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Abstract: In the industry 4.0 scenario, Human–Robot Collaboration (HRC) plays a key role in factories to 
reduce cost, increase production and help aged and/or sick workers maintain their job. The approaches 
of the ISO 11228 series commonly used for biomechanical risk assessment cannot be applied in 
Industry 4.0 as they do not involve interaction between workers and HRC technologies. The use of 
wearable sensor networks and software for biomechanical risk assessment could help us have a more 
reliable idea on the e^ectiveness of collaborative robot (coBots) in reducing biomechanical load for 
workers. The aim of the present study was to investigate some biomechanical parameters with 3D Static 
Strenght Prediction Program (3DSSPP) software, on workers executing a practical manual material 
handling task, by comparing a dual arm cobot assisted scenario with a no cobot scenario. The 
parameters investigated were percent of Maximum Voluntary Contraction, Maximum static 
(continuous) allowed exertion time, Low back spine orthogonal compression forces at L4/L5 level and 
Strength Percent Capable. In this study, we calculated mean and the standard deviation (SD) values 
from eleven participants for some 3DSSPP parameters. We considered the following parameters: 
Percent of Maximum Voluntary Contraction (%MVC), Maximum static allowed exertion time (MaxST), 
Low back spine compression forces (L4Ort) and Strength Percent Capable (SPC). The advantages in 
introducing the cobot, ac-cording to our statistics, concern trunk flexion (SPC from 85.8% without cobot 
to 95.2%; %MVC from 63.5% without cobot Vs. 43.4%; MaxST from 33.9s without cobot to 86.2s), left 
shoulder abdo-adduction (%MVC from 46.1% without cobot Vs. 32.6%; MaxST from 32.7s without cobot 
to 65s) and right shoulder abdo-adduction (%MVC from 43.9% without cobot Vs. 30.0%; MaxST from 
37.2s without cobot to 70.7s) in Phase 1; right shoulder humeral rotation (%MVC from 68.4% without 
cobot Vs. 7.4%; MaxST from 873.0s without cobot to 125.2s), right shoulder abdo-adduction (%MVC 
from 31.0% without cobot Vs. 18.3%; MaxST from 60.3s without cobot to 183.6s)and right wrist 
flex/extension rotation (%MVC from 50.2% without cobot Vs. 3.0%; MaxST from 58.8s without cobot to 
1200.0s) in Phase 2. Moreover, Phase 3, consisting of another manual handling, would be removed by 
using the cobot. In summary using the cobot in this industrial scenario, would reduce the bio-
mechanical risk for workers particularly for trunk, both shoulders and right wrist. Finally, 3DSSPP 
software could be an easy, fast and costless tools for biomechanical risk assessment in industry 4.0 
scenario where ISO 11228 series can’t be applied for occupational medicine physicians and health and 
safety technicians and helping employers to justify a long-term investment. 
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1. Introduction 

With millions of workers a^ected, work-related musculoskeletal disorders (WMDs) from neck, trunk and 
upper limb, are a major cause of lost workdays. Lost workdays come at a high cost to companies and 
public health systems, amounting to billions of dollars [1]. It has been known for a long time that the 
onset and progression of these illnesses are influenced by biomechanical overload [2]. For example, 
during heavy lifting activities, if the compressive and shear forces stressing the lumbosacral junction 
exceed tissue tolerance, damage can occur [3]. 
Industry 4.0 
(https://www.bcg.com/publications/2015/engineered_products_project_business_industry_4_future_
productivity_growth_manufacturing_industries.aspx) is the implementation of intelligent technologies 
to increase productivity and to reduce the associated biomechanical risks [4]. From a general point of 
view, the integration of ergonomic and human factor requirements in human-robot collaborative (HRC) 
systems, such as collaborative robots (coBots), represents a new option for reducing the physical e^ort 
of the workers, during the execution of manual material handling (MMH) activities, and for adopting new 
ergonomic interventions for preventing work-related musculoskeletal disorders (WMDs). In detail, the 
use of coBots in smart manufacturing environments is providing the unique opportunity to design MMH 
activities executed by hybrid human-robot teams, by reducing the physical exertion of the human 
member of the team [5].  
As the use of coBots in manufacturing has recently increased considerably, all the potential benefits 
need to be investigated in depth and proven, especially in the MMH phases where the physical 
interaction of the worker with the coBot takes place. Indeed, while the issue of safety in this new hybrid 
scenario is currently widely investigated, the issue of health is still very little [6] also in consideration of 
the fact that the above-mentioned physical interaction was not foreseen by the methods listed in the 
International Ergonomics Standards Series [7,8,9,10] that had also other limitations [11,12,13]. For this 
reason, it will be crucial to include the broadest knowledge of the biomechanics of the occupational 
tasks performed with the aid of CoBots, within the new approaches that will be developed for 
biomechanical risk assessment [14,15,16,17]. On the other hand, the complexity of the problem 
requires to identify the risk of WMDs in MMH activities with a preference for instrumental-based and 
personalized analyses and models [16,17,18,19,20]. These include the need for assessing kinematic, 
kinetic and muscular behaviours.  
While the measurement of kinematic and muscular behaviours is nowadays easier thanks to wearable 
sensor networks consisting of inertial measurement units (IMUs) and surface electromyography 
sensors (sEMG), the measurement of forces insisting on the body districts of interest is more di^icult. 
In fact, force platforms are not usable in the field and shoes or sensor insoles are not yet precise and 
accurate enough, for measuring vector information [17].  
As evidence of the above, some examples show that, with regards to the kinematic analysis, the 
improvement of physical ergonomics of MMH activities performed with the aid of coBots has been 
measured in a real-work scenario [6,15] through the application of the Occupational Repetitive Action 
(OCRA) [21] and Rapid Upper Limb Assessment (RULA) [22] methods. With regards to the estimation of 
muscular activities, an experimental session carried out under the aegid of the SOPHIA (Socio-Physical 
Interaction Skills for Cooperative Human-Robot Systems in Agile Production, http://www.project-
sophia.eu, accessed on 12 March 2024) project, allowed the evaluation of upper limb muscle 
coordination and activation, by using a wearable sensors network, in workers performing an actual use-
case MMH; with and without the help of a dual-arm coBot, namely BAZAR [23]. The results of this study 
showed that, when MMH was carried out with BAZAR, both upper limb and trunk muscular co-
activations and activations were decreased, demonstrating that coBots have a positive impact on the 
workers motor strategy. For instance, with regards to the assessment of the forces acting on the spine, 
several studies have considered regression models based on the muscle activity or trunk posture 
[24,25], some optimization procedures [26,27,28,29], combination of sEMG measurements and data 
driven musculoskeletal models [30,31,32,33,34] and video-based software such as Static Strength 
Prediction Program (3DSSPP) [35,36].  



