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Abstract: Repetitive overhead work with a heavy load increases the risk for work-related shoulder
disorders. Occupational exoskeletons supporting arm elevation are potential solutions to reduce
that risk by lowering the physical strains on the shoulder. Many studies have reported a reduction
in shoulder stress in various overhead tasks by using such exoskeletons. However, the support
demand can vary in each phase of motion as well as in each individual task. This paper presents
a laboratory study with five participants to evaluate the influence of the support level of an active
shoulder exoskeleton in different motion phases (e.g., arm lifting, screw-in, and arm lowering of two
overhead tasks) to identify the potential optimization of support at each phase. Results show that the
support level of the exoskeleton should be adapted to the motion phase of the two chosen tasks. A
higher support force is desired for the screw phase compared to the arm lifting and lowering phases,
and the support level needs to be reduced immediately for arm lowering after the screw phase. The
time for switching the support levels can be recognized by the electric current of the screwdriver.

Keywords: human–machine interaction; biomechanical analysis; sEMG; interaction forces; user
experience; power tool; exoskeleton

1. Introduction

Overhead work is one of the greatest risk factors for work-related musculoskeletal dis-
orders (WMSD) [1]. Sixty percent of workers in the EU with health problems have reported
WMSD as their most serious health problem [2]. In Germany, 22.8% of the total sick days at
work are caused by “musculoskeletal and connective tissue disorders” [3]. An exoskeleton
is a potential solution to reduce the physical load on workers that affects the stress on,
for example, the shoulder region [4,5]. The most commercialized shoulder exoskeletons
are passive, for example, Paexo shoulder (Ottobock, Duderstadt, Germany), ShoulderX
(SuitX, Emeryville, CA, USA), and Airframe™ (Levitate Technologies, San Diego, CA,
USA). Passive systems use mechanical energy and have no need for an additional powered
actuator, energy source, or electronic components, which demand more space and weight.
Active systems (e.g., shoulder exoskeleton S700 (exoIQ, Hamburg, Germany)), on the other
hand, have the potential to regulate the support level during the use itself, adapting to
the requirement of the manual task and individual wishes. Many studies have shown
the effect of load reduction on workers with an exoskeleton [6–8]. Otten et al. showed a
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possible reduction in shoulder muscle activity of up to 58.2% with the Lucy exoskeleton
during overhead activities [9,10]. Kim and Nussbaum simulated an overhead drilling
procedure using an arm support exoskeleton and were able to demonstrate a reduction
in the physical demand on the upper extremity [5]. Further simulative approaches have
shown the potential reduction in the user’s muscle activity through the implementation of
different support concepts [11].

For the evaluation of exoskeletons, methodological approaches have been proposed
using both objective (e.g., muscle activity) and subjective (e.g., perceived exertion) mea-
surements to demonstrate the reduction in the physical demands of the user [12,13]. These
approaches are particularly suitable for validating exoskeleton designs when ensuring
that the same workload is applied to the user. Exoskeleton testing setups are usually
designed in such a way by assuming the participants have the same workload under
different test conditions through the standardized task definition [14]. Many studies have
investigated the influence of the support force on the user’s movement [15]. However, the
use of exoskeletons can also lead to a different behavior of the user, which can result in
different interaction forces or process forces of the task (e.g., the push force of screw-in
task) [14]. The process force of the test task is hardly measured by exoskeleton evaluation.
Furthermore, earlier research indicates that the support requirement of a task depends on
its workload and the relevant movement [16]. Thus, the optimization of an exoskeleton is
always application-related.

To identify the optimization potentials of an active shoulder exoskeleton for selected
overhead tasks with a cordless screwdriver, the influence of two different support levels
(50% support, and 100% support) were investigated in this paper. Two screw-in tasks
with different workloads were replicated from the industrial manual works. The user’s
physical strain and the human–exoskeleton interaction force were measured and analyzed
in three key motion phases (lifting arm, screw, and lowering arm) of the tasks. Additionally,
the push forces of the tasks were also recorded to monitor the workload. Based on the
evaluation, an adjustment in the support level related to the key motion phases and a
switching time detection approach are proposed.

2. Materials and Methods

First, the participants and technical systems as well as the work task are introduced.
This is followed by the explanation of the method for performing the study, the description
of the observed variables, and the method of data analysis.

