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Abstract

:

(1) Background: Healthcare workers are highly affected by work-related musculoskeletal disorders, particularly in the lower back, neck and shoulders, as their occupational tasks expose them to biomechanical constraints. One solution to prevent these musculoskeletal disorders may be the use of a passive exoskeleton as it aims to reduce muscle solicitation. However, few studies have been carried out directly in this field to assess the impact of the use of a passive upper limb exoskeleton on this population. (2) Methods: Seven healthcare workers, equipped with electromyographic sensors, performed a tool cleaning task with and without a passive upper limb exoskeleton (Hapo MS, Ergosanté Technologie, France). Six muscles of the upper limbs were analysed, i.e., anterior deltoid, biceps brachii, pectoralis major, latissimus dorsi, triceps brachii and longissimus thoracis. A subjective analysis of the usability of the equipment, the perception of effort and discomfort, was also carried out using the System Usability Scale and the Borg scale. (3) Results: The longissimus thoracis was the most used muscle during this task. We observed a significant decrease in the muscular solicitation of the anterior deltoid and latissimus dorsi when wearing the exoskeleton. Other muscles were not significantly impacted by the device. (4) Conclusions: the passive exoskeleton used in this study allowed the reduction in muscular load on the anterior deltoid and latissimus dorsi without negative effects on other muscles. Other field studies with exoskeletons are now necessary, particularly in hospitals, to increase our knowledge and improve the acceptability of this system for the prevention of musculoskeletal disorders.
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1. Introduction


Work-related musculoskeletal disorders (MSDs) are occupational injuries that affect the musculoskeletal system of the human body, including bones, spinal discs, tendons, joints, ligaments, cartilage, nerves and blood vessels [1]. This disease impacts a large part of the working population. For example, MSDs were the cause of 88% of occupational illnesses in France in 2020 [2], with 30% of them related to the shoulders [3]. More than 100 million people in Europe are affected by MSDs [4], which are also responsible for 60% of permanent work disabilities, and 50% of all work absences in Europe. MSDs have an impact on both workers’ performances and their personal lives [5], and they represent a significant economic cost. Indeed, in certain European nations, MSDs represented 40% of the cost of workers’ compensation, which lowers the gross domestic product of each state by 1% to 2% [5]. Some employees are more at risk of developing MSDs, such as healthcare workers [6]. This prevalence of MSD appearance in hospital workers is due to the biomechanical loads caused by physical tasks such as repetitive movements or lifting tasks, e.g., lifting and transferring patients, washing patients, cleaning rooms, lifting heavy surgical instruments [7,8]. In this population, MSDs mainly affect the lower back, neck and shoulders [7,9,10].



The use of exoskeletons is increasingly seen as a solution to prevent the appearance of MSDs [11]. An exoskeleton can be defined “as a wearable, external mechanical structure that enhances the power of a person” [12]. Two types of exoskeleton can be distinguished: active and passive exoskeletons [13]. An active exoskeleton is composed of actuators (hydraulic, pneumatic muscles, electric motors or other) that increase the power of the human. Unlike the active exoskeleton, the passive exoskeleton does not use actuators, but springs or dampers that store the energy created by human movement and then release it to help the human support a posture or movement. Thus, passive exoskeletons may be more easily used in industry to reduce MSDs that widely affect workers. Indeed, according to the literature, the use of passive exoskeletons decreases the EMG amplitude of the arm and shoulder muscles, notably the anterior deltoid, medialis deltoid, upper trapezius and biceps brachii [3,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]). There is also a subsequent decrease in fatigue when the subject wears the exoskeleton compared to situations without the exoskeleton [29,30,31,32].



Although there is no current scientific consensus, exoskeletons may also have negative effects on the user. According to some studies, the use of exoskeletons could be accompanied by an increase in the muscular activity of other muscles, in particular lumbar erector spinae and triceps brachii [14,16,22,27]. However, other investigations did not highlight this increase in EMG amplitude for the triceps brachii [3] and lumbar erector spinae [18,20]. These adverse outcomes may be related to the fact that studies have been carried out either into a laboratory or directly in the field. Of all the studies with passive upper limb exoskeletons, only nine have been conducted in the field [19,20,23,26,29,33,34,35,36]. Results of these studies are mostly in agreement with those carried out into a laboratory environment, with a fatigue reduction and a decrease of muscle solicitation for shoulder muscles, while wearing the exoskeleton. However, field studies using exoskeletons are essential to better target the needs of certain professions when implementing MSDs prevention strategies [26].



Thus, healthcare workers have been rarely concerned with physical assistance dedicated to the prevention of MSDs. Only few studies have been carried out on the impact of upper limb exoskeletons, particularly under field conditions into a hospital environment [31]. However, although this latter study was performed in a hospital environment, it focused on the surgeon during an operation. Thus, the aim of this study is therefore to analyse the influence of wearing an upper limb exoskeleton on healthcare workers during a task with high repetition, which reflects their biomechanical solicitation, i.e., a surgical tool cleaning task. The primary hypothesis is that the upper limb exoskeleton may decrease the activity of muscles involved in this task. The secondary hypothesis suggests that using an upper limb exoskeleton may increase the muscular activity of back muscles, as showed in the literature.




