, incor-
porating additional metrics such as recall and F1-score,
validating the system in real educational scenarios with end
users, and evaluating its performance under more variable
lighting conditions to ensure robustness in uncontrolled
contexts. The use of five images per class was intended to
represent a minimal scenario for observing overfitting and
classification instability under limited data conditions,
whereas the configuration with 15 images per class provided
a mid-level setting that increased sample variability and
improved prediction stability. Finally, using 50 images per
class provided a more representative dataset, enabling the
system to achieve competitive accuracy levels consistent
with those reported in the literature for CNN-based sign
recognition [13]-[15]. The corresponding test results are
summarized in Table I, whereas the performance curve is
shown in Fig. 8.

A. Tests With Five Images per Class

In an initial exploratory phase, the model was trained
using five images per class of the finger alphabet. The
results showed high instability in predictions, especially for
visually similar letters. Overall accuracy was low, and the
system exhibited limited generalization to slight variations
in posture, lighting, and background.

B. Tests With 15 Images per Class

In the second iteration, the dataset was increased to
15 images per class. This expansion resulted in substantial
improvements in model learning, with a significant increase
in overall accuracy and reduced sensitivity to external
conditions. However, some misclassifications persisted
among classes with similar morphologies.

C. Tests With 50 Images per Class

In the third phase, the model was trained using 50
images per class. Under this configuration, the system
achieved its best overall performance. High recognition
accuracy, a decreased error rate, and a more stable response
were observed under controlled lighting conditions (300
lumens/250 lux). Furthermore, the average processing
speed remained at 125 fps.

Performance varied slightly depending on the letter.
The most difficult classes to identify were those with
similar handforms, such as “M” and “N,” or “U” and “V,”
which exhibited higher error rates. In contrast, letters with
distinctive features such as “L,” “T,” or “Y” achieved accura-
cies above 95%.

Under the configuration with 50 images per class, the
model achieved accuracies above 90% for 21 of the 26 evalu-
ated letters and maintained a minimum accuracy of 85% for

TABLE I
PERFORMANCE COMPARISON OF THE THREE
MAIN TESTS
Images  Accuracy Response )
by class %) Loss time (FPS) Observations
1 5 63.4% 192 54 LQW learning with
high errors
9 15 79 6% 08 39 Better learning
and control
High model
3 50 97% 0.2 1.8 accuracy and
stability
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Fig. 8. Training and validation curve of the PSL model.

the remaining classes, demonstrating strong generalization
capability under optimal environmental conditions.

In addition to overall accuracy, other relevant metrics
were calculated to further assess the system’s overall
performance:

+ WER: 15% with 50 images/class
+ Average accuracy of 97%

«  Average processing speed: 125 fps

These metrics confirm that the system is functional
in real time and suitable for educational environments
provided that controlled conditions—such as a uniform
background, stable lighting, and minimal visual interfer-
ence—are maintained.

IV. DISCUSSION

The results obtained from the experimental tests enable
a comparison of the system’s performance with respect to
the proposed objectives and existing technological solu-
tions. The initial objective of this prototype was to achieve
an accuracy between 95% and 99% in recognizing letters
of the PSL finger alphabet while maintaining a real-time



Prototype for Automatic Translation of Peruvian Sign Language / S. Ledn, C. Ledn, R. Chavez, L. Suni, F. Paredes, E. Cabrera

response time of less than 2 s, thereby allowing the system
to be considered viable for inclusive educational settings.

Despite the promising results, this project presents
several limitations. In particular, the dataset size was limited
to 50 images per class, which restricts the statistical reliability
of per-class performance metrics. All experiments were
conducted under controlled conditions of lighting and back-
ground conditions, which limits the system’s robustness in
real-world environments. In addition, the prototype focused
primarily on static letters of the PSL alphabet and a limited
set of dynamic gestures, without addressing the recognition
of complete words or sentences. Finally, validation with end
users in real classroom settings has not yet been conducted,
which is necessary to assess usability and scalability.

A. Comparison With Accessibility Mobile Applications

National platforms such as [2] and [3] provide basic
accessibility features through manual selection or voice-
to-text conversion. However, both are limited to static,
predefined vocabularies without visual gesture recognition.
In contrast, the proposed prototype achieved an average
accuracy of 97% in real-time operation at 125 fps, providing
automatic visual-to-speech translation of live gestures and
overcoming the static nature and limited scalability of these
applications.

