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Abstract—To obtain more insight into how the skill level of 
an upper-limb myoelectric prosthesis user is composed, the 
current study aimed to (1) portray prosthetic handling at differ-
ent levels of description, (2) relate results of the clinical level 
to kinematic measures, and (3) identify specific parameters in 
these measures that characterize the skill level of a prosthesis 
user. Six experienced transradial myoelectric prosthesis users 
performed a clinical test (Southampton Hand Assessment Pro-
cedure [SHAP]) and two grasping tasks. Kinematic measures 
were end point kinematics, joint angles, grasp force control, 
and gaze behavior. The results of the clinical and kinematic 
measures were in broad agreement with each other. Partici-
pants who scored higher on the SHAP showed overall better 
performance on the kinematic measures. They had smaller 
movement times, had better grip force control, and needed less 
visual attention on the hand. The results showed that time was 
a key parameter in prosthesis use and should be one of the 
main focus aspects of rehabilitation. The insights from this 
study are useful in rehabilitation practice because they allow 
therapists to specifically focus on certain parameters that may 
result in a higher level of skill for the prosthesis user.

Key words: amputation, force control, kinematics, motor control,
myoelectric control, rehabilitation, skill level, task perfor-
mance, transradial, upper-limb prosthesis, visual feedback.

INTRODUCTION

Clinical tests are often used in clinical practice to 
describe upper-limb prosthetic function (see Wright for 

an overview [1]). Such tests of specific tasks serve to 
assess performance, and aim to provide a general picture 
of the skill level of a prosthesis user. For example, the 
Trinity Amputation and Prosthesis Experience Scales 
(TAPES) assess satisfaction with the prosthesis and the 
influence of the prosthesis on performing activities of 
daily living (ADLs) [2]. However, the clinical level of 
description does not supply insight into the processes 
from which the level of skill originates: that is, the qual-
ity of movement execution and why the users perform in 
that manner, which is important information for rehabili-
tation practice. More insight into the skill level can be 
obtained when the score of a clinical test is related to a 
more kinematic level of description, which can provide 
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detailed information on the actual movement execution 
assessed by instruments like the TAPES. Moreover, by 
combining multiple levels of description, specific parame-
ters in these movements that underlie skill level may be 
identified. This might be useful in rehabilitation because 
it allows therapists to specifically focus on the parame-
ters in which an individual scores poorly, thereby enhanc-
ing the overall level of skill.

To maximize insight into the factors that contribute 
to the skill level of a prosthesis user, the current study 
employed a wide range of outcome measures, using a 
clinical test and several kinematic measures. As such, we 
follow and extend the suggestion put forth in several 
recent articles that evaluated measures of prosthesis func-
tioning at the clinical level [1,3–4]. In these articles, it 
was concluded that several outcome measures should be 
combined to provide a complete picture of the functional 
ability of a prosthesis user instead of using only one out-
come measure. For the clinical test, we used the South-
ampton Hand Assessment Procedure (SHAP) because of 
its objective character [5]. Although the SHAP needs 
more prosthesis-specific validation, this test is a promis-
ing, highly relevant measure [1] and recommended by the 
Upper Limb Prosthetic Outcome Measures group [6]. 
The SHAP is particularly suited for our purposes since it 
tests ADLs as well as tasks with abstract objects, which 
are the types of tasks mostly used in kinematic measures.

Kinematic measures have been used in several stud-
ies to report movement patterns of prosthesis use [7–13]. 
These studies measure end point kinematics or joint 
angles in goal-directed reaching and grasping tasks. Spe-
cific characteristics of prosthetic movements and devia-
tions from sound movements are addressed, such as 
compensatory movements [7,9]. Changes in movement 
patterns are needed to compensate for the impaired abil-
ity of the prosthesis user (compare with Latash and 
Anson [14]). However, it is not known which deviations 
from sound movements are functional and which move-
ments are excessive. In this study, we try to link compen-
sation strategies with functional abilities, assessed with 
the clinical test. We assume that participants who score 
higher on the clinical test show the most functional com-
pensation strategies. Even with these compensatory 
movements, we expect that a more skilled prosthesis user 
will approximate sound movement patterns more closely 
than a less skilled user.

Furthermore, two aspects that we also assume to 
define the skill level of a prosthesis user are control of the 

grip force of the prosthetic hand and the amount of visual 
attention needed to operate the prosthesis. It does not 
appear that these two aspects have been studied in pros-
thesis users previously. However, we propose that these 
two aspects will contribute to the understanding of pros-
thesis use; therefore, we try to fill this gap. Good grip 
force control is a prerequisite for skilled handling of the 
prosthesis in daily life, for example, when a prosthesis 
user holds a drink can or milk carton sufficiently firmly 
without crushing it in order to open it with their nondis-
abled hand. Because control of grip force is one of the 
most advanced aspects in the hierarchy of control train-
ing during the rehabilitation period [15], good grip force 
control requires a high level of dexterity. We hypothesize 
that better control of grip force while grasping nonrigid 
objects, (i.e., less deformation of the object during grasp-
ing) is related to greater user skills.

An additional aspect of user control that might reveal 
the skill level of a user is the amount of visual attention 
needed to guide the prosthetic hand through task execu-
tion. One of the aims in rehabilitation (and also in the 
development of new prostheses) is to decrease the 
amount of visual feedback that is needed [16–17]. More-
over, visual attention is one of the main items assessed in 
the Assessment of Capacity for Myoelectric Control [17]. 
In sound grasping, the eyes usually fixate on the object 
before the hand starts to move and stay focused on the 
object while executing the task, whereas the eyes are 
hardly ever fixated on the hands [18]. In learning to use a 
prosthesis, the user must visually monitor the hand because
the prosthesis does not provide proprioceptive feedback 
about its aperture. We expect that better prosthesis skills 
will be accompanied by less visual support of the pros-
thesis and that gaze behavior will focus more on the 
object, as is the case in sound grasping.

To test our hypotheses, we assessed experienced 
prosthesis users with a clinical test (SHAP) and by apply-
ing two goal-directed fundamental tasks, a direct grasp-
ing task (DGt) with the prosthesis and an indirect 
grasping task (IGt) where the object is passed to the pros-
thesis with the nondisabled hand. In the fundamental 
tasks, we measured end point kinematics, joint angles, 
grip force control, and gaze behavior. Together with the 
SHAP, these measurements should provide a complete 
picture of prosthetic control and performance to meet the 
following objectives: (1) portray prosthetic handling at 
different levels of description, (2) relate the clinical results 
to the kinematic measures, and (3) identify specific
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parameters in these measures that characterize the factors 
contributing to the user’s skill level.

METHODS

Participants
Six experienced users of a myoelectric transradial 

prosthesis (age [mean ± standard deviation]: 36 ± 18 yr; 
range 19–59 yr; see Table 1 for further characteristics) 
participated in the study. All six participants (P1–P6) used
a passive wrist rotator; P4 also had a flexion wrist. The 
participants all reported good wearing comfort except P2, 
who felt the myoelectric prosthesis was heavy and there-
fore used a cosmetic prosthesis most of the time.

