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1 Abstract 
SkelEx is a suit like product, meant to make repetitive work lighter. Jobs that include repetitive 
work are paintspraying, sandblasting, baggage handling and working with (heavy) tools. The aim 
for this product is to reduce the work load for the user to improve the efficiency. 

This test was setup to find out the performance of the SkelEx. Therefore the tasks in this research 
are designed to closely resemble the practice in which the SkelEx should be used, namely sanding, 
lifting a drill, handling baggage and a fatigue test. The tasks are done both with and without the 
SkelEx by each participant while their muscle activity was measured with an EMG system. Next to 
the practical tasks the participants also filled in a questionnaire where they could give their 
experience and opinion about SkelEx 

The results were positive, however there is room for improvement. Most participants recognized 
the potential of the SkelEx and were quite enthusiastic about using it yet found that it should 
move more smoothly. The tasks performed resulted in a significant muscle activity reduction 
while using SkelEx, mostly in the shoulder area (M.Deltoid). 

  



2 Introduction 
SkelEx is a non-powered upper body exoskeleton developed at TU Delft. This compact and 
lightweight device assists in doing laborious jobs involving intensive use of arms more efficiently 
with lower fatigue. 

There are different types of jobs that need to be done. Typical jobs are; baggage of material 
handling, or more industrial applications such as sandblasting working with heavy tools ,especially 
grinders, (spray)Painting. These jobs have in common that the workers make repetitive 
movements with a, sometimes, heavy load. The different jobs require different motions and some 
jobs in itself, such as baggage and material handling require different motions in one task. 

The research is set up to verify the performance of the Skel-Ex.  

2.1 Applications of SkelEx 
Typical jobs where the SkelEx can be used are; loading baggage, spray painting, sandblasting and 
working with heavy tools. 

 
Figure 1: Baggage handling 

Baggage handling is the most complex movement where baggage is moved from, for instance, 
an assembly line to a cart. The baggage can be lifted from a different heights (depending where 
the luggage comes from) to another height (depending on the pile of luggage) behind or next to 
the worker. 

 

 

Figure 2: Sandblasting and spraypainting 



Other jobs where the SkelEx would be used is sand blasting, paint spraying and working with 
heavy tools. Especially the first two are similar. The user holds more or less the same position with 
a slow movement of mainly the arms. As can be seen in the sand blasting screenshot, the position 
can be kneeling, sitting or standing and probably anything in-between. Sand blasting and Spray 
painting use a tool that gives a recoil or backfire. 

When Using heavy machinery such as sanders, grinders, drills, leaf blowers etc. The movement is 
less predictable but similar to sand blasting and spray painting. It is likely that the tools weigh 
more but have less recoil or backfire. Due to the fact that these machinery often needs direct 
contact with the product the arm movement is bigger together with a larger reach.  

 

Figure 3: working with heavy tools 

3 Research question 
To what extent does the SkelEx enhance the performance for repetitive work? 

This is a broad research. Heavy work can be divided in the different tasks and the associated 
movements the workers have to be able to make. Next to that we need to define performance. 
Performance can also be divided into different pillars; fatigue, muscle activity and maximum 
force. These al are most probably related but not the same. Also within the reach the SkelEx 
operates, the performance will not be equal. Therefore sub questions of the main research 
questions are: 

• What is the performance within the operational reach of the SkelEx? 
• What is the effect of the SkelEx on fatigue? 
• What is the performance of the SkelEx on the different motions, used in the described jobs? 
• Does the SkelEx bring new limitations to performing the job, if so, which? 

4 Research setup 
The research setup is designed to create results that are as closely related as possible to real live 
situations. Therefore we use as much participants that have experience with physical work as 
their body resembles the target group. Also the motions and task itself should be as real as 
possible to ensure that the participants can empathize with the actual job.  



4.1 Participants 
We aimed for 30 participants. The male participants are selected for having experience with 
physical work. This ensures that their physique resembles that of the target group that SkelEx is 
aiming for. 

4.2 Conditions 
During the research we want to test the performance of the SkelEx compared to a natural 
condition. Therefore these are the two conditions in which the participants should perform the 
tasks. To eliminate order effects these two conditions are mixed for every participant, so half the 
participants start with the SkelEx and the other half start without the SkelEx. 

