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and Kristina Daunoravičienė 1
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Abstract: This study includes an ergonomic evaluation of patient lifting motion performed by
healthcare specialists. This analysis focuses on the neck, shoulder, and elbow, as these are statistically
significant areas with insufficient research data. Data collection was conducted using the Movella
Xsens system as a standard 17 IMU (inertia measurement unit) marker set. A total of 44 test subjects
participated, resulting in 396 measurements. A mathematical model was presented, including the
main expressions and a three-dimensional moment arm of the shoulder calculation determining both
the moment and accumulated moment. The patient load profile was measured in the experiment
and parametrically integrated into the mathematical model. Ergonomic limits were calculated and
presented, showing that during the lifting motion, the neck exceeds its ergonomic limit by 66%,
the shoulders by 49%, and the elbow by 76%. The accumulated moment can vary by up to 23%
depending on different evaluated techniques or data cross-sections. The model was verified by
comparing it with data from other experiments, and recommendations were presented based on the
findings, along with suggestions for future research development in the area.
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1. Introduction

Social, medical, or any other care closely related to patient lifting is becoming more
and more needed. Based on Eurostat data, the number of specialists in nursing or similar
sectors has increased by 16.6% in the 2012 to 2020 timespan. Furthermore, in 2021, based
on statistical data, more than 40% of specialists in the healthcare sector are older than
55 years. Musculoskeletal system disorders are often a challenge to the longevity and
satisfaction of specialists’ careers [1]. Chronical illness often arises from significant or
uncomfortable loads that are closely associated with patient handling or lifting. Load
distribution in healthcare specialists is often foreseen in the neck, lower back, shoulder,
knees, and elbows. The lifting motion is a complex and difficult maneuver, not only to
perform but to measure and research too [2]. Existent standards like ISO 11228 [3] or
RULA [4] state some recommendations, like different angle evaluation and weight, but
they are very limited in their definition. None of these standards state exposure times in
different risk zones or how the accumulation of these loads works or impacts our joints
in the long term. This shows the limitation of these standards and the probable lack of
research evidence allowing us to broaden the standards.

Statistical research shows that the neck, shoulder, and elbows are among the top five
musculoskeletal segments that sustain injury. The other two are often the lower back or
knees, but these segments are explored more in numerous research studies than the motions
and loads of the arms and neck. Based on five different and independent research studies
varying in sample size and country, neck muscle skeletal disorder probability is around
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0.331–0.501, shoulder muscle skeletal disorder probability is around 0.346–0.453, and elbow
muscle skeletal disorder probability is around 0.055–0.273 [5–9]. Healthcare professionals,
especially nursing and rehabilitation specialists, are often faced with patient lifting tasks
that cannot be planned in advance. These tasks often include helping patients stand up and
moving them from the bed back into the bed. Often, this means that the body position is
ergonomically incorrect, based on different scenarios, patient body type, and given physical
conditions. Since a living person is being lifted, complexity is higher than most of the other
industry tasks. Not only can a patient’s physical disability be a factor, but their mental
condition can be, too, which healthcare specialists must be aware of, as it might impact
their lifting technique. Although a “no-lift” policy is being established in Europe, many
specialists still perform lifting tasks manually, often without using specialized equipment.
Their responsibility for the patient’s comfort often means that nurses or other healthcare
specialists may not consider the long-term effects on their own bodies, as their focus is on
meeting the immediate needs of the patient. Analyzing what forces and loads accumulate
in the specialist’s body during these motions serves as an important aspect of biomechanical
analysis [10–12].

All these factors contribute not only to the complexity of the motion but also to the
need to research it and understand it better. Data gathered from researching such motions
can inform recommendations for standards, medical diagnoses, risk assessments, and
the development of engineering solutions that may reduce or eliminate the load during
lifting. It is even stated that musculoskeletal disorders are one of the main reasons for
skipping work, frequently visiting the doctor, or being forced to entirely change work
positions [13]. But chronic musculoskeletal illness is as important as rapid injuries, which
can often be identified from the evaluation of a performed technique or its factors, as the
loads handled are way above what is recommended [14]. Chronic illnesses, such as chronic
neck pain, bursitis, and rotator cuff tendinopathy, are harder to predict and evaluate, but
their basis is similar to that of acute injuries—strain exceeding what the tissue can handle.
The main difference is that long-term trauma results from accumulation over time, while
acute injuries, such as cervical or shoulder strain or rotator cuff tear, occur from a high
peak load sustained during motion. Therefore, it is important to identify problematic
motion patterns and the factors affecting them, as these impact both acute and chronic
musculoskeletal disorders. Good data models and engineering measurements make a
direct and important contribution to healthcare.

This paper aims to present research analyzing healthcare specialists during patient
lifting motion. The evaluation is conducted using different data cross-sections to distinguish
the effects of various techniques. This is carried out using motion-capture equipment and
a developed mathematical model while calculating the statistical significance of every
significant data set being presented. The initial goal is to improve a methodology that would
enhance the effectiveness of evaluations and calculations, ultimately improving conditions
for healthcare specialists. This is conducted with a presented mathematical model and
experimental data-capture methodology, practically calculating patient load. Additionally,
this study demonstrates that ergonomic evaluation can be performed using data from the
IMU system without relying on numerous complex and difficult-to-obtain criteria.

