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Abstract: Background: A thorough assessment of upper limb prostheses could help facilitate their
transfer from scientific developments into the daily lives of users. Ideally, routine clinical testing
would include assessments of upper limb function using motion-capturing technology. This is
particularly relevant for the state-of-the-art upper limb prostheses. Methods: We designed a test
based on an activity of daily life (“tray-task”) which could be completed outside the laboratory, and
developed a set of outcome measures aimed at characterizing the movement quality. For this purpose,
kinematics of the thorax and the humerus were captured with an inertial–magnetic measurement unit
(IMMU) motion-capture system. Six prosthesis users and ten able-bodied participants were recruited
to test the feasibility of the proposed assessment procedure and to evaluate the outcome variables.
Results: All participants completed the test either at home or in our lab. The prosthesis users
needed more time to complete the task and showed a larger range of motion in the thoracic flexion
and a smaller range of motion in the humeral elevation, compared to the able-bodied participants.
Furthermore, the prosthesis users’ movements were less smooth and characterized by less stable
coordination patterns between the humerus and thorax. Conclusion: A new test method and
associated outcome variables have been proposed.

Keywords: arm prostheses; assessment; myoelectric control; motor coordination; outcomes

1. Introduction

The scientific community has put much effort in advancing the functionality of up-
per limb prostheses, with advances in mechatronics and machine-learning control (see,
e.g., [1–4]). Nonetheless, it is unclear to which degree prosthesis users benefit in their every-
day lives from the technological advances demonstrated in research laboratories [5,6]. This
might be related to the lack of appropriate assessment procedures for advanced prosthetic
technologies [7]. Relevant clinical tests for the assessment of upper limb prostheses would
better elucidate which system components need refinement and, therefore, would provide
clear indications for technical developments.

A large number of well-designed and -established clinical assessment tools for upper
limb prosthetics is available in the literature, such as the Southampton Hand Assessment
Procedure (SHAP) [8,9], the Clothespin Relocation Test (CRT) [10–12], the Action Research
Arm Test (ARAT) [13–16], the Box and Block Test (BBT) [17], the Activities Measure for Up-
per Limb Amputees (AM-ULA) [18], the Brief Activity Measure for Upper Limb Amputees
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(BAM-ULA) [19], the Assessment of capacity for myoelectric control (ACMC) [20,21], the
Jebsen–Taylor Hand Function Test [22], the University of New Brunswick Test of Prosthetic
Function (UNB) [23], and the timed measure of activity performance for persons with
upper limb amputation (T-MAP) [24]. These tests focus on varying components (body func-
tion/activity and participation) related to the domains of the framework of the International
Classification of Functioning, Disability, and Health (ICF) [25]. Additionally, all these tests
are designed to be performed within the clinical routine. That means that neither extensive
or complicated equipment nor highly technical or specialized personnel (with the exception
of the ACMC, which requires a trained and certified observer) are required. These are clear
advantages, or even necessities, for clinical tests. However, it also means that these tests are
a compromise between the clinical feasibility and the depth of the assessment that could be
achieved with more extensive methods, e.g., with motion-capture techniques and kinematic
assessments. Indeed, the scientific community has used camera-based motion capturing to
assess the upper limb function in prosthesis users during simulated activities of daily living
(ADL) and reported movement deviations compared to able-bodied participants. These
deviations include compensatory motion in several joints, such as in the trunk, the elbow,
or the shoulder joint [26–31], decoupling of reaching-and-grasping, asymmetric velocity
profiles, reduced smoothness and movement speed [32,33], higher kinematic variability in
repeated task execution [29], and higher temporal variability in forearm acceleration [34].
For a review of an assessment of upper body kinematics during functional upper limb
tasks, the reader can refer to [35].

An in-depth analysis of movement when using prostheses is particularly important
with regard to the high prevalence of overuse complaints in prosthesis users, which are
likely caused by unnatural movements and pathological compensation strategies when
performing everyday tasks [36–40]. However, camera-based motion-capture assessments
are unlikely to be routinely implemented in clinical tests because they require expensive
and sophisticated equipment and personnel. Moreover, the setup and execution of camera-
based motion capture is usually time-consuming, which is not always an option during
clinical testing routine. Ideally, new test methods would combine the simplicity of the
execution of standard clinical tests with the analytic depth and accuracy of motion-capture
procedures. Furthermore, we argue that such new test methods should fulfill the following
set of requirements:

(1) Given that the core purpose of a prosthetic device is to restore the potential to
perform actions in everyday life, the functional user benefits of upper limb prostheses in
solving everyday tasks need to be assessed on the activity and participation level within
the framework of the International Classification of Functioning, Disability, and Health
(ICF) [25], where the level of activity refers to “the execution of a task or action by an
individual”. Testing the hand function at the level of body function in the framework of the
ICF will yield little information about how the user solves the tasks in his/her everyday
life and whether the prosthesis is actively involved [41,42].