Among the approaches for studying joint kinetics, the latter, designed by the University of Michigan, is a 
simple option for measuring compressive forces acting at the lumbo-sacral joint, during the execution 
of hybrid worker-coBot MMH tasks, under the hypotheses that this interaction may reduce the L4-L5 
and L5-S1 forces and enhance the maximum static holding time. Besides, the use of 3DSSPP becomes 
even more interesting when the analysis of the human-coBot interaction reproduces an industrial use-
case. The literature shows that the assessment of the kinetics of the lumbo-sacral joint indicates a 
robust correlation between the results carried out using 3DSSPP and other methods. It can satisfactorily 
predict the L4-L5 interdiscal pressure, including low exposures, and detect similar patterns for the 
compressive forces [37,38,39,40]. Furthermore, 3DSSPP has been applied for assessing biomechanical 
risks in several workplaces, tasks and conditions [41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56].  
Hence, the aim of the present study was to compare kinetic variables in workers executing an actual 
industrial use-case performed with (wB) and without BAZAR (woB). It has been hypothesized that the 
load on the lumbosacral joints is reduced in wB activities. 
We also had the aim to verify if 3DSSPP software could be a useful tool for biomechanical risk 
assessment in industry 4.0 scenario where ISO 11228 standards [7,8,9] can’t be applied for 
occupational medicine physicians and health and safety technicians and if 3DSSPP can help employers 
to justify a long-term investment as could be a cobot. 
The study has been performed as part of the SOPHIA project, funded by the European Union's Horizon 
2020 Research and Innovation Programme under Grant Agreement No. 871237. The SOPHIA project has 
set the aim to provide a contribution in the development of new coBots to e^ectively mitigate the 
physical e^ort and reduce the WMDs associated to several MMH activities [57,58]. 
The paper is structured as follows: section II presents the setup, the experimental protocol, and the 
conducted analysis. Results are illustrated in Section III. Section IV contains a discussion on the work, 
and finally, Section V contains conclusions. 
 
2. Materials and Methods 
 
2.1. Participants  
 
Eleven participants (5 females and 6 males; age: 27.73±5.99 years; height: 175.4±7.7 cm; weight: 
71.3±15.2 kg; body mass index [BMI]: 23.06±3.93 kg/m2) took part in the study. The study was carried 
out at the University of Montpellier in accordance with the Helsinki Declaration and authorized by the 
University of Montpellier EuroMov’s Laboratory Ethics Committee (Protocol number IRB-EM 2103A). 
Inability to give informed written consent, history of musculoskeletal disorders, upper, lower limb, or 
trunk surgery, orthopedic or neurological diseases, vestibular system disorders, visual impairments, or 
back pain, current pregnancy, current pharmacological treatment, and obesity were all exclusion 
criteria. 
Each participant completed the task six times: three times wB and three times woB. We randomly 
ordered the two conditions (wB and woB) to avoid bias, for each subject. Before the participant 
performed either condition for the first time, we instructed him/her by showing a video of the task, and 
by letting him/her execute it once, without recording. 
The sample size (11) was as large as possible due to the complexity of the task and limited time we had, 
one week, which involved performing the work task twice, without and with the BAZAR robot. In this 
week we recruited all the subjects who voluntarily decided to participate in the study and who met the 
inclusion criteria. We tried to acquire a sample as possible homogenous under the point of view of 
anthropometric characteristics. In the algorithm that 3DDSSP applies, anthropometry, the weight in 
particularly, a^ect orthogonal compression forces at L4/L5 level. The sample has a near-average BMI 
because we want to minimize possible outliner data due to high or low BMI minimizing a remarkable 
bias. 
 
 
 



2.2. Task Analysis 
 
The experimental session is the same as that described in a previous article [23] so we recommend 
reading it for further information about the task analysis. 
The di^erences between the two tasks were: 
• Phase I: subtask 3 wB (Fig.1 - a1) replaced subtask 4 woB (Fig.1 - b1);  
• Phase II: subtasks 7, 8 wB (Fig.1 - a2) replaced subtasks 8,9,10 woB(Fig.1 - b2); 
• Phase III: subtask 9, 10 wB (Fig.1 - a3) replaced subtask 11 woB (Fig.1 - b3). 
In this study we considered these three Phases for the tasks wB and woB. 
The experiments are shown in the video available at: https://www.youtube.com/watch?v=vul8iLO0Sdw, 
accessed on 12 March 2024. 

  
Figure 1. The figure shows some 3DSSPP reconstructions of the three subtask analyzed. Phase 1 with 
(a1) and without (b1) coBot; Phase 2 with (a2) and without (b2) coBot; Phase 3 with (a3) and without (b3) 
coBot. 
 
 



2.3. 3D Static Strength Prediction Program (3DSSPP) 
 
Through 3DSSPP, it is possible to recreate the worker’s posture by overlaying an avatar model on a 
selected frame [35,36]. The entry data that the software requires are the worker gender, height and 
weight. These last two data could be from specific input data or through population percentile (95th, 
50th, 5th). In this paper we used the real data of participants. The body segments of the avatar can be 
manipulated by clicking any joint and dragging it to a new location, through an angle dialog. We used 
this software because is a good balance among accuracy of the data, costs for a biomechanical risk 
assessment for middle-low factories and user friendliness. Common biomechanical risk assessment 
tools in ISO standards [7,8,9] are cheaper but can’t be applied in industry 4.0 scenario; posture analysis 
with optoelectronic systems or Inertial Measurement Units (IMUs) is very accurate but it’s expensive 
and needs specialized skills. The reconstruction made with 3DSSPP su^ers of accuracy because it 
depends on subjective eye visualization but can be used in our scenario, is easy to use, provides 
parameters that could be helpful for better understand biomechanical overload di^erences in our case 
scenario and it’s cheaper than instrumental assessment.  
In this study, we calculated mean and the standard deviation (SD) values from eleven participants for 
some 3DSSPP parameters. 3DSSPP parameters that we considered useful for the investigated task were 
the following: Percent of Maximum Voluntary Contraction (%MVC), Maximum static allowed exertion 
time (MaxST), Low back spine compression forces (L4Ort) and Strength Percent Capable (SPC). All the 
values of the parameters considered are referred to the reconstructions made with the software. For 
each participant, the best image was selected. The values are referred to three identified phases where 
the presence of the coBot changed significantly execution.  
 
2.3.1. Percent of Maximum Voluntary Contraction (%MVC) 
 
According to 3DSSPP the percent of maximum voluntary contraction (%MVC) is the required e^ort at 
each joint. Unlike what is done for sEMG, where the %MVC is determined for each individual muscle, in 
3DSSPP the values are referred to a joint district, so several muscles can be part of the district, for a 
selected population. 
In the software, it is possible to choose the %MVC of a selected population corresponding to the 5th, 
25th, or 50th, percentile. These values represent workers very weak, weak, and with average strength. 
In our study we considered the %MVC bilaterally for:  
• wrist flexion/extension (wrist flex/ext), ulnar/radial deviation (wrist uln/rad) and rotation (wrist 
rot);  
• elbow flexion/extension (elbow flex/ext); 
• shoulder humeral rotation (shoulder hum rot), backward/forward rotation (shoulder bk/fw) and 
abduction/adduction (shoulder abd/add); 
• neck flexion/extension (neck flex/ext); 
• trunk flexion/extension (trunk flex/ext). 
We considered these %MVC values because we want to analyze the most involved joints. 
 
