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ABSTRACT   
This paper aims to present a methodological framework for the development and validation of the 
Effective Ergonomic Load Coefficient (KEEO) model, an approach that seeks to quantify total 
workload by integrating physical, mental, organizational, and technical and technological factors. 
Current methods, such as RULA, REBA, OCRA, SWAT, and JCQ, address only individual aspects of 
work and thus limit insight into the entirety of ergonomic risk. KEEO is based on a multi-criteria 
integration of methodologies for determining weights and factors that have been identified as 
determinants of ergonomic workload. Validation includes assessment of the content validity of the 
questionnaire, analytical boundary checking, sensitivity analysis, and Monte Carlo simulation. The 
results obtained show stable linear behavior and proportionality between components, suggesting 
that KEEO can serve as a basis for future integrated ergonomic workload indices. This 
methodological work is the result of work on a doctoral dissertation on the topic "Multi-functional 
analysis of effective workplace workload". 
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1. INTRODUCTION 
The assessment of ergonomic workload 
has traditionally relied on methods that 
capture only specific aspects of work. 
Tools such as RULA, REBA, and OCRA 
primarily evaluate physical and postural 
demands, whereas NASA-TLX represents 
a subjective benchmark of mental 
workload and provides a useful point of 
reference for evaluating comprehensive 
indices such as KEEO [1,2,3,4]. These 
methods have been standardized and 
validated; their scope remains limited 
because they do not take into account the 
interaction of physical, mental, 
organizational, and technical factors. In 

modern work environments, especially 
within the framework of the Industry 4.0 
concept, workload becomes the result of 
the interaction of man and technology, 
where physical and mental demands are 
complemented by organizational and 
technical complexities. An integrated 
approach is needed that can 
simultaneously encompass all these 
aspects and express them through a single, 
quantitative indicator. 
For this reason, the KEEO model 
(Coefficient of Effective Ergonomic Load) 
was developed, which represents a 
multifunctional integration of four factors: 
physical (KFIZ), mental (KMEN), 
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organizational (KORG), and technical-
technological (KTEH). The model allows the 
unification of different types of ergonomic 
information into a single index, which 
allows for an objective comparison of 
workplaces and the quantification of 
dominant sources of workload. 
 
1.1. Methodological framework for the 

development of the KEEO model 
The methodological framework defines 
the conceptual and procedural steps 
applied in the creation of the KEEO model, 
which begin with the identification of load 
factors and end with multiple validations 
of the resulting model. The process 
includes the integration of existing 
ergonomic evaluation methods, multi-
criteria component weighting, analytical 
verification of the model, and simulation 
robustness testing, all to develop an 
ergonomic model that will take into 
account all load factors that can occur in 
the work workspace and will be able to 
compare ergonomic workloads at 
workplaces that perform different types of 
work. 
 
1.2. Identification of load factors 
Based on a literature review [5,6,7,8], 
workload was defined as a function of four 
basic domains:  
− Physical workload (KFIZ): biomechanical, 

muscular, and postural demands of the 
task. 

− Mental workload (KMEN): cognitive 
processing, decision-making, attention, 
and emotional effort. 

− Organizational workload (KORG): time 
pressure, coordination, communication, 
and structural organization of work. 

− Technical-technological workload (KTEH): 
interaction with machinery, automation 
level, maintenance requirements, and 
technological risks. 

This classification follows the holistic 
ergonomic perspective proposed by [9], in 

which physical, cognitive, organizational, 
and technical factors jointly determine the 
overall ergonomic load.  
Within the KEEO framework, these domains 
form the conceptual foundation of the model 
and serve as analytical dimensions for 
workload assessment. Each dimension is 
operationalized through standardized 
measurement instruments described in the 
following sections. 
 