B. Comparison With Systems Based on Physical Sensors

Wearable-device-based systems, such as those reported
in [5] and [6], achieve accuracy ranges under standard condi-
tions and up to 96% when specialized sensors are used.
Although technically effective, these solutions are intru-
sive, costly, and require frequent calibration, which makes
them impractical for routine classroom use. In contrast,
the proposed model relies solely on a standard camera and
achieves a real-time correct prediction rate of 91.3% using
50 images per class, thus eliminating the discomfort and
cost associated with gloves and sensors.

C. Comparison With International CNN Recognition Models

International proposals such as [4], [13], and [15]
reported accuracies in the range of 93-98% using large
ASL or ISL datasets under controlled conditions. Similarly,
advanced hybrid models such as those presented in [11],
[14], [16], and [17] demonstrate robust performance;
however, they typically depend on large-scale datasets,
cloud-based infrastructure, and application contexts
different from Peru. By contrast, the proposed prototype
achieved an accuracy of 97% and a WER of 15% using a
locally constructed Peruvian dataset, thereby ensuring
cultural relevance while operating on low-cost hardware.

D. Comparison With Patented Solutions

Patented devices such as those described in [19]-[21]
focus on glove-based or camera-assisted translation of
foreign sign languages and report accuracies above 90%.

However, these solutions rely on specialized hardware and
do not address the specific requirements of the Peruvian
context. This prototype differs by integrating CNN and
SVM models trained on a PSL dataset, providing a scalable,
camera-only solution tailored to local conditions.

V. CONCLUSIONS

In summary, the prototype meets the established objec-
tives by exceeding 95% accuracy, achieving an average
accuracy of 97%, and operating in real time at a processing
speed of 125 frames per second. This performance is
competitive with international models and offers a practical
advantage over intrusive solutions such as sensor-en-
hanced gloves. Furthermore, the objective of developing
a non-invasive and low-cost solution was achieved, with
an approximate 30% savings compared to sensor-based
systems. Its contextualization within the Peruvian environ-
ment was guaranteed by using the Bilingual Dictionary of
PSL as a reference.

Its accessible and educational nature reinforces its poten-
tial as an inclusive tool. However, it is acknowledged that the
results are based on tests under controlled conditions and
with a dataset limited to 50 images per class. Therefore, future
work will focus on validating the system in real-life classroom
settings, using a larger sample size and incorporating addi-
tional evaluation metrics such as recall and F1 score.
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ABSTRACT-This study aims to optimize the document
settlement process in a Peruvian foreign trade logis-
tics company through the implementation of intelligent
automation technologies, including robotic process auto-
mation (RPA), optical character recognition (OCR), and text
analytics. This process, initially characterized by intensive
manual tasks, typing errors, and excessive processing
times, limited operational performance and generated
bottlenecks in logistics operations. Among the main find-
ings, a 49% reduction in average processing time for work
orders was observed. During functional validation, the
average number of work orders processed per shift was
measured. An increase from 4.03 to 6.00 work orders per
shift was reported, representing an improvement of 1.97
work orders per shift following the implementation of
automation. It is concluded that document automation
represents an effective and scalable strategy for improving
logistics performance in document processing. As a future
goal, automation is planned to be expanded to all adminis-
trative areas with repetitive and standardized operational
processes.

Index Terms—Data extraction, document processing, optical
character recognition (OCR), robotic process automation (RPA),
text analytics.

I. INTRODUCTION

The logistics sector in Peru has undergone rapid transfor-
mation in recent years, driven by digitalization, the growth
of e-commerce, and the need to adapt to international
standards of operational efficiency. The sector projects an
annual growth rate of 7.4%, positioning itself as one of the
key economic activities for national competitiveness [1].
However, much of this industry still faces structural chal-
lenges, such as the lack of automation in document-related

processes, which limits traceability, productivity, and the
ability to respond to increased demand.

While leading companies such as DHL and FedEx
already operate automated systems that integrate artificial
intelligence and document analysis, many Peruvian organi-
zations still rely on manual procedures, achieving on-time
delivery (OTD) rates of approximately 85%, below the inter-
national benchmark of 95% [1]. This scenario highlights a
technological gap that must be addressed through innova-
tive solutions that combine speed, accuracy, and scalability.