2. Materials and Methods
2.1. Test Subject and Research Procedure

For this experiment, healthcare specialists were gathered, primarily consisting of
nurses and rehabilitation specialists. In total, 44 participants (16 men and 28 women)
were recruited for this research. The average age was 28 ± 12 years, average height
was 175.11 ± 11.58 cm, and average weight was 75.30 ± 12.58 kg. The sample size was
calculated using GPower 3.1.9.7. for a statistical power of 0.95, an effect size of 0.475,
and a significance level of 0.05, assuming a two-tailed data distribution. The calculation
determined that 34 test subjects would suffice for single-tailed analysis. Each participant
underwent 9 measurements, resulting in a total of 396 data measurements analyzed for
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this research. Additionally, test subjects were required to complete a form providing
supplementary cross-sectional data. This form was used to evaluate test subjects’ physical
readiness based on sport activities they engage in and their frequency, together with other
properties. This was a qualitative assessment granting scores from 1 to 10 to each of the test
subjects. The goal was to study the possible correlation between fitness level and research
results. Furthermore, test subjects were allocated to distinctive groups, which had been
formed according to the results of their respective measurements. These data sets were
used for comparison with the full research sample size. Groups were formed according
to the following criteria: age, physical readiness, tenure, and gender. Age groups were
divided into younger than 25 y.o. (n = 243), between 25 and 35 y.o. (n = 99), and older than
50 y.o. (n = 53). Test subject’s physical readiness level was judged by score, with low score
(n = 126) being below 6, mid score (n = 171) being 6 to 8, and high score (n = 99) being 9 to
10. Further criteria were tenure, first group having less than 1 year (n = 207), second group
having 1 to 3 years (n = 99), and third group having more than 3 years of tenure (n = 90).
Another group divided test subjects according to their gender, categorizing them as male
(n = 144) and female (n = 252). The last group consisted of different lift scenarios, described
in the next paragraph, each containing of same amount of measurements (n = 132).

For this research, the motion of lifting a patient from a wheelchair to a bed was
selected. This motion is based on techniques physiotherapists normally use in their work
environments. The motion comprises three main phases: lifting, transferring, and putting
down. The lifting and putting down are symmetrical motions, distinguishable by observing
knee flexion/extension, as knees extend during lifting phase and flex during putting-down
phase. Transferring phase involves trunk rotation and a shift in the center of gravity,
increasing the complexity and potential risk of injury associated with this motion. This
phase is identified as a gap between lift and put-down motions. Furthermore, three
scenarios were chosen to evaluate possible technique and motion changes:

1. The first scenario simulates a heavily physically disabled person, where patient does
not assist the test subject in any way and remains relaxed. Patient’s hands are down.

2. The second scenario simulates a patient with ability to move above the waist, where
the assistance is provided by the patient placing their hands on the test subject’s
shoulders. The patient cannot stand on their own, and the assistance is minimal.

3. Similarly to the first scenario, in the third scenario, the patient does not assist at all,
but in this case, test subject uses ergonomical belt during the lifting. Patient’s hands
are down, and body is relaxed.

For consistency, the same person (180.10 cm height and 65.27 kg weight) participated
as the patient in all the measurements to minimize the potential environmental variables.

Main study procedure and sequence are shown in Figure 1. Test subject was equipped
with the IMU marker system—Xsens Movella. This system was chosen because it offers
great flexibility working with larger measurement sample sizes and small number of
errors that would require repeating the measurement. A standard systems marker set
was used, consisting of 17 markers in total. Data were captured at 60 Hz. The system
was calibrated while standing and walking. Afterward, three different scenarios were
performed with three repetitions each. In total, nine measurements were taken for each
test subject. After each measurement, a visual inspection was conducted to ensure data
consistency and quality. The measurement was repeated if any issues were detected with
the data. Once all data were collected, batch HD processing was performed to smooth
out, recenter, and improve the data. HD smoothing was carried out in Movella Xsens
MVN 2023.2 software package. Processed position data of 17 markers were exported in
.xlsx format. This file was directly plugged into a model created in Rhino Grasshopper
7 SR34 software package. Test subjects’ individual anthropometric data were captured
before conducting the measurement. For data that could not be directly measured, such as
segment weights and center of gravity distances, calculations were based on the Hall, S. K.,
and Williams R. L. methods, as these are widely utilized [15–17]. Individualization in the
model involves scaling limb marker positions according to the specific measurements of
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each subject. The same individualized scaling was applied in the mathematical moment
calculation. The patient load force profile was integrated into model, parametrizing it based
on the duration of each measurement.
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Figure 1. Flow chart of study procedure.

After completing the calculations in the model, the data were normalized by patient
height and time. However, normalization was applied only to the joint moment and motion
amplitude data, while the accumulated moment was excluded from normalization. This ap-
proach was taken because the duration of motion significantly influences the accumulation
of load. In the final steps, the data were grouped based on different test subject parame-
ters. Statistical calculations were then performed on these grouped data sets, presented,
and evaluated.

The lifting procedure scheme is presented in Figure 2A. Both surfaces are adjusted
to an exact height of 0.6 m. The wheelchair is positioned at an angle near the bed, with
its brakes engaged. The test subject approaches the patient, and the motion analysis
begins when he/she starts bending. The end position of the motion is defined when the
test subject stands up, straightens their back, and positions their head in a neutral or
semi-neutral position.

The experimental scheme to determine the patient load profile is presented in Figure 2B.
Due to the motion’s complexity, the need for additional equipment, and the large sample
size, real-time measurement of patient’s loads proves challenging. Consequently, it was
decided to conduct an experiment that would allow the determination of load profile of
a patient, leveraging the consistency of using the same patient across all measurements.
For this experiment, a BTS P-6000 force plate was employed, initially recoding at 250 Hz.
A total of ten measurements were conducted. The experiment consists of two indepen-
dent measurements:

1. The patient begins by sitting on the chair without touching the force plate, with legs
lifted. The measurement commences when the patient stands on the force plate,
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remains standing for a few seconds, and then returns to a seated position on the chair.
This is presented in Figure 2B(1) scenario.