(2) When testing upper limb prostheses in research settings, the test tasks and condi-
tions should be chosen to reflect the way a prosthetic device is used in everyday life. In
light of the evidence that upper limb prosthetics are predominantly used as a supporting
and stabilizing tool in bimanual action, as opposed to unimanual object manipulation, the
test tasks should require prosthesis use of both types [43,44].

(3) The test should aim at replicating the challenges which prosthesis users face outside
of lab conditions. Lifting objects of different weights can put at risk the control robust-
ness in myoelectric devices, specifically in machine-learning controlled multi-electrode
systems. Likewise, the control can be affected by arm movements and a change in arm
orientation [44–46]. Therefore, the test should require the user to move objects of different
weights and to move their arm through various orientations.

(4) The outcomes of prosthesis assessments need to be sensitive to the potential ad-
vantages which state-of-the-art prostheses can offer. Multi-function upper limb prostheses
and multi-electrode machine-learning-based control strategies aim at facilitating natural



Prosthesis 2023, 5 266

and dexterous movements, so the advantages of these systems should be expected (and
assessed) at the level of the movement quality when solving tasks with the prosthesis.

In this study, we propose and test a new assessment procedure according to these
requirements. In order to achieve an objective evaluation of the movement quality, we
suggest using inertial–magnetic measurement unit (IMMU) motion-capture systems. These
systems are easier to set up compared to opto-electronic systems and offer a high degree of
portability. Moreover, since IMMU systems do not require the movement of the markers to
be visible by mounted cameras, IMMU-based assessments are theoretically applicable to a
wide variety of activities of daily living. Furthermore, we designed an exemplary ADL-task
in line with the requirements of the new test methods, and we propose a set of outcome
measures aiming at assessing the quality of the movements. To assess the feasibility of the
test procedure, and to assess whether the outcome measures are sensitive to the deviations
between prosthesis users and able-bodied individuals, two groups (six prosthesis users,
ten able-bodied) completed the proposed test procedure.

2. Design of the Test Procedure—Methods
2.1. Participants

Six prosthesis users (mean age 50.2 ± 7.4 years, two females, see Table 1) and ten
able-bodied participants (mean age 41.8 ± 19.8 years, four females) were recruited through
invitation letters from their treating clinician (prosthesis users) and by word-of-mouth
(able-bodied). All able-bodied individuals were right-handed, which was assessed with
the handedness questionnaire of the Edinburgh Inventory, which is an established tool
to assess the laterality of individuals [47,48]. Furthermore, all able-bodied were free of
any movement restrictions or pathologies relating to the movements required to complete
the task.

Table 1. Characteristics of the prosthesis users.

Participant Age Sex Affected
Side Level Cause of Upper

Limb Defect
Prosthesis

Type
Use of

Prosthesis
[Total Years]

Wearing Time
[Days/Week]

Wearing Time
[Hours/Day]

PU01 52 F L TR PD Myoelectric, 1
DOF 23 7 14

PU02 39 F L TC Congenital Myoelectric, 1
DOF

Prosthesis was
used during 8
weeks in 2004;

then abandoned.

0 0

PU03 59 M L TR Congenital Myoelectric, 1
DOF 45 6 8

PU04 48 M R TR Trauma
Michelangelo

Hand with
Axon Rotation

14 7 8

PU05 46 M L TR PD iLimb quantum 5 7 4

PU06 57 M L TR Trauma
iLimb quantum

with gesture
control

13 7 12

Abbreviations: PU: Prosthesis users. F: female; M: male; R: right; L: left; TR: trans-radial; TC: trans-carpal; PD:
post-traumatic dystrophy; DOF: degree-of-freedom.

2.2. Description of the Task

We designed a tray-task’ according to the requirements formulated in the introduction
section above. Namely, to execute the task the participants had to move the affected
arm through a wide range of orientations, and the task required prehensile, as well as
supporting actions of the prosthesis, in unimanual and bimanual upper limb movements.
Moreover, the task required the user to lift objects of different weights.