4.3 Measurements 
There are different parameters that we can objectively test, weight, duration, muscle activity and 
angles.  

The weight consist of the different weights of the used tools during the research; these are 
measured. 

Measuring duration gives insight in the duration which a particular position/posture can be hold. 
This is a direct measurement of fatigue.  

Measuring muscle activity gives information whether the user uses his muscles more efficient 
while wearing the SkelEx. This is measured using an EMG system, this system only gives 
information about the muscle group used while the body is in movement. 

The muscle groups that will be tested are: 

• Biceps brachii 
• Deltoid 
• Trapezius 
• Erector spinae 

 
As the EMG measures muscle activity over an area around its placing it is possible that the sensor 
pics up other muscle activity as well. For this research this is not a problem, since we are mostly 
interested in the combined muscle activity. However it is important that the sensors measure the 
same in both conditions. This is ensured because the EMG sensors are not taken off during the 
whole test and therefore measuring the exact same muscle activity from the same distance with 
and without the SkelEx. 

During the test a video camera will record the complete test, this footage can be used if there is 
an odd outcome for one or more participants during the test and will help finding the cause. 

4.4 Tasks 
The SkelEx is designed for multiple jobs. We want to test these specific jobs by letting the 
participants perform the tasks needed for the jobs. At the same time an overall impression of the 
reach in which the SkelEx adds value to the performance and what the performance 
improvement is. Next to that we ask a few questions before and after the test. Because of the 
purpose of the product, to reduce fatigue of  workers, the tasks and the order of the tasks should 



be so that fatigue itself does not influence the test results. This is done by changing the order for 
every person as is explained earlier. 

Tasks during the test: 

All tasks were performed in both conditions, with and without the SkelEx, one half of the group 
started with the SkelEx the other half of the participants started without the SkelEx . 

Task Purpose Description 
 
lifting a drill naturally measuring 

muscle activity 
Lifting a electric battery drill from alongside 
the body to above the participants head and 
back. 3 times 

lifting a drill with stretched 
arms 

measuring 
muscle activity 

The same as above but then with a stretched 
arm. This is a more restricted movement. 3 
times 

Sanding measuring 
muscle activity 

The participants were asked to move a (non-
working because of the mess it would give) 
electric sander around over a drawn circle for 
30 seconds 

luggage handling measuring 
muscle activity 

moving a backpack from the table to a chair 
positioned on the table and back 5 times 

fatigue test  measuring 
muscle activity 
and time 

holding a drill up with a 90 degree angle from 
the shoulders as well as the elbow. Holding up 
with a maximum of 5 minutes. 

Questionnaire feedback after the tests were performed the  
 

Weights of the used tools 

Backpack: 8.6 kg 
Sander:  0.9 kg 
Drill:   2.1 kg 
 

 

Figure 4: fatigue test with SkelEx, luggage handling, sanding during the test 

  



5 Results 
Each task was measured with the EMG and processed with Biometrics Datalog. A program 
dedicated to the used EMG equipment.  After each EMG was processed the graphs showed for 
each muscle group a single line with peaks, depending on the task. Most of the tasks gave one 
peak per muscle per movement. The peak shows the maximum amount of muscle activity during 
the task.  Each task was performed at least three times, giving three peaks. The mean of these 
peaks was used during analysis. The significance of the found differences were tested with a 
paired t-test. 

5.1 Fatigue test 
The participants were asked to hold a drill with a 90 degree angle in both their shoulder and 
elbow joint, a video still is shown in Figure 4. And to hold their position for as long as possible. As 
an indication was suggested that they could stop if their muscles start shaking. If the participant 
was not tired after 5 minutes the test was aborted and a score of 5 minutes + was noted.   

 

Figure 5: sample EMG output during the fatigue test, where red=biceps, green=deltoid, blue=trapezius and 
pink=spinea 

In the sample graph is visible that it starts with a peak, to position the drill in the right position, 
and then the values mostly stay on the same level. After some time particular muscles (trapezius 
in blue) slightly compensate for others (deltoid in green). If a participant got tired, all muscle 
activity increased. With the paired t-test a significant difference was found only for the deltoid 
muscle group. 