2. The second measurement begins with the patient sitting on the chair with their legs
touching the force plate. The patient is lifted by the test subject between two surfaces,
replicating the main research scenario. Throughout the lift, the patient keeps their
legs on the force plate, allowing measurement of the remaining force. This setup
enables continuous measurement of the force exerted while the patient’s legs remain
in contact with the force plate throughout the lifting motion. This presented in
Figure 2B(2) scenario.

The patient load profile on the test subject is determined by subtracting the full
gravitational force of the patient from the gravitational force that remains unengaged while
the test subject lifts the patient.

FL
i = FS

i − FK
i , (1)

Here, FL
i represents the patient load for the test subject at a given time frame i. FS

i is
the patient ground reaction force (GRF) while standing on the force plate at the same given
time frame i. FK

i stands for the load at a given time frame i, which remains on the force
plate while the test subject lifts the patient.

2.2. Mathematical Methods

A simplified mathematical model was employed for this research, primarily focusing
on simplifying shoulder anatomy for moment calculations. It assumes a single point of
shoulder contact, consistent with similar studies where moments are estimated [18,19].
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Figure 2. The experiment lifting procedure environment and schematical view: (A)—patient trans-
fer motion capture setup; (B)—patient load evaluation: (B.1)—patient reaction force estimation;
and (B.2)—patient leftover reaction force estimation [20].

The neck kinetic chain is open, and it consists of one main segment—the head. The
most significant factor influencing neck moment is overall position of the head, which is
defined by an angle. All ergonomic angles may affect head’s angle, and while flexion and
extension are biggest contributors to shoulder moment arm, it is important to be able to
evaluate all angles. Figure 3A presents the principal schematic for head moment calculation
in this model.
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Based on the head moment calculation schematic (Figure 3A), the head moment arm is
determined as the projection of the distance between the C7 vertebra and the head’s center
of gravity. The calculation for this moment is expressed as follows:

SN = Fh·Dh = (m h·g)·(cos δ·Lh), (2)

Here, SN represents the neck moment, Fh denotes the gravitational force at the center
of mass, and Dh is the shoulder arm of head. mh is mass, g is gravitational constant, and
Lh signifies the distance between C7 and mass center of the head. This representation is
applicable to both 2D and 3D environments, depending on how Lh and δ are defined in
the calculation. In this case, 3D vectors were defined in Rhino Grasshopper computational
model to obtain representative values based on the marker positions.

Figure 3B illustrates principal schematics for shoulder and elbow moment calculation.
An additional simplification assumes the lower arm is a conjunction of the wrist and fore-
arm. The load center of mass is calculated to be 10 cm closer than end of lower arm segment,
based on approximated trunk size of the patient. Center of mass and other parameters are
calculated accordingly. Center of mass calculation schematics are shown in Figure 4 and
described in Expression (3) based on the Pamula, H. center of mass calculator [21]. The
hand position is assumed to be clenched, as the patient is held during lifting. All the other
dimensions and masses are calculated based on individual data.

Xla =
md·Xd + mp·Xp

md + mp
, (3)

Here, Xla is the lower arm COG distance from elbow side. Other parameters are masses
and COG distances, accordingly, with d representing lower arm and p representing hands.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 20 
 

extension are biggest contributors to shoulder moment arm, it is important to be able to 
evaluate all angles. Figure 3A presents the principal schematic for head moment calcula-
tion in this model. 

 
Figure 3. Neck moment (A) and shoulder moment (B) calculation principal schematics. Purple out-
line represents patients body. 

Based on the head moment calculation schematic (Figure 3A), the head moment arm 
is determined as the projection of the distance between the C7 vertebra and the head’s 
center of gravity. The calculation for this moment is expressed as follows: 𝑆ே = 𝐹௛ ∙ 𝐷௛ = (𝑚௛ ∙ 𝑔) ∙ (cos 𝛿 ∙ 𝐿௛), (2)

Here, 𝑆ே represents the neck moment, 𝐹௛ denotes the gravitational force at the cen-
ter of mass, and 𝐷௛ is the shoulder arm of head. 𝑚௛ is mass, 𝑔 is gravitational constant, 
and ∙ 𝐿௛ signifies the distance between C7 and mass center of the head. This representa-
tion is applicable to both 2D and 3D environments, depending on how 𝐿௛ and 𝛿 are de-
fined in the calculation. In this case, 3D vectors were defined in Rhino Grasshopper com-
putational model to obtain representative values based on the marker positions. 

Figure 3B illustrates principal schematics for shoulder and elbow moment calcula-
tion. An additional simplification assumes the lower arm is a conjunction of the wrist and 
forearm. The load center of mass is calculated to be 10 cm closer than end of lower arm 
segment, based on approximated trunk size of the patient. Center of mass and other pa-
rameters are calculated accordingly. Center of mass calculation schematics are shown in 
Figure 4 and described in Expression (3) based on the Pamula, H. center of mass calculator 
[21]. The hand position is assumed to be clenched, as the patient is held during lifting. All 
the other dimensions and masses are calculated based on individual data. 

 
Figure 4. Unified forearm and hand center of mass schematics. Figure 4. Unified forearm and hand center of mass schematics.



Appl. Sci. 2024, 14, 8076 7 of 19

The mathematical expression for shoulder moment is given in Expression (4). It
comprises three separate moments: upper arm, lower arm, and load. Each component is
the gravitational force multiplied by the shoulder arm distance from shoulder joint to center
of mass of a calculated segment. The elbow moment is expressed with two components,
the lower arm and the load, as presented in Expression (5).