The participants stood in front of a wooden rack (facing the rack), which had two
height-adjustable shelves (Figure 1). The top shelf was placed at shoulder height, whereas
the lower shelf was placed at 55% of the body height. For the able-bodied participants,
the distance between the wooden rack and the participant was equal to the distance from
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the acromion to the styloid process of the radius with an extended elbow while reaching
forwards. For the prosthesis users, the distance to the wooden rack was equal to the
distance from the acromion to the “wrist” unit of the prosthesis.
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Figure 1. Illustration of the tray-task. The four panels show a prosthesis user in four different phases
of the task. (Panel A): The user is reaching for the wooden cylinder on the top shelf. (Panel B): The
user places the wooden cylinder unimanually into a vertical position onto the tray. (Panel C): The
user bimanually moves the tray with the cylinder from the lower shelf to the higher shelf. (Panel D):
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A wooden cylinder was placed on the higher shelf, in a horizontal (laying) orientation.
This cylinder was placed so that its edge was 20 cm away from the middle of the shelf,
contra-lateral to the prosthesis side (for able-bodied individuals: contra-lateral to the non-
dominant hand); see Figure 1A. This position required the participants to reach across
their body at shoulder height and grab the cylinder with a palmar grip from the top; see
Figure 1A.

A rectangular food-tray was placed in the middle of the lower shelf. The edge of the
tray had approximately 5 cm overhang from the border of the wooden shelf to make it
easier for the prosthesis users to grasp the edge of the tray; see Figure 1A,B.

In each repetition of the tray-task, the participants started in a neutral position, stand-
ing upright with both arms held downwards and parallel to the trunk. Then, the partici-
pants had to use their prosthesis (able-bodied individuals: non-dominant hand) to move
the cylinder from the top shelf into a vertical standing position onto the food tray at the
lower shelf; see Figure 1B. This part of the task required the participants to rotate the
cylinder by 90 degrees and to lower it from approximately shoulder height to hip height.

Subsequently, the participants had to bimanually move the tray back to the top shelf,
while the cylinder remained on the tray; see Figure 1C. After each repetition, the participant
was instructed to remain in the neutral position for several seconds so that each repetition
would be clearly distinguishable in the data. (See below: Data recording and analysis:
Determination of onset and ending of one repetition). Furthermore, during this rest period,
the experimenter moved the tray and the cylinder back to its initial position.

The participants were asked to perform the tray-task 15 consecutive times. However,
during pilot tests, several prosthesis users reported uncomfortable muscle fatigue, predom-
inantly in the shoulder, so the number of repetitions was set to 10 for prosthesis users to
avoid fatigue effects on the performance.
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2.3. Data Recording and Analysis
2.3.1. Placement of IMMUs

Two IMMUs (MVN Awinda, Xsens, Enschede, The Netherlands, sampling rate 60 Hz)
were placed on the participant’s thorax (at the sternum) and on the humerus (laterally,
in the middle between the humeral head and the lateral epicondyle). For the prosthesis
users, the humeral IMMU was placed on the affected side, whereas for the able-bodied, the
humeral sensor was placed on the non-dominant side. Furthermore, IMMUs were placed
on the forearm and on the hand (prosthesis).

Initially, two more IMMUs were placed on the wooden cylinder and the tray to assist
in the determination of the onset and the ending of one task repetition. However, these
data were not used in this study.

2.3.2. Determination of Onset and Ending of One Repetition

All data processing and visualization was performed in MATLAB (R2018a), Natick,
Massachusetts: The MathWorks Inc. Visual inspection of the data revealed that the thorax
and the humerus had the largest angular differences between able-bodied and prosthesis
users, which was in agreement with previous findings; although, it should be noted
that the type of compensation has been reported to be highly dependent on the task
itself [26,27,49,50]. Therefore, we constrained the kinematic analysis to the thoracic and the
humeral IMMU.

Onset and ending of one task repetition were then determined based on the angular
data of the humeral IMMU axis which corresponded to humeral elevation, as we observed
that the participants reliably initiated and finished the task by lifting and lowering their
arm, respectively.

A threshold detection algorithm to automatically identify onset and ending of task
repetitions proved successful for able-bodied data, but could not deal with the variability
in postures and duration of the prosthesis users. Therefore, in order to avoid a potential
bias between the two groups, the onset and ending were determined manually for all
participants by marking the transitions from (and back to) the rest periods in the angular
data of the humeral IMMU, as seen in Figure 2.
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Figure 2. Visible rest periods in the humeral IMMU data: The two plots show the angular data of
the humeral IMMU which corresponded with humeral elevation (“pitch” angle of the IMMU). The
left plot shows the data of an able-bodied participant, whereas the right plot shows the data of a
prosthesis user. The green areas were marked manually after visual inspection. The areas depict the
phases where the participants were standing in the neutral position and therefore demarcate the onset
and ending of one task repetition. The two peaks between the green areas depict the participants
first reaching for the cylinder on the upper shelf and placing the tray from the lower to the upper
shelf, respectively.
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2.3.3. Calculation of 3D Orientation and Range of Motion