2.1. Participants

The study was conducted with five voluntary male participants, resulting in a mean
age of 29 (SD 9) years, mean weight of 73 (SD 11) kg, and a mean height 182 (SD 4) cm.
Further information on the participants can be found in Table 1. The participants reported
no acute diseases or pain of the muscular system, no restrictions in the range of motion in
the shoulder due to known degenerative diseases, and no treatment of the shoulder or back
pain, upper extremity injury, or surgery within the last six months. Three participants were
right-handed and two were left-handed. All participants were college members with basic
experience using a cordless screwdriver in industrial tasks and their experience with the
investigated exoskeleton was less than two tests. Before the experiment, the participants
were informed about the procedure of the study and signed the informed consent form.
The study could be stopped by the participants at any time.
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Table 1. The weight and anthropometric data of the participants.

Age
[Years]

Body Height
[cm]

Weight
[kg]

Shoulder Width
[cm]

Upper Arm Length
[cm]

pa
rt

ic
ip

an
t

P1 29 180 74.2 43 37

P2 44 178 69.3 40 35

P3 23 188 93.0 47 41

P4 21 184 65.2 40 38

P5 28 182 65.0 40 38

2.2. Test Apparatus

In the study, a cordless screwdriver (Festool cordless impact drill PDC 18/4, Festool
GmbH, Wendlingen, Germany) and power tool datalogger [17] with a total weight of 2.5 kg
were used. The datalogger was placed in the interface between the screwdriver and the
battery pack, as can be seen in Figure 1.
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Figure 1. Festool screwdriver. Datalogger was placed in the screwdriver’s battery interface to record
the electric current and voltage during the tasks.

The exoskeleton Lucy (see Figure 2 left) is an active shoulder exoskeleton that is mainly
designed to reduce the physical strains on the shoulder when the user works at head level
or above [10]. The width of the shoulder bar, length of the back part, and the location of the
armrest are adjustable to fit the shoulder width and upper arm length of the user. Lucy
is actuated by a pneumatic cylinder that is integrated into the arm bar. The cylinder is
regulated by the elevation angle of the upper arm, which is measured by a joint sensor,
and helps the user to lift the arm up, at, and above the shoulder level (see motion phases
lifting arm, positioning, and screw in Figure 3). The cylinder is activated first when the arm
elevation angle is over 15◦, and then its pressure supply increases proportionally from zero
to the set support level until the arm elevation reaches 25◦ (see Figure 2 right). The level of
support can be manually adjusted by the user through a potentiometer. For standardization
of the tests, two levels of support (50% and 100%) were selected as the two test conditions.
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Figure 2. (Left) exoskeleton Lucy. (Right) Torque–elevation curve for two different support levels:
50% and 100%.

2.3. Tasks

Two different tasks with a cordless screwdriver were performed. In task T1, the
participants had to fix a predrilled wooden component with a screw to an overhead
plywood board. This task required precision and coordination from the participants. Task
T2 consisted of the screw-in process of a wood screw, which required a high force during
the screw phase. Both tasks were performed with the same experimental setup. For the
experiment, a wooden beam and plywood board were mounted in a fixture for the overhead
drilling and screw-in task. The wood-type of the beam was structural solid wood. The
height of the wooden beam was adjusted to achieve a shoulder elevation angle for task T1
(130◦) and task T2 (100◦) for the arm, which held the cordless screwdriver (dominant side).
The speed and torque stages (SS, TS) of the screwdriver were set according to the task (see
Table 2). During the tasks, participants stood on a force measuring plate (see Table 3).

Table 2. Task specifications and details.

Cycles
(Duration/Cycle) Task Apparatus Shoulder Elevation

Angle [◦]
Screwdriver
Adjustments

ta
sk

T1 10
(10 s/cycle)

plywood board (size: 400 × 600 × 55 mm)
wooden component (size: 50 × 50 × 10 mm

with central borehole)
wood screw (5 × 60 mm, T-STAR plus T20, SPAX

International GmbH & Co. KG,
Ennepetal, Germany)

0–130
SS 2: 0–850 rpm

TS 10: 5.3 Nm

ta
sk

T2 10
(15 s/cycle)

solid structural timber (size: 400 × 400 × 160 mm)
wood screw (10 × 100 mm, TX40, Fischerwerke