1.3. Model structure and formulation 
The KEEO model (Coefficient of Effective 
Ergonomic Load) is defined as a linear 
composite function that integrates four key 
dimensions of workload, Figure 1: physical, 
mental, organizational, and technical-
technological, each weighted according to 
its relative importance: 
 
𝐾𝐸𝐸𝑂௢ = 𝑤௙ ⋅ 𝐾ிூ௓ + 𝑤௠ ⋅ 𝐾ொே + 𝑤௢ ⋅ 𝐾ைோீ +

𝑤௧ ⋅ 𝐾்ாு     (1) 
 
where 𝑤௜  represent the weights of the 
factors determined through the Analytical 
Hierarchy Process (AHP), empirical 
comparison, or a hybrid combination of 
both. The weights are normalized such that 
their sum satisfies the condition: 
 

෍ 𝑤௜ = 1                                                             (2)

ସ

௜ୀଵ

 

 
Each component Ki reflects a specific 
domain of workload: 
− KFIZ physical workload, measured in two 

complementary ways: KFIZobj objective 
biomechanical data from ergonomics 
software simulations (L4/L5 compression, 
%PC, posture, duration). KFIZsubj subjective 
physical perception from the KEEO 
questionnaire. 

− KMEN mental workload, based on cognitive 
and emotional demands. 
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Figure 1. Conceptual framework of the KEEO method 
 

 KORG organizational workload, related to 
communication, time pressure, and 
structural efficiency. 

 KTEH technical and technological 
workload, related to interaction with 
machines, automation, and maintenance 
complexity. 

All subjective components (KFIZsubj, KMEN, KORG, 

KTEH) are obtained from standardized Likert-
type questionnaires (1-5). For each section 
(e.g., A1, B2, C3, D1), the mean value of 
respondents' scores is calculated and then 
normalized to the interval [0-1] according to: 
 

𝐾௜ =
𝑋ప
ഥ − 1

4
                                                          (3) 

 

 
where Xi denotes the mean of recoded item 
scores (after reversing negatively 
formulated items). This normalization 
ensures comparability among different 
factors and allows all components to 
contribute proportionally to the overall 
KEEO index. 
Table 1 shows the normalization principle 
and scoring of the loads. The same 
interpretation scale (“Results” and 
“Meaning” columns) is applied to the final 
KEEO value. 
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Table 1. The principle of normalization 
Rating Calc. Results Meaning 

1 (1 − 1)/4 0.00 Minimum load 
2 (2 − 1)/4 0.25 Light load 
3 (3 − 1)/4 0.50 Intermediate load level 
4 (4 − 1)/4 0.75 High load 
5 (5 − 1)/4 1.00 Maximum load 

 
Workload is a dynamic rather than static 
phenomenon, varying with task familiarity, 
fatigue, and work pace. To account for these 
temporal effects, the KEEO model includes 
two-time time-related correction factors, the 
adaptation factor (Kₐ) and the variation 
factor (Kᵥ), which adjust the basic index to 
reflect real fluctuations during the shift: 
 
𝐾𝐸𝐸𝑂ௗ = 𝐾𝐸𝐸𝑂௢ × 𝐾௔ × 𝐾௩                       (4) 
 
The model is designed so that the KEEO 
values are limited in the interval [0,1], which 
allows interpretation according to the levels 
of ergonomic risk: 0-0,4 (optimal load), 0,4-
0,7 (increased load), and >0,7 (high load). 
 
1.4. Method of weight determination 
The weighting system in the KEEO model 
defines the relative contribution of each 
workload component to the overall 
ergonomic load index. Three complementary 
approaches were implemented to ensure both 
methodological consistency and adaptability 
to available data. 
The Analytic Hierarchy Process [10], 
method was used to determine the relative 
importance of factors. Evaluation was 
performed based on pairwise comparisons 
of factors (FIZsub, MEN, ORG, TEH) 
according to the nine-point Saaty scale. In 
parallel, the physical workload factor 
(FIZobj) was quantified using ergonomics 
software biomechanical simulations. Key 
indicators such as spinal compression force 
(L5/S1), percentage of muscle use, posture 
duration, and body symmetry were 
normalized to a 0-1 scale and subsequently 
used to calibrate the AHP-derived weight for 
KFIZobj, ensuring consistency between 

subjective and simulation-based 
assessments. The consistency of the 
pairwise comparison matrix was checked 
using the coefficients: 
 