SS = sS−ua + sS−la + sS−load = Fua··Dsua + Fla··Qsla + Fload··Qsl , (4)

SE = sE−la + sE−load = Fla··Dela + Fload··Del , (5)

Since some of the data are not directly available in the output of the MVN system,
those moments can be expressed using known metrics, primarily limb lengths and er-
gonomic angles.

Schematic overview of further mathematical expressions is given in Figure 5A. Based
on the given schematics, shoulder and elbow projected distances (shoulder arms) can be
expressed as follows:

Dsua = Xua·lua·sin(α − β), (6)

Dsla = lua·sin(α − β) + Xla·lla·cos(δ), (7)

Dsl = lua·sin(α − β) + (lla − 0.1)·cos(δ), (8)

Dela = Xla·lla·cos(δ), (9)

Del = (lla − 0.1)·cos(δ), (10)

Here, X represents the segment length ratio of mass center location, starting from the
segment origin, and l stands for segment length. However, these lengths represent projected
view from the sagittal plane. While the most significant plane of arm motion impacts
moment shoulder arm, other ergonomic angles should also be evaluated to maintain the
accuracy of the assessment.
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Figure 5B shows a schematic of the three-dimensional relationship with sagittal plane
expression. Mathematically, the parametrical plane is defined by the shoulder, elbow, and
wrist points, denoted as

→
p (S, A, R). The distance ratio of the maximum segment length and

the analyzed frame distance is directly proportional to the ratio of moment arm projected
to sagittal plane and three-dimensional sagittal moment arm. Thus, the two-dimensional
expression of moment arm D can be interchanged with the three-dimensional expression of
moment arm Q using the given Expressions (11) and (12). The projected moment arm from
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shoulder to upper arm remains unchanged, as it consists of a single segment without any
possible bending motions from its origin point.

Qsla = Dsla
Pe−l

lup + Xla
, (11)

Qsl = Dsl
Ps−l

lup + lla − 0.1
, (12)

Here, X represents the segment length ratio of the mass center location, starting from
the segment origin, and l represents the segment length. These lengths represent projected
view from the sagittal plane. While the sagittal plane is the most significant plane of
arm motion impacting the moment shoulder arm, other ergonomic angles should also be
evaluated to maintain the accuracy.

When evaluating the accumulated moment, one of the most critical components is
frequency. If datasets from different frequencies were summed, they would be incompa-
rable. For example, data at 240 Hz with a stable load of 5 Nm on the shoulder would
correspond to an accumulated moment of 1200 Nm per second. For this reason, several
studies recommended using low frequency to calculate the sum of forces or joint moments.
In biomechanics research, frequency of 5 Hz is recommended, as it accounts for the acceler-
ations of movements and is the lowest frequency needed to capture the extremes of the
load [22–24].

All moments of this research were calculated as quasi-static, without taking accel-
eration into account. Quasi-static analysis examines a system or part of it, assuming it
is in equilibrium, without any dynamic effects or loads, such as inertia and other time-
dependent behavior [20]. In the scope of this research, the acceleration effect constituted
only 1.6% of the gravitational constant, making the dynamic load negligible.

Models of different data cross-sections were evaluated using statistical significance
tests. It was determined through Q-Q plot test that the data from this research do not follow
a parametric distribution. Based on these findings, the Kolmogorov–Smirnov test was
chosen to evaluate statistical significance comparing data cross-section with whole sample
size. Data are considered statistically significant when its test p value is less than 0.05.
Furthermore, standard deviation is not recommended for non-parametric data distributions,
so mean absolute deviation (MAD) is used to represent data variance, as it provides a more
informative and accurate representation under these conditions [25].

2.3. Ergonomic Boundary Evaluation

Ergonomic standards, such as RULA [4] or ISO 11228 [3], do not provide informative
quantitative boundaries to evaluate ergonomics. Thus, estimations based on RULA were
made, focusing on positions to determine moment values at upper risk limits, thereby
broadening the spectrum of ergonomic analysis and enabling more comprehensive data
comparison. According to the RULA [4] standard, the maximum risk score on the neck
occurs when neck is flexed 20◦ or more. For shoulders, the maximum risk score is given
when the arms are lifted above a 90◦ angle. However, for this research, this boundary was
adjusted to 45◦, as the load shoulder arm moment works similarly whether above or below
90◦. The load weight for the maximum risk score is estimated to be 10 kg or more. The
maximum risk score for elbows is assigned when they are at 100◦ or more, calculating
in isolated motion [26]. For neck calculations, a study was found that evaluated surgical
practices to determine neck performance during these activities. In his research, Zhang C.
recommends not exceeding a neck moment of 0.04 Nm/kg, which translates to 3.01 Nm for
average value of this research group [27]. For shoulder and elbow, the ergonomic boundary
limits are calculated as follows:

MS = cos(β)·(xua·mua + xla·mla + xl ·ml)·g = 40.21 Nm (13)

ME = cos(γ)·(xla·mla + xl ·ml)·g = 19.22 Nm, (14)
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The presented ergonomic boundaries are used to calculate how much the performed
motion is below or above these thresholds. These data help determine the risk factor of the
performed generalized motion or technique.

3. Results
3.1. Patient Load Force Profile

An experimental patient load measurement was conducted to obtain a parametric
curve for use in further moment calculations. The results are presented in Figure 6. Pearson
correlation coefficients were calculated, and the average correlation of all measurements
with their grouped average is 0.992. The largest mean absolute deviation in the data is 9.46%.
When comparing the free-standing data with the patient’s nominal weight, the average
difference is 1.89%, suggesting that the measurements are both accurate and reliable.
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It was observed that the average force exerted by the patient while standing is 662.28 N,
whereas the maximum force during the lift is 345.46 N. The average load on the test subject’s
GRF during the lift motion is 205.34 N. Based on these results, the average constant load
exerted by the patient on the test subject during the lift was measured to be 429.95 N. This
corresponds to approximately 67.14% of the patient’s full weight.