GmbH & Co. KG, Waldachtal, Germany)
0–100

SS 1: 0–400 rpm

TS 12: 11.5 Nm

The complete motion sequences of both tasks are illustrated in Figure 3. For task T1,
participants were told to fasten a wooden component to a plywood board with a single
screw in a given time of 10 s. By hearing an acoustic signal, the participants took a screw
and placed it on the screwdriver bit, the screwdriver being held in the dominant hand.
They then took a wooden component with their non-dominant hand and raised their arms
to position the wooden component on the plywood board overhead. Finally, they had
to tighten it with the screw, lower their arms, and wait for the next acoustic signal. This
motion cycle was repeated ten times.

For task T2, the participants were told to screw in a wood screw above their head in
15 s. Starting with an acoustic signal, the participant picked up a screw and placed it on
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the screwdriver bit, then raised their arms to position the screw onto a marked position
on the wooden beam, and tightened it. Here, the participants were allowed to use their
non-dominant hand to hold and guide the screw. Finally, the participants lowered their
arms and waited for the acoustic signal triggering the next cycle. After ten screws, the task
was completed.
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2.4. Test Procedure

Each task was conducted in a randomized manner under three test conditions: (S0)
without the exoskeleton as the baseline, (S50) exoskeleton with 50% support level, (S100)
exoskeleton with 100% support level.

The main steps of the test are summarized in Figure 4. It started with the anthropo-
metric measurements including the weight, body height, and body segment length, and
the necessary preparation of the electromyography (EMG)-measurement. For more details
on the muscles that were considered in the study, see Section 2.5. After placing the EMG
surface electrodes on the eight muscles, the maximum voluntary contraction (MVC) of each
muscle was measured following the SENIAM recommendations [18]. The participant was
then fitted with the exoskeleton and adjusted to their shoulder width and upper arm length.
The passive-reflective markers of the Vicon system (see Section 2.5) were then attached to a
motion capture suit worn by the participant. This was followed for about five minutes for
the participant to become familiar with the exoskeleton and the work process of both tasks.
All combinations of the task and support conditions (two tasks x three conditions) were
examined. The experimental design was full factorial with six repetitions. The order of the
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repetitions was randomized. Participants filled out three questionnaires on the subjective
perceptions of strain and support between each repetition (see Table 3). The questionnaires
took about three minutes, followed by a two minute rest break between each combination.
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2.5. Observed Variables

Eight variables were measured during the test (see Table 3). Five of them were metrics
for evaluating the changes in physical strain on body, workload, human–exoskeleton
interaction force, and subjective perception of the support force. The other three variables
were assisting metrics, which helped to enable a determination of the different phases of
motion not only by using motion data.

Table 3. Variables and measurement systems.

Variable Measurement System

ev
al

ua
ti

on
m

et
ri

cs

Muscle activity (objective physical strain) Surface EMG (Myon 320, 1.000 Hz, Myon AG, Schwarzenberg, Schweiz)

Perceived exertion (subjective
physical strain)

Questionnaire with body map and Borg Scale CR-10 [19]

NASA-TLX questionnaire evaluated in six subscales [20]

Push force (workload) One force plate (AMTI OPT, 464 × 508 mm, Advanced Mechanical Technology Inc.,
Watertown, NY, USA)

Human–exoskeleton interaction force One pressure sensing mat (X3 Pro System, 127 × 254 mm, Xsensor Technology
Corporation, Calgary, AB, Canada)

Subjective perception of the support force Questionnaire for user experience

as
si

st
an

t
m

et
ri

cs

Electric current and voltage screwdriver Datalogger on screwdriver [17]

Elevation angle exoskeleton Datalogger on Lucy

Human motion Vicon (Vicon Bonita, Oxford Metrics Ltd., Oxford, UK)
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The activities of eight muscles were recorded with surface EMG: M. flexor carpi ulnaris
(FCU), M. biceps brachii (BB), M. deltoideus anterior (DA), M. latissimus dorsi (LD), on
both the dominant and non-dominant side. The physical exertion was also recorded with
subjective questionnaires (NASA-TLX, body map) in order to compare the user’s evaluation
with the measured EMG data. The push force (Fpu) of the user was measured to ensure
that the same workload was applied to the participants for the different support levels.
The push force was indirectly measured from the vertical component (FGRF, v) of the 3-axis
ground reaction force FGRF. This provided a good approximation of the push force during
the screw phase, since the user was in a static posture and no inertial forces occurred.
The pressure sensing mat was placed wrinkle-free between the dominant upper arm and
the armrest of the exoskeleton. It measured the pressure on the complete surface of the
armrest. The normal interaction force between the dominant upper arm and the armrest
was calculated by the measurement software. A questionnaire was used to compare the
measured interaction force with the subjective evaluation of the support level.