The 3D orientation of each sensor was expressed and stored in the form of rotation
matrices by the IMMU system. For the purpose of visualization and interpretation of the
data, we calculated Euler angles through Euler decomposition in custom-written MATLAB
scripts, according to the recommendations of the International Society of Biomechanics
(ISB) [51]. The orientation of the thorax segment was defined as the relative orientation of
the thorax IMMU to the global coordinate system. The Euler angle decomposition order for
the thorax sensor was Z-X′-Y”, where Z describes flexion/extension of the thorax around
the transversal axis (i.e., forwards/backwards bending of the upper body), X′ describes
lateral lean, and Y” describes axial rotation [51]. Motion of the shoulder complex was
defined as the relative orientation between the humeral IMMU and the thoracic IMMU
(commonly referred to as a simplified “shoulder joint”). The corresponding Euler angle
decomposition order was Y-X′-Y”, where Y describes the plane of elevation, X′ describes
elevation, and Y” describes internal and external rotation [51]. All Euler angles were
reported in degrees. We limited the analysis to the axes in the thorax and the humerus
where we expected the largest amplitude of movements to complete the tray-task: those
were flexion/extension of the thorax around the transversal axis and humeral elevation.
Range of motion was calculated as the difference between maximum and minimum angles
per task repetition, averaged over all repetitions per participant.

2.3.4. Smoothness

For the purpose of assessing the smoothness of motion during the task execution, we
calculated the change in acceleration over time (“jerk”) of the humeral IMMU.

The IMMU system outputs each sensor’s acceleration separately for each 3D axis
without the gravity component, which is referred to as “free” acceleration. We then defined
humeral jerk as:

Humeral_jerk =

√
.

(ax)
2
+

.
(ay)

2
+

.
(az)

2

where
.

ax,
.

ay , and
.

az are the first time-derivatives of the humeral IMMU’s “free” acceleration
in the x-, y-, and z-axis, respectively. We based the definition of smoothness on the average
peak prominence in the humeral jerk data. The prominence (also called “relative height”)
is a metric derived from topography, and it quantifies the height of a peak relative to its
surrounding data and, therefore, depicts the degree to which a peak “stands out” from the
rest of the data. We defined smoothness based on the average prominence of all peaks per
task repetition which exceeded a pre-defined threshold. This threshold (0.97 m/s3) was
based on the able-bodied data and set as the mean of the humeral jerk per task repetition
averaged over all able-bodied participants (mean = 0.39 m/s3), plus two times the standard
deviation (std = 0.29 m/s3).

2.3.5. Stability of Coordination

For the purpose of assessing the stability of the coordination between the humeral
and thoracic motion, we constructed angle–angle relative motion plots between humeral
elevation and thoracic flexion [52]. In these plots, the time series of the angular data of one
joint are plotted against the angular data of another joint. Therefore, these plots can reveal
more information about the movement coordination than, e.g., the range of motion in both
joints alone because the relative motion between two angles can be easily assessed. For
example, if the lines of multiple task repetitions show a high congruency with respect to
each other, it means that the participant showed a similar inter-segmental coordination
during the task. In contrast, non-overlapping lines of several repetitions indicate that the
participant showed a different movement pattern in each repetition with a more variable
inter-segmental coordination. Furthermore, the trajectories can also reveal whether motion
in one joint is leading/initiating the movement. Last, the smoothness of the trajectories in
the angle–angle plots can also provide information about the fluidity of the movement.
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2.3.6. Statistical Analysis

Due to the small number of participants in the prosthesis user group, for the statistical
analyses no distinction was made between the users of a standard myoelectric device
(n = 3) and those who used a multi-function upper limb prosthesis (n = 3), so that all
prosthesis users were treated as one group. Potential differences between the users of
different prosthesis types were taken up in the discussion section.

Before any statistical tests were performed, all data were averaged over task repeti-
tions per person, so that each participant yielded one value per outcome. To assess the
normality of each outcome variable, the Kolmogorov–Smirnov test was used to compare
the distribution in each group to a standard normal distribution. Since the assumption
of normality was violated for all variables, Wilcoxon rank sum tests were used to assess
whether there was a statistically significant difference between the two groups. Effect sizes
for the Wilcoxon rank sum test (r) were calculated as Z-statistic divided by the square root
of the sample size. The significance level for all tests was set to 0.05. All statistical tests
were conducted with R (v4.0.3) in RStudio (v1.3.1093).