3.2. Inverse Dynamics Results

Dynamics is a key finding of this research. Figure 7 presents the average neck moment
values across different data cross-sections. The moment does not start from exactly zero
because some of the test subjects’ nominal positions still involve slight bending or flexion
of the neck, resulting in the generation of the moment. Similar considerations apply to
shoulders and elbows. When evaluating the age of the subjects, all data show statistical
significance. Subjects younger than 25 years are closest to the overall sample average,
reflecting their larger representation in the study. Conversely, both the 25–35 years group
and those over 50 years exhibit lower neck moments during movements. Specifically, the
youngest subjects have the highest average moment value at 5.40 Nm, followed by 4.62 Nm
for the middle-aged group and 4.28 Nm for the oldest group. The average moment for those
older than 50 is 20.7% higher than for those younger than 25 years. The subsequent section
assesses physical readiness (Figure 7B). Here, data variance among all three subject groups
is noted. The data from subjects with low physical readiness are not statistically significant
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and closely match the average of the entire test group. A positive impact is observed in the
group with an average physical level, with the highest moment value being 9.68% lower
than the overall sample average. Conversely, the high physical readiness group exhibits
a negative effect, with the highest moment value being 17.88% above the overall group
average. Both findings are statistically significant. The third chart (Figure 7C) illustrates
the difference between genders. Both datasets are statistically significant, showing an
inter-gender difference of about 31.4% in moments between the extremes. Men perform
the movement with a neck moment 15.24% higher than the overall sample average, while
women’s moment is 11.41% lower.
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Figure 8 shows shoulder and elbow moment graphs separated by scenario, age, and
physical readiness level. Among the scenarios for the shoulder girdle, the third scenario
stands out, characterized by a less loaded start of the movement and an overall lower
moment amplitude. The right arm’s moment averages between 60.46 and 60.80 Nm in the
first and second scenarios, while the maximum value in the third scenario is 55.99 Nm.
The left arm reaches values of 62.98 to 63.82 Nm in the first two scenarios and 55.67 Nm
in the third. All shoulder data are statistically significant. Meanwhile, the third scenario
for the right elbow and the first and second scenarios for the left elbow are not statistically
significant. There is minimal variation across all the elbow scenarios. However, statistically,
the third scenario, where an ergonomic belt is used, is the best for the elbows, though it
differs only slightly from the first two. Ergonomic belts are commonly used in patient
transfers nowadays, though they were not originally designed for full patient transfers.
While there is an assumption that these belts might help reduce the risk of musculoskeletal
injuries, the discussion among physiotherapists and nurses is ongoing on how these belts
should be used properly and under what circumstances, as there is no substantial evidence
of their benefits [28]. However, data gathered in this research show a lower shoulder load
when using these belts, particularly during the initial lift phase of the transfer.

The level of physical readiness shows interesting non-intuitive variance. No significant
differences in the effects of physical readiness are observed in the left shoulder and left
elbow segments; however, it is noted that the left shoulder is most heavily loaded among
individuals with high physical readiness. The same result is detected in the right shoulder
moment graph. Individuals with high physical readiness place 2.44–2.61% more load
on their shoulders on average compared to the overall evaluated sample group. The
most noticeable trends are evident in the right elbow. During the peak moment, it is
observed that the group with the lowest physical readiness exerts the highest load moment,
approximately 5.53% more than the whole sample average. Additionally, the ergonomics
of the group with high physical readiness in the elbow area are very similar to those of
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the group with medium physical readiness. Also, the high physical readiness group has
a 4.63% lower moment than the low physical activity group during the first half of the
transfer movement.
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Analyzing the data by participant age reveals more significant findings. In this
group, only two measurements of both shoulders in the 25–35 age group are statistically
insignificant. The most ergonomic motion, resulting in the lowest moment, is consistently
observed among professionals over 50 years old. In this age group, a positive effect is
evident in both elbows and the left shoulder graphs. However, it is important to note that
while the right shoulder shows the highest moment extremity within this age group, this
does not represent the highest moment observed overall. Furthermore, the extremity of
the moment in the elbows is consistently 3.26–4.90% lower in the group of subjects older
than 50 years. For the shoulders, the maximum moment of the left shoulder is notably
11.84% lower, while the maximum value of the right shoulder is higher by 6.47% from
the overall test sample. These percentage differences illustrate variations within ±2.84%
for shoulders and ±2.19% for elbows across other age groups, which are considered not
statistically significant.

Figure 9A shows the average neck moment variation in relation to the ergonomic
limits derived from Zhang’s research and the RULA standard. Across all scenarios, these
ergonomic boundaries are consistently exceeded. During each motion cycle phase, an ex-
treme neck moment is generated that surpasses these limits. Specifically, the first extremity
accounts for 36.00% of the total motion duration, while the second extremity accounts for
30% of the motion duration. Overall, the ergonomic limit is exceeded 66.00% of the time,
averaging a duration of 3.3 ± 0.73 s. It is evident that during the transfer, subjects position
their necks in such a way that the moment does not exceed the limit, but only for a brief
period. Figure 9B shows the shoulder ergonomic limit plot in comparison with right and
left shoulder moment plots. On average, shoulder load is 48.57% higher than the ergonomic
limit. Figure 9C demonstrates the elbow moment compared to the ergonomic limit. This
limit is exceeded throughout the entire transfer motion cycle and largely during the lifting
and placing phases. Both elbows experience almost identical moments. The right elbow
exceeds the ergonomic limit for 76.68% of the motion duration, while the left elbow exceeds
the ergonomic limit for 75.67%. In terms of time, this generally amounts to 3.81 ± 0.84 s.
Given that the weight being lifted far exceeds the weight used to set the ergonomic limit,
the elbow position during the motion should be lowered to minimize the load held in the
active elbow position.
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Table 1 presents cumulative moment data for various data segments. This serves as
additional criteria to evaluate different data cross-sections. The analysis of the different
scenarios reveals that in the first scenario, all cumulative moments are higher compared to
those of the entire sample. The second scenario is closest to the average, while the third
scenario shows reduced cumulative moments in the shoulder area. Typically, the moment
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values are 9.74% higher compared to the whole sample average, while shoulder moments
are, on average, 9.67% lower than the mean value.