In environments where document processes are still
largely manual, the lack of automation represents a barrier
to achieving effective logistics performance. The absence of
intelligent tools to streamline and structure management
limits operational responsiveness and hinders business
growth in an increasingly demanding market. Faced with
this problem, this study aims to optimize the document
settlement process through the implementation of intelli-
gent automation technologies.

In response to this problem, this study proposes an
intelligent document automation model that integrates
robotic process automation (RPA), optical character recog-
nition (OCR), and text analytics. These technologies have
proven effective in reducing processing times and error
rates in complex document environments [2], [3], [4], [5].

The primary objective of this research is to opti-
mize document flow within logistics processes through
an adaptable technological solution validated in a real-
world environment. To this end, a system was designed
to automatically label files, extract key information, and
consolidate data into a structured format. The solution not
only aims to improve key performance indicators (KPIs) but
also to relieve staff from repetitive tasks, allowing them to
focus on higher-value-added activities. From a technological
perspective, the proposed solution promotes the adoption of
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modern technologies aligned with the sector’s digital trans-
formation. From an economic perspective, it contributes to
cost reduction by minimizing errors and penalties, thereby
improving profitability and operational sustainability.

This was supported by scientific articles, which are clas-
sified by typology as shown below:

A. RPA Applied to Document Flows

RPA has proven to be an effective tool for digitizing
and structuring repetitive operational workflows. Its use
allows reducing manual workload, minimizing human
errors, and improving document traceability [2], [5]. In
administrative contexts, the combination of RPA with
recognition technologies allows automating data extraction
from scanned documents and validating them in a struc-
tured manner [6]. This type of technology has been widely
applied in the banking, government, and logistics sectors,
enhancing document processing efficiency while reducing
processing times [7].

Furthermore, RPA enables the incorporation of auto-
mated validation rules, thereby improving data quality at
the source. This approach is particularly useful for repeti-
tive tasks such as data entry, information consolidation, and
document verification [6], [8].

B. OCR for Data Extraction

OCR has evolved significantly using machine learning
models and deep neural networks. This technology has been
optimized to extract information from invoices, contracts,
and scanned documents, even when presented in irregular
formats or with poor visual quality [1], [4], [9].

Among the main improvements are automatic text slant
correction, visual noise removal, and adaptation to diverse
fonts and structures [3], [9]. In addition, current models can
interpret handwritten, multilingual, and partially damaged
content, expanding their applicability in highly demanding
environments such as document logistics [10]-[12].

C. RPA and OCR Integration: Operational Synergies

Integrating RPA with OCR enables end-to-end auto-
mation of document workflows, from file ingestion to final
data consolidation. This approach significantly reduces
processing times and human intervention-related errors,
particularly in administrative sectors with high document
volumes [6], [7], [13].

The combined use of these tools facilitates structured
information extraction, automated quality control, and
report generation. Recent literature also highlights that
their successful implementation depends on adequate
management change and the involvement of operational
staff in the redesign of automated workflows [14].

This hybrid model is also related to the concept of
hyperautomation, understood as the combination of robotic

automation with artificial intelligence and machine learning
to optimize complex and dynamic processes [15].

D. Text Analytics and Intelligent Document Processing

Intelligent document processing, based on text analytics
and machine learning algorithms, enables the automation of
tasks beyond simple digitization, by interpreting semantic
content, logical structure and contextual information of
unstructured documents [12].

This approach enables the automated detection of key
entities, semantic relationships among fields, and content-
based task prioritization. The use of these tools improves
document organization, optimizes traceability, and reduces
human intervention in routine review and classification
activities [12], [16].

Furthermore, these models have proven to be partic-
ularly useful in scenarios involving a high volume of
heterogeneous files. Their application has been validated
in contexts such as financial auditing, healthcare, and
digital logistics, allowing information extraction even from
non-standardized structures or in multilingual documents
[12], [16], [17].