Next to the EMG the fatigue test was timed. The results are listed in Figure 6. The participants 
that could the drill for longer than 5:00 are counted for 5:00. The results of these timed 
measurements are presented into 4 categories. 
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Figure 6: Fatigue test timing 

With the fatigue test people could keep their posture on average at least 79% longer with the 
Skel-Ex. This is the average difference expressed in a percentage of the participants natural time. 
Next to that, 52% (14 out of 27) could hold the drill longer than 5 minutes with the SkellEx. Only 11% 
(3 out of 27) participants could hold the drill longer than 5 minutes without the suit. There were 9 
participants with relevant field experience. These scored better on both with and without the 
SkelEx, making the difference smaller since the test was aborted after 5:00 for 6 of the 9 subjects. 

As expected people who tested Skel Ex first scored better (107% improvement vs 53% 
improvement).  This is mainly due to the order effect, people got tired and less motivated after 
the complete research, resulting in lower scores in the fatigue test. However, they still could hold 
the drill at least 53% longer with the SkelEx on. 

5.2 Sanding 
While sanding the participants were asked to move a non-activated sander over a drawn circle in a 
natural way, Figure 4. The rotational speed differed from one to another. Every time the 
participant had to perform the task for a second time (with or without the SkelEx depending on 
the order), the participant was asked to try and match the same movement as he did before. In 
case of doubt of the speed, the test was aborted and asked to do the motion again to match the 
earlier measured rotation speed. However small differences may still be present in the data. 
These differences are quite random and therefore will even out in the data analyses. 
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Figure 7: Sample EMG output of sanding,. where red=biceps, green=deltoid, blue=trapezius and pink=spinea 

In Figure 7 a sample is shown of the EMG output of sanding. Also during one cycle of 30 minutes 
the used pressure and muscle activity varies a little. This varieties are leveled out during the 
analyses. After performing a t-test on the differences in muscle activity, the deltoid and trapezius 
showed significant reduction in muscle activity of respectively  24% and 14% compared to sanding 
without SkelEx.  

After the practical tests, the participants were asked if they found the SkelEx useful for 
sanding/spraygun activity. Most of them answered positively on a scale from 1 (not useful at all) 
to 7 (very useful). 

 

 

Figure 8: opinion on the suitability of sanding and spray gunning  (1 = not suitable at all and 7 = very suitable)  
(Mean: 5,8  Median: 6,0 Modus: 6,0)  
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5.3 Lifting a Drill  
The participants were asked to lift a drill relatively slow from alongside their body to above their 
head in a natural way as well as with a stretched arm. The stretched arm movement was mainly 
because of the more controlled motion. 

 

Figure 9: Sample graph, lifting a drill naturally (red=biceps, green=deltoid, blue=trapezius and pink=spinea) 

 

Figure 10: sample graph, lifting a drill with stretched arm (red=biceps, green=deltoid, blue=trapezius and pink=spinea) 

The natural motion showed some more variety but not as much as expected.  The main difference 
in the graph is the timing of when the muscles get active. While natural lifting the drill, the motion 
starts with the biceps followed by both trapezius and deltoid and then finished with the deltoid 
again. Whereas during the stretched motion the trapezius and biceps initiate the motion, 
followed by the deltoid and finished with the biceps again.  

The difference in muscle activity with this motion is not as big as with sanding. For the natural 
motion only the biceps activity showed a significant reduction of 21%. For the stretched motion 
the significant reduction of the deltoid activity was even smaller 9% and even more surprising was 
the significant muscle activity increase of 20% for the trapezium muscle group.  
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For many users the SkelEx shows a “kink” during the motion, from the moment the mechanism 
starts working. The Skel Ex only starts working if there is a certain distance from the load/hand to 
the pivot of the mechanism. While passing this barrier the transition from a non-supported 
position to supported position is with most subjects not fluid.  

Despite the disadvantaged in with this test the participants were very positive in the usefulness of 
the SkelEx while working with heavy tools as Figure 11 clearly shows, where 1 is not useful at all 
and 7 is very useful. 

 

Figure 11: suitability for working with heavy tools (1 = not suitable at all and 7 = very suitable) 
(Mean: 6,0 Median: 6,0 Modus: 6,0) 

5.4 Baggage handling 
Baggage handling is simulated by lifting a filled backpack (8.6 kg) from the table onto a chair 
positioned on the table, and back on the table again (Figure 4). This is similar to the practice at 
baggage handling centers.  