Apparatus
We used a Vicon motion analysis system (Vicon; 

Oxford, United Kingdom) (sampling frequency: 60 Hz) 

with 8 cameras to record the positions of 15 reflective 
markers attached to the participant’s head, trunk, and 
prosthetic arm in accordance with the upper-limb ele-
ment of the Plug-in Gait model (Vicon). Furthermore, we 
attached one marker on the thumbnail and one on the 
index fingernail of the prosthetic hand and two markers 
on both sides of each of the objects used in the grasping 
tasks. We used a head-mounted eye-tracking system 
(model RK-826PCI, iScan Online, Inc; Dallas, Texas) 
synchronized with the Vicon motion analysis system to 
track the gaze behavior of the participant’s left eye with a 
sample rate of 60 Hz.

The SHAP consists of 26 tasks to evaluate the func-
tionality of the hand: 12 abstract object tasks (6 light-
weight and 6 heavyweight objects) and 14 ADLs. Time 
scores of each task provide an overall Index of Function-
ality (IoF) score (score of the hand function: a nondis-
abled hand scores between 95–100 and 

Participant characteristics.

Participant
Age 
(yr)

Sex
Cause of 

Amputation
Prosthesis 

Side
Dominant

Side
Prosthesis 
Use (yr)

Current 
Myoelectric 

Prosthesis Use 
(yr)

Myoelectric 
Prosthesis Use 

Frequency
Activity

lower scores 

Table 1.

Myoelectric 
Prosthesis 

Type

1 22 M Car accident 
(2008)

Right Right 2 2 All day, 7 d/wk Everything Otto Bock 

DMC,* 
proportional 2-
site control

2 20 F Congenital Left Right 19 5 1 d/wk for 
couple of hours; 
cosmetic 
prosthesis on 
other days

Only for 
wheeling

Otto Bock 

DMC,* 
proportional 2-
site control

3 19 F Congenital Right Left 18 5 All day, 7 d/wk Everything Otto Bock 

DMC,* 
proportional 2- 
site control

4 59 M Industrial 
accident (2007)

Right Right 2.5 2.5 All day, 3 d/wk; 
body-powered 
prosthesis on 
other days

Everything Motion control, 
proportional 2-
site control

5 44 F Illness (1992) Left Right 17 7 All day, 7 d/wk Everything Otto Bock 

digital,* 1-site 
control

6 54 M Accident 
(2005)

Right Left 4 1 All week; body-
powered 
prosthesis 
during working 
hours 4 d/wk

Uses like 
cosmetic 
prosthesis, 
occasionally 
opening and 
closing hand

Otto Bock 

digital,* 1-site 
control

*Ottobock; Vienna, Austria.
F = female, M = male.
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reflect decreased hand function) and a SHAP Functional-
ity Profile with six prehensile pattern scores.

We used four objects in the grasping tasks, three 
compressible objects and one solid object (S) (all objects 
were 6 × 3.5 × 9 cm) (Figure 1). The compressible 
objects consisted of two plates with a spring between. 
Each spring had a different resistance, requiring a different
grip force before the object 

Figure 1.
Example of compressible object, consisting of two plates sepa-

rated by spring with set resistance that defines how compress-

ible object is.

deformed—low-resistance 
object (LO) (c = 0.17 N/mm), moderate-resistance object 
(MO) (c = 0.57 N/mm), and high-resistance object (HO) 
(c = 5.31 N/mm). The compressible objects simulated 
objects used in daily life, such as a can or juice carton. A 
Velcro cover was mounted on top of each object. Partici-
pants were asked to remove the Velcro from front to back 
of the object. This was the manipulation part of the task 
for each object.

Tasks

Southampton Hand Assessment Procedure
 The SHAP was conducted according to the standard-

ized procedure.

Direct Grasping Task
The participants picked up an object from a table in 

front of them with their prosthetic hand, lifted it, manipu-
lated it by removing the Velcro cover with the nondis-
abled hand, and placed it back to approximately the same 
position. The starting position of the prosthetic hand in 
the DGt was located 15 cm from the edge of the table, in 
line with the shoulder. The object was located 30 cm dis-
tal from the initial hand position in line with the shoulder.

Indirect Grasping Task
The object was initially situated in the nondisabled 

hand. The participants handed the object from their non-
disabled hand to their prosthetic hand, manipulated it by 
removing the Velcro cover with the nondisabled hand, 
and placed it back on the table at the prosthetic hand 
starting position. The initial positions of the nondisabled 
hand and the prosthetic hand in the IGt were 25 cm from 
the edge of the table opposite each other in the frontal 
plane, with 30 cm distance between both hands. The cen-
ter between the two hands aligned with the body midline.

Procedure and Design
Participants were seated comfortably at a table, with 

the table and chair adjusted in height for each individual. 
In all trials, participants began with their prosthetic hand 
closed. Following a “ready” signal given by the investi-
gator at the start of each trial, the participants were free to 
initiate movement. Prior to each SHAP task, the investi-
gator gave instructions on how to execute the task. Each 
task started and ended with the participant pressing a 
timer button. For the two grasping tasks, the participants 
were instructed to execute each of the tasks as rapidly 
and as accurately as possible while trying not to com-
press the objects. They were informed of the different 
object resistances. Each of the objects was grasped 5 times
in a random order, resulting in a total of 40 grasping trials 
per participant.

Data Analysis
Because of the individual differences between the 

participants (prosthesis type, etc.), we analyzed the data 
for each participant separately. An IoF score and a Func-
tionality Profile were calculated for the SHAP. The time 
scores of the SHAP were also transformed to z-scores, 
and mean z-scores were calculated for the lightweight 
abstract tasks, the heavyweight abstract tasks, and the 
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ADL tasks to compare the performances on the different 
parts of the SHAP with each other and with other measures.

The onset and termination of the dependent variables 
in the fundamental tasks were determined with the 
method of Schot et al. that was implemented in custom-
written MATLAB programs (MathWorks; Natick, Mas-
sachusetts) (Table 2) [19]. First, position and velocity for 
the markers of the hand, thumb, finger, and objects were 
computed. The time from reach onset until reach termina-
tion was the reach time; peak velocity was also deter-
mined. The grasp was defined by the three-dimensional 

(3D) distance between the markers on the thumb and 
index finger, and maximum hand aperture was deter-
mined. The time between grasp onset and grasp termina-
tion defined grasp time. The period from the end of hand 
opening and the start of hand closing was defined as the 
plateau phase. Termination synchrony, which reflects the 
timing of the end of the reach and the grasp, was com-
puted by dividing the time of grasp termination with the 
time of reach termination. A score of 1 stands for a 
simultaneous ending of the reach and 

Cut-off thresholds of variables.