II. METHODOLOGY

A. Bases of the Proposed Model

The proposed solution is based on the integration of
RPA, OCR and text analytics. These tools were selected
following a systematic review of the scientific literature,
which demonstrated their effectiveness in environments
with high document volumes. Recent studies confirm that
RPA-OCR integration reduces document processing times
[7], while semantic processing enhances accuracy in the
automatic classification of operational files [8], [12]. In these
contexts, the automated extraction of data from structured
and semi-structured documents has significantly reduced
processing times [18]. Likewise, the use of OCR enhanced
with image processing techniques to convert scanned
documents into machine-readable data, even under low
visual quality conditions, is highlighted [4]. In addition,
text analytics-based approaches enable the automatic clas-
sification of unstructured files, contributing to improved
document organization and operational traceability. [8], [19].

B. Proposed Model

The model proposed in this research addresses the
limitations identified in a Peruvian foreign trade logistics
company, where a high dependence on manual document
processing was observed. This reliance results in delays
in customs declarations and directly affects the timely
clearance of goods from the seaport. As a solution, a func-
tional intelligent document automation architecture was
implemented based on the sequential integration of three
technologies: RPA, OCR, and text analytics.
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The process begins with the retrieval of files stored in
a folder labeled “Work Order” within the company’s enter-
prise resource planning (ERP) system. These documents,
primarily in PDF format and lacking a defined structure, are
automatically labeled using a Python-based script hosted
in a collaborative environment (Google Colab). The script
applies text analytics rules to identify document types (e.g.,
invoices, bills of lading (B/L), policies), thereby addressing
the lack of uniform file labeling. [3]. This initial phase
improves traceability and facilitates subsequent document
validation by the operator in accordance with the corre-
sponding work order.

The labeled documents are subsequently processed by
a UijPath-based robot. This robot automatically reads the
files using OCR and extracts key fields, such as the taxpayer
identification number (RUC in Spanish), dates, amounts,
and Incoterms, which are consolidated into a structured
template. This step addresses the need to automate data
consolidation and mitigate human errors in manual entry
[1], [20].

To handle scanned documents or those with low visual
quality, the model relies on machine learning-enhanced
OCR engines capable of interpreting text under non-ideal
conditions [5], [23].

Finally, the extracted data are organized into an Excel
spreadsheet using standardized nomenclature, making
them ready for validation and subsequent entry into the
customs system. This modular and externalized approach
enables integration without affecting existing systems,
favoring scalability to other document areas.

C. Model Components

1) Diagnosis of the Current Process: The study began
with the identification of operational deficiencies
in the document settlement process of a logistics
company located in Lima, Peru. To this end, qualita-
tive and quantitative analysis tools were applied to
characterize the initial situation. In the first stage,
semi-structured interviews were conducted with
staff from the various involved areas, enabling an
understanding of the actual process flow and the
identification of its main constraints.

Subsequently, the current process was mapped,
and a Pareto chart was applied to identify the most
significant issue within the document clearance
area. Based on this finding, an Ishikawa diagram
was created to structure the probable causes of
the identified problem. These elements were orga-
nized into a problem tree to graphically represent
the relationship between observed effects and their
root causes.

To validate and quantify the problem, a repre-
sentative sample of work orders processed under
real operating conditions was defined. The initial
sample comprised 120 work orders, from which 92

2)

3)

were selected through simple random sampling and
used to measure key process indicators.

Finally, the data obtained were analyzed using discrete-
event simulation in Arena software. This analysis
enabled an assessment of the process’s behavior
prior to the intervention, based on three key indica-
tors: average system time, utilization of the human
resource responsible for the process (the “settler”),
and the number of orders completed per cycle.

Design of the Technological Intervention: Based
on the findings of the diagnostic phase, a functional
architecture integrating three key technologies—
RPA, OCR, and text analytics—was designed. This
technological proposal was structured into four
sequential stages comprising the automated docu-
ment processing workflow:

2a)  Preliminary reading and automatic labeling: A
Python-based script was implemented and
executed in a collaborative environment
(Google Colab), applying a basic OCR engine
in conjunction with text analytics rules. This
tool enabled the identification of PDF file
content associated with each work order and
the automatic assignment of labels accor-
ding to document type (e.g., invoice, policy,
manifest).

2b)  Structured data extraction: An RPA model deve-
loped in UiPath was responsible for directly
processing the labeled files. The RPA applied
OCR with advanced parameters and iden-
tified key fields using predefined semantic
rules—such as invoice number, supplier
tax identification number, issue date, and
Incoterms—as illustrated in Fig. 1.