2.6. Data Analysis

The motion data, EMG-signal, and ground reaction force were measured when syn-
chronized. The data from the exoskeleton and the screwdriver were synchronized with the
motion data through predefined events during data processing. To divide the continuous
data into motion cycles, the start and end times of each motion cycle were determined
manually and visually based on the motion data captured by Vicon. One motion cycle
started when the participant had just reached the first object (the wooden component in
task T1 or the screw in task T2) to be picked up and ended when the dominant upper arm
returned to its neutral position (0◦ elevation) (also see Figure 3). For the analysis of the
EMG-signal and push force, one cycle was then split into three main motion phases. The
start and end of the phase arm lifting and lowering were detected by the local minimum
and maximum of the curve of the shoulder elevation angle. The starting point of the screw
phase (trigger pressed) was detected when the screwdriver battery-current threshold of 2 A
was exceeded. If the screwdriver electrical current dropped below this threshold, it was
detected as the end of the screw phase (trigger released).

The collected EMG-signals were processed in the ProEMG (myon AG) software with
a 20–200 Hz Butterworth bandpass filter 4th order, rectification, and smoothing with a
300 ms root mean square. For the normalization of EMG-signal amplitudes, the highest
signal amplitude from the three MVC recordings was used. The EMG-signals were then
divided into 10 motion cycles and each cycle was time normalized to a 0–100 percentage of
the motion. For each participant, an average EMG curve was calculated from the 10 cycles.
The mean EMG corresponded to the mean amplitude of the average curve. The mean EMG
of each motion phase was then calculated from the sliced EMG curve. Because of the small
sample size, an intra-individual comparison of the mean EMG was performed instead of a
statistical analysis.

The calculation of the push force Fpu was based on the vertical component (FGRF, v)
of the measured 3-axis ground reaction force as follows: Fpu = FGRF,v − GP + Gsc. Here,
Gsc is the weight force of the screwdriver and GP is the weight force of the participant
including the exoskeleton, screwdriver, and measurement systems. This can be seen as
a good approximation of the push force, especially during the screw phase. The mean
value of each of the 10 cycles was calculated and displayed as exemplary for participant
P3. All further analyses of the push force were performed during the screw phase only by
calculating the mean value of the push force for each of the 10 cycles and plotting it as a
boxplot. The postprocessing and preparation of figures was conducted in MATLAB R2020b.

Due to a malfunction in the screwdriver datalogger, the start and endpoints of the
screw phase of participant P2 were not detected. Thus, the measurement data of the push
force were not evaluated and P2 was excluded for the evaluation of the push force during
the screw phase.
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3. Results

First, the load of the participants was analyzed by presenting the results of the push
force during the screw phase. Subsequently, the physical strain of the participants during
the tasks were evaluated by the subjective perceived exertion and the muscle activities. The
analysis of the human–exoskeleton interaction based on the subjective perception of the
support force as well as on the interaction force between the armrest of the exoskeleton and
the upper arm of the participant.

3.1. Push Force during Screw Phase of the Motion

A typical mean push force curve of participant P3 for ten cycles is shown as an example
in Figure 5. The standard deviation (Std. dev.) is marked as the blue area, the start and
endpoint of the screw phase with black dashed lines. The mean push force started at a
lower level between 10 N and 40 N from 0% to 50% of the motion cycle. This was then
increased slightly from 40 N to 75 N until the start of the screw phase (62%) and reached a
plateau at 110 N during the screw phase from 62 to 87% of the motion cycle. The push force
dropped back to a lower level at the end of the screw phase (87%). All further evaluations
of the push force were considered only the mean value during the screw phase of the
motion for each cycle.
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Figure 5. Exemplary course of the mean push force for participant P3, task T1, and support condition
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the screw phase.