 

Figure 12: EMG output of Baggage handling (red=biceps, green=deltoid, blue=trapezius and pink=spinea) 
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Although not everyone grabbed the backpack in the same way we found significant differences in 
the deltoid in both movements, lifting it up from the table and putting it back down from the 
chair to the table. The reduction in muscle activity in the deltoid was respectively 21% and 24% for 
the up and down movement.  

Judging from the answers given in the questionnaire,  people find it generally useful for baggage 
handling at airports. 

 

Figure 13: Suitability for  baggage handling (1 is not suitable at all, 7 is very suitable) 
(Mean: 5,3 Median: 6,0 Modus: 6,0) 

5.5 Questionnaire 
From the questionnaire an image arose that the suit was very well perceived however has room 
for improvement.  As the first impressions were almost all quite positive with comments such as 
“Feels good, usefull” and “looks really cool, cyborg like”. The most critical comments saw the 
potential but would like to see a bit of improvement: “good impression, except for the none fluid 
movement” and “bulky, but does help in movement”.  This also shows in the scoring on several 
opinions. 
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Figure 14: Most users experienced lighter (1 is much heavier, 7 much lighter)(Mean: 5,7 Median: 6,0 Modus: 6,0) work 
and are interested in using (1: would certainly not consider using, 7: would certainly consider using)(Mean: 5,9 
Median: 6,0 Modus: 6,0) 

However a great deal of the participants also experienced difficulties while working with SkelEx. 
These difficulties were mostly related to the non-fluid motion of the SkelEx. Or the fact that the 
right size suit was not available.  

 

Figure 15: experienced difficulties  during test (1: lots of difficulties, 7: none at all) 
(Mean: 4,5 Median: 4,5 Modus: 3,0) 

5.6 Participants 
The questionnaire also included some questions about the participant, such as their year of birth 
(average 1978,1, youngest was from 1996, eldest from 1954), grip force (average: 45,4 kg, lowest: 
30 kg, highest 60 kg) and their profession, varying a lot although there were quite some students 
(7) and engineers (5) of of the total 27 participants, these professions were later classified in 
either relevant (9) or irrelevant (18) working experience. There was no indication that these 
factors influenced the results of the test.  Although participants with relevant working experience 
tended to perform better during the fatigue test.  This resulted in a lower improvement score for 
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the fatigue test since the test was aborted at 5:00 meaning whereas 6 out of 9 of the participants 
could have gone longer with the SkelEx. 

 with SkelEx without SkelEx 
 percentage 

reaching 5:00 
limit 

average time 
(minutes) 

percentage 
reaching 5:00 

limit 

average time 
(minutes) 

relevant experience 67% (6 / 9) 4:47 22% (2 / 9) 4:14 
no relevant experience 44% (8 / 18) 3:24 6% (1 / 18) 2:32 
Figure 16: participants with relevant experience performed better during fatigue testing 

Although they performed better at the fatigue testing, their grip strength did not differ 
significantly (45,2 kg to 45,8 kg). This would indicate that the more experienced people could use 
their strength more efficiently. However there is no indication that they would benefit less from 
the SkelEx. 

5.7 Overview 
In Figure 17 the results for the EMG are presented in a clear graph. The percentages indicate the 
reduction (or increase in one case) of muscle activity with the skelEx compared to the natural 
used muscle activity. The full coloured bars are the differences that came out significant after 
performing a paired t-test.   

The Spinea records hardly exceeded noise levels and are therefore not very reliable. There are 
multiple reasons that can add to this problem. The placing of the sensors may not have been 
accurate enough, the muscle activity was not only related to the particular task but also for 
standing. Either way, with this data we cannot say that the SkelEx influenced the muscle activity 
of the Spinea muscle group. 

The Deltoid muscle group gave the best results, measuring in 4 of the tests a significant reduction 
in muscle activity. The biceps muscle activity was significantly reduced while lifting the drill (both 
naturally and with a stretched arm) 



 

Figure 17: overview of significant differences in muscle activity with and without the SkelEx 

6 Discussion 
In general the SkelEx was perceived very good. As the participants liked the idea and were 
enthusiastic to try out the suit and see for themselves if indeed the suit helped in reducing the 
workload. After using SkelEx, the most heard comment was that it looked very promising, worked 
and did reduce their workload, however the suit still should work more smoothly. As well as that 
it still did look a bit amateurish.  