𝐶𝐼 =

ఒ೘ೌೣି௡

௡ିଵ
, 𝐶𝑅 =

஼ூ

ோூ
                                      (5) 

 
If the values of CR were less than 0.1. Then 
the weight factors were accepted, 
Even when expert comparisons are not 
available, the same AHP principle can be 
applied analytically to simulate relative 
factor priorities, preserving the internal 
logic of the model. 
In addition to the AHP method, the KEEO 
model also supports an empirical method of 
determining weights, which is used when it 
is not possible to provide a sufficient 
number of expert assessments. For each 
load factor KFIZ, KMEN, KORG, and KTEH sample 
standard deviation is calculated: 
 

𝜎௜ = ට
∑(௄೔ି௄ഢതതത)మ

௡ିଵ
                                     (6) 

 
In that case, the weights are calculated from 
the data on the variability of the factors in 
the sample of workplaces: 
 
𝑤௜ =

ఙ೔

∑ఙ೔
                               (7) 

 
In this formulation, factors that exhibit 
greater variability across the analyzed 
sample are interpreted as having a larger 
influence on the total ergonomic workload, 
reflecting their dynamic impact within 
different working environments. 
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To integrate the structural logic of AHP with 
the data-driven accuracy of the empirical 
approach, KEEO introduces a hybrid 
weighting model defined as: 
 
𝑤௜

final = 𝛼 × 𝑤௜
஺ு௉ + (1 − 𝛼) × 𝑤௜

௘௠௣           (8) 
 
Where 0 ≤ α ≤ 1 represents the weighting 
coefficient that controls the relative 
contribution of the analytical and empirical 
components. 
In this way, the KEEO weighting system 
achieves both conceptual consistency and 
empirical flexibility, ensuring robustness of 
the final index across different application 
contexts. 
 
2. KEEO MODEL VALIDATION 

METHODOLOGY 
The validation of the KEEO model was 
conducted through a multi-layered 
methodological framework encompassing 
analytical verification of mathematical 
boundaries and logical consistency, 
sensitivity analysis to examine the 
robustness of weighting coefficients, internal 
reliability testing, and assessment of content 
(face) validity of the questionnaire. The 
purpose of this validation framework is to 
ensure that the model operates consistently 
within its defined analytical limits, remains 
stable under variations in input weights, and 
that the measurement instruments used to 
operationalize its dimensions adequately 
capture the intended ergonomic constructs 
while maintaining external comparability 
with established assessment methods. 
 
2.1. Content (face) validity of the 

questionnaire 
The first phase of validation refers to the 
assessment of the content (face) validity of 
the questionnaires that operationalize 
individual components of the KEEO model 
(KFIZ, KMEN, KORG, and KTEH). This type of 
validity examines whether the items in the 
questionnaire clearly and intuitively 
represent the content that is intended to be 

measured [11,12]. Content validity evaluation 
was conducted through expert analysis and 
comparison with standards and relevant 
instruments. 
− KFIZ  questionnaire sections are postural, 

dynamic, repetitive load, drawing on 
established physical ergonomics 
frameworks [1,2], 

− KMEN questionnaire sections are mental 
demands, time pressure, responsibility, 
and stress, and they have a theoretical 
basis in [4,13], 

− KORG questionnaire sections are work 
structure, time organization, 
communication, culture, based on 
models of organizational ergonomics 
[5,14], 

− KTEH questionnaire sections are technical 
requirements, automation, HMI, and 
maintenance, supported by literature on 
technical and systems ergonomics [15,16]. 