Variable Description DGt IGt
Start Reach Hand on table at x-position 0 mm < Hand at x-position 

< 150 mm
300 mm < Hand at x-position 

> 400 mm
Hand closed at start Aperture hand <50 mm Hand aperture < 50 mm

Velocity of hand increases 15 mm/s < Hand velocity 
< 50 mm/s

15 mm/s < Hand velocity 
< 50 mm/s

End Reach Hand must be near object 380 mm < Hand at x-position 
< 450 mm

80 mm < Hand/object distance 
< 130 mm

Velocity of hand slows 0 mm/s < Hand velocity 
< 10 mm/s

0 mm/s < Hand velocity 
< 30 mm/s

Position of object is not 
changed (DGt only)

Object at z-position <90 mm —

Start Grasp Aperture of hand increases 20 mm < Hand aperture 
< 50 mm

20 mm < Hand aperture 
< 50 mm

Velocity of hand opening 
increases

Hand-opening velocity 
>20 mm/s

Hand-opening velocity 
> 20 mm/s

End Grasp Aperture of hand about size 
object (+markers)

100 mm < Hand aperture 
< 120 mm

90 mm < Hand aperture 
< 120 mm

Velocity of hand closing 
decreases to 0

0 mm/s < Hand-closing velocity 
< 15 mm/s

15 mm/s < Hand-closing 
velocity < 50 mm/s

Grasp ends as object starts to 
move (DGt only)

80 mm < Object at z-position 
< 95 mm

—

Hand must be near object 380 mm < Hand at x-position 
< 450 mm

80 mm < Hand/object distance 
< 130 mm

Start Plateau Aperture is around maximum 120 mm < Hand aperture 
< 180 mm

120 mm < Hand aperture 
< 180 mm

Velocity of hand opening 
decreases to 0

10 mm/s < Hand-opening 
velocity < 50 mm/s

10 mm/s < Hand-opening 
velocity < 50 mm/s

Position of object is not yet 
changed (DGt only)

Object at z-position <90 mm —

End Plateau Aperture is around maximum 120 mm < Hand aperture 
< 180 mm

120 mm < Hand aperture 
< 180 mm

Velocity of hand closing 
increases

30 mm/s < Hand-closing 
velocity < 100 mm/s

30 mm/s < Hand-closing 
velocity < 100 mm/s

Position of object is not 
changed yet (DGt only)

Object at z-position < 90 mm —

grasp. When the 

Table 2.

DGt = direct grasping task, IGt = indirect grasping task.
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grasp ended later than the reach, scores exceeded 1, and 
when the grasp ended before the end of the reach, scores 
were lower than 1. The higher the score, the later the end 
of the grasp compared with the end of the reach. For both 
tasks, the measures were computed relative to the posi-
tion of the object—note that the object moved in the IGt. 
Compression of the object was calculated by computing 
the 3D distance between the two markers on opposite 
ends of the object.

We calculated joint angles with the Plug-in Gait 
model (Vicon): thorax flexion-extension, side-bending, 
and rotation; shoulder flexion-extension, abduction-
adduction, and rotation; and elbow flexion-extension. 
Range of motion (ROM) for each joint was calculated by 
subtracting the minimum value of the angle from the 
maximum value in each trial.

To examine the gaze behavior, the scene video pro-
duced by the head-mounted eye-tracking system with the 
point of regard (PoR) superimposed was scored frame by 
frame with Anvil 5.0 video-annotation software (German 
Research Centre for Artificial Intelligence [DFKI]; Saar-
bruecken, Germany). The image was divided in the fol-
lowing areas for the PoR scoring: object, hand, object 
and hand, other, and endpoint.

Two Kruskal-Wallis tests were executed on the 
dependent variables, one with grasp type (DGt and IGt) 
as grouping variable and one with object (LO, MO, HO, 
and S) as grouping variable, using SPSS 16.0 (IBM Cor-
poration; Armonk, New York). The Bonferroni correc-
tion was used to correct for the multiple comparisons for 
each of the dependent variables within the two tests, 
resulting in a significance level of 0.05/8 = 0.006. Spear-
man rho correlation was calculated between the mean z-
score of the time scores of the SHAP, each of the end 
point kinematics, and gaze behavior. Trials were rejected 
when markers were obscured so that one or more of the 
variables could not be determined.

RESULTS

P1 was loaned a hand to perform the experiment 
because his prosthesis was broken at the time of the 
study. This hand was the same type the participant nor-
mally used, except that it did not have a flexion wrist. For 
P3, the corneal reflex needed to track the eye was not 
found by the iScan equipment, therefore there are no 
results on P3’s gaze behavior. Because of problems with 
the prosthesis, the control mode of P5’s prosthesis had to 

be changed just before the experiment, which resulted in 
subjectively poorer control of the prosthesis during the 
experiment because the participant had to get used to the 
new control system. Moreover, the markers on P5’s fin-
gers were occluded during the IGt; therefore, the end 
point kinematic data of the IGt is not presented for P5. P6 
was cognitively challenged and sometimes had difficul-
ties following the instructions. Because we wanted par-
ticipants to reflect the population of prosthesis users, this 
participant was not removed.

Southampton Hand Assessment Procedure
Table 3 presents the z-scores and the scores of the 

IoF and six prehensile patterns. A negative z-score indi-
cates better performance than the average score of the 
participants over all tasks, whereas a positive z-score 
indicates that the participant performed worse than the 
average score. The IoF score of all participants was far 
below the normal score of 95 to 100, with large differ-
ences between the participants. P1 scored the highest, 
whereas P5 and P6 scored much lower. This is also 
reflected in the z-scores, because the z-scores of P5 and 
P6 were mostly positive, whereas the scores of the other 
participants were mainly negative. Overall, the highest 
scores were obtained in the spherical grip, whereas the 
participants scored the lowest on the tip grip.

End Point Kinematics and Object Compression
Figure 2 shows a typical profile of the performance 

of two of the participants during a DGt trial. During the 
reach of the hand toward the object, the hand opened to a 
maximum aperture, plateaued, and started to close when 
the hand was near the object. When the object was picked 
up, two moments of compression could be determined. 
The first compression occurred directly at the moment 
when the object was picked up (indicated with arrow 1), 
and the second compression occurred when the Velcro 
strip was removed (indicated with arrow 2). The differ-
ence between the two participants can be clearly seen in 
the velocity of the hand during the reach, time needed to 
execute the task, length of the plateau in the aperture, and 
amount of compression of the object. Tables 4 and 5
present the significant effects of grasping task and object, 
respectively, on the dependent variables describing this 
behavior.