2.3.2. Maximum Static (Continuous) Allowed Exertion Time (MaxST) 
 
This parameter is referred to the maximum static exertion. ACGIH embedded a refitted curve from 
Potvin's data [59,60] in the ACGIH TLVs and BEIs [61] for localized fatigue of the upper limb and for the 
trunk. The maximum static exertion duration time is 20 minutes (1200 seconds). The static duration is 
strictly correlated to %MVC. Also for static duration, it is possible to select the population strength 
percentile and gender. As for the %MVC, we estimated the MaxST bilaterally of the most involved joints 
in the task:  
• wrist flexion/extension, ulnar/radial deviation and rotation; 
• elbow flexion/extension; 
• shoulder humeral rotation, backward/forward rotation and abduction/adduction; 
• neck flexion/extension; 



• trunk flexion/extension. 
 
2.3.3. Low Back Spine Compression Forces (L4Ort) 
 
The software provides values for orthogonal forces acting on the spine. The biomechanical model is 
optimized for the L4/L5 level, but it also provides values at L5/S1 level. 3DSSPP indicates the Strength 
Design Limit (SDL) and the Strength Upper Limit (SUL) corresponding to the NIOSH Action Limit (3400N) 
[62] and Maximum Permissible Limit (6400N) [63]. The SDL designation is set at 99% for men or 75% for 
women. The SUL designation is set at 25% for men or 1% for women as for NIOSH. In this paper, we only 
used data from compression forces at L4/L5 level, since it is the most considered joint in biomechanics. 
 
2.3.4. Strength Percent Capable (SPC) 
 
The Strength Percent Capable parameter analyzes the strength for the major joints (wrist, elbow, 
shoulder, trunk, hip, knee, and ankle). It indicates the percentage of the selected population capable of 
performing the analyzed task, without injuries. In our study, we only considered SPC values that were 
most relevant for our task (wrist, elbow, shoulder and trunk). 
 
2.4. Statistical Analysis  
 
To check di^erences between the two conditions (wB and woB), the statistical analysis was carried out 
using PASW Statistics 18. The Shapiro–Wilk test was used to verify the normality of the data distribution 
for each parameter. The paired sample t-test was then used to evaluate whether the help of the coBot 
had determined significant changes in each parameter. The significance level for all statistical analyses 
was set at p-value < 0.05. 
 
3. Results 
 
3.1. Phase 1 
 
Figure 2 shows the mean results of the reconstructions of the 11 subjects in Phase 1 wB and woB. 
In this Phase, the only parameter presenting a significant statistical di^erence in favour of not using the 
coBot was the left shoulder bk/fw movement (3.5% Vs 5.7%, p=0.028).  
Several parameters, meanwhile, showed statistically significant di^erences in support of coBot use. 
Results show a statistically significant reduction of orthogonal force at L4/L5 level (1675.5N Vs 2365N, 
p≤0.01). Reduced risk for the trunk is also confirmed in the corresponding SPC parameter (95.2% Vs 
85.8%, p≤0.01), trunk %MVC (43.4% Vs 63.5%, p≤0.01) and maximum static holding time (63.5s Vs 
43.4s, p≤0.01). A further value of SPC in supporting the use of the coBot is that of the shoulders (99.1% 
Vs 97.4%, p=0.0388). As regards the left arm, a statistically significant reduction in %MVC was found for 
wrist flex/ext (9.5% Vs 16.6%, p=0.0018), shoulder hum rot (6.5% Vs 11.8%, p≤0.01) and shoulder 
abd/add (32.6% Vs 46.1%, p≤0.01). The right arm had statistically significant reduction only in shoulder 
abd/add (30% Vs 43.9%, p≤0.01).  
The maximum static continuous allowed exertion time parameter is strongly related to %MVC. The same 
%MVC results were statistically significant. MaxST parameters of the left arm increased in wrist flex/ext 
(783s Vs 384s, p≤0.01), shoulder hum rot (1007.9s Vs 481.3s, p≤0.01) and shoulder abd/add (65s Vs 
32.7s, p≤0.01). For the right arm, abd/add of the shoulder was the only statistically significant di^erence 
(70.7s Vs 37.2s, p≤0.01) in which MaxST increased.   



  
Figure 2. Mean and SD values for Phase 1, with Bazar (wB) in blue and without Bazar (woB) in red, for the 
investigated parameters (L4-L5 orthogonal forces, Strength Percent Capable, %MVC and maximum 
holding time). Star over the bars shows a statistical significance.  
 
3.2. Phase 2 
 
Figure 3 shows the mean results of the reconstructions of the 11 subjects in Phase 2. 
This Phase reported, only on the left arm, three parameters unfavorable for using coBot for the %MVC 
and one parameter for the maximum holding time.  For the %MVC, there was a drawback in the use of 
the coBot in wrist rot (1.6% Vs 1.0%, p≤0.01) shoulder hum rot (4.5% Vs 1.8%, p≤0.01) and shoulder 
abd/add (14.7% Vs 5.4%, p≤0.01); for the maximum holding time, the drawback in the use of the coBot 
was only for left shoulder abd/add (294s Vs 1025.6s, p≤0.01). 
Many parameters argue in favor of using the coBot. Statistically significant di^erences can be seen in 
orthogonal force at L4/L5 level (628.5N Vs 1066.6N, p≤0.01) and in th SPC for the wrist (100% Vs 89.3%, 
p≤0.01), elbow (100% Vs 99.6%, p=0.0171) and shoulder (100% Vs 80.4%, p≤0.01). The %MVC 
parameter was unfavorable only for the left shoulder bk/fw (2.0% Vs 3.1%, p=0.0226). All %MVC 
parameters of the right arm resulted statistically significant in favor of coBot use: wrist flex/ext(3.0% Vs 
50.2%, p≤0.01), wrist uln/rad 1.7% Vs 31.9%, p= ≤0.01), wrist rot (1.0% Vs 20.0%, p= ≤≤0.01), elbow 
flex/ext (2.6% Vs 20.1%, p≤0.01), shoulder hum rot (7.4% Vs 68.4%, p≤0.01), shoulder bk/fw (2.4% Vs 
13.2%, p= ≤0.01) and shoulder abd/add (18.3% Vs 31.0%, p=0.0235). Favorable statistically significant 
di^erences also emerged in the neck (4.0% Vs 8.9%, p≤0.01) and trunk (13% Vs 22.2%, p≤0.01) %MVCs. 
Statistically significant di^erences in maximum holding time are found - only on the right upper arm for: 
wrist flex/ext (1200s Vs 58.8s, p≤0.01), wrist uln/rad (1200s Vs 494.7s, p≤0.01), elbow flex/ext (1200s Vs 
531.5s, p=0.00009), shoulder hum rot (873s Vs 125.2s, p≤0.01) and shoulder bk/fw (1200s Vs 656.9s, 
p≤0.01).  
Lastly, the neck's maximum holding time also proved to be statistically significant (13282.7s Vs 1803.4s, 
p=0.0109). 
 
 
 
 
  



 
Figure 3. Mean and SD values for Phase 2, with Bazar (wB) in blue and without Bazar (woB) in red, for the 
investigated parameters (L4-L5 orthogonal forces, Strength Percent Capable, %MVC and maximum 
holding time). Star over the bars shows a statistical significance. 
 