2. Materials and Methods


2.1. Participants


For this study, seven healthcare workers (one woman and six men) from the surgical department of a hospital in France were recruited. Their mean age, height and weight were 36.63 ± 8.78 years, 178.88 ± 5.34 cm and 85.13 ± 8.91 kg, respectively. To participate in this study, subjects should not have history of upper limb injuries, and had to be of legal age. All participants were informed about the procedure prior to the experiment, and read and signed their informed consent before the beginning of the experiment. The protocol and data acquisition process were validated by a local Research Ethics Committee (University of Paris-Saclay, 2022-451).




2.2. Materials


2.2.1. Exoskeleton


For this study, a passive exoskeleton dedicated to the upper limbs was used (Hapo MS™, ErgoSanté Technologie, Anduze, France). This light passive exoskeleton (1.3 kg) has been designed to provide physical assistance to the upper limbs. More precisely, this exoskeleton allows the arms to be relieved over an amplitude of 0 to 135° in the sagittal plane, and 0° to 180° in the frontal plane.



This exoskeleton is composed of a harness that is worn on the back with an attachment that encompasses the elbow and is connected to the harness via a spring (Figure 1). The stiffness of the springs can be 4 kg for light assistance or 6 kg for heavy assistance, and this can be modified to suit the type of work and the user’s morphology. The 4 kg (or 6 kg) assistance allows the extremity of the spring to be held at 90°, with respect to the shoulder level on the harness, with two weights of 2 kg (or 3 kg) at each extremity. In the current study, an assistance of 4 kg has been used given the fact that most movements were below 90° of arm flexion. The exoskeleton was adjusted to each participant through several adjustable attachments (waist belt, horizontal starting point of the tube integrating the spring at back level, length of the spring through telescopic tube, chest belt).




2.2.2. EMG


Six electromyographic sensors (Biometrics, DataLITE®, Biometrics Ltd., Newport, UK) were used to measure the muscle activation of the subject with a sample frequency of 1000 Hz. Three muscles involved in arm flexion were selected, i.e., anterior deltoid, biceps brachii, and pectoralis major), as well as two antagonist muscles, i.e., latissimus dorsi and triceps brachii. The Longissimus thoracis was also selected to analyse a potential negative effect of the exoskeleton on back muscles, in accordance with the literature. The EMGs were placed according to the SENIAM recommendations [38]. Before placing the electrodes, the area was shaved and cleaned. Then, the electrodes were placed on the muscle of interest in the direction of the muscle fibres.



In parallel with the EMG recording, movements were videotaped using a Sony Handycam HDR-XR260® camera (Sony, Tokyo, Japan), in order to identify the movements made by the subject and to synchronise the EMG signal with the video recordings.




2.2.3. Questionnaires


Perceived task effort, perceived discomfort while wearing the exoskeleton and usability of the exoskeleton were also assessed. To this aim, two questionnaires were created using the Borg scale ranging from 0 (nothing at all) to 10 (extremely strong) [39]. The questions aimed at evaluating the effort and discomfort perceived during the task were as follows:




	-

	
From 0 to 10, how would you rate the physical effort of the task?




	-

	
From 0 to 10, how would you rate the discomfort felt during the task?









The usability questionnaire was based on the System Usability Scale (SUS) [40]. The SUS is a scale used to measure the usability of a product or service. It consists of a series of 10 statements, scaled on a 5-item scale ranging from one (strongly disagree) to five (strongly agree). A score of 100 is then calculated, and if the score is above 70, then the usability of the system is considered acceptable [41].





2.3. Procedure


The protocol consisted of performing a common task in the profession of heathlcare workers that was also identified as a traumatic task for the shoulders [42], the cleaning of surgical tools.



First, the subject was taken to a separate room where the experimenter was able to place the six EMG electrodes on the subject’s upper limbs and trunk. The subject’s maximum voluntary contractions (MVC) was then collected over three trials [43]. After this preparation step, the subject performed a tool cleaning task, in one of the two conditions, with and without exoskeleton, in a randomised order (Figure 2). The task lasted between 5 and 20 min to complete, depending on the quantity and nature of the instruments that needed to be cleaned. If the subject performed another tool cleaning task immediately afterwards, we did not register a new MVC and we performed the second condition directly (with or without the exoskeleton depending on the condition that was already done). If it was not possible to record successively the second condition, he or she was completely unequipped. In that case, the second condition was recorded later in the day and the MVC was collected a second time before this condition.




2.4. Data Processing and DATA Analysis


Signal EMG


The pre-processing and analysis of the EMG data was performed on MATLAB software (The MathWorks Inc., Natick, MA, USA, version R2021b). To analyse EMG data, the signals were filtered using a 4th order low-pass Butterworth filter with a cut-off frequency of 5 Hz [44]. Then, the root mean square (RMS) of the EMG signal was calculated, which is the amplitude of the electrical signal generated by the muscle during the movement:


  RMS =    1 T  ·  ∫  t − T / 2   t + T / 2   x   ( t )  2  · d t    



(1)




with x(t) the EMG signal to be analysed and T the signal time interval.



The RMS was then normalised to the subject’s MVC to reduce inter-individual variation [43], and to allow a comparison of the subject’s effort in relation to his maximum effort.





2.5. Statistical Analysis


For the statistical treatment, descriptive statistics were performed as well as comparisons of paired measurements using the JASP software (JASP Team, University of Amsterdam, Amsterdam, The Netherlands, version 0.16.3). Given the small sample size, a non-parametric statistical analysis has been performed using a Wilcoxon’s test to compare the means of the two conditions. The probability threshold for rejecting the null hypothesis has been established at 5% (i.e., p-value < 0.05) [45].