Differences between the groups were assessed for the following outcomes: time-to-
completion, range of motion in the shoulder elevation, range of motion in the thoracic
flexion, and smoothness.

3. Results

All participants successfully completed the test. The testing of all able-bodied par-
ticipants and three prosthesis users took place in the research laboratory. Two prosthesis
users completed the test in the facility of their treating orthopedic technician, and one
prosthesis user completed the test in his living room at home. The entire setup fit into two
large suitcases, and two experimenters prepared the setup and guided the participants
through the procedure. The whole preparation (setting up the wooden rack according to
the participant’s measurements and attaching the IMMU sensors) took between 10–15 min
per participant. The actual test procedure and recording of the data usually took less than
5 min per participant.

3.1. Average Time to Completion

The time to completion was longer for the prosthesis users (median (Mdn) = 12.6 s)
than for the able-bodied participants (Mdn = 6.9 s), W = 55, p < 0.05, r = 0.81. Figure 3
shows the completion time for each participant and the average for both groups.

3.2. Range of Motion (ROM) in Body Angles: Thoracic Flexion (Anterior/Posterior) and
Humeral Elevation

The ROM in the thoracic flexion was greater for the prosthesis users (Mdn = 44.05 degrees)
than for the able-bodied participants (Mdn = 19.41 degrees), W = 59, p < 0.05, r = 0.71 (Figure 3,
panels C and D). In contrast, the ROM in the shoulder elevation was smaller for the prosthesis
users (Mdn = 55.36 degrees) than for the able-bodied participants (Mdn = 80.66 degrees),
W = 111, p < 0.05, r = 0.71 (Figure 3, panels E and F). It appeared that the able-bodied participants
completed the task predominantly by elevating their humerus, so as to pick up the cylinder
from the upper shelf and to move the tray back to the higher shelf, with little movement of the
thorax. The prosthesis users exploited both thoracic flexion and shoulder elevation.

3.3. Smoothness of Motion: Prominence of Peaks in Humeral Jerk

The peak prominence was greater for the prosthesis users (Mdn = 0.98) than for the
able-bodied participants (Mdn = 0.9), W = 60, p < 0.05, r = 0.68. This implies that the
prosthesis users showed more abrupt changes in motion, depicted by larger peaks in the
humeral jerk, compared to the able-bodied. Figure 4 shows the jerk data of the humeral
IMMU of all individuals participants, with visibly prominent peaks in the prosthesis user
data. Figure 5 shows the average prominence of the peaks which exceeded the defined
threshold. It appears that there is a large variation between the prosthesis users, where
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some participants showed values similar to those of the able-bodied participants and others
strongly exceeded those values.
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over all repetitions. The whiskers indicate the most extreme datapoints (which are not considered 
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Figure 3. Time to completion and range of motion (ROM) for all participants: The three panels on
the left side show data of the able-bodied participants; the three right panels show the data of the
prosthesis users. (Panels A,B) show the completion time, (Panels C,D) show the ROM in thoracic
flexion, and (Panels E,F) show the ROM in the shoulder elevation. The green box at the right side of
each panel shows the group average. The horizontal red line within the boxes depicts the median.
The upper and lower edges of the blue boxes indicate the 25th and 75th percentiles, respectively, over
all repetitions. The whiskers indicate the most extreme datapoints (which are not considered outliers),
whereas the red plusses indicate outliers.
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Figure 4. Humeral jerk: Each plot contains the time series of all task repetitions, depicted in different
colors. The three top rows show data of the able-bodied participants. The two bottom rows show
data of the prosthesis users. The black horizontal line depicts the threshold value. The different colors
depict the individual time-series (i.e. individual task repetitions) of each participant and were only
used to better visually distinguish between the individual time-series. All data were time-normalized
in this figure, and the axes in all the small plots were fixed to identical values to facilitate an easy
visual comparison between different plots. The two large plots show an enlarged section of exemplary
data of participants AB06 and PU06, respectively.
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Figure 5. Smoothness: The figure shows the prominence of those peaks which exceeded the threshold.
The left panel shows the data for the able-bodied individuals, whereas the right panel shows the data
of the prosthesis users. The green box on the right side of each panel shows the group average. The
horizontal red lines in the boxes depict the median. The upper and lower edges of the blue boxes
indicate the 25th and 75th percentiles, respectively, over all task repetitions. The whiskers indicate
the most extreme datapoints (which are not considered outliers), whereas the red plusses indicate
outliers. Note that the group average boxes contain only one mean value per participant, whereas the
boxes of each individual contain all values of that participant, which is why the variance in the group
average boxes appears smaller than the variance per participant.