Table 1. Mean cumulative force moment (5 Hz) expressed in analyzed data groups. Data are
expressed in maximum values and mean absolute deviation (MAD). Green indicates values more
than 5% below the whole sample average, while red indicates data points more than 5% above the
whole sample average.

Neck R. Shoulder L. Shoulder R. Elbow L. Elbow

Mean Acc
Nm

Moment
MAD

Mean
Acc Nm

Moment
MAD

Mean Acc
Nm

Moment
MAD

Mean Acc
Nm

Moment
MAD

Mean Acc
Nm

Moment
MAD

All pop. n = 396 96.66 32.49 1156.51 351.51 1211.7 373.27 890.9 206.2 776.285 171.06
Scenario
#1 n = 132 103.81 33.31 1286.58 343.99 1366.35 429.59 964.06 214.76 846.99 188.39
#2 n = 132 92.20 29.95 1117.29 289.82 1196.24 318.38 855.78 180.34 734.82 149.8
#3 n = 132 93.95 34.27 1065.65 381.06 1072.51 339.11 852.89 215.93 747.05 166.44
Age
<25 n = 243 104.77 31.59 1166.98 324.27 1258.59 373.28 918.52 212.67 775.20 171.15
25–35 n = 99 84.23 28.49 1103.70 313.46 1164.99 301.67 856.52 164.62 763.53 138.86
>50 n = 53 82.70 31.60 1206.20 563.30 1086.31 451.79 829.65 239.63 804.58 235.34
Physical level
Low n = 126 100.20 32.60 1201.74 431.10 1238.15 444.85 905.26 246.61 812.04 216.07
Mid. n = 171 81.21 27.75 1154.55 370.84 1205.51 334.85 845.02 175.08 766.54 145.40
High n = 99 118.88 29.29 1207.27 373.06 1252.46 460.54 977.76 243.67 783.86 222.65
Tenure
<1 year n = 207 101.23 28.73 1104.02 332.51 1183.23 366.27 878.32 205.93 746.71 171.78
1–3 year n = 99 100.84 36.38 1304.80 447.16 1355.17 398.31 960.40 219.54 839.24 185.50
>3 year n = 90 76.30 28.61 1114.10 280.26 1119.36 324.65 843.40 185.56 775.06 139.52
Gender
Man n = 144 111.34 29.05 1131.11 302.52 1240.81 360.21 920.27 207.16 766.97 170.18
Woman n = 252 88.03 31.77 1171.02 379.07 1195.06 379.86 874.12 204.13 781.61 171.64

Another data cross-section presented in Table 1 is age. Shoulder and elbow groups
of test subjects up to 25 years and 25–35 years do not show significant differences, but a
10.35% positive effect is observed in the left shoulder’s moment for those older than 50 years,
along with a 6.88% positive effect for the right elbow. In the neck area, individuals under
25 years generated an 8.39% higher accumulated moment, while those in the 25–35 and over
50-year-old age groups exerted a 13.65% lower moment on average. Significant deviations
in the physical readiness group are seen only in the neck and right elbow areas among
individuals with medium and high physical readiness. In the neck area, the group with
high physical readiness generated a remarkable 22.99% higher cumulative moment, while
those with medium physical readiness generated 15.98% less. In the right elbow, a 5.15%
better accumulated moment is observed in the group with medium physical readiness and
a 9.74% higher composite moment among those with high physical readiness.

When the data are sorted by work experience, individuals with the most experience
accumulate, on average, 7.57% less moment across all joints. Interestingly, individuals with
1–2 years of work experience accumulate, on average, 8.98% more moment across all joints.
A distinction between genders is only noticeable in the neck area. Women generate 8.93%
less moment, while men generate 15.19% more compared to the total sample size average.
Comparing these groups, men’s cumulative moment is 26.48% higher than women’s.

3.3. Model Verification

The constructed computational model consists of kinematics and dynamics calcula-
tions. The kinematics used in the model are directly imported from Movella Xsens software,
which is widely utilized in the market and has verified kinematic values [29–31]. The Xsens
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and the Vicon motion measurement system comparison shows a correlation of 0.98 in the
sagittal plane and 0.89 in the frontal plane kinematic data during mobile and dynamic
tasks [30]. Due to previous studies, the kinematic data measured by Xsens IMU equipment
are considered verified, and the process is not repeated.

The computational model directly utilizes Xsens kinematic and coordinate data as
inputs to evaluate dynamic parameters based on specific conditions and available kinematic
and individual data. Due to its nature, the model is not a musculoskeletal model, making
traditional verification processes unsuitable compared to those used for other models.
Instead, the model is theoretically verified using empirical data from similar research to
assess the validity of the obtained data. Ingram A. conducted a study measuring shoul-
der and elbow moments during daily tasks. One straightforward and easily comparable
task, lifting an object to shoulder height, was selected for model verification. In Ingram’s
study, the task was repeated 10 times. The highest shoulder moment was recorded when
raising the hand to shoulder height with a 5 N object, yielding a maximum moment of
14.3 ± 1.4 Nm. Similarly, the maximum elbow moment was 5.8 ± 0.5 Nm. These scenarios
served as the first verification scenarios for hand movements. Another scenario involved
extending the arm to shoulder level while holding a 2 kg object, resulting in a moment
of 22.5 ± 1.4 Nm. Given the variation in anthropometric data among subjects, identical
results were not expected. However, if the values in the computational model fall within
±10%, it indicates that the output data are reasonably accurate and valid. Ingram’s study
involved 10 males aged 34.3 ± 11 years [32]. The model verification calculations are also
performed with a male subject, repeating the motion of extending the arm to shoulder level
seven times under the same load as in the reference study. Verification of comparison data
is presented in Figure 10D–F graphs.