3. Results


3.1. Time Spent on Task


The time spent on the task in both conditions was not significantly different (p-value = 0.33) with a time spent of 399 ± 245 s with the exoskeleton and of 461 ± 333 s without the exoskeleton.




3.2. Muscle Activity during the Task


Regarding muscle activity during the task (see Table 1), there was a significant difference in the activity of the anterior deltoid with and without the exoskeleton (p-value = 2.62 × 10    − 2   ), with RMS values equal to   7.43 ± 6.75  % and   13.83 ± 15.06  % of MVC, respectively. Muscle activity of the latissimus dorsi was significantly higher in the “without exoskeleton” condition compared to the “with exoskeleton” condition (p-value = 4.7 × 10    − 2   ), with RMS values of 10.90 ± 7.16% and   9.49 ± 7.38  % of MVC, respectively.



No significant difference was observed with and without the exoskeleton for the biceps (p-value = 0.94), triceps brachii (p-value = 0.81), pectoralis major (p-value = 0.30) and longissimus (p-value = 0.44) (Figure 3).



The actual working time with and without an exoskeleton was not correlated with the muscle activity of the anterior deltoid (p-value = 0.44) and the latissimus dorsi (p-value = 0.5) during the tool cleaning task.




3.3. Perception of the Task


The perceived exertion with and without the exoskeleton was   2.43 ± 2.49   and   3.57 ± 2.29   respectively, although this difference was not significant (p-value = 0.26). Of all the subjects, five felt that the exertion with the exoskeleton was less than without the exoskeleton.



The perceived discomfort while wearing the exoskeleton was rated ‘low’, with a score of   2.88 ± 2.57   out of 10 (Table 2). Of all the participants, two subjects reported significant discomfort while wearing the exoskeleton, with a score of 7/10.



The usability of the system, measured using the SUS, showed an average score of 69.69 out of 100 (  69.69 ± 14.04  ). The use of the exoskeleton may therefore be considered acceptable as a score of 70 is the threshold score for which the system is considered acceptable.





4. Discussion


The aim of this study was to assess the influence of an upper limb exoskeleton during a typical task performed by healthcare workers, i.e., a surgical tool cleaning task. This evaluation was obtained with objective (EMG) and subjective (questionnaires) data.



4.1. Flexor and Extensor Muscles of the Shoulder


Significant differences were observed in the anterior deltoid (p-value < 0.05) and latissimus dorsi (p-value < 0.05). These results are in line with the design of the Hapo MS™ passive exoskeleton as it was conceived to reduce the load on the upper limbs, particularly on the shoulders. Indeed, this exoskeleton assisted antepulsion movements which mainly involved the anterior deltoid. These results are in agreement with the literature, which showed that passive exoskeletons significantly reduced muscle load on the anterior deltoid muscle by 24 to 73%, depending on the study [3,16,24]. Thus, the passive exoskeleton Hapo MS™, seems to have a positive effect on the muscular solicitation at shoulder level during static tasks with low repetitive efforts. It may be suggested that a frequent use of this exoskeleton would decrease the rate of occurrence of MSDs around the shoulder. It was not possible to compare muscle solicitation of the latissimus dorsi as none of the previous studies analysed this muscle while wearing an exoskeleton. However, given the fact that this muscle is involved in several functional movements of the upper limbs, i.e., adduction, internal rotation and retropulsion of the upper arm, it may be suggested that the upper-limb exoskeleton used in the current study facilitates adduction or internal rotation of the arm. Current data about the latissimus dorsi may thus be used as a basis for future comparisons.



The other muscles of interest (biceps, triceps, pectoralis major) did not show any significant difference with and without exoskeleton, contrary to some studies. Indeed, in the study from Van Engelhoven et al. ([22]) where participants had to perform overhead assembly tasks, an increase in EMG amplitude of 80% was observed for the triceps brachii with a 20 Nm support. Theurel et al., 2018 ([3]) also observed a 97% and 107% increase in EMG amplitude during lifting (9 kg for men and 5 kg for women) and stacking tasks (15 kg for men and 8 kg for women). Other authors, such as Rashedi et al., 2014 ([16]) made the same observation with an increase of more than 30% in the EMG amplitude of the triceps brachii during overhead work with 2 handed weighted tool. However, Theurel et al., 2018 ([3]) observed no increase in EMG amplitude for the triceps brachii during carrying tasks (15 kg for men and 8 kg for women) but a decrease of 64%.



One possible explanation for this difference concerns the nature of the movement, as it allowed the exoskeleton to either assist the movement or to oppose the movement and thus increase the muscular solicitations. In the studies of Rashedi et al., 2014 ([16]) and Van Engelhoven et al., 2019 ([22]), participants were asked to perform an overhead task whereas in the study from Theurel et al., 2018 ([3]), participants had to lift and carry a box. More precisely, in the studies from Rashedi et al., 2014 ([16]) and Van Engelhoven et al., 2019 ([22]), the triceps brachii was an elbow extensor and was therefore assisted by the exoskeleton, while in the current study and in the study from Theurel et al., 2018 ([3]), the triceps brachii was a shoulder extensor and acted in opposition to the exoskeleton, which could result in greater muscle demands.