3.3. Phase 3 
 
Figure 4 shows the mean results of the reconstructions of the 11 subjects in Phase 3. This figure only 
shows values of the task performed without the coBot, since this Phase is eliminated with the coBot. 
 

  



Figure 4. Mean and SD values for Phase 3 without Bazar (woB) in red, for the investigated parameters 
(L4-L5 orthogonal forces, Strength Percent Capable, %MVC and maximum holding time). Using Bazar 
cobot this phase will be totally automatized, so we don’t have values with Bazar (wB) and blue bars. 
 
4. Discussion 
 
The 3DSSPP is a software developed by the University of Michigan based on studies and research which 
lasted over 40 years in the field of biomechanics [35,36]. This software is a useful tool, in both proactive 
and reactive ergonomics, for designing and assessing workplaces and work tasks and for showing the 
e^ectiveness of an ergonomic intervention. 
In our study, unskilled participants performed a real work task which we replicated in the laboratory. We 
assessed, through 3DSSPP software, the di^erent biomechanical loads in executing the task with and 
without a coBot. Introducing the coBot involves changes in task execution. Main di^erences were the 
change in lifting (Phase 1), support during workpiece cleaning (step 2) and the removal, with the coBot, 
of a further lifting (Phase 3). From 3DSSPP we obtained various parameters that can help us in a 
biomechanical risk assessment. The percent of maximum voluntary contraction (%MVC) is the required 
e^ort at each joint and it’s a parameter that can be helpful to estimate workers’ muscle activity without 
using surface electromyography, that is a more objective tool for quantify muscle activity but is not 
cheaper and easy to use as 3DSSPP [64]. Maximum Static (Continuous) Allowed Exertion Time (MaxST), 
it’s a parameter that helped us to know how much increased the time that a worker can assume the 
analyzed posture before fatigue appears; also this parameter could be estimated through a surface 
electromyography analysis. However, in our lab simulation the task is performed only for few minutes 
and sEMG could not provide fatigue data after a so short time. Low Back Spine Compression Forces 
(L4Ort) is a parameter that help us to quantify the reduction of orthogonal forces acting at low back. It’s 
well known that low back compression and shear force are among the most relevant causes of Lower-
back MSDs [3]. Strength Percent Capable (SPC) parameter indicates the percentage of the selected 
population capable of performing the analyzed task without injuries for several joints of the body; this 
parameter could be helpful for employer to quantify the reduction of lost days dues to MSDs and help 
them to justify a long-term investment such as acquiring a coBot. 
The possibility of estimating the variables above described directly involved in the generation of damage 
with a video-based approach is particularly relevant. In fact, this would allow the worker to be 
monitored, even during interaction with the coBots, without altering his natural motor strategy and 
without interfering with his work. Currently, when analyzing occupational tasks, marker/sensor-based 
approaches are largely used. A further strength of this study relates to its being a use-case simulated in 
the Lab in the same way as it is executed in the workplace since the task is an actual industrial case. 
Our experimental data helped the factory to justify long term investment of coBots in this task. 
As regards the downsides, in Phase 1 the statistically significant increase of %MVC of left shoulder 
back/forward (5.7% Vs 3.5%, p=0.028, Figure 2) does not correspond to a statistically significant 
decrease in the maximum holding time (1049.1s Vs 1200s, p=0.0689, Figure 2). In addition to this, we 
must consider the e^ective duration of the task (about 180s), which is well below the maximum holding 
time allowed by the algorithm of the software, meaning this negative data is negligible. Same 
conclusions apply in Phase 2 for the left wrist rot (1.6% Vs 1.0%, p≤0.01, Figure 3) and for the left 
shoulder hum rot (4.5% Vs 1.8%, p≤0.01, Figure 3) which do not match statistically significantly in 
maximum holding time (1200s Vs 1200s. left wrist rot p=1, Figure 3; 1200s Vs 1160.2s, left shoulder hum 
rot, p=0.1536, Figure 3). The only movement showing a statistical significance against coBot use for both 
%MVC and maximum holding time is left shoulder abd/add (5.7% Vs 14.7%, p≤0.01, Figure 3; 1025.6s 
Vs 294s, p≤0.01, Figure 3). For Phase 1 as well, the maximum holding time, based on 3DSSPP data, is 
higher than the e^ective task duration.   
Remarks analogous to the negative aspects can also be done about the positive ones. Although largely 
within the thresholds proposed by Jager [65], there is a statistically significant reduction for L4/L5 
orthogonal force in all Phases. In detail, 2365N Vs 1675.5N in Phase 1 (p≤0.01, Figure 2), 1066.6N Vs 
628.5N in Phase 2 (p≤0.01, Figure 3); in Phase 3 the 2046.1N mean (Figure 4) is eliminated since the task 
is fully performed by the coBot. Therefore, in these phases there is a reduction in biomechanical e^ort 



when the coBot is used. These results could be attributed to the fact the coBot helps the worker in the 
analyzed phases reducing his/her biomechanical risk without obstructing him/her. Indeed, the coBot 
works synchronized with the worker and does not hinder him from working. 
Notable statistically significant reductions in the SPC parameter involved the trunk in Phase 1 (95.2% 
Vs 85.8%, p≤0.01, Figure 2), and the shoulders (100% Vs 80.4%, p≤0.01, Figure 3) in Phase 2.  
As for the %MVC, most relevant results of Phase 1 concerned the reduction of abdo-adduction values 
for both shoulders and for the trunk, (Figure 2). Contextually, we found an increase in maximum 
exposure times from 32.7s to 65s for the left shoulder, from 37.2s to 70.7s for the right shoulder, and 
from 33.9s to 86.2s for trunk flexion (Figure 2). Though the lifting Phase 1 only lasts few seconds, 
relatively to the overall length of the task, the maximum exposure time is about double, leading to the 
reduction of the biomechanical risk for the worker, when the task is executed with the coBot. To play an 
important role in reducing the risk in this Phase is that the worker, through the coBot, performs the lifting 
with a reduced trunk flexion and shoulder extension, as the coBot helps move the load/gear closer to 
the worker than the usual position without the coBot (Fig.1 a1 e b1).  
In Phase 2, most notable results concern flexion/extension of the right wrist and humeral rotation of the 
right shoulder. The %MVC of the wrist decreased from 50.2% to 3.0% and the shoulder from 68.4% to 
7.4%, (Figure 3). Contemporary maximum exposure times increased from 58.8s to 1200s for the wrist 
and from 125.2s to 873.0s for the shoulder (Figure 3). In this Phase, the worker cleans the load/gear and 
its weight, unassisted by the coBot, is fully sustained by his/her right limb. Together with the hooking 
grip that workers used, it is possible to better understand how much this task is overloading for shoulder 
and wrist joints (Fig.1 a2). By using the coBot, the load/gear would be completely supported by it. The 
worker would only locate the load/gear in the most correct position for his/her anthropometric 
characteristics without holding it (Fig.1 b2).   
As mentioned previously, finally, by using the coBot, there would not be Phase 3. In this Phase, the lifting 
of the load/gear inside the packaging would be fully automated (Fig.1 a3 e b3).  
A few remarks are also to be made concerning this paper. A limitation of the study is the small sample 
size. It is due to the lengthy and intricate nature of the experimental session, which entailed performing 
the work task twice, once with and once without the BAZAR robot. Moreover, the experiments were only 
feasible for a brief period, during which two research groups collaborated and shared technologies and 
knowledge at the University of Montpellier as part of the EU's Horizon 2020 SOPHIA project (refer to the 
“funding” section for more information). Greater sample sizes in subsequent research will be helpful in 
validating the findings of this investigation.  
About the methodology, a recent article [66] reported that the output of the 3DSSPP software did not 
accurately correlate with the estimated linear arm strength values and percent capable values, in 
female, for the range of conditions tested, likely due to the overly simplified assumptions made to 
estimate triaxial shoulder strength. Data a^ected relate to shoulder results and not to those of trunk 
and wrist. With regards to Phase 1, our data are mediated by a mixed sample of men and women, 
resulting in a narrow margin of error. As far as Phase 2 data is concerned, however, the di^erence 
observed is su^iciently wide, to overcome the method error margins shown by Hall. Moreover, in 
contrast to these considerations, there are also findings in another article [67] stating that static models 
underestimate joint loads and that therefore the risk under real, dynamic working conditions could be 
potentially higher than in our results. Finally, the reconstructions are not as accurate as could be with 
optoelectronic and IMUs systems and su^ers from subjective perception of who did the 
reconstructions. We tried to minimize this bias making two di^erent reconstructions of the same picture 
from two di^erent authors in double blind. At the end all the authors discussed all the reconstructions 
together trying to reduce subjective perception. 
 