3.4. Coordination: Relative Motion between Thoracic Flexion and Humeral Elevation

From visual inspection of the angle–angle plots (see Figure 6), it can be derived that
the able-bodied participants follow a similar coordinative strategy to complete the task, as
the trajectories show a similar shape in each plot. All able-bodied individuals start by lifting
their humerus to grasp the cylinder, followed by a small back and forth flexion of the thorax,
followed by lowering of the humerus to put the cylinder onto the tray at hip height. Last, the
tray with the cylinder is moved back to the top shelf, which is predominantly achieved by
lifting the humerus again. Furthermore, the repetitions within each able-bodied participant
appear highly consistent, indicated by the overlapping trajectories which follow a similar
shape. In contrast, the group of the prosthesis users appears to show more variety between
individuals, as each prosthesis user shows a unique shape of trajectories. Moreover, some
prosthesis users appear to show repetitive trajectories, especially PU02 and PU03, whereas
the remaining prosthesis users show little congruency between repetitions. Figure 6 shows
the angle–angle plots between thoracic flexion and humeral elevation for all participants.
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repetition, starting from blue through green and yellow to end with red (see box with color examples
in the fourth row). All plots were centered, starting from 0 degrees on both axes. Furthermore, the
axes were fixed on the same scale for all plots to facilitate a visual comparison between plots.

4. Discussion

Despite the impressive technological advancements demonstrated in prosthesis de-
sign, the daily-life benefits for prosthesis users have been slow to materialize [53,54]. This
discrepancy reflects relatively long delays of transfer from the lab to the daily lives of the
prosthesis users [5,6,46]. A possible contributing cause for this delay might be that the
advancement of the assessment procedures has gained less attention than the advancement
of the prosthetic technologies. This might affect the opportunities to exploit indications for
improving the state-of-the-art prostheses towards higher functionality [5,55]. To advance
the assessment paradigms, efforts should be made to replicate realistic outside-of-the-lab
prosthesis use incorporating real-life challenges. Furthermore, the test outcome should aim
at characterizing all relevant aspects of prosthesis use. In state-of-the-art upper limb pros-
theses, this includes the dexterity, the naturalness, or the quality of the moments [5–7,48].

In order to put the assessment of upper limb prosthetics forwards, we suggested a new
assessment procedure which aims at finding a compromise between the simplicity of clinical
tests for upper limb function and the analytic depth of motion-capture-based assessments.
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For that purpose, we restricted the measurement setup to a light-weight and portable
system, so that the assessment could be carried out independently of the task and outside
of the lab. We tested the feasibility of this assessment procedure by comparing the data of six
(myoelectric) prosthesis users and ten able-bodied participants. All participants successfully
completed the task, demonstrating the feasibility of the test in different environments
(e.g., in the lab, clinic, or home environment). Furthermore, we found that the outcomes
can discriminate between able-bodied individuals and prosthesis users.

The results showed that prosthesis users needed more time to complete the task
and showed a larger ROM in thoracic flexion, compared to the able-bodied individuals,
presumably to compensate for missing degrees-of-freedom in the upper limb [26–31,56].
The prosthesis users showed less humeral elevation compared to the able-bodied subjects,
which was against our expectations [29,49]. The findings showed that the able-bodied
participants mainly performed the task by primarily moving the arm, whereas prosthesis
users exploited both trunk and arm movements. The prosthesis users might be aware
that lifting the arm to a high angle might cause a shift of the socket and, therefore, cause
control deterioration due to skin/electrode shifts [46]. Moreover, the large thoracic motion
in the prosthesis users might also be a compensation strategy for the lack of DOFs in the
prosthetic wrist. In particular, while placing the cylinder on the lower shelf and moving
the tray back to the upper shelf, the prosthesis users relied strongly on movement of the
thorax. (See, for example, Figure 1B, where the prosthesis user appears to be standing
in a strongly forwards bend position.) Interestingly, the range-of-motion results of PU04
appear to stand out from the other prosthesis users. PU04 was the only user who had an
active wrist rotation unit (pronation/supination), and he yielded a range of motion in both
thoracic flexion and humeral elevation, which appeared more similar to the able-bodied
individuals, compared to the other prosthesis users. Due to the number of participants,
a statistical analysis of the effect of different prosthesis types was not possible; however,
the results of PU04 might suggest that the access to more distal degrees of freedom in
a prosthesis can reduce compensation motion in more proximal body joints, such as the
thorax [49,57]. Although clearly preliminary, the data of this user might also imply that the
test is able to discriminate the compensatory motions that result from different DOFs (not)
being present. In future tests, measurements of the prosthetic movement itself (e.g., by
reading out the motor commands of the prosthesis) in combination with IMMU-derived
kinematic information would help in further assessing the association between the use of
different prosthetic functions and the quality of the (human) movements.