4.2. Longissimus Muscle Solicitation


During the task, the longissimus was the most solicited muscle, either with and without exoskeleton, with respective values of   45.83 ± 20.16 %   and   46.80 ± 16.79 %   of MVC. Indeed, the task of cleaning tools requires, among other things, significant lifting of the body, but also significant static moments during which the trunk and neck are flexed (see Figure 2). However, a passive upper limb exoskeleton has been employed through this study as the upper limbs were concerned with repetitive movements during the tool cleaning task. Indeed this task placed a high demand on the shoulders. Thus, the exoskeleton only slightly decreased the muscular load on the longissimus and this explains why the differences found on the longissimus with and without the exoskeleton are non-significant (p-value = 0.44). This result is in line with the study from Gillette and Stephenson, 2019 ([19]) who showed no influence of wearing an upper-limb exoskeleton on erector spinae muscle group.



However some authors observed a 25 to 81% increase in EMG amplitude of the erector spinae when wearing an exoskeleton compared to the condition without an exoskeleton [14,16]. A decrease of muscle solicitation have also been observed in the literature [18,20]. These results may be due to the nature of the task or to the type of exoskeleton which did not solicit the spinal erectors in the same way. Indeed, the studies from Alabdulkarim and Nussbaum, 2019 ([14]) and Rashedi et al., 2014 ([16]) were experimental laboratory studies which involved an overhead work task. This task may have been more demanding than the tasks described in the studies from Kim and Nussbaum, 2019 ([18]) and Gillette and Stephenson, 2018, 2019 ([19,20]), as it was field tasks of light assembly or cycle-job.



Furthermore, the exoskeletons used in the aforementioned studies were different and could explain the fact that there is no consensus concerning the influence of an upper-limb exoskeleton on erector spinae muscle group. Indeed, the study of Alabdulkarim and Nussbaum, 2019 ([14]) compared three different types of exoskeletons: the Fortis™ (Lockheed-Martin, Bethesda, MD, USA), the ShoulderX™ (SuitX, Emeryville, CA, USA) and the Fawcett Exovest™ (The Tiffen Company, Hauppauge, NY, USA). This study showed a higher muscle load on the erectors of the spine with the Fortis™, a full-body exoskeleton. Rashedi et al., 2014 ([16]) used the Fawcett Exovest™ (weight = 4.85 kg), a fairly heavy upper limb exoskeleton where the weight and torque are transfered through four pelvic pads and upper back pads [46], which may explain the higher load on the spinal erectors. The study from Kim and Nussbaum, 2019 ([18]) and the two studies from Gillette and Stephenson, 2018, 2019 ([20], 2019) assessed the Eksovest™(Ekso Bionics, San Rafael, CA, USA) exoskeleton and the Airframe™ (Levitate Technologies, San Diego, CA, USA), respectively. The EksoVest™ (weight = 4.3 kg) is an exoskeleton with a rigid structure. Through spring pressure on the structure, it can help to produce torque on the shoulder joint [46]. The Airframe™ has a similar system with two interlocking pulleys to adjust the spring tension, the assisting torque thus adapting to the elevation of the arm [46]. Thus, the exoskeletons used in the Rashedi et al., 2014 ([16]) and Alabdulkarim and Nussbaum, 2019 ([14]) studies were transferring weight and torque to another body area. In the studies from Kim and Nussbaum, 2019 ([18]) and Gillette and Stephenson, 2018, 2019 ([19,20]), the exoskeletons were assisting the movement by releasing the energy stored into the springs. In the current study, the Hapo MS™ exoskeleton worked with rigid rods on the same model than the Airframe™ and Eksovest™ exoskeletons. This may be a possible explanation for the non-significant decrease in longissimus muscle activity in our study.




4.3. Towards a Better Understanding and Integration of Exoskeleton at Work


Results from the current study are in agreement with results of field studies on the use of a passive exoskeleton for upper limb assistance. Indeed, a decrease of around 42% in muscle activation of the anterior deltoid has been observed with the exoskeleton. These results are comparable with the study from Wang et al., 2021 ([23]), who observed a decrease of 37.67–39.57% in anterior deltoid solicitation. Moreover, in most of the previous field studies, the results obtained were less significant than those from laboratory studies. Indeed, the study of Gillette and Stephenson, 2019 ([19]) observed a decrease in muscle activation of the anterior deltoid of 19%. Furthermore, De Bock et al., 2023 ([26]) compared muscle activation of different muscles with and without exoskeleton under laboratory and field conditions. They concluded that muscle activation was less important during field conditions and that the laboratory results should be interpreted with caution.



Concerning the subjective results obtained in the current study, only two subjects considered that wearing the exoskeleton was uncomfortable with a score of 7/10 for discomfort, whereas the group average was   2.88 ± 2.57  . These same two subjects also perceived exertion as difficult with an exertion perception score of 5/10 for ’subject 3’ and 7/10 for ’subject 7’. Subject 3’s discomfort and perceived exertion results were in line with his objective results. In fact, subject 3 was the only subject who obtained higher muscle loads for the pectoralis major and the longissimus, with respectively 91.3% and 70.6% higher solicitations. In addition, an increase of 157.1% in muscular activity of the biceps muscle was observed for this subject while wearing the exoskeleton compared to the situation without the exoskeleton. His other muscle groups showed a non-significant decrease of 9.8% for the triceps, 11.8% for the anterior deltoid and 12.5% for the latissimus dorsi. For subject 7, only the triceps showed a 39.1% increase with the exoskeleton compared to the condition without the exoskeleton.



The perception scores were not able to discriminate against the perceived discomfort or stress of the different muscle chains (forearm, arm, shoulder, back). It would therefore be interesting in a future study to propose to note the perceived effort as well as discomfort according to the different muscular chains, and not in general as it was done in the study from Alabdulkarim and Nussbaum [14].