5. Conclusions 
 
The data presented last year by the President of Italian Workers’ Compensation Authority [68] to the 
Italian Parliament demonstrates that Italian occupational illness caused by Work-related 
Musculoskeletal Disorders (WR-MSDs) have increased continuously since 2011, in both absolute terms 
and percentage terms [68]. The most recent data shows that WR-MSDs represent, with 41.960 reports 



in 2022, 69.17% of all occupational illnesses reported to the Institute. Dues to the exponential 
increasing trend of WR-MSDs in the last decade, INAIL promotes the research of industry 4.0 
technologies, such as exoskeletons, coBots and robots, to mitigate the occurrence of WR-MSDs in work 
environments.  
A long-term investment in industry 4.0 technologies is justified because introducing coBots can lead to 
decrease the cost associated to sick leave, rehabilitation, health insurance premium for the factory. 
Moreover, coBots can improve production quality and reduce the waste of resources [69,70]. 
In our study we used 3DSSPP software to assess biomechanical risk in an actual scenario analyzing 
some parameters without and with the use of a coBot. The parameters we investigated with 3DSSPP 
have not a correlation with injury but 3DSSPP Strength Percent Capable that correlates only to the 
reconstructed posture not considering other additional risk factors. This because Work-related 
musculoskeletal disorders have a multifactorial etiology that includes not only physical stressors but 
also psychosocial risk factors, such as job strain, social support at work, job dissatisfaction [2,71]. 
The results of our study show that in some occupational tasks, collaboration with coBots allows a 
decrease in joint loads. Furthermore, the use of easy and cheap risk assessment tools such as 3DSSPP 
software allows a complete biomechanical risk assessment in industry 4.0. Future developments of the 
present study could be aimed at in-depth correlation of the extracted parameters with sEMG-based 
indexes. Our paper finally shows that for biomechanical risk assessment in industry 4.0, where is not 
possible to use common standardized protocols of standard ISO 11228 series [7,8,9], is it possible, in 
our scenario, to use easy and cheaper risk assessment tools such 3DSSPP software than sEMG, IMU 
and optoelectronic system [64].  
In conclusion, we can claim that using the coBot, in this industrial scenario, would reduce the 
biomechanical risk for workers. The advantages in Phase 1 concern trunk flexion and abdo-adduction 
of both shoulders, since the coBot helps the worker reduce the horizontal distance during manual 
handling; the advantages in Phase 2 concern the reduced humeral rotation of the right shoulder and the 
reduced flex/extension of the right wrist, since the coBot helps the worker holding the workpiece in the 
cleaning task, allowing a better posture. The advantages in Phase 3 consist in removing another task of 
manual handling that is totally automated, giving the worker a well-deserved rest.  
As shown in several previous papers, the use of coBots is a promising way to reduce the biomechanical 
load of workers in MMH activities in industrial settings. 
In the next future it would be useful to integrate artificial intelligence algorithms into marker-less motion 
analysis to investigate motion in real work environment also through smartphone-based tools [72] as 
they don’t interfere with workers movement in the real work environment and to provide accurate 
feedback stimuli. These tools, nowadays, are still in an early stage, but over the coming years, could 
provide useful and objective information of workers’ biomechanical risk in real time with more accuracy 
than 3DSSPP that su^ers of subjective perception. 
 

Author Contributions: Conceptualization, A.S. and A.R.; Methodology, A.S., G.C. and T.V.; Software, 
A.S.; Cobot validation, S.T., B.N. and A.C.; Formal Analysis, A.S:; Investigation, F.D., G.C, T.V. and A.R.;  
Data Curation, A.S, A.R, G.C. and T.V.; Writing—Original Draft Preparation, A.S.; Writing—Review and 
Editing, T.V., G.C., A.C., F.D. and A.R. All authors have read and agreed to the published version of the 
manuscript. 

Funding: The study has been performed as part of the SOPHIA project, funded by the European 
Union's Horizon 2020 Research and Innovation Programme under Grant Agreement No. 871237. 

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of 
Helsinki and authorized by the University of Montpellier EuroMov’s Laboratory Ethics Committee 
(Protocol number IRB-EM 2103A). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 



Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Chen N, Fong DYT, Wong JYH. Health and Economic Outcomes Associated With 
Musculoskeletal Disorders Attributable to High Body Mass Index in 192 Countries and Territories in 
2019. JAMA Netw Open. 2023 Jan 3;6(1):e2250674. doi: 10.1001/jamanetworkopen.2022.50674. PMID: 
36662529; PMCID: PMC9860530 

2. National Research Council (US) and Institute of Medicine (US) Panel on Musculoskeletal 
Disorders and the Workplace. Musculoskeletal Disorders and the Workplace: Low Back and Upper 
Extremities. Washington (DC): National Academies Press (US); 2001 

3. National Research Council (US) Steering Committee for the Workshop on Work-Related 
Musculoskeletal Injuries: The Research Base. Work-Related Musculoskeletal Disorders: Report, 
Workshop Summary, and Workshop Papers. Washington (DC): National Academies Press (US); 1999. 
PMID: 25101461 

4. Ajoudani, A.; Albrecht, P.; Bianchi, M.; Cherubini, A.; Del Ferraro, S.; Fraisse, P.; Fritzsche, L.; 
Garabini, M.; Ranavolo, A.; Rosen, P.H.; et al. Smart collaborative systems for enabling flexible and 
ergonomic work practices [industry activities]. IEEE Robot. Autom. Mag. 2020, 27, 169–176 