Our results showed that relevant kinematic information can be captured with a highly
mobile and easy-to-set-up IMMU system, which could be a first step towards implementing
motion capturing into clinical testing routines. In addition, our results underlined the vari-
ability in joint angle coordination in prosthesis users depending on the task [10,26,28,29,58].

The prosthesis users’ movements furthermore appeared to be less smooth and inter-
rupted by large changes in acceleration when compared to those of the able-bodied, as
shown by the humeral IMMU jerk data (see Figures 5 and 6) [32,33]. While smoothness is
considered a hallmark of unimpaired movement (see, e.g., [59–61]), the most appropriate
or clinical meaningful definition of smoothness is under discussion and might also be
different between different populations, e.g., between individuals recovering from stroke
and prosthesis users (see, e.g., [62,63]). We chose the prominence of the peaks in the jerk
data because we observed that the prosthesis users’ data appeared to be characterized
by large peaks which stood out from the surrounding data, while the able-bodied data
showed no such “outstanding” peaks. In accordance with this observation, we found that
simply calculating the average jerk showed no significant difference between the groups
(data not shown). These findings appear to suggest that the prosthesis users’ movements
are not necessarily less smooth “on average”, but rather, that if there are changes in the
acceleration, they tend to be very sharp and large in magnitude, relative to the able-bodied
individuals. It thus appeared that the prosthesis users needed to make strong and abrupt
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adjustments in their movements. These could be related to the unpredictability of the
prosthesis response in myoelectric devices [32,64].

Lastly, the angle–angle plots between humeral and thoracic movement suggest that the
coordination strategy of able-bodied participants was highly invariant, whereas prosthesis
users exhibited more variable coordination patterns, which might be related to the high
kinematic and temporal variability reported in prosthesis users [29,34]. These variable
coordination patterns might be indicative of small and repetitive adaptations, which are
needed to complete the tasks, e.g., due to unintended prosthesis motion [62]. Similarly, they
could reflect a motor learning process, indicating that the prosthesis users were still learning
how to complete the task optimally while adopting different strategies [29]. Assessing
the stability of the performance, e.g., by quantifying the deviations between individual
repetitions, might be useful for future assessments because such a metric could be related
to the reliability of the control system [58,64].

4.1. Challenges in the Design of a New Assessment of Upper Limb Prosthetics

Currently, the only feasible way to assess the quality of movements, e.g., by quantifying
compensatory movements, is to invite prosthesis users to the lab and record their kinematics
(for a non-comprehensive list, see, e.g., [26,29–32,34,65–70], and for a review, see [35]).
Given that the user (and thus, the clinics) are primarily interested in how well the user can
accomplish motor tasks with the prosthesis under variable conditions during everyday life,
e.g., at home or at work, it might be a fruitful next step to employ assessment procedures
which could be completed in the users’ home environments and which are applicable to a
large variety of activities [5,6].

We therefore provided a first attempt of designing an assessment in a way so that the
test could be performed outside of the lab and task-independent. Thies et al. also developed
a method to assess the upper limb temporal and amplitude variability in prosthesis users,
and while the authors used camera-based data collection, their method would allow to
collect the required data from IMMU sensors mounted to the participants’ arms and,
therefore, presents a clinically feasible method which might be well-suited to combine
with the measures presented in this study [34,71]. As a next step, we suggest to test these
measures over a broad range of tasks in order to assess whether they indeed can be applied
activity-independent. This would be an important step towards prosthesis assessments
which move beyond standardized tasks and where users could ideally execute tasks of
their own choice.

Furthermore, there is not a golden standard in evaluating movements with or without
a prosthesis [72]. Thus, new outcome criteria need to be defined which can quantify the
“naturalness” or the dexterity and thus provide clinically relevant information about the
benefits of the prostheses, thereby closing the gap between the technological advancements
and suitable clinical tests [7]. Recently, machine-learning methods applied to kinematic
data have been proposed to further enhance the quantification of movement quality in
prosthesis users [73]. Likewise, the importance and relation between different outcome
measures need to be considered: For example, the prosthesis user PU04 (who used a device
with wrist rotation) shows a range of thoracic flexion and shoulder elevation which is
more in line with the able-bodied participants. This could be interpreted as a benefit of
the prosthetic device. However, this user also shows seemingly “noisy” angle–angle plot
trajectories without any clear coordinative strategy (Figure 6) and the highest completion
time (Figure 3), which might be a negative consequence of the device used. In order to
decide which outcomes are most meaningful, careful clinical consideration and a dialogue
with the device users are crucial.