The exoskeleton disposal was considered acceptable for three subjects out of eight, with a score higher than 70, while the other subjects gave a score between 55 and 67.5 out of 100. This may partly be due to the fact that the cleaning task lasted between 3 and 15 min and participants felt that the physical benefit was not significant enough compared to the time lost to allow the exoskeleton to be removed and stored. Thus, out of the seven participants, only one participant agreed with the frequent use of the exoskeleton. It has been previously showed that the acceptability of a system is part of a progressive and complex continuum [47]. To facilitate the integration of exoskeletons into the workplace, some applied researchers proposed a three-phase plan [48]. The first phase concerns the decision support, during which the evaluation of the physical workload is performed to further detail the most demanding tasks that could benefit from physical assistance. Characteristics of the exoskeleton have to be collectively validated, by involving workers as early as possible in the design and in the subsequent deployment of the exoskeleton. During the second phase, the selected exoskeleton has to be assessed on the basis of chosen criteria. Then, the exoskeleton has to be tested in the field with a learning period for workers, in order to become familiar with the exoskeleton. Following this second phase, the exoskeleton may be integrated into the company. The third and last phase, consists of collecting feedback about the use of the exoskeleton in the short, medium and long term. This may enable the exoskeleton to be adapted to evolving occupational situations. However, some phases may appear difficult to settle in some companies. This is particularly the case into hospitals, where workers are continuously replaced. Thus, it might be complex to evaluate long-term effects of an exoskeleton. Thus, field studies appear critical to evaluate exoskeletons in order to choose and deploy the most suitable exoskeleton for hospital staff.



Some limits may be associated with the protocol of this study. Firstly, even though it focused on one manual task, i.e., cleaning surgical instruments, with a similar mean duration, movement kinematics were not recorded with and without the exoskeleton. Although it would have complicated the experimental protocol, this would have also ensured that significant results between both conditions were only due to the influence of the exoskeleton. This might be achieved in a future studies by using on-body sensors integrating both inertial measurements and EMG in the same unit. Having more participants may have also supported this significance. However, all healthcare workers of the surgery unit have been recruited for this experiment. The fact that this study was conducted directly in the field considerably reduced the number of participants. This is a typical limitation related to ergonomic studies with an applied research perspective [49]. The main objective of this study was to provide valuable elements for the in-field assessment of an upper limb exoskeleton.





5. Conclusions


In conclusion, through this study, an upper limb exoskeleton was evaluated for a surgical tool cleaning task performed by healthcare workers. We showed that the longissimus muscle was mainly solicited during the task. It would therefore be interesting to reproduce this study with a back exoskeleton in order to evaluate the influence of this type of exoskeleton on the trunk and upper limb muscles. By reducing muscular loads on healthcare workers, work-related MSDs might be prevented in the long term.



The upper limb exoskeleton positively influenced anterior deltoid and latissimus dorsi during the task, while other muscles were not affected (triceps brachii, biceps brachii, brachioradialis, pectoralis major). The Hapo MS™ exoskeleton therefore appears to be suitable for this typical task of healthcare workers.



A perspective of this study might be the use of inertial measurement units placed on the worker in order to analyse kinematics while wearing the exoskeleton. Indeed, the use of an upper limb exoskeleton may have an influence on kinematics [50]. This parameter is thus important to consider when analysing the effects of the exoskeleton for the prevention of MSDs.







Author Contributions


Conceptualisation, V.B. and N.V.; methodology, B.A., V.B. and N.V.; software, B.A. and A.F.; validation, V.B. and N.V.; formal analysis, B.A., V.B. and N.V.; investigation, B.A.; data curation, B.A.; writing—original draft preparation, A.F.; writing—review and editing, V.B. and N.V.; supervision, V.B. and N.V.; project administration, N.V.; funding acquisition, V.B. and N.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the FéDeV (http://fedev.universite-paris-saclay.fr/, accessed on 1 Frebruary 2022) research federal structure.




Institutional Review Board Statement


This study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Université Paris-Saclay (protocol code 2022-451, approved on 1 April 2022).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent was obtained from the participants(s) to publish this paper.




Data Availability Statement


Not applicable.




Acknowledgments


We want to acknowledge Hôpital La Pitié Salpêtrière for their support through this study. We would also like to thank Ergosanté Technologie for equipment lending.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




Abbreviations


The following abbreviations are used in this manuscript:



	EMG
	Electromyography



	MSDs
	Musculoskeletal disorders



	RMS
	Root Mean Square



	SUS
	System Usability Scale









References


	



NIOSH. Musculoskeletal Disorders and Workplace Factors. A Critical Review of Epidemiologic Evidence for Work-Related Musculoskeletal Disorders of the Neck, Upper Extremity, and Low Back; NIOSH: Washington, DC, USA, 1997. [CrossRef]

	



Maladie, A. Rapport Annuel 2020 de l’Assurance Maladie—Risques Professionnels—Éléments Statistiques et Financiers; Technical Report; Assurance Maladie: Paris, France, 2020. [Google Scholar]

	



Theurel, J.; Desbrosses, K.; Roux, T.; Savescu, A. Physiological consequences of using an upper limb exoskeleton during manual handling tasks. Appl. Ergon. 2018, 67, 211–217. [Google Scholar] [CrossRef] [PubMed]

	