− The analysis showed that all items 
clearly correspond to their construct and 
that they encompass the main domains of 
each factor. This confirmed that the 
questionnaires are conceptually valid and 
that they reliably operationalize the 
factors of the KEEO model. 

 
2.2. Analytical verification of the limits 

and rules of the KEEO model (Edge-
Case Test) 

The edge-case test represents the first 
analytical step in the validation process and 
is used to examine whether the model 
behaves consistently in limit and extreme 
cases. The test involves controlled variation 
of all component inputs KFIZ, KMEN, KORG, KTEH 
within the normalized interval [0,1], applied 
to the basic KEEO equation: 
 
𝐾𝐸𝐸𝑂௢ = 𝑤௙ ⋅ 𝐾ிூ௓ + 𝑤௠ ⋅ 𝐾ொே + 𝑤௢ ⋅ 𝐾ைோீ +

𝑤௧ ⋅ 𝐾்ாு           (8) 
 
The following limit conditions were 
systematically tested: 
− All input factors=0, KEEO=0 (zero 

workload), 
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− All input factors=1, KEEO=1 (maximum 
workload), 

− Only one factor =1, KEEO=wi, 
− Only one factor =0, KEEO decreases 

linearly by wi, 
− Balanced task (all factors =0.5) 

KEEO≈0.5. 
These analytical scenarios are designed to 
confirm whether the KEEO model maintains 
boundedness (0 ≤ KEEO ≤ 1), monotonicity 
(each component contributes positively), 
additivity, and proportionality (each factor 
contributes in accordance with its weight). 
This test serves as a formal mathematical 
verification of the KEEO formulation before 
empirical validation is introduced. 

 
2.3. Sensitivity analysis and robustness 

of weights 
The third stage of validation focused on 
assessing the stability and robustness of the 
KEEO model with respect to changes in 
weighting coefficients. The purpose of this 
test was to examine how moderate 
variations in factor weights (±10%) affect the 
resulting KEEO index and the relative 
relationships among its components. 
Sensitivity analysis was performed by 
systematically varying the weights wi 

around their nominal (reference) values 
within ±10%, while keeping the normalized 
condition ∑wi=1. For each weight 
configuration, the KEEO index was 
recalculated under five representative task 
scenarios: 
− Z₁, physical (dominant physical load), 
− Z₂, mental (dominant cognitive load), 
− Z₃, organizational, 
− Z₄, technical, and 
− Z₅, balanced scenario (all factors equal). 
Each result was compared to the baseline 
case using the nominal weights, allowing 
observation of changes in both absolute 
values and factor order. This procedure 
represents a numerical robustness test that 
verifies whether small deviations in 
weighting produce proportionate and 

logically consistent changes in the final 
index. 
 
2.4. Monte Carlo simulation 
The Monte Carlo simulation was applied as 
the final stage of internal validation to 
assess the numerical stability and 
robustness of the KEEO model under 
random variations of its component values. 
A simulation with 104 randomized 
combinations of factor inputs (KFIZ, KMEN, 
KORG, KTEH) was performed in Excel, where all 
component values were uniformly 
generated within the normalized interval 0-
1, while the weighting coefficients remained 
constant. 
The objective of this test was to verify 
whether the weighted linear structure of the 
model remains stable and proportional 
across a large number of stochastic inputs. 
The following parameters were computed 
for each component in relation to the overall 
KEEO index:  
− slope of the regression line (βi), 
− coefficient of determination (R²), 
− and mean correlation (r) with the KEEO 

value. 
This approach tests the model’s internal 
consistency and proportional response to 
random input variations. 
 
3. Discussion of the methodological 

approach and the results of validation 
The KEEO model was developed according 
to the principles of multifactorial and 
multicriteria integration, providing a unified 
approach to ergonomic workload 
assessment and addressing the limitations 
of existing, fragmented methods. The 
methodological framework of the model 
focuses on maintaining mathematical 
consistency, numerical stability, and 
conceptual validity as fundamental 
conditions for its internal and functional 
integrity.  
Methodologically, the development of KEEO 
follows the analytical and simulation logic 
often applied in broader engineering 
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contexts, where model stability and 
parameter interaction are verified through 
quantitative data analysis and neural-based 
or system optimization frameworks 
[17,18,19].   
 