The verification of the neck moment calculation model was conducted using a sim-
ilar method. After analyzing the studies, research by Tapanya, W. [33], conducted with
32 participants aged 21.5 ± 1.63, was discovered. This research focused on determining
the kinematic and dynamic impacts on the neck across various scenarios related to posture
while using a mobile phone. This study identified neck flexion angles of 15◦, 30◦, and 45◦,
measured the moments, and provided averages with standard deviation. To validate the
model’s neck bending moment settings, calculations were performed for 10 subjects under
these conditions. Simulated motion amplitudes were input into the model with the body in
a vertical position, and only the neck position was modified. The comparison results are
presented in Figure 10A–C graphs.

Figure 10A–C plot displays time-normalized values, highlighting the segment repre-
senting the shoulders in the extended arm position. The curve fluctuations represent limb
variability across different measurements and arm instability within the same measurement
period, depicting a fluctuation period of approximately 2–3 s due to data normalization.
In the initial verification, comparing shoulder moments with a 5 N weight, the average
difference between the comparative and model values for the shoulders is 4.28%. The
average difference between the comparative and model values for the elbows is 2.81%. In
the second verification, the average shoulder difference is 7.17%, with an average shoulder
error for both scenarios of 5.73%. It is considered that the main influence on the differences
between measurements comes from varying anthropometric data of the subjects.

In the neck moment calculation verification, it was observed that in all scenarios, the
model consistently estimates a lower neck moment compared to the provided average.
The differences between the averages of both studies are not linear. In scenario A, with a
15◦ head tilt, the numerical model yields an average value of 3.51 ± 0.59 Nm, while the
comparative model provides an average of 3.79 ± 0.70 Nm, resulting in a 7.28% difference.
In scenario B, with a 30◦ head flexion, the model’s average is 4.75 ± 0.81 Nm versus the
comparative model’s 5.37 ± 0.65 Nm, indicating an 11.61% difference. In scenario C, with
a 45◦ tilt, the numerical model averages 6.14 ± 1.07 Nm, while the comparative model
provides an average of 6.81 ± 0.78 Nm, indicating a 9.70% difference. The overall average
difference across the three scenarios reveals that the numerical model consistently estimates
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neck moments about 9.53% lower than the comparative model. This difference between
scenarios does not follow a linear pattern and does not consistently increase, indicating
an average variation lower than 10%. It is important to acknowledge that differences in
anthropometric data among study samples can lead to variations beyond those caused by
calculation precision or methodological choices. After a thorough evaluation of all primary
calculations with published experimental data, the model is considered to have up to a 10%
error margin.
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Figure 10. Neck, shoulder, and elbow mean value comparison with experiment model: (A)—neck
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4. Discussion

Motion analysis of the work environment can be a beneficial tool for evaluation, diag-
nosis, and engineering solutions. Data analysis can support ergonomic conclusions and
prevent or minimize harmful movement effects [34]. The comparative analysis presented
in this research highlights the differences across different scenarios and data cross-sections.
The main data variations that have the greatest impact on the lift motion ergonomics have
been distinguished: physical readiness level, age, and lifting scenarios. Evaluations across
different data sections showed that the poorest ergonomic outcomes were observed among
men with a high level of physical readiness who performed movements without a transfer
belt or without any patient assistance. The assumption has been made that this might
be impacted by sports activities that require explosive and agile movements, potentially
leading to exaggerated lifting postures. The research results suggest that physical readiness
is essential, but a moderate fitness level is more beneficial than exceptional performance
in sports. While a high fitness level may improve the prevention of acute traumas, it
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could also increase the risk of chronic traumas due to the greater forces exerted on the
musculoskeletal system. This finding challenges the conventional belief that higher fitness
levels always lead to better ergonomic performance. The relationship between fitness levels
and ergonomic outcomes highlights how a training program can influence occupational
safety, enabling targeted and research-based physical training to maximize the ergonomic
efficiency of specialists. This could be greatly enhanced with modern technology, such as
wearable sensors that provide instant feedback on the posture of specialists performing
the movement. Similar findings could apply to other industries involving lift motions,
especially where the objects being lifted are cumbersome, requiring adaptations to tech-
nique or posture. Notably, the best ergonomic parameters are observed in women with a
moderate physical readiness level and more than three years of work experience who use
an ergonomic belt during transfers. It was detected that women generally exert less load
on their bodies than men, even in normalized conditions. These results are unexpected be-
cause, generally, greater strength and body size are expected to provide better control over
motion, which should enhance technique. Furthermore, researchers suggest that there is no
significant difference between sexes when it comes to relative strength performance [35].
Nonetheless, lift ergonomics are significantly influenced by body posture, with notable
differences observed. This research does not provide support to explain how ergonomic
outcomes might differ between men and women; therefore, further research on this topic
is recommended.