The different grasping tasks influenced variables of 
the movement of the hand toward the object (Table 4), 
whereas the effect of the objects was mainly reflected in 
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Task P1 P2 P3 P4 P5
Abstract
   Lightweight 0.77 0.34 0.50 0.27 0.32
   Heavyweight 0.82 0.35 0.37 0.64 0.73
ADL 0.63 0.51 0.25 0.37 0.64
IoF 71 65 62 57 33
   Spherical 77 77 80 78 56
   Tripod 63 49 47 29 28
   Power 69 61 61 42 39
   Lateral 77 63 57 77 19
   Tip 59 33 32 42 12
   Extension 73 70 79 69 54

the dependent variables of the grasp and object manipula-
tion (Tables 56). The DGt had longer reach times, longer
plateau times, longer total grasp times, lower peak veloci-
ties, and larger apertures than the IGt (Table 4). No signifi-
cant differences were found in the termination asynchrony
and the compression of the object. However, the mean 
scores of each participant showed that the asynchrony 
was slightly higher for the IGt than the DGt. Moreover, 
the objects were less compressed during the IGt. P3 had 
the best performance because she picked up the object 
with almost no compression at all.

The different object resistances influenced several 
variables: an object with lower resistance had longer total 
grasp time, less synchronization of the end of the reach and
the grasp, and more compression of the object (Tables 5
6). As expected, the effect of object resistance on the 
amount of compression of the object was significant in all 
participants. No significant effect was found in the pla-
teau time; however, notice that the plateau time 
decreased with increasing object resistance.

Although no statistical comparisons were executed 
between the participants, P5 and P6 scored generally 
lower than the other participants, reflected by longer 
times, smaller peak velocities, and more compression of 
the objects.

Joint Angles
Table 7 displays the average ROM of the thorax, the 

shoulder, and the elbow for each participant. The overall 
movement pattern of the participants during the DGt was 
flexion of the trunk combined with some trunk side-

bending toward the prosthesis side while rotating to the 
nonprosthesis side with the trunk. In order to pick up the 
object, the shoulder of the prosthetic arm moved in ante-
version and internal rotation and the elbow was extended. 
There was much variation in the amount of shoulder 
abduction between the participants. P1 and P4 abducted 
their arm much more during the trial (an average of 50
and 30, respectively), while P5 and P6 limited their 
abduction to only 10. The starting position of the arm 
differed largely between the participants: P1 and P3 
started with an abduction of 40, P2 and P4 started at 20, 
and P5 and P6 only had about 10 of abduction (Figure 3).

For the IGt, the movement pattern was slightly dif-
ferent, with almost no movement in the trunk (Table 7). 
The shoulder moved in anteversion and internal rotation 
during the trial, but less than during the DGt. Again, 
there was much variation in the amount of shoulder 
abduction, especially in the starting position of the arm. 
P1 started with a large shoulder abduction angle; P5 and 
P6 with almost no abduction; and P2, P3, and P4 with an 
angle between 20 and 40 (Figure 3). There was only a 
small degree of variation in the elbow angle during task 
execution for all participants.

Eye Movement
Overall, two types of gaze behaviors were found. P1, 

P4, and P5 first fixated on the object after the start of the 
trial and looked at the object most of the time during the 
trials. The average gaze behavior of P2 and P6 was for 
about two-thirds of the trials (distributed throughout the 
whole session) to look quickly at the object at the start of 

Table 3.
Southampton Hand Assessment Procedure mean z-scores, Index of Functionality (IoF) scores, and scores of prehensile patterns.

P6

—
1.46

—
17
23
0
7

29
8

17
Note: In some cases, no mean z-score could be calculated because of missing scores. For abstract-lightweight objects, P6 could not execute tripod task, and for ADL 
tasks,  P6 was not able to execute food cutting, zipper, and screwdriver tasks.
ADL = activity of daily living, P = participant.



1338

JRRD, Volume 49, Number 9, 2012
Figure 2.
Example of two participants who performed direct grasping task with compressible object. Solid line represents participant who 

scored highest on Southampton Hand Assessment Procedure (SHAP); dashed line represents participant who scored lowest on 

SHAP. 1 = Compression at time object is picked up, 2 = Compression when velcro strip is removed.

the trial, then at their prosthetic hand followed again by 
the fixation of the object again. For the other trials, P2 
and P6 looked first at the hand before the object, espe-
cially during the DGt. During execution of a trial, the 
gazes of P2 and P6 switched repeatedly between the hand 
and the object. Figure 4 shows the difference in behav-
ior: the total number of fixations per trial is larger for P2 
and P6 than for the other participants (Figure 4(a)), 
while especially for P2 and a bit less for P6, the percent-
age of duration of fixation on the object is lower, whereas 
the percentage of duration of fixation in the hand is 
higher (Figure 4(b)). Note that P2 and P6 are the partici-
pants who did not use their myoelectric prosthesis much 

during the day. No differences in gaze behavior were 
found between the four different objects.

Correlation Between Southampton Hand Assessment 
Procedure and Motion Analysis Results

To determine whether the different measures are 
related, we performed correlation analyses between the 
measures. Also in these results, the differences in the per-
formance of the participants can be seen, because P5 and 
P6 (who scored lower on the SHAP and had more devia-
tions from sound behavior in the end point kinematics) 
are positioned at one side of the distribution, whereas P1 
and P3 are located at the other end. The mean z-score of 
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Significant 
Effect

P1 P2 P3 P4 P5*

DGt IGt DGt IGt DGt IGt DGt IGt DGt IGt

Reach Time (s)
Mean ± SD 1.49 ±

 0.25
1.06 ±

0.26
1.46 ±

0.23
1.31 ±

 0.48
1.48 ±

0.25
0.96 ±

 0.19
1.64 ±

 0.34
1.09 ±

0.95
2.27 ±

0.95
— 3.18 ±

1.92
2.89 ±

1.24
95% CI (LB) 1.39 0.96 1.34 0.95 1.35 0.86 1.47 0.95 1.91 — 1.89 2.21
95% CI (UB) 1.58 1.16 1.58 1.68 1.61 1.06 1.81 1.24 2.63 — 4.47 3.58
H 24.96 1.22 21.22 16.56 — 0.27
p-Value 0.00† 0.27 0.00† 0.00† — 0.60

Peak Velocity (mm/s)
Mean ± SD 664.39 ±

 81.47
641.58 ±

202.84
337.51 ±

66.76
394.95 ±

 118.46
369.22 ±

61.38
724.65 ±

136.90
477.15 ±

134.82
683.54 ±
 196.69

247.98 ±
 58.44

— 268.56 ±
73.51

562.22 ±
195.63

95% CI (LB) 633.40 561.34 301.93 303.90 337.66 656.57 407.83 569.97 225.75 — 219.17 453.89
95% CI (UB) 895.38 721.82 373.08 486.01 400.78 792.73 546.47 797.10 270.21 — 319.95 670.55
H 0.07 1.55 25.17 9.10 — 15.35
 p-Value 0.79 0.21 0.00† 0.00† — 0.00†