4.2. Limitations

The test procedure as described in this study cannot be an all-encompassing solution,
and further steps need to be taken to refine the test procedures to eventually implement a
new generation of prosthesis tests in clinical test routines [55]. The tray-task served as an
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exemplary task which aimed at fulfilling the requirements formulated in the introduction
and was used in this study to assess whether the IMMU-derived measures would yield
differences between the able-bodied participants and the prosthesis users.

We acknowledge that the weight that users had to lift and the range of arm orientations
could have been larger to put more stress onto the prosthetic control systems. However,
initial pilot tests revealed that some users found it difficult to lift the tray back to shoulder
height and many users reported fatigue in the shoulder. Therefore, the procedure presented
here was a compromise between applying stress to the control system and reducing the
strain on the participants.

We also acknowledge that a larger group of prosthesis users would have strengthened the
robustness of the study. However, we aimed at a relatively homogenous sample of prosthesis
users (e.g., all myoelectric users), which further limited the range of potential participants.

Similarly, the assessment of coordination in angle–angle plots as performed in this study
is expressed as a subjective measure. Future research should focus on a more effective and
objective interpretation of these data, for instance, by expressing the stability of coordination
patterns using appropriate dynamical system approaches [74]. Such methods are already
implemented for the assessment of lower limb function (see, for example, [75–78]) and might
further simplify the evaluation process. Recently, it has also been proposed to use the iden-
tification of inverse kinematic parameters in order to objectively quantify the inter-joint
coordination in upper limb movements [79].

It is also noteworthy that despite the fact that we focused on myoelectric users only,
there appear to be differences in the outcomes between the different type of prosthetic
devices, although this is solely based on visual inspection of the data and not on statistical
analyses. For example, users PU01, PU02, and PU03 seem to show less ROM in shoul-
der elevation, compared to the other three prosthesis users, who had a multi-function
prosthesis (Figure 3). Relatedly, the angle–angle plots in Figure 6 appear to show more
congruent/overlapping trajectories in PU01, PU02, and PU03, compared to the users of
multi-function devices, which could indicate that the users of the simple one-degree-of-
freedom prostheses rely on a somewhat more consistent coordinative strategy than those
users who can switch the function (e.g., the grip type) of their prosthesis. Likewise, the
prominence of the peaks in the jerk data appear to be lower in the users of one-degree-
of-freedom prostheses (Figure 5) which could indicate that these users need to make less
abrupt and less strong adjustments in their movements. Similarly, PU04, the only user with
a device which allowed wrist rotation, appears to deviate from all other prosthesis users in
nearly all outcomes (see Figures 3–6). Whereas this might pose challenges to group-level
analyses, it could also indicate that the IMMU-derived measures might be sensitive to
device type. However, this clearly warrants further research given the small sample size.

Last, in the current design, a tester is still required to attach the IMMU sensors and
to prepare the test setup. Ideally, in future iterations, smarter technology (e.g., embedded
sensors in the prosthesis socket) might enable the prosthesis users to perform such a test in
their home environments by themselves.

5. Conclusions

In summary, this study argues that functional assessment procedures should aim
at replicating real-life prosthesis use, the assessment conditions should aim at reflecting
real-life pitfalls of prosthesis use, and the assessment outcomes should aim at an evaluation
of movement qualities that are expected to be affected by modern prosthetic systems, such
as movement naturalness or dexterity.

We provide a first suggestion for a new assessment procedure to promote this shift of
focus, by aiming at a compromise between the simplicity of clinical tests for upper limb
function and the depth and accuracy of motion-capture-based assessments of upper limb
function. Our results show that important kinematic parameters can be captured and the
test could be performed in a relatively short time in different environments. We therefore
conclude that the assessment procedure presented in this study might ultimately aid the
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refinement of prosthetic technologies and, therefore, aid the transfer process from research
developments to the daily lives of prosthesis users.
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Abbreviations

ACMC Assessment of capacity for myoelectric control
ADL Activity of daily living
AM-ULA Activities Measure for Upper Limb Amputees
ARAT The Action Research Arm Test
BBT Box and Block Test
BAM-ULA Brief Activity Measure for Upper Limb Amputees
CRT Clothespin Relocation Test
ICF International Classification of Functioning Disability and Health
IMMUs Inertial–magnetic measurement units
ISB International Society of Biomechanics
J-T HFT Jebsen–Taylor Hand Function Test
ROM Range of motion
SHAP The Southampton Hand Assessment Procedure
T-MAP timed measure of activity performance for persons with upper limb amputation
UNB University of New Brunswick Test of Prosthetic Function
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