2¢)  Data validation and organization: Once the
extraction was complete, the RPA auto-
matically organized the data into an Excel
spreadsheet, enabling rapid access to the
document information. This structuring aims
to significantly reduce the time required for
manual input into customs document decla-
ration platforms, while also minimizing
human error in data entry.

Model Validation: The effectiveness of the proposed
model was validated through a comparative simu-
lation between the baseline scenario (without
improvement) and the intervened scenario. The
simulation results were analyzed using the Output
Analyzer platform. The results aim to demonstrate
the value of the proposed approach by analyzing
the number of work orders processed per shift, the
average time a work order remains in the system,
and the utilization of operational resources, specifi-
cally the document settlement operator.
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Fig. 2. Model of RPA and OCR implementation.

Fig. 2 illustrates the proposed conceptual model, high-
lighting the expected outcomes of implementing the defined
processes and tools.

III. RESULTS

The proposed model was validated through simulations
in Arena software, as shown in Fig. 5, and a pilot test in
a company in the foreign trade logistics sector. For the
simulation in Arena, 479 replications were run to ensure
statistical reliability with a 94% confidence level. The
results showed substantial improvements across three key
indicators: the number of work orders processed per 8-h
shift, the average system time per work order, and the utili-
zation rate of the primary operational resource (liquidator),
as summarized in Table I.

In the baseline scenario, the system processed an
average of 5.45 records per 8-h shift, with a 94% confidence

176

interval of [5.39, 5.52]. After implementing the RPA-
OCR-text analytics solution, this indicator increased to
7.39 records per shift, with a 94% confidence interval of
[7.35, 7.42], representing a 35% productivity improvement
without additional staffing. The average time a document
remained in the system decreased from 123 min in the
baseline scenario to 62.7 min after automation, repre-
senting a 49% reduction. This improvement directly impacts
operational agility and the timely availability of information
for subsequent processes. Regarding resource utilization,
the liquidator’s utilization slightly decreased from 99.7%
to 89.2%. Although this reduction is moderate, it is signif-
icant, as a higher number of documents were processed
within the same shift while maintaining—and slightly
reducing—the staff workload. These results indicate that the
automated system enables a more fluid and efficient work-
flow by optimizing the liquidator’s time and improving their
productivity, as shown in Fig. 3.
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Statistical comparison using the paired t-test confirmed
that the changes achieved with the proposed solution were
not random. For all performance indicators, the confidence
intervals for the mean differences did not include zero,
confirming that the improvements are statistically signif-
icant and attributable to the implemented redesign, as
shown in Fig. 4.

Additionally, a pilot test was initiated in May 2025,
during which partial operation of the document automation
tool was implemented. In this context, the monthly evolu-
tion of the average processing time per order is presented
in Fig. 6. During the first eight months analyzed, processing
times remained high, ranging from 105 to 130 min, reflecting
the operational burden of the manual process and remaining
within the parameters estimated by the Output Analyzer.
However, starting in May—coinciding with the technological
intervention—a progressive improvement became evident.
In June and July, despite minor fluctuations, processing
times remained below 71 min, consolidating a sustained
reduction compared to the previous period.

This behavior suggests that the automated system
enabled a more streamlined workflow, allowing staff to
validate data more efficiently without the need to perform
repetitive manual tasks. Although the values still reflect
a learning curve for operators, the trend shows that the
technological implementation effectively contributed to
reducing bottlenecks, improving productivity, and reducing
human errors in the customs documentation process.

IV. DISCUSSION

The behavior observed in the validation phase suggests
that the automated system enabled a smoother work-
flow, allowing staff to validate data more efficiently while
reducing manual, repetitive tasks. Although the results still
reflect a learning curve for operators, the trend indicates
that the technological implementation effectively contrib-
uted to reducing bottlenecks, improving productivity,
while reducing human errors in the customs documenta-
tion process.

The results obtained from the simulation and pilot test
confirm that intelligent automation applied to the docu-
ment clearance process is a viable and effective strategy for
addressing the main operational issues arising from manual
information processing.

The integration of RPA, OCR, and text analytics enabled
the redesign of the document flow by eliminating repetitive
tasks, reducing human errors, and significantly shortening
execution times. These findings are consistent with prior
studies that highlight the benefits of robotic automation
in improving efficiency, traceability, and data accuracy in
administrative processes [2], [5], [6], [7].