5. Thoben, K.; Wiesner, S.; Wuest, T. “Industrie 4.0” and smart manufacturing-a review of research 
issues and application examples. Int. J. Autom. Technol. 2017, 11, 4–16 

6. Gualtieri L, Rauch E, Vidoni R. Emerging research fields in safety and ergonomics in industrial 
collaborative robotics: A systematic literature review. Robotics and Computer-Integrated Manufacturing 
Volume 67, February 2021, 101998. https://doi.org/10.1016/j.rcim.2020.101998 

7. ISO 11228-1:2021, Ergonomics — Manual Handling — Part 1: Lifting, Lowering and Carrying 

8. ISO 11228-2:2007, Ergonomics — Manual Handling — Part 2: Pushing and Pulling 

9. ISO 11228-3:2007, Ergonomics — Manual Handling — Part 3: Handling of low loads at high 
frequency 

10. Silvetti, A. Ranavolo, T. Varrecchia, G. Chini, A. Papale, L. Fiori, A. Fiorelli, A. Tatarelli, R. Trovato, 
F. Draicchio. Biomechanical overload risk assessment in Industry 4.0. Safety and Health at Work. 13 
(Supplement); S147 (2022) 

11. Armstrong T.J., Burdorf A., Descatha A., Farioli A., Graf M., Horie S., Marras W.S., Potvin J.R., 
Rempel D., Spatari G., Takala E.P., et al. Scientific basis of ISO standards on biomechanical risk factors. 
Scand. J. Work Environ. Health. 2018a;44:323–329. doi: 10.5271/sjweh.3718 

12. Armstrong TJ, Burdorf A, Descatha A, Farioli A, Graf M, Horie S, Marras WS, Potvin JR, Rempel D, 
Spatari G, Takala EP, Verbeek J, Violante FS. Authors' response: Letter to the Editor concerning OCRA as 
preferred method in ISO standards on biomechanical risk factors. Scand J Work Environ Health. 2018b 
Jul 1;44(4):439-440. doi: 10.5271/sjweh.3748. PMID: 29961082 

13. Ahmad S, Muzammil M. Revised NIOSH lifting equation: a critical evaluation. Int J Occup Saf 
Ergon. 2023 Mar;29(1):358-365. doi: 10.1080/10803548.2022.2049123. Epub 2022 Apr 4. PMID: 
35253606 



14. Cardoso A, Colim A, Bicho E, Braga AC, Menozzi M, Arezes P. Ergonomics and Human Factors as 
a Requirement to Implement Safer Collaborative Robotic Workstations: A Literature Review. Safety. 
2021; 7(4):71. https://doi.org/10.3390/safety7040071 

15. Colim, A.; Faria, C.; Cunha, J.; Oliveira, J.; Sousa, N.; Rocha, L.A. Physical Ergonomic 
Improvement and Safe Design of an Assembly Workstation through Collaborative Robotics. Safety 2021, 
7, 14 

16. Ranavolo A, Ajoudani A, Cherubini A, Bianchi M, Fritzsche L, Iavicoli S, Sartori M, Silvetti A, 
Vanderborght B, Varrecchia T, Draicchio F. The Sensor-Based Biomechanical Risk Assessment at the 
Base of the Need for Revising of Standards for Human Ergonomics. Sensors (Basel). 2020 Oct 
10;20(20):5750. doi: 10.3390/s20205750. PMID: 33050438; PMCID: PMC7599507  

17. Alberto R, Draicchio F, Varrecchia T, Silvetti A, Iavicoli S. Wearable Monitoring Devices for 
Biomechanical Risk Assessment at Work: Current Status and Future Challenges-A Systematic Review. 
Int J Environ Res Public Health. 2018 Sep 13;15(9):2001. doi: 10.3390/ijerph15092001. Erratum in: Int J 
Environ Res Public Health. 2018 Nov 16;15(11): PMID: 30217079; PMCID: PMC6163390 

18. CWA 17938:2023, Guideline for introducing and implementing real-time instrumental-based 
tools for biomechanical risk assessment 

19. Chini G, Varrecchia T, Tatarelli A, Silvetti A, Fiori L, Draicchio F, Ranavolo A. Trunk muscle co-
activation and activity in one- and two-person lifting. International Journal of Industrial Ergonomics, 
Volume 89, 2022, 103297, ISSN 0169-8141, https://doi.org/10.1016/j.ergon.2022.103297 

20. Varrecchia T, Conforto S, De Nunzio AM, Draicchio F, Falla D, Ranavolo A. Trunk Muscle 
Coactivation in People with and without Low Back Pain during Fatiguing Frequency-Dependent Lifting 
Activities. Sensors 2022, 22, 1417. https://doi.org/10.3390/s22041417 

21. Colombini, D. Risk Assessment and Management of Repetitive Movements and Exertions of 
Upper Limbs: Job Analysis, Ocra Risk Indicies, Prevention Strategies and Design Principles (Vol. 2); 
Elsevier: Amsterdam, The Netherlands, 2002 

22. McAtamney, L.; Corlett, E.N. RULA: A survey method for the investigation of work-related upper 
limb disorders. Appl. Ergon. 1993, 24, 91–99 

23. Varrecchia T, Chini G, Tarbouriech S, Navarro B, Cherubini A, Draicchio F, Ranavolo A. The 
assistance of BAZAR robot promotes improved upper limb motor coordination in workers performing an 
actual use-case manual material handling. Ergonomics. 2023 Dec;66(12):1950-1967. doi: 
10.1080/00140139.2023.2172213. Epub 2023 Jan 26. PMID: 36688620  

24. Arjmand N, Plamondon A, Shirazi-Adl A, Larivière C, Parnianpour M. Predictive equations to 
estimate spinal loads in symmetric lifting tasks. J Biomech. 2011 Jan 4;44(1):84-91. doi: 
10.1016/j.jbiomech.2010.08.028. Epub 2010 Sep 17. PMID: 20850750 

25. Mientjes MI, Norman RW, Wells RP, McGill SM. Assessment of an EMG-based method for 
continuous estimates of low back compression during asymmetrical occupational tasks. Ergonomics. 
1999 Jun;42(6):868-79. doi: 10.1080/001401399185342. PMID: 10340027 

26. Bazrgari B, Shirazi-Adl A, Arjmand N. Analysis of squat and stoop dynamic liftings: muscle forces 
and internal spinal loads. Eur Spine J. 2007 May;16(5):687-99. doi: 10.1007/s00586-006-0240-7. Epub 
2006 Nov 14. PMID: 17103232; PMCID: PMC2213554 

27. Kim HK, Zhang Y. Estimation of lumbar spinal loading and trunk muscle forces during 
asymmetric lifting tasks: application of whole-body musculoskeletal modelling in OpenSim. 