Plateau Time (s)
Mean ± SD 0.40 ±

0.23
0.39 ±

0.37
0.91 ±

0.37
0.97 ±

0.43
0.51 ±

0.29
0.22 ±

0.14
0.96 ±

0.53
0.90 ±
 0.59

1.10 ±
0.61

— 1.57 ±
1.39

1.84 ±
1.13

95% CI (LB) 0.32 0.24 0.71 0.64 0.36 0.15 0.69 0.56 0.86 — 0.63 1.22
95% CI (UB) 0.49 0.53 1.11 1.30 0.66 0.29 1.24 1.24 1.33 — 2.50 2.47
H 2.04 0.08 10.48 0.54 — 0.92
p-Value 0.15 0.78 0.00† 0.46 — 0.34

Total Grasp Time (s)
Mean ± SD 1.64 ±

0.39
1.30 ±

 0.56
2.37 ±

0.75
2.79 ±

0.93
2.10 ±

0.81
1.43 ±

0.47
2.22 ±

0.87
2.46 ±

 1.01
2.22 ±

0.68
— 5.21 ±

4.14
3.69 ±

1.34
95% CI (LB) 1.49 1.08 1.98 2.07 1.68 1.20 1.78 1.88 1.96 — 2.43 2.94
95% CI (UB) 1.79 1.52 2.77 3.50 2.52 1.67 2.67 3.05 2.48 — 7.99 4.43
H 22.18 0.87 12.87 0.57 — 0.49
p-Value 0.00† 0.35 0.00† 0.45 — 0.48

Maximal Aperture (mm)
Mean ± SD 144.61 ±

 1.51
134.17 ±

 9.24
142.71 ±

5.37
134.15 ±

10.64
126.82 ±

7.15
120.14 ±

6.24
132.68 ±

0.97
129.36 ±

 2.02
150.57 ±

0.74
— 162.81 ±

10.52
163.39 ±

10.95
95% CI (LB) 144.04 130.52 139.84 125.97 123.14 117.04 132.18 128.19 150.29 — 155.74 157.33
95% CI (UB) 145.19 137.82 145.57 142.33 130.50 123.25 133.17 130.53 150.60 — 169.87 169.45
H 13.79 3.49 7.50 15.76 — 1.13
p-Value 0.00† 0.06 0.01 0.00† — 0.29

Termination Asynchrony
Mean ± SD 1.20 ±

0.11
1.24 ±

 0.21
1.72 ±

0.32
2.12 ±

0.50
1.48 ±

0.42
1.62 ±

0.47
1.33 ±

0.28
1.85 ±

 0.62
1.44 ±

0.39
— 1.61 ±

0.36
1.68 ±

0.56
95% CI (LB) 1.16 1.15 1.55 1.74 1.26 1.38 1.19 1.50 1.29 — 1.37 1.37
95% CI (UB) 1.25 1.32 1.89 2.50 1.70 1.85 1.47 2.21 1.59 — 1.85 2.00
H 0.15 3.71 0.85 7.72 — 0.02
p-Value 0.70 0.05 0.36 0.01 — 0.90

Compression During Grasp (mm)
Mean ± SD 4.68 ±

 5.65
1.60 ±

 2.90
4.08 ±

 4.25
2.51 ±

 1.34
0.29 ±

 0.33
0.67 ±

0.76
8.48 ±

 7.96
2.70 ±

3.62
3.89 ±

 5.47
— 7.08 ±

 7.88
6.66 ±

 7.52
95% CI (LB) 2.53 0.45 1.82 1.48 0.12 0.29 4.39 0.61 1.81 — 1.79 2.49
95% CI (UB) 6.83 2.75 6.35 3.54 0.46 1.05 12.57 4.79 5.97 — 12.38 10.82
H 5.17 0.24 1.25 1.84 — 0.01
p-Value 0.02 0.63 0.26 0.18 — 0.98

Table 4. 
Mean ± standard deviation (SD), 95 percent confidence interval (CI), and Kruskal-Wallis test (H) for significant effects of grasping tasks on 
dependent variables.

P6

DGt IGt

Note: Degree of freedom = 1 for all dependent variables and participants.
*Since there are no IGt outcome measures, Kruskal-Wallis test could not be performed for P5.
†Significant at 0.006 level; alpha of 0.05 corrected with Bonferroni correction for eight tests.
DGt = direct grasping task, IGt = indirect grasping task, LB = lower bound, P = participant, UB = upper bound.
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Variable
P1 P2 P3

LO MO HO S LO MO HO S LO MO HO S

Plateau Time (s)

   Mean ± SD 0.51 ±
0.37

0.37 ± 
0.29

0.38 ± 
0.29

0.33 ± 
0.23

1.01 ± 
0.40

1.15 ± 
0.46

0.91 ± 
0.24

0.70 ±
0.42

0.38 ±
0.14

0.36 ±
0.37

0.36 ± 
0.27

0.35 ±
0.24

   95% CI (LB) 0.30 0.21 0.19 0.20 0.67 0.42 0.69 0.26 0.24 0.07 0.16 0.18

   95% CI (UB) 0.73 0.53 0.57 0.45 1.34 1.89 1.13 1.14 0.53 0.65 0.55 0.52

   H 3.53 3.63 0.82

   p-Value 0.32 0.30 0.84

Total Grasp Time (s)

   Mean ± SD 1.96 ±
0.43

1.36 ±
0.39

1.36 ± 
0.47

1.25 ±
0.43

3.09 ± 
0.77

2.81 ±
1.08

2.29 ± 
0.54

1.84 ±
0.41

2.59 ±
1.19

1.69 ±
0.39

1.53 ±
0.57

1.55 ±
0.45

   95% CI (LB) 1.71 1.14 1.05 1.02 2.44 1.09 1.80 1.42 1.34 1.39 1.12 1.23

   95% CI (UB) 2.21 1.57 1.67 1.47 3.73 4.53 2.79 2.27 3.84 1.99 1.93 1.87

   H 16.06 8.19 7.60

   p-Value 0.00* 0.04 0.06

Termination Synchrony

   Mean ± SD 1.40 ±
0.21

1.18 ±
0.07

1.16 ± 
0.10

1.14 ± 
0.08

2.26 ± 
0.48

1.84 ±
0.33

1.72 ±
0.22

1.53 ±
0.14

2.04 ±
0.54

1.62 ±
0.43

1.36 ±
0.37

1.38 ±
0.26

   95% CI (LB) 1.28 1.13 1.09 1.10 1.86 1.31 1.52 1.38 1.48 1.29 1.10 1.20

   95% CI (UB) 1.53 1.22 1.22 1.19 2.66 2.37 1.92 1.67 2.61 1.95 1.62 1.57

   H 13.92 10.98 8.59

   p-Value 0.00* 0.01 0.04

Compression at Grasp (mm)