Considering task T1 in Figure 6, the mean push force of participants P1, P4, and
P5 were at different levels between 83–93 N (P1), 88–100 N (P4), and 103–108 N (P5) for
the different conditions S0, S50, and S100, respectively. Only participant P3 showed a
larger dispersion of the mean push force between the support conditions (68–109 N). The
dispersion of the push force was larger for participants P1 and P3 than for P4 and P5. A
larger mean value of the push force at condition S50 compared to S0 could be observed
for participants P3, P4, and P5. Subject P1 did not show this effect. However, P1 had two
outliers for condition S50. All participants tended to show a lower push force at support
condition S100 compared to S50, which was particularly evident for subject P3. Due to the
overlapping of the boxes, no difference in push force was suggested between the support
levels for participants P1, P4, and P5.
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Considering task T2 in Figure 7, the mean push force varied between the participants
from 66 N to 135 N. Here, the participants showed different force levels. The push force
was at different levels for participants P1 (66–74 N), P3 (70–89 N), P4 (124–135 N), and P5
(87–100 N) for the three support conditions. The dispersion of the mean push force was
comparable for participants P1, P3, and P5. Participant P4 showed a larger dispersion for
S100 and a decrease in dispersion at higher support levels. At the same time, there was
a slight increase in the mean push force for participant P4 with a support level of S100
compared to S0. However, due to overlapping of the boxes, there was no difference in
the mean push force of participants P2, P4, and P5 at different support conditions. Only
participant P3 had a lower mean push force for support levels S50 (71 N) and S100 (70 N)
compared to S0 (89 N).

3.2. Subjective Perception of the Strain

The participants completed a standard NASA TLX questionnaire after ten screw-in cy-
cles under each test condition. The mean value of the ratings in the subcategories are plotted
in Figure 8. The following scale was used: 0 corresponded to very low, 100 corresponded
to very high.
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Figure 8. Mean values of NASA TLX of all participants for task T1 (left) and task T2 (right). The
physical load on the user was reduced with an increasing support level of the exoskeleton.

The physical strain category was rated higher on average without support (S0) in both
tasks (T1: 53, T2: 64) compared to support level S50 (T1: 42, T2: 49) and support level S100
(T1: 39, T2: 46).

Looking at the ratings of the category frustration, the participants showed a much
higher value at support level S50 with 39 and S100 with 37, in comparison to the mean score
for support level S0 with 20 in task T1. This was not evident in task T2. Here, frustration
was rated the same at support level S0 and S100 with 15, and slightly lower at support level
S50 with 12. Considering the categories effort, performance, temporal, and mental, there
were only small differences between the support levels S0, S50, and S100 in both tasks T1
and T2. The performance was estimated lower here, with an increasing support level for
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task T1. Temporal and mental requirements of the task were not affected by the different
support levels.

In Table 4, participants rated the exertion of task T1 (overall) with the help of the Borg
scale CR-10 with an effort of S0 (4.4), S50 (4.6), and S100 (3.2). A relief in the dominant
shoulder for support level S0 (6), S50 (5.7), and S100 (4.3) was mentioned.

Table 4. Borg ratings [CR10] of perceived exertion on tasks T1 and T2. The perceived exertion for
tasks T1 and T2 was rated lower with increasing support force.

Mean Value [CR10]

Support level Task overall Dom. shoulder

ta
sk

T1

S0: no exoskeleton 4.4 6.0

S50: 50% support 4.6 5.7

S100: 100% support 3.2 4.3

ta
sk

T2

S0: no exoskeleton 5.8 6.3

S50: 50% support 4.4 5.0

S100: 100% support 4.2 4.7

Considering task T2, a higher exertion compared to T1 was observed. The participants
rated the overall exertion with support level S0 as the highest (5.8), followed by S50 (4.4),
and S100 (4.2). The exertion on the dominant shoulder was rated lower with increasing
support level (S0: 6.3, S50: 5, S100: 4.7).