Ergonomics. 2017 Apr;60(4):563-576. doi: 10.1080/00140139.2016.1191679. Epub 2016 Jun 3. PMID: 
27194401 

28. van Dieën JH, Kingma I. Total trunk muscle force and spinal compression are lower in 
asymmetric moments as compared to pure extension moments. J Biomech. 1999 Jul;32(7):681-7. doi: 
10.1016/s0021-9290(99)00044-5. PMID: 10400355 

29. von Arx M, Liechti M, Connolly L, Bangerter C, Meier ML, Schmid S. From Stoop to Squat: A 
Comprehensive Analysis of Lumbar Loading Among Di^erent Lifting Styles. Front Bioeng Biotechnol. 
2021 Nov 4;9:769117. doi: 10.3389/fbioe.2021.769117. PMID: 34805121; PMCID: PMC8599159 

30. Feola E, Refai MIM, Costanzi D, Sartori M, Calanca A. A Neuromechanical Model-Based Strategy 
to Estimate the Operator's Payload in Industrial Lifting Tasks. IEEE Trans Neural Syst Rehabil Eng. 
2023;31:4644-4652. doi: 10.1109/TNSRE.2023.3334993. Epub 2023 Nov 30. PMID: 37983149 

31. Lloyd DG, Besier TF. An EMG-driven musculoskeletal model to estimate muscle forces and knee 
joint moments in vivo. J Biomech. 2003 Jun;36(6):765-76. doi: 10.1016/s0021-9290(03)00010-1. PMID: 
12742444 

32. Moya-Esteban A, van der Kooij H, Sartori M. Robust estimation of lumbar joint forces in 
symmetric and asymmetric lifting tasks via large-scale electromyography-driven musculoskeletal 
models. J Biomech. 2022 Nov;144:111307. doi: 10.1016/j.jbiomech.2022.111307. Epub 2022 Sep 19. 
PMID: 36191432 

33. Moya-Esteban A, Durandau G, van der Kooij H, Sartori M. Real-time lumbosacral joint loading 
estimation in exoskeleton-assisted lifting conditions via electromyography-driven musculoskeletal 
models. J Biomech. 2023 Aug;157:111727. doi: 10.1016/j.jbiomech.2023.111727. Epub 2023 Jul 18. 
PMID: 37499430 

34. Sartori M, Reggiani M, Pagello E, Lloyd DG. Modeling the human knee for assistive technologies. 
IEEE Trans Biomed Eng. 2012 Sep;59(9):2642-9. doi: 10.1109/TBME.2012.2208746. PMID: 22911539; 
PMCID: PMC3668098 

35. Cha^in, D. B., Andersson, G. B. J., and Martin, B. J.; Occupational Biomechanics (4th edition); 
John Wiley & Sons, New York, 2006 

36. Cha^in, D. B.; “Biomechanical Modeling for Simulation of 3D Static Human Exertions;” Chapter 
in Computer Applications in Ergonomics, Occupational Safety and Health; Elsevier Publishers, B.V., 
1992 

37. Tokarski TM, Roman-Liu D. Assessment of load on the lumbar spine using two computerised 
packages and REBA method. Acta Bioeng Biomech. 2020;22(3):43-53. PMID: 33518725  

38. Ghezelbash F, Shirazi-Adl A, Plamondon A, Arjmand N. Comparison of di^erent lifting analysis 
tools in estimating lower spinal loads - Evaluation of NIOSH criterion. J Biomech. 2020 Nov 
9;112:110024. doi: 10.1016/j.jbiomech.2020.110024. Epub 2020 Sep 6. PMID: 32961423  

39. Russell SJ, Winnemuller L, Camp JE, Johnson PW. Comparing the results of five lifting analysis 
tools. Appl Ergon. 2007 Jan;38(1):91-7. doi: 10.1016/j.apergo.2005.12.006. Epub 2006 Jul 25. PMID: 
16867298  

40. Rajaee MA, Arjmand N, Shirazi-Adl A, Plamondon A, Schmidt H. Comparative evaluation of six 
quantitative lifting tools to estimate spine loads during static activities. Appl Ergon. 2015 May;48:22-32. 
doi: 10.1016/j.apergo.2014.11.002. Epub 2014 Nov 29. PMID: 25683528  



41. Valenzuela-Gómez SA, Rey-Galindo JA, Aceves-Gonzlez C. Analyzing working conditions for 
classical guitarists: Design guidelines for new supports and guitar positioning. Work. 2020;65(4):891-
901. doi: 10.3233/WOR-203140. PMID: 32310218  

42. Wiggermann N. Biomechanical Evaluation of a Bed Feature to Assist in Turning and Laterally 
Repositioning Patients. Hum Factors. 2016 Aug;58(5):748-57. doi: 10.1177/0018720815612625. Epub 
2015 Dec 29. PMID: 26715690 

43. Cooper G, Ghassemieh E. Risk assessment of patient handling with ambulance stretcher 
systems (ramp/(winch), easi-loader, tail-lift) using biomechanical failure criteria. Med Eng Phys. 2007 
Sep;29(7):775-87. doi: 10.1016/j.medengphy.2006.08.008. Epub 2006 Oct 24. PMID: 17064948 

44. Gutiérrez M, Monzó J. Prevalence of low back disorders among female workers and 
biomechanical limits on the handling of load and patients. Work. 2012;41 Suppl 1:2364-9. doi: 
10.3233/WOR-2012-0466-2364. PMID: 22317069 

45. Silvetti, A., Papale, A., Cipolloni, L., Vittorio, S., Draicchio, F. (2019). Biomechanical Risk 
Assessment of Pathologists in the Morgue. In: Goossens, R. (eds) Advances in Social and Occupational 
Ergonomics. AHFE 2018. Advances in Intelligent Systems and Computing, vol 792. Springer, Cham. 
https://doi.org/10.1007/978-3-319-94000-7_5 

46. Silvetti, A. et al. (2021). Ergonomic Risk Assessment of Sea Fisherman Part IV: Tunisian Chapter. 
In: Goonetilleke, R.S., Xiong, S., Kalkis, H., Roja, Z., Karwowski, W., Murata, A. (eds) Advances in 
Physical, Social & Occupational Ergonomics. AHFE 2021. Lecture Notes in Networks and Systems, vol 
273. Springer, Cham. https://doi.org/10.1007/978-3-030-80713-9_20 

47. Silvetti, A., Fiori, L., Tatarelli, A., Ranavolo, A., Draicchio, F. (2020). Back and Shoulder 
Biomechanical Load in Curbside Waste Workers. In: Karwowski, W., Goonetilleke, R., Xiong, S., 
Goossens, R., Murata, A. (eds) Advances in Physical, Social & Occupational Ergonomics. AHFE 2020. 
Advances in Intelligent Systems and Computing, vol 1215. Springer, Cham. 
https://doi.org/10.1007/978-3-030-51549-2_31 

48. Çakit E. Ergonomic assessment of airport shuttle driver tasks using an ergonomic analysis 
toolset. Int J Occup Saf Ergon. 2018 Jun;24(2):286-293. doi: 10.1080/10803548.2016.1276703. Epub 
2017 Jan 26. PMID: 28010680 

49. Tafazzol A, Aref S, Mardani M, Haddad O, Parnianpour M. Epidemiological and biomechanical 
evaluation of airline baggage handling. Int J Occup Saf Ergon. 2016;22(2):218-27. doi: 
10.1080/10803548.2015.1126457. Epub 2016 Mar 23. PMID: 26654282 