Veale, D.J.; Woolf, A.D.; Carr, A.J. Chronic musculoskeletal pain and arthritis: Impact, attitudes and perceptions. Ir. Med. J. 2008, 101, 208–210. [Google Scholar] [PubMed]

	



Bevan, S. Economic impact of musculoskeletal disorders (MSDs) on work in Europe. Best Pract. Res. Clin. Rheumatol. 2015, 29, 356–373. [Google Scholar] [CrossRef] [PubMed]

	



Sheikhzadeh, A.; Gore, C.; Zuckerman, J.D.; Nordin, M. Perioperating nurses and technicians’ perceptions of ergonomic risk factors in the surgical environment. Appl. Ergon. 2009, 40, 833–839. [Google Scholar] [CrossRef] [PubMed]

	



Carneiro, P.; Villarroya, A.; Colim, A.; Torres, M.; Arezes, P. Ergonomic Study of Nursing Tasks in Surgical Hospital Services. In Advances in Intelligent Systems and Computing, Proceedings of the Health and Social Care Systems of the Future: Demographic Changes, Digital Age and Human Factors, Lisbon, Portugal, 3–5 July 2019; Cotrim, T.P., Serranheira, F., Sousa, P., Hignett, S., Albolino, S., Tartaglia, R., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 29–36. [Google Scholar] [CrossRef]

	



Caponecchia, C.; Coman, R.L.; Gopaldasani, V.; Mayland, E.C.; Campbell, L. Musculoskeletal disorders in aged care workers: A systematic review of contributing factors and interventions. Int. J. Nurs. Stud. 2020, 110, 103715. [Google Scholar] [CrossRef] [PubMed]

	



Boughattas, W.; Maalel, O.E.; Maoua, M.; Bougmiza, I.; Kalboussi, H.; Brahem, A.; Chatti, S.; Mahjoub, F.; Mrizak, N. Low Back Pain among Nurses: Prevalence, and Occupational Risk Factors. Occup. Dis. Environ. Med. 2017, 5, 26–37. [Google Scholar] [CrossRef]

	



Trinkoff, A.M.; Lipscomb, J.A.; Geiger-Brown, J.; Brady, B. Musculoskeletal problems of the neck, shoulder, and back and functional consequences in nurses. Am. J. Ind. Med. 2002, 41, 170–178. [Google Scholar] [CrossRef]

	



Theurel, J.; Desbrosses, K. Occupational Exoskeletons: Overview of Their Benefits and Limitations in Preventing Work-Related Musculoskeletal Disorders. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 264–280. [Google Scholar] [CrossRef]

	



Bosch, T.; van Eck, J.; Knitel, K.; de Looze, M. The effects of a passive exoskeleton on muscle activity, discomfort and endurance time in forward bending work. Appl. Ergon. 2016, 54, 212–217. [Google Scholar] [CrossRef]

	



Lee, H.; Kim, W.; Han, J.; Han, C. The technical trend of the exoskeleton robot system for human power assistance. Int. J. Precis. Eng. Manuf. 2012, 13, 1491–1497. [Google Scholar] [CrossRef]

	



Alabdulkarim, S.; Nussbaum, M.A. Influences of different exoskeleton designs and tool mass on physical demands and performance in a simulated overhead drilling task. Appl. Ergon. 2019, 74, 55–66. [Google Scholar] [CrossRef] [PubMed]

	



Huysamen, K.; Bosch, T.; de Looze, M.; Stadler, K.S.; Graf, E.; O’Sullivan, L.W. Evaluation of a passive exoskeleton for static upper limb activities. Appl. Ergon. 2018, 70, 148–155. [Google Scholar] [CrossRef] [PubMed]

	



Rashedi, E.; Kim, S.; Nussbaum, M.A.; Agnew, M.J. Ergonomic evaluation of a wearable assistive device for overhead work. Ergonomics 2014, 57, 1864–1874. [Google Scholar] [CrossRef] [PubMed]

	



Pinho, J.P.; Forner-Cordero, A. Shoulder muscle activity and perceived comfort of industry workers using a commercial upper limb exoskeleton for simulated tasks. Appl. Ergon. 2022, 101, 103718. [Google Scholar] [CrossRef]

	



Kim, S.; Nussbaum, M.A. A Follow-Up Study of the Effects of An Arm Support Exoskeleton on Physical Demands and Task Performance During Simulated Overhead Work. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 163–174. [Google Scholar] [CrossRef]

	



Gillette, J.C.; Stephenson, M.L. Electromyographic Assessment of a Shoulder Support Exoskeleton during on-Site Job Tasks. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 302–310. [Google Scholar] [CrossRef]

	



Gillette, J.; Stephenson, M. EMG Analysis of an Upper Body Exoskeleton during Automotive Assembly. In Proceedings of the American Society of Biomechanics Annual Meeting, Rochester, MN, USA, 8–11 August 2018. [Google Scholar]

	



Schmalz, T.; Schändlinger, J.; Schuler, M.; Bornmann, J.; Schirrmeister, B.; Kannenberg, A.; Ernst, M. Biomechanical and Metabolic Effectiveness of an Industrial Exoskeleton for Overhead Work. Int. J. Environ. Res. Public Health 2019, 16, 4792. [Google Scholar] [CrossRef]

	



Van Engelhoven, L.; Poon, N.; Kazerooni, H.; Rempel, D.; Barr, A.; Harris-Adamson, C. Experimental Evaluation of a Shoulder-Support Exoskeleton for Overhead Work: Influences of Peak Torque Amplitude, Task, and Tool Mass. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 250–263. [Google Scholar] [CrossRef]