   Mean ± SD 3.29 ±
3.63

8.15 ±
5.88

0.97 ± 
0.69

— 6.19 ± 
3.88

5.55 ± 
3.15

2.31 ± 
0.97

— 1.16 ± 
0.88

0.66 ± 
0.56

0.41 ± 
0.36

—

   95% CI (LB) 1.19 4.90 0.50 — 2.95 0.53 1.41 — 0.23 0.23 0.16 —

   95% CI (UB) 5.39 11.4 1.44 — 9.44 10.6 3.21 — 2.08 1.09 0.67 —

   H 41.44 17.95 23.17

    p-Value 0.00* 0.00* 0.00*

Compression During Manipulation (mm)

   Mean ± SD 12.6 ±
7.40

12.6 ±
4.24

2.40 ±
0.65

— 18.9 ± 
4.04

15.2 ± 
5.47

6.89 ± 
2.30

— 9.10 ± 
2.38

5.53 ± 
2.93

2.18 ± 
1.12

—

   95% CI (LB) 8.34 10.2 1.97 — 15.5 6.51 4.76 — 6.61 3.28 1.37 —

   95% CI (UB) 16.90 14.90 2.84 — 18.80 23.90 9.020 — 11.60 7.780 2.980 —

   H 46.88 20.72 29.84

   p-Value 0.00* 0.00* 0.00*

Table 5.
Mean ± standard deviation (SD), 95 percent confidence interval (CI), and Kruskal-Wallis test (H) for effects of object on dependent variables.

Note: Degree of freedom = 3 for all dependent variables and participants.
*Significant at 0.006 level; alpha of 0.05 corrected with Bonferroni correction for eight tests.
HO = high-resistance object, LB = lower bound, LO = low-resistance object, MO = moderate-resistance object, P = participant, S = solid object, UB = upper bound.
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Variable
P4 P5 P6

LO MO HO S LO MO HO S LO MO HO S

Plateau Time (s)

   Mean ± SD 0.84 ± 
0.35

1.10 ± 
0.68

0.86 ± 
0.74

0.97 ± 
0.45

0.98 ± 
0.41

1.34 ± 
1.06

1.21 ±
0.43

0.86 ± 
0.27

1.81 ±
0.69

1.76 ± 
1.17

2.13 ±
1.50

1.28 ± 
1.43

   95% CI (LB) 0.57 0.47 0.25 0.56 0.55 0.36 0.85 0.63 1.17 0.11 0.74 0.09

   95% CI (UB) 1.11 1.73 1.48 1.39 1.41 2.31 1.57 1.09 2.45 3.62 3.51 2.47

   H 2.07 4.73 3.8

   p-Value 0.56 0.19 0.28

Total Grasp Time (s)

   Mean ± SD 2.11 ±
0.55

2.79 ±
1.10

2.48 ±
1.29

1.99 ± 
0.50

2.41 ± 
0.75

2.51 ± 
0.83

2.28 ± 
0.62

1.77 ± 
0.35

3.85 ± 
0.88

3.40 ±
0.56

4.79 ±
1.96

4.82 ±
4.98

   95% CI (LB) 1.69 1.78 1.40 1.53 1.62 1.75 1.76 1.47 3.03 2.50 2.98 0.66

   95% CI (UB) 2.53 3.80 3.56 2.46 3.20 3.28 2.80 2.07 4.66 4.29 6.60 8.99

   H 1.68 7.79 2.48

   p-Value 0.64 0.05 0.48

Termination Synchrony

   Mean ± SD 1.47 ± 
0.26

1.97 ± 
0.85

1.51 ± 
0.45

1.35 ± 
0.26

1.56 ± 
0.31

1.61 ± 
0.61

1.38 ± 
0.30

1.25 ± 
0.22

1.42 ± 
0.20

1.84 ± 
0.76

1.99 ± 
0.50

1.47 ± 
0.32

   95% CI (LB) 1.27 1.19 1.14 1.11 1.23 1.04 1.13 1.06 1.24 0.63 1.52 1.21

   95% CI (UB) 1.66 2.76 1.89 1.60 1.89 2.18 1.63 1.43 1.61 3.06 2.45 1.74

   H 2.49 4.95 8.01

   p-Value 0.48 0.18 0.05

Compression at Grasp (mm)

   Mean ± SD 10.0 ± 
7.80

8.67 ± 
7.43

3.88 ± 
4.46

— 9.18 ± 
6.08

7.59 ± 
5.47

0.59 ± 
0.30

— 14.6 ± 
6.14

12.2 ± 
6.80

3.81 ± 
3.42

—

   95% CI (LB) 4.03 1.80 0.16 — 2.80 2.53 0.34 — 8.95 1.34 0.64 —

   95% CI (UB) 16.0 15.5 7.61 — 15.6 12.6 0.84 — 20.3 23.0 6.97 —

   H 18.71 22.76 21.24

    p-Value 0.00* 0.00* 0.00*

Compression During Manipulation (mm)

   Mean ± SD 22.3 ±
7.54

   95% CI (LB) 16.5

   95% CI (UB) 28.10

   H 22.11

   p-Value 0.00*

Table 6.
Mean ± standard deviation (SD), 95 percent confidence interval (CI), and Kruskal-Wallis test (H) for effects of object on dependent variables.

28.6 ± 
4.02

19.0 ± 
7.27

— 19.2 ± 
5.83

21.8 ± 
2.15

15.5 ± 
6.71

— 26.0 ± 
7.67

21.7 ± 
3.42

14.4 ± 
5.85

—

24.9 12.9 — 13.1 19.9 9.94 — 18.9 16.2 8.96 —

32.30 25.10 — 25.40 23.80 21.20 — 33.10 27.10 19.80 —

19.15 21.67

0.00* 0.00*

Note: Degree of freedom = 3 for all dependent variables and participants.
*Significant at 0.006 level; alpha of 0.05 corrected with Bonferroni correction for eight tests.
HO = high-resistance object, LB = lower bound, LO = low-resistance object, MO = moderate-resistance object, P = participant, S = solid object, UB = upper bound.
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Task
Shoulder Elbow Thorax