We also should take in account that most participants were first time users. Meaning they were 
not used to the product. Once the user feels more confident that the product works and doesn’t 
fail, he will less likely feels restricted. 

Furthermore the tests had different levels of “activity” and motion, set out in Figure 18, the 
activeness represents a combination of the amount of movement and the area span of the 
motion. As the fatigue test is a very static activity. Also sanding does not require as much motion 
as the other tests. Next to that the tests worked a different area of motion. Fatigue test, sanding 
and baggage handling are composed of motions mostly in front of the user in-between elbow 
height and eye height. Whereas the motion of the drill spanned from alongside their body (about 
waist height) to stretched above their head.   
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Figure 18: Activeness and used weight of the different tests 

The SkelEx is designed to especially for motions in the comfortable reach area. According to dined 
somewhere between elbow height and eye height. Although some jobs require uncomfortable 
reach areas, with most jobs the workers can position either themselves or the object within a 
comfortable working reach. Making this a more relevant part of the research. 

A bit unexpected was the increase of muscle activity in the trapezius while lifting the drill with a 
stretched arm. Although not significant and also less extreme, the same pattern is visible while 
lifting the drill naturally. Lifting a drill with a stretched arm from bottom to top is not a natural 
motion to make. But it indicates that the SkelEx adds a little muscle activity in areas where it is not 
designed for. If the suit works more smooth and the users feel les constraint, because of a 
smoother suit and because they are used to it, this becomes less of a problem.  

For sanding and baggage handling the suit significantly reduces muscle activity. Especially the 
deltoid seems to benefit from using the SkelEx. 

7 Conclusions 
The SkelEx significantly reduces muscle activity, especially in the deltoid, for the intended use. 
Varying from 21% (baggage handling up) to 36% (fatigue test) significant less muscle activity in the 
deltoid shows this effect. For activities within the comfortable range the SkelEx seems to be a 
valid way to reduce the muscle activity. Also the fatigue test showed that participants could hold 
their position for longer with the SkelEx.  

There is room for improvement as most participants experienced some kind of difficulties. These 
may be related to smoothness during motion as well as many were very much aware of the 
SkelEx during the test as they were afraid of breaking the suit. This can be solved both by making 
the SkelEx more rigid and smooth. As people don’t have to worry about the SkelEx failing neither 
notice the while moving. This would really improve the performance of the SkelEx.  
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The impression is that the SkelEx works best with more static jobs. While moving with the SkelEx 
also adds just a bit of resistance. But even with the relative active movement of baggage handling 
the SkelEx proved that the muscle activity was reduced in the deltoid muscle group. 

8 Limitations and recommendations 
The test was completed with 27 participants. Of these only 9 had relevant working experience. 
This did not seem to have an influence on the performance of the SkelEx. However it would be 
better to test the SkelEx with working experience in the field of the intended use. 

During the test there were two sizes of the SkelEx. Although there were few complaints about 
the fitting of the suit, the SkelEx would work better if for every person there was the right size. 
Some of the participants scratched the plates lithely over their shoulders because the SkelEx 
wasn’t wide enough. 

Most of the users saw the SkelEx for the first time. This meant that they were not familiar with 
the working principles and the feeling of the SkelEx. The users had to get used to the SkelEx and 
gain confidence while working with it. For a next research it would be interesting to see what the 
performance of the SkelEx is with experienced users.  

SkelEx is designed for repetitive working, meaning the user wears the SkelEx for a couple of 
hours consequently while practicing the same activity. For a follow up research it would give a 
better insight in the performance to follow an experienced user that uses the SkelEx for more 
than one hour consequently doing the same task. This would be more of a qualitative research 
since it would be very time-consuming (and expensive) to follow 27 users for days, wearing the 
SkelEx. 