	



Wang, H.M.; Le, D.K.L.; Lin, W.C. Evaluation of a Passive Upper-Limb Exoskeleton Applied to Assist Farming Activities in Fruit Orchards. Appl. Sci. 2021, 11, 757. [Google Scholar] [CrossRef]

	



Kim, S.; Nussbaum, M.A.; Mokhlespour Esfahani, M.I.; Alemi, M.M.; Alabdulkarim, S.; Rashedi, E. Assessing the influence of a passive, upper extremity exoskeletal vest for tasks requiring arm elevation: Part I—“Expected” effects on discomfort, shoulder muscle activity, and work task performance. Appl. Ergon. 2018, 70, 315–322. [Google Scholar] [CrossRef]

	



de Vries, A.W.; Krause, F.; de Looze, M.P. The effectivity of a passive arm support exoskeleton in reducing muscle activation and perceived exertion during plastering activities. Ergonomics 2021, 64, 712–721. [Google Scholar] [CrossRef] [PubMed]

	



De Bock, S.; Ampe, T.; Rossini, M.; Tassignon, B.; Lefeber, D.; Rodriguez-Guerrero, C.; Roelands, B.; Geeroms, J.; Meeusen, R.; De Pauw, K. Passive shoulder exoskeleton support partially mitigates fatigue-induced effects in overhead work. Appl. Ergon. 2023, 106, 103903. [Google Scholar] [CrossRef] [PubMed]

	



Yin, P.; Yang, L.; Qu, S.; Wang, C. Effects of a passive upper extremity exoskeleton for overhead tasks. J. Electromyogr. Kinesiol. 2020, 55, 102478. [Google Scholar] [CrossRef] [PubMed]

	



Pacifico, I.; Scano, A.; Guanziroli, E.; Moise, M.; Morelli, L.; Chiavenna, A.; Romo, D.; Spada, S.; Colombina, G.; Molteni, F.; et al. An Experimental Evaluation of the Proto-MATE: A Novel Ergonomic Upper-Limb Exoskeleton to Reduce Workers’ Physical Strain. IEEE Robot. Autom. Mag. 2020, 27, 54–65. [Google Scholar] [CrossRef]

	



Smets, M. A Field Evaluation of Arm-Support Exoskeletons for Overhead Work Applications in Automotive Assembly. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 192–198. [Google Scholar] [CrossRef]

	



Weston, E.B.; Alizadeh, M.; Hani, H.; Knapik, G.G.; Souchereau, R.A.; Marras, W.S. A physiological and biomechanical investigation of three passive upper-extremity exoskeletons during simulated overhead work. Ergonomics 2022, 65, 105–117. [Google Scholar] [CrossRef]

	



Liu, S.; Hemming, D.; Luo, R.B.; Reynolds, J.; Delong, J.C.; Sandler, B.J.; Jacobsen, G.R.; Horgan, S. Solving the surgeon ergonomic crisis with surgical exosuit. Surg. Endosc. 2018, 32, 236–244. [Google Scholar] [CrossRef]

	



Spada, S.; Ghibaudo, L.; Gilotta, S.; Gastaldi, L.; Cavatorta, M.P. Investigation into the Applicability of a Passive Upper-limb Exoskeleton in Automotive Industry. Procedia Manuf. 2017, 11, 1255–1262. [Google Scholar] [CrossRef]

	



Moyon, A.; Poirson, E.; Petiot, J.F. Experimental study of the physical impact of a passive exoskeleton on manual sanding operations. Procedia CIRP 2018, 70, 284–289. [Google Scholar] [CrossRef]

	



De Bock, S.; Ghillebert, J.; Govaerts, R.; Elprama, S.A.; Marusic, U.; Serrien, B.; Jacobs, A.; Geeroms, J.; Meeusen, R.; De Pauw, K. Passive Shoulder Exoskeletons: More Effective in the Lab Than in the Field? IEEE Trans. Neural Syst. Rehabil. Eng. 2021, 29, 173–183. [Google Scholar] [CrossRef]

	



Hefferle, M.; Snell, M.; Kluth, K. Influence of Two Industrial Overhead Exoskeletons on Perceived Strain—A Field Study in the Automotive Industry. In Advances in Intelligent Systems and Computing, Proceedings of the Advances in Human Factors in Robots, Drones and Unmanned Systems; Zallio, M., Ed.; Springer International Publishing: Cham, Switzerland, 2021; pp. 94–100. [Google Scholar] [CrossRef]

	



Iranzo, S.; Piedrabuena, A.; Iordanov, D.; Martinez-Iranzo, U.; Belda-Lois, J.M. Ergonomics assessment of passive upper-limb exoskeletons in an automotive assembly plant. Appl. Ergon. 2020, 87, 103120. [Google Scholar] [CrossRef] [PubMed]

	



Le Tellier, B.; Albouy, T.; Lebel, K. Objective and Subjective Evaluation of a Passive Exoskeleton for Upper Limbs. Preprints 2021, 2021110512. [Google Scholar] [CrossRef]

	



Hermens, H.J.; Freriks, B.; Disselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors and sensor placement procedures. J. Electromyogr. Kinesiol. 2000, 10, 361–374. [Google Scholar] [CrossRef] [PubMed]

	



Borg, G. Borg’s Perceived Exertion and Pain Scales; Human Kinetics: Champaign, IL, USA, 1998; Volume viii, 104p. [Google Scholar]

	