Flexion-
Extension

Abduction-
Adduction

Rotation
Flexion-

Extension
Flexion-

Extension
Side Bending Rotation

Direct Grasping Task
   P1 30.17 ± 5.38 62.32 ± 9.16 36.98 ± 4.90 36.61 ± 7.93 19.69 ± 2.55 16.47 ± 1.85 18.69 ± 1.98
   P2 32.75 ± 4.14 21.33 ± 3.18 42.30 ± 4.84 32.47 ± 3.87 8.83 ± 1.65 8.91 ± 1.97 14.70 ± 3.48
   P3 34.44 ± 2.65 17.96 ± 8.12 43.31 ± 31.02 42.55 ± 1.45 5.79 ± 0.99 6.20 ± 1.79 7.17 ± 1.13
   P4 35.31 ± 3.14 33.22 ± 6.47 32.21 ± 6.37 33.61 ± 2.92 12.58 ± 2.19 7.56 ± 1.66 7.84 ± 0.94
   P5 47.10 ± 6.34 15.83 ± 3.27 25.01 ± 5.71 31.86 ± 6.82 19.15 ± 1.60 7.47 ± 1.56 12.96 ± 2.59
   P6 49.36 ± 43.56 39.85 ± 49.43 31.29 ± 5.71 34.41 ± 3.34 16.34 ± 5.46 12.56 ± 6.21 14.22 ± 1.70
Indirect Grasping Task
   P1 16.14 ± 4.22 12.80 ± 6.00 23.56 ± 7.19 17.71 ± 3.07 3.90 ± 1.89 4.28 ± 2.12 3.03 ± 1.25
   P2 13.77 ± 2.14 26.38 ± 3.48 26.43 ± 5.33 12.09 ± 3.10 4.29 ± 1.30 2.27 ± 1.03 5.10 ± 1.96
   P3 14.81 ± 5.22 21.69 ± 5.25 25.94 ± 4.07 11.60 ± 2.24 3.12 ± 0.94 3.26 ± 1.44 2.70 ± 1.06
   P4 15.01 ± 34.24 25.02 ± 37.22 21.28 ± 5.43 15.68 ± 3.27 2.39 ± 1.01 3.99 ± 0.85 2.05 ± 0.88
   P5 8.70 ± 1.44 6.78 ± 1.68 20.27 ± 3.64 5.61 ± 2.23 3.39 ± 0.85 3.80 ± 0.97 4.10 ± 1.32
   P6 13.25 ± 3.73 12.50 ± 3.58 36.39 ± 3.88 23.48 ± 7.32 9.64 ± 2.13 4.40 ± 1.85 3.58 ± 0.87

the heavyweight abstract tasks of the SHAP correlated 
significantly with the reach time of the DGt and IGt (rs = 
0.83, p = 0.04); the better the score (i.e., the more nega-
tive the z-score), the shorter the reach time. A more nega-
tive z-score of the heavyweight abstract tasks was 
significantly correlated with a higher peak velocity (rs = 
0.83, p = 0.04). Importantly, a shorter plateau time was 
related to a more negative z-score of the lightweight 
abstract tasks (rs = 0.90, p = 0.04). Note that the occur-
rence of the plateau in the grasping profile is a distin-
guishing characteristic of prosthetic use. There were no 
other significant correlations.

DISCUSSION

The aims of this study were to portray prosthetic 
functioning at different levels of description, relate the 
results of the clinical outcome measures with the results 
of the kinematic measures, and identify specific parame-
ters that characterize the skill level of a user. We assumed 
that a more skilled prosthesis user would score higher on 
the SHAP, and that better skills would be reflected in bet-
ter functional compensation strategies, better grip force 
control of the hand, and more approximation to sound 
movement patterns and sound gaze behavior. Our findings 
show that, overall, the results confirmed our hypotheses.

Although the scores on the SHAP were far below the 
normal score with a nondisabled hand, the scores pro-
vided a good basis for the level of skill of the prosthesis 
user. The test reflected differences between the functional 
abilities of the participants as was also found previously 
[20]. As in Kyberd et al., our participants scored the low-
est on the tip grip, despite the fact that their hand was—
by default—set in tip grip [20]. This was only logical, 
however, since the most difficult tasks were included in 
the tip grip score, such as picking up coins, the zipping 
task, and the screwdriver task. The functional ability of 
each participant scored by the SHAP was confirmed by 
the kinematic measures. As expected, the higher the 
score on the SHAP (thus the closer to a normal score), 
the more the movement and gaze patterns of the prosthe-
sis user approximated those of nondisabled persons.

The participants who scored higher on the SHAP 
showed movement patterns in the end point kinematics 
that deviated less from sound movement patterns (see 
Bouwsema et al. [8]), with shorter movement times, 
shorter plateau times, and less object compression. Over-
all, similar movement profiles were found as reported in 
earlier studies with prosthesis users, with the characteristic
plateau phase bridging hand opening with hand closing 
[8,12–13]. Indirect grasping seemed to be easier to per-
form than direct grasping based on the shorter times, 
higher peak velocities, smaller maximum hand apertures 
(the larger apertures in the DGt were probably to increase 

Table 7.
Mean ± standard deviation of range of motion (degrees) for shoulder, elbow, and thorax angles for direct and indirect grasping tasks.

P = participant.
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Figure 3.
Average joint angle of each participant (P) for elbow flexion-extension, shoulder flexion-extension, and shoulder abduction-adduction

plotted against normalized time for both direct and indirect grasping tasks.

the tolerance for errors), and less compression of the 
objects during that task. These findings are in agreement 
with the fact that indirect grasping is more often per-
formed with a prosthesis in daily life than direct grasping 
[21]. Moreover, in the IGt the nondisabled hand contrib-
utes to the performance as well, whereas the DGt is exe-
cuted with the prosthetic hand alone. The large effect of 
the objects for all participants revealed that they were all 
able to adjust the grip force to the characteristics of the 

object; although participants who scored higher on the 
SHAP compressed the objects less intensely or, in other 
words, they showed a better grip force control.

Overall, the movement patterns in the joint angles 
were rather similar for all participants, except for the varia-
tion in the amount of shoulder abduction. We interpreted 
that more shoulder abduction was used to compensate for 
the lack of wrist movement in the prosthesis. Although 
P4 had a flexion wrist, his movement patterns were not 
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Figure 4.
(a) Mean number of eye fixations per trial for direct grasping 

task (DGt) and indirect grasping task (IGt). (b) Mean percentage

of duration of eye fixations per location in trial. P = participant.

different from the other participants who did not have 
this additional function. We assumed that the better-
performing participants would show the most functional 
compensation strategies and that movement patterns of 
higher-skilled participants would more resemble nondis-
abled movement patterns. However, in this regard results 
were different than expected. P1, who overall performed 
best out of the six participants, had the largest abduction 
angles in the shoulder, while P5 and P6, the two partici-
pants with the lowest performance, showed the smallest 
abduction angles. This implies that participants with the 
highest functional scores may also show movement 
behaviors that largely deviate from nondisabled behavior 
(i.e., extensive compensatory behavior), which is con-
trary to what we anticipated. Usually, the aim of rehabili-
tation is to reduce compensatory movements as much as 
possible [7,9] and to bring movement patterns back as 
close as possible to those of nondisabled movement pat-
terns [14] to reduce load and strain on joints as well as to 
avoid injury and overuse. However, an alternative view 
on compensatory movements put forth by Latash and 
Anson is that these movements reflect a solution given 
the motor characteristics of the patient and the task [14]. 