The EMG measures muscle activity, this is correlated to the applied force by a particular muscle 
group (as also showed by Johnes1). Although it is correlated we cannot directly relate a particular 
EMC outcome to a specified force, since the placing of the EMG sensors influences the test. 
However it is a good indication to predict fatigue of the participants as is also shown with the 
fatigue test where fatigue was directly timed and also measured with EMG, showing similar 
outcomes. 
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10 Appendix 

10.1 Protocol lab testing 
Duration Task description tools 
cum sep 
5:00 5:00 Welcome welcoming the participants, introducing the 

research 
• coffee, cookies 
• briefing,  
• informed concent 



10:00 5:00 personal info filling in a questionnaire with personal 
information related to the ability of the job. 
Including a grip test. 

• Grip force meter 

17:00 7:00 applying the EMG asking the participant to take of his shirt, 
applying the EMG system on the body, 
testing the EMG with a quick test 

• EMG 

19:00 2:00 lifting weight 
naturally 

the participant is asked to lift a tool as 
natural as possible from the ground up to 
above his head and count to 2 while doing it. 
This task is repeated 3 times 

• EMG 

21:00 2:00 lifting weight with 
stretched arms 

the participant is asked to lift a tool with 
stretched arms from the ground up to above 
his head and count to 2 while doing it. This 
task is repeated 3 times 

• EMG 

23:00 2:00 moving a sander 
in circles 

moving a sanding machine in circles as if the 
person is sanding. The task is performed on 
eye height. This task is performed for 1 
minute 

• EMG 

27:00 4:00 moving luggage  moving a suitcase from the ground and 
lifting it up a table, then putting it back on 
the ground. This task is performed 2 times 

• EMG 

32:00 5:00 Putting on the 
SkelEx 

The participant is helped to put on the 
SkelEx 

• SkelEx 

34:00 2:00 lifting weight 
naturally 

the participant is asked to lift a tool as 
natural as possible from the ground up to 
above his head and count to 2 while doing it. 
This task is repeated 3 times 

• EMG 

36:00 2:00 lifting weight with 
stretched arms 

the participant is asked to lift a tool with 
stretched arms from the ground up to above 
his head and count to 2 while doing it. This 
task is repeated 3 times 

• EMG 

38:00 2:00 moving a sander 
in circles 

moving a sanding machine in circles as if the 
person is sanding. The task is performed on 
eye height. This task is performed for 1 
minute 

• EMG 

42:00 4:00 moving luggage  moving a suitcase from the ground and 
lifting it up a table, then putting it back on 
the ground. This task is performed 2 times 

• EMG 

47:00 5:00 taking off the 
EMG + SkelEx 

taking off the EMG system and the SkelEx  

57:00 10:00 Final 
questionnaire 

a questionnaire to ask for the participants 
experience 

• Questionnaire 

 

 

  



10.2 Questionnaire used 
participant nr: 

Fatigue test with Skel-Ex: 
Fatigue test naturally: 

   
1. What is your first impression of the SkelEx? 

…………………………………………………………………………………….. 

2. To what extent do you think that the SkelEx would make longterm heavy loads lighter? 

Much heavier 1 2 3 4 5 6 7 Much lighter 

3. To what extent have you experienced difficulties with the SkelEx? 

Lots   1 2 3 4 5 6 7 None at all 

4. To what extent do you think it is a usefull product for bagage handling at the airport? 

Not usefull at all 1 2 3 4 5 6 7 Very usefull 

5. To what extent do you think it is a usefull product for working with heavy tools? 

Not usefull at all 1 2 3 4 5 6 7 Very usefull 

6. To what extent do you think it is a usefull product for sandblasting/spraypainting? 

Not usefull at all 1 2 3 4 5 6 7 Very usefull 

7. If your job involves one of the mentioned activities, would you consider using the SkelEx?  
 
Certainly not 1 2 3 4 5 6 7 Certainly 

8. Do you have comments on the product?  ……………………………………………. 

General information: 

9. What is your year of birth?   …………………………………………….. 

10. What is your profession?   …………………………………………….. 

11. How strong do others describe you? 

Not strong at all 1 2 3 4 5 6 7 Very strong 

12. What is your length?   …………………………………………….. 

13. What is your gripforce? (ask assistance from the researcher):           …………….. 

14. Do you have any comments regarding the research? …………………………… 

…………………………………………….……………………………………………. 

Thank you for your participation 



10.3 Questionnaire results 
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