50. Dasgupta PS, Punnett L, Moir S, Kuhn S, Buchholz B. Does drywall installers' innovative idea 
reduce the ergonomic exposures of ceiling installation: A field case study. Appl Ergon. 2016 Jul;55:183-
193. doi: 10.1016/j.apergo.2016.02.004. Epub 2016 Feb 23. PMID: 26995048 

51. Hassani M, Hesampour R, Bartnicka J, Monjezi N, Ezbarami SM. Evaluation of working 
conditions, work postures, musculoskeletal disorders and low back pain among sugar production 
workers. Work. 2022;73(1):273-289. doi: 10.3233/WOR-210873. PMID: 35912773 

52. Hassani M, Kabiesz P, Hesampour R, Ezbarami SM, Bartnicka J. Prevalence of musculoskeletal 
disorders, working conditions, and related risk factors in the meat processing industry: Comparative 
analysis of Iran-Poland. Work. 2023;74(1):309-325. doi: 10.3233/WOR-211362. PMID: 36245353 

53. Alderson J, Hopper L, Elliott B, Ackland T. Risk factors for lower back injury in male dancers 
performing ballet lifts. J Dance Med Sci. 2009;13(3):83-9. PMID: 19754984 



54. Ziaei M, Choobineh A, Ghaem H, Abdoli-Eramaki M. Evaluation of a passive low-back support 
exoskeleton (Ergo-Vest) for manual waste collection. Ergonomics. 2021 Oct;64(10):1255-1270. doi: 
10.1080/00140139.2021.1915502. Epub 2021 May 10. PMID: 33866962  

55. Larson RE, Johnson AW, Bruening DA, Ridge ST, Mitchell UH. The influence of bed height as a 
percentage of participant height on low back forces when boosting a patient up in bed. Work. 
2023;75(4):1351-1359. doi: 10.3233/WOR-220260. PMID: 36710705 

56. Ahmad S, Muzammil M. Revised NIOSH lifting equation: a critical evaluation. Int J Occup Saf 
Ergon. 2023 Mar;29(1):358-365. doi: 10.1080/10803548.2022.2049123. Epub 2022 Apr 4. PMID: 
35253606 

57. Van Der Beek, A.J., J.T. Dennerlein, M. A Huysmans, S.E. Mathiassen, A. Burdorf, W. Van 
Mechelen, J.H. van Dieën, M.H. Frings-Dresen, A. Holtermann, P. Janwantanakul, H.F. van der Molen, D. 
Rempel, L. Straker, K. Walker-Bone, and P. Coenen. 2017. “A Research Framework for the Development 
and Implementation of Interventions Preventing Work-Related Musculoskeletal Disorders.” 
Scandinavian Journal of Work, Environment & Health 43 (6): 526–539. doi:10.5271/sjweh.3671 

58. Eurofound. 2015. Eurofound: Brussels, Belgium, 2019. European Working Conditions Survey. 
Accessed March 9, 2023. https://www.eurofound.europa.eu/data/european-working-conditions-
survey 

59. Potvin J. predicting maximum acceptable e^orts for repetitive tasks: an equation based on duty 
cycle. Human factors. 2012a; 54(2) 175 – 88 

60. Potvin J. An equation to predict maximum acceptable loads for repetitive tasks based on duty 
cycle: evaluation with lifting and lowering tasks. Work 2012b. 41 suppl 1 397-400 

61. ACGIH; “Upper Limb Localized Fatigue: TLV(R) Physical Agents 7th Edition Documentation;” 
Report number 7DOC-782; ACGIH , Cincinnati, Ohio, 2016 

62. Waters, T.R., Putz-Anderson, V., Garg, A., Fine, L. J.; “Revised NIOSH Equation for the Design and 
Evaluation of Manual Lifting Tasks;” Ergo- nomics, 36(7):749 -776, 1993 

63. National Institute for Occupational Safety and Health; Work Practices Guide for Manual Lift- ing; 
Technical report number: 81-122, U.S. Dept. of Health and Human Services (NIOSH), Cincinnati, Ohio, 
1981 

64. Zelik KE, Nurse CA, Schall MC Jr, Sesek RF, Marino MC, Gallagher S. An ergonomic assessment 
tool for evaluating the e^ect of back exoskeletons on injury risk. Appl Ergon. 2022 Feb;99:103619. doi: 
10.1016/j.apergo.2021.103619. Epub 2021 Nov 2. PMID: 34740072; PMCID: PMC9827614 

65. Jäger M. Extended compilation of autopsy-material measurements on lumbar ultimate 
compressive strength for deriving reference values in ergonomic work design: The Revised Dortmund 
Recommendations. EXCLI J. 2018 Apr 27;17:362-385. doi: 10.17179/excli2018-1206. PMID: 29805345; 
PMCID: PMC5962898  

66. Hall AD, La Delfa NJ, Loma C, Potvin JR. A comparison between measured female linear arm 
strengths and estimates from the 3D Static Strength Prediction Program (3DSSPP). Appl Ergon. 2021 
Jul;94:103415 

67. Diraneyya MM, Ryu J, Abdel-Rahman E, Haas CT. Inertial Motion Capture-Based Whole-Body 
Inverse Dynamics. Sensors (Basel). 2021 Nov 5;21(21):7353. doi: 10.3390/s21217353. PMID: 34770660; 
PMCID: PMC8587542 



68. INAIL Relazione annuale 202 del Presidente. Appendice statistica. Rome 04 October 2023. 
https://www.inail.it/portale/it/inail-comunica/pubblicazioni/rapporti-e-relazioni-inail/rapporti-e-
relazioni-inail-dettaglio.2023.09.relazione-annuale-2022.html Last access 02/08/2024 

69. International Federation of Robotics (IFR) – Position paper “Artificial Intelligence in Robotics” 
https://ifr.org/papers/artificial-intelligence-in-robotics last access 01/08/2024 

70. Nestor Maslej, Loredana Fattorini, Raymond Perrault, Vanessa Parli, Anka Reuel, Erik 
Brynjolfsson, John Etchemendy, Katrina Ligett, Terah Lyons, James Manyika, Juan Carlos Niebles, Yoav 
Shoham, Russell Wald, and Jack Clark, “The AI Index 2024 Annual Report,” AI Index Steering Committee, 
Institute for Human-Centered AI, Stanford University, Stanford, CA, April 2024. 
https://aiindex.stanford.edu/report/ last access 01/08/2024 

71. Kuijer PPFM, van der Wilk S, Evano^ B, Viikari-Juntura E, Coenen P. What have we learned about 
risk assessment and interventions to prevent work-related musculoskeletal disorders and support work 
participation? Scand J Work Environ Health. 2024 Jul 1;50(5):317-328. doi: 10.5271/sjweh.4172. Epub 
2024 May 29. PMID: 38810168; PMCID: PMC11214778 

72. Horsak B, Eichmann A, Lauer K, Prock K, Krondorfer P, Siragy T, Dumphart B. Concurrent validity 
of smartphone-based markerless motion capturing to quantify lower-limb joint kinematics in healthy 
and pathological gait. J Biomech. 2023 Oct;159:111801. doi: 10.1016/j.jbiomech.2023.111801. Epub 
2023 Sep 17. PMID: 37738945 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely 
those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or 
the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, 
methods, instructions or products referred to in the content. 

 

 

 