In addition, the use of advanced OCR optimized through
machine learning was critical for interpreting scanned

TABLE I
COMPARISON OF INDICATORS BEFORE AND AFTER
IMPROVEMENT
Indicators Asis To be
Number of orders processed 5.45 7.39
Average time (min) of the work order in the 193 627
system
% utilization of the liquidator 99.7% 89.2%
Prepared by authors.
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Fig. 4. Paired t-test validation. Authors’ elaboration.

documents with poor visual quality. This capability has
been documented in recent studies that emphasize the
robustness of current OCR engines when handling non-ed-
itable, degraded, or multi-font documents [4], [9], [11].

The inclusion of text analytics techniques addressed
one of the primary limitations identified during the initial
diagnosis: the lack of standardized file nomenclature. These
techniques enabled automatic document classification,
facilitated file retrieval, and improved overall traceability
[12], [16], [17].

From a digital transformation perspective, this model
represents a step toward hyperautomation, understood
as the integration of RPA with artificial intelligence and
semantic processing to optimize complex processes [15].

Likewise, the quantitative results showed a 35%
increase in the number of orders processed per shift and
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a 49% reduction in the average processing time per order.
These indicators demonstrate not only improved oper-
ational efficiency but also more effective utilization of
human resources, as staff workload was reduced without
compromising productivity—and, in fact, with a measurable
improvement.

Although an operational learning curve was identified,
the progressive trend observed after the intervention—as
evidenced by the pilot test—validates the effectiveness of
the proposed technological architecture and supports its
scalability to other areas of the organization.

Furthermore, this model can be adapted to other
administrative sectors with similar characteristics —such
as standardized and repetitive workflows, high document
volumes, and traceability requirements—thereby rein-
forcing its applicability as a comprehensive solution within
institutional modernization processes.

V. CONCLUSIONS

This research demonstrates that intelligent auto-
mation, applied to the document settlement process in
logistics operations, is an effective approach for mitigating
the primary operational issues associated with manual
information processing. Using a model comprised of RPA,
OCR, and text analytics, the work order processing flow was
redesigned, eliminating repetitive tasks, reducing human
errors, while significantly shortening execution times.

The model was validated through both simulation and
real-world pilot testing, achieving a 35% increase in the
number of orders processed per cycle and a 49% reduction
in average order processing time. These results demonstrate
that the integration of automation technologies not only
enhances human resource productivity but also improves
the traceability and accuracy of document records, which is
critical in customs-related operations.

Furthermore, the use of text analytics tools helped over-
come initial limitations such as the lack of standardized file
nomenclature, thereby facilitating document access and
classification prior to data extraction. RPA, in turn, proved
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effective in structuring, validating, and consolidating crit-
ical information, even from non-editable or low-quality
documents, through its integration with advanced OCR.

Finally, the results observed in the months following the
technological intervention indicate a sustained improve-
ment trend, despite staff remaining in a learning-curve
phase. This reinforces the viability of the proposed model
and supports its scalability to other internal processes.
Consequently, the progressive adoption of intelligent auto-
mation-based solutions represents a fundamental step
toward modernizing logistics services in a highly demanding
and competitive environment.
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I. INTRODUCTION

The so-called Rashomon effect is inspired by
Akira Kurosawa'’s film Rashomon. In the film, four
witnesses present different and contradictory
accounts of the same crime. A similar situation is
observed when multiple artificial intelligence (AI)
and machine learning (ML) models generate solu-
tions thatachieve the samelevel of performance yet
differ from one another when applied to the same
dataset. More precisely, the so-called Rashomon
effect [1] refers to the existence of multiple models
with similar performance. These models may
generate different and even contradictory predic-
tions at the individual level [2]. In other words,
two models with the same predictive capability
may produce different predictions for certain
observations. For example, consider a situation in
which the objective is to predict loan defaults for
100 bank clients. A bank analyst developed two
different models with an accuracy of 99%. In this
case, one model misclassifies Pedro, whereas the
second model misclassifies Maria.

In many cases, these differences could be
associated with biases that are difficult to identify,
leading to models that may favor or negatively
affect certain groups. The Rashomon effect, also
known as multiplicity, provides an opportunity
to explore alternative models in order to identify
those with acceptable predictability and greater

robustness. Understanding these biases allows
the development of more socially fair and respon-
sible Al systems.