3.1. Advantages of the linear and additive 

approach 
The linear formulation of the KEEO model 
allows for transparency, measurability, and 
interpretive simplicity. Unlike complex 
nonlinear models that often make it difficult 
to analyze the impact of individual factors, 
the KEEO uses an additive structure: 
 
𝐾𝐸𝐸𝑂 = ∑ (𝑤௜ × 𝐾௜)

ସ
௜ୀଵ                        (8) 

 
Thus, achieving a clear link between the 
components and the total index. Such a 
structure allows for the analysis of the partial 
contributions of each dimension, the 
identification of dominant load factors, and 
the comparability of different jobs. Analytical 
tests confirmed that the model has 
monotonic behavior (each component 
contributes positively to the result) and that 
the values are always within the limits [0,1], 
which gives it stability and logical 
interpretation. Thanks to this form, KEEO 
can be easily implemented in software 
environments (Excel, MATLAB, Python) and 
used in simulation analyses. 
 
3.2. Conceptual and content validity of 

the questionnaire 
The content validity assessment confirmed 
that the items within the KEEO component 
questionnaires are fully consistent with 
their theoretical foundations and reference 
instruments. In contrast to conventional 
tools that address only a single aspect of 
workload, the KEEO framework integrates 
four interdependent domains: physical, 
mental, organizational, and technical. This 
multidimensional structure enables a more 
comprehensive interpretation of ergonomic 
risk, particularly in workplaces 

characterized by advanced automation and 
digitalization.  
Additionally, KEEO can be seen as a 
cohesive framework that connects 
traditional ergonomic assessments with the 
principles of smart work systems and the 
wider context of Industry 4.0. 
 
3.3. Robustness and stability of the 

weights 
The sensitivity analysis demonstrated that 
the KEEO model maintains numerical 
stability and structural robustness even 
under moderate perturbations of the 
weighting coefficients. The observed 
deviations in the total KEEO index were 
minimal, typically within ±0.03 for weight 
variations of ±10%. Across all test scenarios, 
the order of factor importance remained 
consistent (KFIZ>KMEN>KORG>KTEH), and the 
relationship between the factors preserved 
linear proportionality without nonlinear 
distortions. 
These results confirm that the KEEO index is 
insensitive to small parameter fluctuations, 
indicating that the model’s formulation and 
aggregation logic are both stable and reliable. 
Such robustness ensures that the model 
remains valid even if future empirical or 
expert adjustments lead to slight 
modifications of weighting coefficients. This 
property makes the KEEO model particularly 
suitable for application across diverse 
industrial and occupational environments, 
where the specific composition of tasks may 
vary, but the principle of weighted factor 
aggregation remains consistent. 

 
3.4. The importance of edge-case testing 
The analytical edge-case test confirmed that 
the KEEO model behaves consistently in all 
predefined limit situations. The results 
demonstrated that: 
− The output of the model remains strictly 

bounded between 0 and 1; 
− The index increases monotonically with 

each factor, with no inversion or 
discontinuity; 
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− The sum of weighted contributions 
equals the overall result (additivity); 

− The relative impact of each component 
corresponds exactly to its weight 
(proportionality). 

The model therefore fulfills the fundamental 
conditions of mathematical stability, 
normalization, and logical consistency. 
Each component (KFIZ, KMEN, KORG, KTEH) 
shows a proportional and predictable 
increase in the total value when its own 
rating is raised, confirming that the model 
structure correctly represents the additive 
nature of ergonomic workload. 
 