Gronier, G.; Baudet, A. Psychometric Evaluation of the F-SUS: Creation and Validation of the French Version of the System Usability Scale. Int. J. Hum. Comput. Interact. 2021, 37, 1571–1582. [Google Scholar] [CrossRef]

	



Bangor, A.; Kortum, P.T.; Miller, J.T. An Empirical Evaluation of the System Usability Scale. Int. J. Hum. Comput. Interact. 2008, 24, 574–594. [Google Scholar] [CrossRef]

	



Koskas, D. Graduation Thesis—Physical Ergonomic Analysis with Embedded Sensors to Prevent Musculoskeletal Disorders among Hospital Staff. Technical Report. Master’s Thesis, Sorbonne Université, Paris, France, 2021. [Google Scholar]

	



Burden, A. How should we normalize electromyograms obtained from healthy participants? What we have learned from over 25years of research. J. Electromyogr. Kinesiol. 2010, 20, 1023–1035. [Google Scholar] [CrossRef] [PubMed]

	



Potvin, J.R.; Brown, S.H.M. Less is more: High pass filtering, to remove up to 99% of the surface EMG signal power, improves EMG-based biceps brachii muscle force estimates. J. Electromyogr. Kinesiol. 2004, 14, 389–399. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W. p < 0.05, < 0.01, < 0.001, < 0.0001, < 0.00001, < 0.000001, or < 0.0000001 …. J. Sport Health Sci. 2016, 5, 77–79. [Google Scholar] [CrossRef]

	



Du, Z.; Zefeng, Y.; Huang, T.; Bai, O.; Huang, Q.; Zhang, T.; Han, B. Development and Experimental Validation of a Passive Exoskeletal Vest. IEEE Trans. Neural Syst. Rehabil. Eng. 2022, 30, 1941–1950. [Google Scholar] [CrossRef]

	



Wioland, L.; Debay, L.; Atain-Kouadio, J.J. Acceptation des exosquelettes par les opérateurs: étude exploratoire. Références En Santé Au Trav. 2019, 157, 45–61. [Google Scholar]

	



INRS. Acquisition et Intégration d’un Exosquelette en Entreprise; Institut National de Recherche et de Sécurité Pour la Prévention des Accidents du Travail et des Maladies Professionnelles: Vandœuvre-lès-Nancy, France, 2022. [Google Scholar]

	



Roger, M.; Vignais, N.; Ranger, F.; Sagot, J.C. Ergonomic Testing for the Design of an Innovative Mail Delivery Vehicle: A Physical Mock-up Case Study. Int. J. Ergon. 2018, 8, 1000228. [Google Scholar] [CrossRef]

	



Kim, S.; Nussbaum, M.A.; Mokhlespour Esfahani, M.I.; Alemi, M.M.; Jia, B.; Rashedi, E. Assessing the influence of a passive, upper extremity exoskeletal vest for tasks requiring arm elevation: Part II—“Unexpected” effects on shoulder motion, balance, and spine loading. Appl. Ergon. 2018, 70, 323–330. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 20 03153 g001 550] 





Figure 1. Description of Hapo MS™ exoskeleton model (Le Tellier et al., 2021 [37]). (1) harness; (2) springs; (3) double-interface. 
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Figure 2. Healthcare worker wearing the exoskeleton during the task of cleaning surgical tools. 






Figure 2. Healthcare worker wearing the exoskeleton during the task of cleaning surgical tools.



[image: Ijerph 20 03153 g002]







[image: Ijerph 20 03153 g003 550] 





Figure 3. Comparison of mean RMS values between the two conditions (with and without exoskeleton) in pourcentage of MVC. Significant differences (p-value < 0.05) denoted by *. 
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Table 1. Difference in muscle solicitation between the two conditions for all participants. The light green cells indicate a non-significant decrease in muscle activity with the exoskeleton, the dark green cells indicate a significant decrease, and the red cells show a non significant increase.
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	Subject
	Biceps
	Triceps
	Anterior Deltoid
	Pectoralis
	Latissimus
	Longissimus





	1
	14.3%
	−23.4%
	−58.2%
	−5.1%
	−5.3%
	−0.5%



	3
	157.1%
	−9.8%
	−11.8%
	91.3%
	−12.5%
	70.6%



	4
	−29.2%
	−34.1%
	−24.0%
	−41.8%
	−2.1%
	−21.5%



	5
	−8.0%
	52.9%
	−37.9%
	−9.3%
	−40.2%
	−7.2%



	6
	−41.8%
	6.3%
	−54.4%
	−15.0%
	−5.4%
	−38.5%



	7
	−45.1%
	39.1%
	−52.1%
	−12.8%
	−37.5%
	−0.2%



	8
	3.0%
	59.2%
	−22.4%
	−16.5%
	NaN
	NaN



	Group
	4.1%
	3.8%
	−46.2%
	−3.8%
	−12.9%
	−2.1%
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Table 2. Perception of the task (discomfort and effort), with and without exoskeleton, according to each subject.
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Subject

	
Discomfort

	
Effort




	
Exo

	
Without Exo






	
1

	
1

	
3

	
7




	
3

	
7

	
5

	
0




	
4

	
1

	
1

	
3




	
5

	
1

	
0

	
3




	
6

	
0

	
0

	
2




	
7

	
7

	
7

	
5




	
8

	
3

	
1

	
5




	
Group (mean ± SD)

	
2.88 ± 2.57

	
2.43 ± 2.50

	
3.57 ± 2.13
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