In this view, training to reduce compensatory movements 
as much as possible might not always be adequate for 
daily life, and we see signs of this in our data. These 
results show that one can be effective with an obvious 
compensation strategy. Therefore, it might be that train-
ing should rather be directed toward the most functional 
movements for the type of task, taking into account the 
residual functions and characteristics of the user in order 
to determine the acceptable and necessary extent of com-
pensatory movements that are adequate in order to train 
that user to be as skilled as possible.

Differences between the participants were also seen 
in the gaze behavior. This part of behavior has, to our 
knowledge, never been reported previously in prosthesis 
use. The lack of proprioceptive feedback means that 
prosthesis users presumably have to rely on vision, so 
gaze behavior would seem to be an obvious informative 
measure for the quality of prosthesis control. Overall, 
two types of gaze behavior were observed in this study. 
The first type was to look continuously at the object dur-
ing execution of the task, which is a gaze strategy that is 
generally observed in the handling of objects in ADLs 
[18]. The second type of behavior was to switch the gaze 
back and forth between the object and the prosthetic 
hand. The latter monitoring of the hand indicated that the 
participant needs to visually guide the prosthetic hand. It 
was expected that users who were less skilled in handling 
the prosthesis would show more monitoring of the hand 
during action performance, as was the case for P6. How-
ever, P2 also showed this behavior but was relatively 
highly skilled in handling the prosthesis. Since P2 and P6 
were the two participants who did not use the myoelectric 
prosthesis much during the week, gaze behavior might be 
related more to the duration of use rather than to the func-
tional abilities. It is worth noting that, despite the lack of 
proprioception, the gaze in all participants was directed 
toward the object for most of the time. However, it is 
important to note that all participants were experienced 
prosthesis users. It would be interesting to examine gaze 
behavior throughout the rehabilitation process. It is 
expected that the amount of visual attention to the pros-
thetic hand would be higher at the start and diminish 
throughout the rehabilitation process. This measure 
would be an indication of how the skills of the user 
develop over time.

Overall, the results of the different measurements 
were in agreement with each other and also comple-
mented each other because each of the more fundamental 
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measures provided deeper insight into the performance of 
the participant on the SHAP and, thus, into skills of the 
participants. However, an important question arises: 
when is a prosthesis user a “skilled user” and how should 
skill level be defined? Bernstein (one of the pioneers in 
the field of motor control) had a very clear vision and 
definition of skill [22] (see also Latash and Latash [23]). 
In this final part of the discussion, his ideas were used to 
meet the third objective of this study: identify specific 
parameters that define skill of prosthesis users. Bernstein 
defined skill, or dexterity, as “the ability to find a motor 
solution for any situation, that is, to adequately solve any 
emerging motor problem correctly (i.e., adequately and 
accurately), quickly (with respect to both decision mak-
ing and achieving a correct result), rationally (i.e., expe-
diently and economically), and resourcefully (i.e., quick-
wittedly and initiatively)” [22, p. 228]. Bernstein empha-
sized that people differ in the amount of dexterity they 
develop; one person can be more dexterous than another. 
More importantly, dexterity can be trained; however, the 
amount of dexterity that can be trained is different for 
each person.

Furthermore, Bernstein argued that dexterity is not in 
the movements themselves but rather in the interaction of 
the motor processes and perceptual processes with the 
environment. The more complex and unpredictable the 
environment and the tasks and the better a person per-
forms in that specific situation, the higher the person’s 
dexterity (compare with Beek [24]). These insights are 
applicable to the performance of the participants in the 
present study. The SHAP is a functional test with very 
complex tasks, especially in the ADL part of the test. 
Moreover, picking up a compressible object is complex, 
because the participant not only has to pick up the object 
but at the same time has to try not to compress the object. 
On top of that, participants also had to manipulate the 
object by removing the Velcro while trying not to 
squeeze the object. This study showed that some prosthe-
sis users differed substantially in performance on both 
the SHAP and the grasping tasks. Therefore, we con-
cluded that the better performers are more dexterous, and 
therefore more skilled, since they were more capable of 
interacting with the changing and demanding environ-
ment. In light of Bernstein’s definition of dexterity, we 
found that participants with a higher performance exe-
cuted the tasks (1) more correctly, because they were able 
to finish all SHAP tasks and compressed the deformable 
objects less; (2) more quickly; (3) more rationally, with 

adequate ROMs and ranges of visual guidance; and
(4) more resourcefully, which was especially noticed in 
the SHAP where we could see that the quicker a person 
knew how to perform a task, the better the person’s
performance.

Moreover, Bernstein argued that several movement 
characteristics predict performance in a set of move-
ments. In this study, we identified certain parameters that 
are characteristics of skills in prosthesis use by means of 
the correlations between the different measures. The one 
parameter that was seen throughout the whole perfor-
mance was time: the time needed to execute the tasks in 
both the clinical test and in the various dependent vari-
ables of the fundamental measures. This time is what 
Bernstein defined as “quickness,” which features impor-
tantly in his definition of dexterity; hence, in rehabilita-
tion it is worthwhile to spend time on quickness because 
it can lead to substantial improvement [22]. Therefore, 
we suggest particularly focusing on the time aspect of 
movement execution during training to increase the skill 
level of a patient. An important parameter determining 
the time of a grasping movement with a prosthesis is the 
plateau phase in the grasping profile (see also Bouwsema 
et al. [8]), which reflects the coupling of hand opening 
and closing [25]. This parameter showed the highest cor-
relation with the SHAP scores. Therefore, we argue that 
prosthesis training should focus specifically on reducing 
the duration of the plateau phase. Training coordination 
of hand opening and closing, which will reduce this pla-
teau phase, would not only improve control of the differ-
ent signals to open and close the hand, but moreover, 
movements will look more natural. The quicker a pros-
thesis user is with the prosthesis, the better and therefore 
more skilled his or her performance will be. As a result, 
the prosthesis probably will be used more frequently and 
with more satisfaction in daily life.

CONCLUSIONS

In this study, we measured prosthesis use on different 
levels of description using clinical and kinematic mea-
sures. This study followed and extended the suggestion
to combine several outcome measures, as discussed in
the “Introduction,” by not only measuring on a clinical, 
functional level, but also on more kinematic levels. The 
results provided a wide range of information. The clinical 
test (SHAP) was a good measure of skill level of the 
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prosthesis user, whereas the fundamental measures pro-
vided deeper insight into the performance and skill level 
of the prosthesis users. Participants who scored higher on 
the SHAP showed less deviation in end point kinematic 
profiles from nondisabled movement patterns, with, 
among other factors, shorter movement times, higher 
peak velocities, and shorter plateau times in the aperture. 
Moreover, they showed better grip force control and less 
visual attention to the hand. The results show that time is 
a key parameter in prosthesis use and should be one of 
the main aspects of focus in rehabilitation. The insights 
provided by this study are useful in rehabilitation, 
because they allow therapists to specifically focus on cer-
tain parameters such as plateau time or visual control, 
which will hopefully result in the highest level of skill 
that can be achieved for that prosthesis user.
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