3.5. Monte Carlo Results 
The results of the Monte Carlo simulation 
confirmed that the KEEO model preserves 
its linear and proportional character across 
all 10000 simulated cases. The slopes of the 
regression lines closely matched the 
theoretical weights that were predetermined 
at the start of the simulation (βFIZ ≈ 0.46, βMEN ≈ 
0.27, βORG ≈ 0.17, βTEH ≈ 0.10), indicating that the 
model’s numerical behavior fully corresponds 
to the designed weighting structure, Figure 2. 
The coefficients of determination (R²=0.67-
0.93) confirmed the model’s linearity and the 
absence of multicollinearity among 
components, while the coefficients of 
determination for single factors (R²=0.03-
0.65) correspond well with their predefined 
weighting factors (wFIZ=0.46, wMEN=0.25, 
wORG=0.17, wTEH=0.10), indicating a coherent 
internal balance of the model structure. 
The distribution of simulated KEEO values 
exhibited a normal shape with an average of 
approximately 0.5, confirming the 
balancedness of the weighting system and 
the stability of the model under random 
inputs, Figure 3. These findings validate the 
internal stability and logical consistency of 
the KEEO formulation, demonstrating that 
the model remains numerically coherent 
even when component values vary 
stochastically. This provides a strong 
methodological basis for subsequent 
external validation using real ergonomic 
data. 

 
 

Figure 2. Scatter plots KEEO and it 
components 

 
 

Figure 3. KEEO distribution (rand 0-1, 
n=104). 

 
4. CONCLUSION 
This paper presented a methodological 
framework for the development and 
validation of the KEEO model (Coefficient of 
Effective Ergonomic Load), an integrated 
system that quantifies total workplace load 
by combining physical, mental, 
organizational, and technical-technological 
factors. 
Unlike traditional approaches that assess 
only isolated aspects of workload, KEEO 
introduces a holistic and analytically 
verifiable structure, linking subjective 
perceptions with objective physical data. A 
key advancement of the current version of 
the model is the inclusion of the objective 
physical factor (KFIZobj), obtained from 
ergonomics software biomechanical 
simulations, which calculate the 
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compression force on the L5/S1 spinal 
segment, percentage of muscle activation, 
posture index, and duration of static 
positions. This component serves as a 
reference benchmark for the subjective 
physical perception (KFIZsubj) and enables 
convergent and reliability validation within 
the same framework. 
In that sense, the KEEO approach extends 
these analytical principles beyond the 
technical domain and adapts them to 
ergonomic assessment, merging physical 
and cognitive dimensions into a unified 
validation structure. Analytical verification 
confirmed that the model satisfies the 
fundamental mathematical and logical 
criteria: boundedness, linearity, monotonic 
growth, and proportionality of factor 
contributions. Edge-case testing 
demonstrated consistent model behavior 
under extreme input values, while 
sensitivity analysis indicated that KEEO 
remains stable under ±10% weight variation, 
confirming its numerical robustness. The 
Monte Carlo simulation further validated 
the internal stability of the weighting 
system and the linear aggregation logic, 
while the face validity assessment 
confirmed that the questionnaire structure 
adequately represents the theoretical 
constructs of all four workload dimensions. 
Methodologically, the KEEO framework 
integrates multi-criteria weighting (AHP), 
empirical and hybrid weighting schemes, 
and simulation-based stability analysis into 
a unified validation structure. This 
combination of analytical and simulation 
methods enables verification of model 
behavior even in the absence of 
experimental data, providing a foundation 
for early-stage ergonomic model testing and 
refinement. 
Future development of the KEEO model will 
focus on several directions: empirical and 
psychometric validation, including internal 
consistency analysis (Cronbach α) and 
convergent comparison with NASA-TLX 
dimensions, standardization of threshold 

values, defining precise boundaries between 
optimal, increased, and critical ergonomic 
load levels based on empirical datasets and 
extension of the application domain, 
validating the model in diverse industrial 
environments such as manufacturing, 
logistics, healthcare, and information 
technology. 
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