3.3. Muscle Activities
3.3.1. Muscle Activities for the Whole Motion Sequence

The baseline (S0) average EMG curves of the participants (Figures 9 and 10) showed
that, in both tasks, on the dominant side, DA and LD were activated at the beginning of
arm lifting while FCU and BB were activated first at the beginning of the screw phase
of the motion. In task T2, the non-dominant DA and LD had similar activity patterns
to the dominant side, but with lower activity level. The same applied to LD in task T1.
In comparison to the dominant DA, the non-dominant DA in T1 not only had a lower
activity, but also a different pattern: the dominant DA curve climbed from arm lifting to
screw while the non-dominant DA curve declined. During the screw phase of task T1,
on the non-dominant side, an increase was observed in the FCU curve, but not in the
BB curve. In the screw phase of task T2, both non-dominant FCU and BB had increased
EMG activity, but less than the increase in the dominant ones. By comparing the baseline
(S0) EMG curves between the two tasks, the FCU and BB on the dominant side and the
BB, DA, and LD on the non-dominant side suggested higher activities in task T2 than in
T1, especially during the screw phase. Overall, DA was the most active muscle and LD
had the lowest activity in both tasks on both sides. The arm lifting phase was dominant
in T1 with 33% of the motion and the screw phase with 19%, while the screw phase took
the most time of the motion in T2 with 42% and the arm lifting phase with 20%. It was
worth noting that, in both tasks, the arm lowering phase started simultaneously at the
end of the screw phase.
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under three test conditions. The shadows represent the standard deviations. Three motion phases 
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Figure 9. The participants’ average EMG curves during the complete motion sequence, in task T1,
under three test conditions. The shadows represent the standard deviations. Three motion phases are
marked from left to right on the graphic: (1) arm lifting was between two red dashed lines; (2) screw
was between two black dashed lines; (3) arm lowering was between two blue dashed lines.
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Figure 10. The participants’ average EMG curves during the complete motion sequence, in task T2,
under three test conditions. The shadows represent the standard deviations. Three motion phases are
marked from left to right on the graphic: (1) arm lifting was between two red dashed lines; (2) screw
was between two black dashed lines; (3) arm lowering was between two blue dashed lines.
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Comparing the average EMG curves of the participants between the three conditions,
a lower EMG level was observed in dominant DA and LD during 50–100% of the motion in
T1 only in condition S100 and 30–100% in T2 in both condition sS50 and S100. The average
EMG curves of non-dominant DA suggested a lower activity under the two supported
conditions during 75–100% of the motion in T1 and 25–100% in T2. During the screw phase,
the non-dominant LD had a lower EMG level only in S100 in T1 and on both supported
conditions in T2. It should be noted that there was an obvious increase in EMG of the
non-dominant LD in condition S100 in the arm lowering phase of both tasks. During the
screw phase of task T1, the average EMG curves of dominant FCU and BB on S50 were
over their baseline curves (S0). The dominant BB had a lower EMG level in both supported
conditions during the screw phase of T2.

Based on the observations from the average EMG curves, an intra-individual com-
parison of mean EMG values was further conducted in each motion phase. Since the
influence of support on FCU and BB were mainly discovered during the screw phase of
the motion, their mean EMG was not compared for the other two motion phases. For each
participant, the mean EMGs under conditions S50 and S100 were compared to the mean
EMG at baseline. Their differences in percent are summarized in Figures 9–11.
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to S0 during arm lifting in both tasks.

3.3.2. Muscle Activities during the Arm Lifting Processes

In the arm lifting phase of task T1 (see Figure 11), the influence of the support on
dominant DA and LD was more obvious in condition S100 than on S50. The mean EMG
of dominant DA under condition S50 reduced in three participants and increased in two
participants. However, all participants had reduced mean EMG in the dominant DA under
condition S100. The mean EMG of dominant LD reduced in all participants under both the
supported conditions and the reduction in S100 was stronger than in S50. In task T2 during
arm lifting, the influence of the support on DA and LD was obvious on the non-dominant
side but not on the dominant side. There was no clear difference between the conditions
S50 and S100 in T2. Reduced mean EMGs in non-dominant DA and LD were observed
under both conditions S50 and S100 for all participants with one exception for DA in S100.
The dominant LD showed a reduced mean EMG during arm lifting in T2 in both S50 and
100, except for one participant. An intra-individual difference indicated a higher EMG
activity of dominant LD on S100 than on S50 in T2.

