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  Abstract 

Exoskeletons present interesting qualities for high demanding physical tasks, but their 

integration in companies is still a challenge. This study aims to evaluate the effects of 

exoskeletons on the completion of arm-elevated tasks. Three categories of dependent 

variables are studied in a lab experiment:  physical measurements (cardiac cost), 

performance indexes (quality and duration) and perceived benefits (reported by 

subjects on quantitative scales). The independent variables of the experiment are the 

presence (or not) of the exoskeleton, and the media used for the familiarization process 

of the subject before the use of the exoskeleton.  Two levels of familiarization are 

proposed to the subjects: brochure of the exoskeleton manufacturer, and live tutorial 

demonstration by a skilled experimenter. A laboratory study (n=36 participants) 

involving two arms elevated tasks was specifically designed to simulate industrial 

work situations. Results show that the use of the exoskeleton reduces cardiac cost, 

global and local perceived effort, number of errors, and increases task performance. 

Concerning the familiarization process, the live tutorial demo provides higher task 

performances and users acceptance, lower global and local perceived effort and the 

number of errors. These results confirm that user acceptance and integration of 

exoskeletons in companies require dedicated training supports.  

  Introduction  

Passive exoskeletons started to enter the market of New Assistive Technologies 

(NAT) in various industries where handling tasks are still involving human control 

and know-how. This growing interest forces companies to relate the claimed 

effectiveness of occupational exoskeletons as a solution that could release muscle 

activity and task-related strain. Even if functional effects have been established in 

reducing muscular demand (Huysamen et al., 2018; Theurel & Desbrosses, 2019) 

these exoskeletons are still facing ergonomics barriers such as discomfort (de Looze 

et al., 2016), movements limitations, low usability and acceptance of end-users. 

(Graham et al., 2009).This is why previous studies suggest a more holistic approach 

(Bosch et al., 2016) to investigate dimensions of usability, moreover on realistic work 

settings (Baltrusch et al., 2018). Recent studies suggest focusing on the actual use, to 

better understand expected and potential unexpected effects (Kim et al., 2018). This 

is why the evaluation of Human Exoskeleton Interaction (HEI) should focus on 
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discomfort or failed pace three times in total. Errors were observed: nuts should be 

correctly set, we tolerate a space of 5 millimetres corresponding to nut thickness. Data 

collected were: total time, time per line, number of nuts correctly set, number of 

errors/line. Four dimensions questionnaire including the following items: perceived 

exertion, fatigue, comfort, quality, performance, task-related usability assessment: 

perceived utility, easiness of use and move with the exoskeleton. 

 

Figure 2. (a) A participant without the exoskeleton performing the repetitive task R and with 

the exoskeleton (b).  

 

  Precision task (P) 

This task aimed at testing the potential benefits of wearing the exoskeleton (less 

perceived effort and fatigue, respect of quality and natural moves) while performing 

repetitive and accurate movements, as observed in the real work situation. A 

background of lines was projected on the wall by an interactive whiteboard system 

(Figure 3). The test consisted of redrawing the same signs with an interactive pen with 

maximum accuracy. Seven lines of ten signs each are displayed on the background. 

Participants started by the line at their eye-level and moved progressively upward to 

an overhead position.  They had to stand behind a line placed at 40cm from the wall 

but could move parallel to the wall. Distance from the wall was visually controlled so 

that arms elevated posture targeted by assistance would be respected. The test ended 

when participants experienced fatigue, discomfort or traced all signs. Movements 

were paced at 4second/sign using a voice recorded metronome. Data collected were: 

traced signs, time per line, number of completed signs, and number of errors/line.  
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  Results  

  Study of exoskeleton effects on Global physical workload 

The evolution of Absolute Cardiac Cost (ACC) with task duration (ACC*d) is 

expressed in number of heart rate (h). The results are shown in figure 5. For both tasks, 

the lowest values of ACC*d are found while wearing the exoskeleton (Exo). Without 

the exoskeleton (NoExo), ACC*d is increased by 32 h ± 2.9for the task R and by 27.1 

h ± 5.9 for the task P.  

 

Figure 5. Evolution of ACC*d (h) for Task R and task P with (Exo) and without (NoExo) 

exoskeleton 

Despite the weight and physical constraints produced by springs, the exoskeleton 

seems to reduce the cardiac cost for all tasks. 

  Study of exoskeleton effects on tasks performance 

Hypothesis: Performance is better when the participant is wearing the exoskeleton. 

For task R, the highest number of valid actions (45.5±1, p<0.0001) and the lowest 

number of errors (4.4±0.3, p<0.0001) is found when wearing the exoskeleton. A 

similar effect is found for task P: highest number of valid signs (49.6±0.9, p<0.0001) 

and lowest average number of errors (5.1±0.3, p<0.0001) were found when wearing 

the exoskeleton. We conclude that for all tasks, Human-Exoskeleton performance is 

better than NoExo condition with a higher number of actions and a lower number of 

errors. 
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  Subjective measures 

  Physical aspects: evolution of perceived musculoskeletal strain 

Hypothesis: perceived exertion could be reduced while wearing the exoskeleton. 

Global exertion for tasks R and P has been evaluated respectively with a mean of 

6.99/10 ± 0.21 and 6.45/10 ± 0.25 for NoExo condition and 4.22/10 ± 0,14 and 3.61/10 

± 1.16 for Exo condition. These results are represented by dotted lines in Figure 6. 

Results indicate that globally the strain is lower when wearing the exoskeleton, with 

a significant (p<0.0001) reduction of global strain respectively of 3.06/10 and 3.12/10 

for task R and task P. 

Perceived local strain shows lower scores when wearing the exoskeleton and an effect 

of transfer towards other parts of the body has shown in figure 8 (both tasks merged). 

Indeed, participants perceived a mean reduction of strain on upper parts of the body, 

on Shoulders (2.32/10; ± 0.15, p<0.0001), on Arms (2.93/10 ± 0.12, p<0.0001), 

Elbow/forearms (0.06/10 ± 0.16, p<0.0001), neck (1.41/10 ± 0.14, p<0.0001), in the 

Upper and lower back (0.79/10 ±0.09, p<0.0001 and 0.46/10 ±0.1, p<0.0001) and on 

legs (0.17 ±0.06, p<0.0001). Also, the perceived strain has been transferred to other 

parts of the body, with a small mean increased of 0.4± 0.16, p= 0.002 in the 

Elbow/Forearm part. 

 

Figure 6. Evolution of global and local perceived effort for specific parts of the body without 

(NoExo) and with Exoskeleton (Exo) for all tasks. A global effort is represented by the lines. 

We can conclude than the evolution of perceived exertion could be reduced globally 

while wearing the exoskeleton (Exo). However, we observed a transfer effect of local 

strains with a very small local decrease on Wrist/Hand and and a non-expected 

increase on Elbow/Forearm. 
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  Appendix 

Human-Exoskeleton Familiarization Levels. According to our field expertise, a 
certified user should reach at least level 4. 