Medical institutions could use this research as a basis for making improvements. One
of the main recommendations is to introduce ergonomic belt use, as it significantly improves
patient lift ergonomics. Although this requires the patient to be equipped with a belt, which
can be time-consuming and potentially inconvenient, it helps reduce the load on the
musculoskeletal system during the lift. The mandatory use of such assistive devices should
be considered. Since fitness levels should not be ignored, it is recommended that training
programs be developed that help specialists improve their posture control and strengthen
their core, leg, and arm muscles. Training programs or other fitness encouragement could
serve as proactive measures for preventing injuries. In addition to physical development,
more experienced staff could transition from active transfers to mentoring and teaching
roles, thereby reducing the learning curve and minimizing body strain during lifts. Regular
assessments of healthcare specialists’ lifting techniques are also recommended to ensure
that staff are not only properly certified but also receive timely feedback on any deviations
in technique.

This research aimed to achieve representative accuracy and enhance mathematical
modeling capabilities by estimating the moment shoulder arm in three-dimensional space,
as it became evident that sagittal plane models underestimated the loads on body seg-
ments [1]. Furthermore, an advanced mathematical model, even if it is not as comprehen-
sive, can provide valuable insights and drive decision making without relying on complex
inverse dynamics or other computations. The need for difficult calculations or simulations
is a limitation, as not all specialists possess the necessary skills. The easier it is to obtain
the decision-driving data, the more straightforward it becomes to make decisions in a
decentralized manner. Such an advancement in modeling increases accessibility to the
research, data, and progress. The goal is to push the boundaries of modeling accuracy
by accounting for different planes, postures, movement scenarios, and interplay between
different body postures. Although simplifications were made by combining the forearm
and hand for this specific research, detailed load calculations were conducted for shoulder
and upper arm moments. Individualizing calculations for larger data sets and integrating a
parametrized load model is believed to be one of the challenges addressed in this research.
This approach aims to demonstrate utility without the need for extensive computational or
time resources. Future work could focus on refining this modeling method to extend its
scope to the full body, capture joint nuances more accurately, and increase accessibility by
developing a stand-alone model suitable for everyday use.
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Anatomical simplifications were necessary, such as treating the shoulder as a sin-
gle point and treating the lower arm as a combination of the forearm and wrist, which
may not fully reflect the joint complexity and variability in real-world scenarios. Similar
simplifications were applied to the shoulder joint, which is highly complex. Despite this,
its moment calculation still often translates to a single point. Although the sample size
was adequate for an overall statistical power of 0.95, it revealed gaps when analyzing
specific data cross-sections, particularly among older age groups or varying experience
levels. This limitation might affect the accuracy of relationships between younger and
older specialists. Furthermore, this study lacked a control group, which limited the abil-
ity to directly compare certified personnel with those not trained in safe lifting practices.
This choice was made to mitigate the risk of injury during research, although potential
differences between trained and untrained personnel remain unexplored. Conducting the
research as a single-point cross-section may not fully capture how ergonomic factors evolve
over time among different specialists. Multiple measurements over time would provide
a more comprehensive understanding. To address this limitation, a longitudinal study is
recommended. Additionally, such a study might increase the ability to identify possible
chronic disorders correlated with the techniques used by specialists. Skals, S. performed
a similar lift motion research, analyzing fixed loads with different surface heights. This
research analyzed repetitive industry work, but its findings show improved results from
different studies where lifting techniques are limited. Allowing subjects to freely execute
the lift can reduce the load, as individual bodies may require slight adaptation [1]. Insights
into neck loading align with the findings by Hlavenka T. M., which predict peak load
during retraction of the neck engaging and disengaging from the lifting motions [29].

The concept of the accumulated moment emerges as a useful metric for comparing
loads across different studies. Currently, there is no established method for comparing find-
ings across different studies. Without a standardized metric, it is challenging to compare
the lifting results from this study with the lift motion analysis on industry workers and
loads. While still relatively broad, this metric facilitates initial comparisons and provides
a foundation for more detailed analyses of various factors, particularly as it has been
increasingly researched and used in recent years [36,37]. Accumulated moment estimation
revolves around quantifying the load on the body segment over a period of time. It is cru-
cial to quantify this metric to evaluate the long-term impact. This finding aligns with recent
research suggesting that chronic exposure to high accumulated moments can lead to fatigue
failure in tissues, ultimately contributing to the development of chronic conditions [36].
Understanding the role of accumulated moments offers a more comprehensive perspective
on injury prevention, shifting the focus from isolated incidents of high stress to the cumula-
tive effects of repetitive actions over time. Future research could investigate how variations
in task duration, frequency, and load intensity influence the development of chronic condi-
tions, thereby informing more effective interventions. In this study, accumulated moments
of 97 Nm for the neck, 1184 Nm for the shoulder, and 834 Nm for the elbow were identified
during single-patient lift motions. By knowing the weight of the patient being lifted, these
data could be normalized and compared to other tasks where accumulated moments were
evaluated, allowing for a better understanding of the strain on the musculoskeletal system
in even more complex tasks. Experimental patient load measurements demonstrated their
applicability in scenarios where more precise solutions are impractical due to large sample
sizes or technical constraints. This approach bridges the gap between accurately evaluating
force effects and relying on purely theoretical estimations.

5. Conclusions

This study highlights the critical importance of ergonomic aspects in healthcare prac-
tice and advocates for proactive measures to reduce the risk of strain and injury for health-
care providers. It was found that the technique used has a significant impact on the
accumulated moment, potentially influencing the results by as much as 22.99%. Upon
evaluating the ergonomic limits, it was observed that the limits were exceeded as follows:
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the neck limit by 66.00%, the shoulder limit by 48.57%, and the elbow limit by 75.67%.
These findings strongly advocate for minimizing direct patient lifting whenever possible
and emphasize the extensive use of assistive equipment to reduce potential long-term
adverse effects.
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