3.3.3. Muscle Activities during Screw Phase of the Motion

In task T1 during the screw phase (see Figure 12), the dominant FCU and BB suggested
increased activities in condition S50 compared to baseline S0. Their activities in S100
were lower than on S50 but comparable to S0. There was a recognizable reduction in
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non-dominant FCU with support in T1, and the reduction in S100 was stronger than in
S50. The differences in mean EMGs of the two DAs had large inter-individual variance and
showed no clear reduction under the supported conditions in T1. However, their mean
EMG on S100 were smaller than on S50 at each participant. A reduction in the mean EMG
of the LDs was only recognized under condition S100 in T1. During the screw phase of task
T2, a reduction in the mean EMG of FCU was obvious under supported conditions, but
only for the dominant side. Reduced activity was recognized by dominant BB in T2 under
both supported conditions, with one exception in S100. The mean EMGs of DAs showed
reductions from conditions S0 to S50 and S100 in T2, except for one participant. The LDs
on both sides had recognizable reductions due to support.
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3.3.4. Muscle Activities during the Arm Lowering Processes

Similar to the arm lifting phase, during the arm lowering phase of task T1 (see Figure 13),
the relief effect of the support on dominant DA and LD was stronger under condition
S100 than in S50. Two participants had increased mean EMG of the two muscles in S50,
while all participants had reduced mean EMG in S100 except for the LD of one participant.
However, the mean EMGs of dominant DA and LD in S100 were lower than in S50 for
each participant. The non-dominant DA had a clear reduction in the mean EMG on both
supported conditions during arm lowering in T1, and its activity in S100 was lower than in
S50. The mean EMG of non-dominant LD suggested higher activity with support, especially
under condition S100. During arm lowering in T2, the dominant DA and LD as well as the
non-dominant DA had reduced mean EMG with support. However, a difference in the
mean EMG between S100 and S50 was not observed. The non-dominant LD had reduced
activity in S50 in T2, but a higher mean EMG in S100 than in S50 for the participants.
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3.4. Subjective Perception of Support Force

The subjective perceptions of the support force in the three motion phases were carried
out with the help of a survey (see Figure 14). Sixty percent of the participants rated the
support force during arm lifting as appropriate. Forty percent of them wished for stronger
support force during lifting of the arm for condition S50 for both tasks. For one participant,
the support force during the arm lifting process for condition S100 for task T2 was still too
low. One participant was indecisive and was unable to give a ruling. Forty percent rated
the support during arm lifting in task T1 condition S100 as too strong. The resistance during
arm lowering was generally evaluated as low to appropriate by 60% of the participants. In
both tasks, 40% of the participants rated the resistance during arm lowering in condition
S100 as high or very high.
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The support force during the screw phase in task T2 was either too low, or way too
low for 80% of the participants under both supported conditions (S50 and S100). In task T1,
condition S50 was evaluated as too low or way too low by 80% of the participants. After
increasing the support level to S100, 80% of the participants rated the support force as
appropriate, but 20% still stated that it was too low.

3.5. Human-Exoskeleton Interaction Force

Unlike the homogeneous support force, the interaction force of the participants under
the same support condition was heterogeneous. However, they showed similar patterns.
The interaction force under condition S100 was higher than under condition S50. The
interaction force increased during the arm lifting phase and had an additional increase
when the screw phase began. In most cases, it was observed that the interaction force
increased briefly at the beginning of the arm lowering phase (see red circles in Figure 15) and
then decreased with the shoulder elevation angle. Interestingly, participant P4 had a higher
interaction force at the start and finish of the motion sequence in comparison to the other
participants. This could be explained by the shoulder elevation angle. At the beginning
and end of the motion sequence, participant P4 extended their upper arm at baseline S0
more than on the two supported conditions, which resulted in a countermovement of the
upper arm against the armrest of the exoskeleton.
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4. Discussion

The evaluation results of the physical strain and human–machine interaction showed
that an adaption of the support level to the motion phases was expected for the two selected
tasks. The screw phase was the most strenuous and required the highest support level
compared to the arm lifting and lowering phases, while the maximum support level was
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not always necessary in the other two phases and was even perceived as resistance by some
participants, especially when arm lowering. It was interesting to note that aside from the
arm elevation angle, the electric current of the screwdriver was also a promising means of
determining the switching time between the motion phases to adjust the support level.