The origins of multiplicity are inherent in the
generation and training processes of Al and ML
models. The following section briefly discusses
these causes.

II. ORIGINS OF MULTIPLICITY

The main sources of multiplicity include the
preselected feature set, the optimization function,
the geometry of the loss function, random data
partitioning, random parameters initialization,
and the hyperparameter tuning.

A. Variable Selection

In the early stages of data analysis, highly
correlated variables are often removed. Methods
such as Lasso regression reduce parameter dimen-
sionality and computational burden. Although the
resulting models may exhibit similar accuracy, they
differ and may produce conflicting predictions for
similar datasets.

B. Optimization Function and Geometry

The loss function used in the training process
influences the structure of the final model. For
example, minimizing the sum of squared errors
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and minimizing absolute errors would result in
different models. Additionally, complex loss func-
tions with multiple local optima may produce
distinct models. Notably, gradient descent, which
is commonly used for training, does not guarantee
a global optimum. For complex models, obtaining
a true global optimum may be computationally
infeasible.

C. Data Partitioning

Splitting data into training, evaluation, and
validation sets introduces variability. For example,
an 85%/10%/5% split may produce models with
greater similarity but increases the risk of overfit-
ting compared with a 70%/20%/10% split. Random
partitioning itself can produce models using
similar performance metrics (e.g., R?) but slightly
different predictive behaviors.

D. Random Initialization

Many algorithms begin with random param-
eter initialization (e.g., regression coefficients
or neural network weights). When the objec-
tive function contains multiple local optima or
flat regions, parameter initial values influence
the resulting best model. For example, neural
networks may produce models with different
parameters that yield similar performance on
training data but could diverge on unseen data.
Fig. 1 shows multiple models obtained with
different ML techniques. For each technique
1,000 different 80/20 partitions were used. The
chart illustrates the variability of R* values repre-
sented by box plots.

E. Hyperparameter Tuning

Hyperparameters such as learning rate,
number of iterations, tree depth, and number of
trees (in ensemble methods) can produce models
with similar aggregate performance but differing
at the individual prediction level.

III. METRICS TO MEASURE MULTIPLICITY

The first step in evaluating multiplicity is
to identify the set of models with acceptable

predictive performance [3], [4]. This set is known
as the Rashomon set (1):

R={meM| L(m)==L(m*)+e} (1)

where L(m) represents the loss function, m*
denotes the best-performing model, and (g) is
the maximum acceptable deviation from the best
model.

Other metrics are defined as follows:

- Rashomon ratio: The percentage of
models in the Rashomon set relative to
the total number of models considered. In
practice, the number of possible models is
computationally intractable.

+  Capacity: The histogram of final error
values across models belonging to the
Rashomon set.

+ In the case of classification problems,
some metrics include the following:

+  Ambiguity: The percentage of observa-
tions that receive conflicting predictions
across models in the Rashomon set.

- Discrepancy: The percentage of observa-
tions with different predictions between
two specific models.Similarly, for regres-
sion problems two metrics are defined as
follows:

+  Mean prediction error across models in
the Rashomon set.

- Standard deviation of prediction errors.

KNN RF ET GB XB LG
Method

Fig. 1. R?results for 1,000 partitions (80%/20%).



IV. IMPLICATIONS

Multiplicity enables a deeper evaluation
beyond selecting the model with minimal error.
The Rashomon set allows comparison across
models with similar predictive performance but
potentially differing fairness characteristics.

For example, a résumé-screening model
trained on historical hiring data may favor gradu-
ates from one university over another. Within the
Rashomon set, alternative models with similar
predictive power may reduce such disparities.
Incorporating secondary fairness metrics can help
identify models with lower bias while maintaining
predictive performance.

V. CONCLUSION

In industry practice, selecting the single
best-performing model often ignores the exis-
tence of equally predictive alternatives. Analysts
frequently underestimate the variability introduced
by data selection and algorithmic approximation.

Multiplicity allows identification of more
robust models, sometimes with improved social
impact and only marginal reductions in predictive
accuracy. Therefore, generating Rashomon sets
and incorporating secondary evaluation metrics
are recommended to ensure robustness and posi-
tive societal impact.
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