Both the subjective perception and the EMG activities showed the overall exertion and
the exertion of the dom. shoulder during the two overhead tasks. The screw phase was the
most strenuous in both tasks. There were different push force levels of the participants and
a general higher push force level in task 2 due to the higher torque compared to task T1.
The mean push force was generally not affected by the support level of the exoskeleton
for participants P1, P4, and P5 during the screw phase in both tasks. Only participant P3
showed a lower mean push force with increasing support levels. This indicated that the
participants experienced the same load for all three support levels in both tasks, which was
a precondition for the comparability analysis.

The relative reductions in the shoulder muscle activities as well as the reduction in
the perceived exertion under the supported conditions indicated a positive effect of the
shoulder exoskeleton Lucy on the user, which is consistent with previous studies of similar
overhead tasks [10,16]. The perceived physical strain reported by the participants revealed
a stronger relief in S100 than in S50 in both tasks. However, support level S100 led to a
stronger reduction in shoulder muscle activity than support level S50 only in T1, and not in
T2. This may be related to the different physical loads of the two tasks and their required
support. Task T2 was more physically demanding than T1 because of the higher torque
needed and the longer duration of the screw phase. The perceived support during the
screw phase indicated that improving the support level from S50 to S100 was sufficient
for T1 but still not enough for T2. Some participants rated the support level S100 as too
high when lowering the arms. This was also observed in previous studies for other manual
activities [16]. An increase in the activation of the non-dominant LD was particularly
noticeable for condition S100 when lowering the arms. Furthermore, an increase in the
interaction force between the dominant arm and the armrest of Lucy was observed in
most cases.

According to the results, some potential optimization can be made for motion phases
of screw and arm lowering to extend the use cases of Lucy. An additional or an enhanced
support force to supplement the push force during the screw phase was expected for T2.
An additional mechanical structure for coupling the exoskeleton and the screwdriver or a
stronger cylinder are possible approaches. The mechanical coupling could allow for further
application-oriented optimization of the support performance of the exoskeleton. However,
it must be investigated how a stronger support force affects the load on the wrist. First,
simulative studies on new support concepts already exist and are so far quite promising [11].
The mechanical structure should apply additional support forces directly to the power tool
during the screw phase. For the phase arm lowering, a lower support level compared to the
screw and arm lifting phases can improve the user experience. The detection of the start
and end of the screw phase is important for the timely increase and decrease in the support
level for screw and arm lowering phases, respectively. An additional trigger button on the
power tool for the user to switch the support level manually was presented in previous
work [10]. An automated detection of the switching time based on the current of the
screwdriver may be a promising way. Furthermore, different settings of support level for
the dominant and non-dominant sides could enhance the user experience if the workload
on either side had a significant difference. Considering the inter-individual variety in the
perception of physical strain and support, it is important for the user experience to allow
the user to pre-set the support level according to their own perception.

Limitations of the Study

The study allowed us to determine the potential optimization of the exoskeleton for
selected use cases. Nevertheless, there were some limitations of the study that need to
be considered in dealing with the results. First of all, the sample size of this study was
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relatively small for quantitative analysis. Thus, it is mainly used for qualitative analysis.
The task definition and the experimental setup tried to reproduce real scenarios in the
industry. However, the participants were college members and not workers in the industry.
The difference in experience in these tasks could lead to small deviations with regard to the
exact movements made and push forces applied. For instance, in real working scenarios,
the experts may stand with one foot forward and one back and change their standing
position during the task. The participants, on the other hand, were not able to move due to
the limited surface of the force plate.

5. Conclusions

This study evaluated a shoulder exoskeleton Lucy for two overhead tasks with a
screwdriver in a lab environment to identify the potential optimization of the exoskeleton
for the selected use cases. The objective and subjective assessments suggest that Lucy can
reduce physical strain on the shoulder. An additional analysis of each phase of motion
indicates that a higher support force is desired for the screw phase, while the support level
during the lowering of the user’s arms can be reduced for a better user experience. This
suggests an adaptive control of the support level according to the motion phase. In order to
adjust the support level effectively, it is important to identify the start and end of the screw
phase. To increase the maximum available support force during the screw-in action, there
are two potential solutions: equipping the current exoskeleton with a stronger cylinder
or adding a mechanical structure to create a force parallel to the user’s push force. The
possible solutions will be evaluated through simulation in the next stage.
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