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Abstract
Understanding the fundamental characteristics of prosthetic movement control is imperative in improving prosthesis design 
and training. This study quantified how using an upper limb prosthesis affected performance during goal-directed reach-
ing tasks. Nine prosthesis users with unilateral transradial limb absence and nine healthy controls completed a series of 
goal-directed reaching movements with different goals: one spatial and three temporal with different goal frequencies. We 
quantified end-point accuracy, smoothness, and peak speed for the spatial task and temporal accuracy, horizontal distance, 
and speed for the temporal task. For the temporal task, we also used a goal-equivalent manifold (GEM) approach to decom-
pose variability in movement distance and speed into those perpendicular and tangential to the GEM. Detrended fluctuation 
analysis (DFA) quantified the temporal persistence of each time series. For the spatial task, movements made with prostheses 
were less smooth, had larger end-point errors, and had slower peak speed compared to those with control limbs (p < 0.041). 
For the temporal task, movements made with prostheses and intact limbs of prosthesis users and control limbs were similar 
in distance and speed and had similar timing errors (p > 0.138). Timing errors, distance, speed, and GEM deviations were 
corrected similarly between prosthetic limbs and control limbs (p > 0.091). The mean and variability of distance, speed, and 
perpendicular deviations decreased with increased goal frequency (p < 0.001). Our results suggest that prosthesis users have 
a sufficient internal model to successfully complete ballistic movements but are unable to accurately complete movements 
requiring substantial feedback.
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Introduction

Goal-directed movements such as reaching with a spatial 
goal or a time constraint are fundamental components of 
many activities of daily living. For individuals with upper 
limb absence, these activities are often accomplished with 

a body-powered or myoelectric prosthesis. These prosthe-
ses are controlled either mechanically (body-powered) or 
electrically (myoelectric) to open and close the end effec-
tor. While a prosthesis aims to replace the function of an 
anatomical limb, upper limb prosthesis users expressed 
low device satisfaction driven by the ‘lack of function’ of 
their prosthesis (Smail et al. 2020). Prosthesis users also 
reported difficulty accomplishing simple activities of daily 
living (Jang et al. 2011). Due to the differences in properties 
between a prosthesis and an anatomical limb, it is reasonable 
to assume that prosthetic movements are fundamentally dif-
ferent from anatomical movements. If and how these move-
ments differ from each other remain unclear, however.

Although end-point accuracy is an important component 
of goal-directed reaching, only a few studies have quantified 
movement accuracy in upper limb prosthesis users (Doer-
inger and Hogan 1995; Schabowsky et al. 2008; Metzger 
et al. 2010). In these studies, upper limb prosthesis users 
completed reaching movements toward spatial targets 
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displayed on a screen before or continuously during the 
reach. Participants were able to successfully reach targets 
both with (Metzger et al. 2010) and without visual feedback 
during the task (Doeringer and Hogan 1995; Metzger et al. 
2010), suggesting they have some degree of proprioceptive 
feedback (Doeringer and Hogan 1995) and an appropriate 
internal model of the prosthesis (Metzger et al. 2010). How-
ever, when transhumeral prosthesis users were given spatial 
targets with a speed constraint (i.e., dynamic tracking), they 
were no longer able to match the performance of their intact 
limb (Doeringer and Hogan 1995). While previous studies 
allude to the possibility of differences in the way prosthetic 
and anatomical movements are controlled, the discrepancy 
between studies suggests that these differences are likely 
task dependent.

In addition to end-point accuracy, it is important to under-
stand how individuals achieve a given task. Anatomical 
limbs exhibit equifinality, meaning that an infinite number of 
possible motor solutions are available to successfully com-
plete a task (Bernstein 1967; Cusumano and Cesari 2006; 
Latash et al. 2007). For goal-directed arm movements, equi-
finality of the anatomical limbs allows movement flexibil-
ity, from which different movement strategies can be used 
to achieve the same goal. For example, individuals can use 
multiple shoulder, elbow, and wrist positions to achieve the 
same goal position or multiple end-point speed and distance 
combinations can achieve the same goal time. Healthy indi-
viduals without limb absence can exploit motor redundancy 
to maintain task accuracy in the presence of muscle fatigue 
(Gates and Dingwell 2008; Singh et al. 2010; Rangana-
than et al. 2013; Cowley et al. 2014) and pain (Chehrehrazi 
et al. 2017; Cowley and Gates 2018). It is unclear whether 
prosthesis users can take advantage of this redundancy to 
the same extent healthy individuals without limb loss can. 
Prior work suggests that prosthesis users employ alternate 
movement strategies compared to individuals without limb 
absence to complete a task with the same accuracy. For 
example, similarly accurate movements with prostheses were 
completed with lower peak speed (Doeringer and Hogan 
1995; Metzger et al. 2010) and greater number of sub-move-
ments (Doeringer and Hogan 1995) compared to anatomical 
movements. This is significant as a greater number of sub-
movements is associated with a less smooth movement and 
higher metabolic costs (Nishii and Taniai 2009).

Following limb amputation, individuals typically experi-
ence cortical reorganization, or the invasion of the adjacent 
areas of the somatosensory map onto the hand territory 
(Gunduz et al. 2020). While the extent of this reorganiza-
tion may not always be complete (Makin et al. 2013, 2015), 
amputation and changes in somatotopic reorganization may 
impact movement planning and control, altering the way 
individuals exploit motor redundancy and influencing their 
movement strategy. One study demonstrated that prosthesis 

users were able to achieve similarly smooth and straight tra-
jectories as healthy individuals when completing a ballistic 
reaching task (Schabowsky et al. 2008). However, when pre-
sented with a velocity-dependent force field during reaching, 
prosthesis users exhibited greater movement trajectory error 
and variability than healthy individuals during the late phase 
of adaptation to the force field (Schabowsky et al. 2008). 
Therefore, we may speculate that prosthesis users have dif-
ficulty incorporating novel cues to update their internal 
model, possibly due to post-amputation neural plasticity. 
In particular, previous research discovered atypical bilat-
eral activation of posterior parietal regions during unilateral 
raising and rotating task using prosthetic limbs, instead of 
predictable activation of contralateral motor areas (Williams 
et al. 2016). Since another study reported an association 
between larger learning errors and the disruption of posterior 
parietal cortex in healthy individuals (Della-Maggiore et al. 
2004), it is possible that the cortical reorganization follow-
ing amputation impacts movement planning in prosthesis 
users. This theory is further supported by the fact that while 
prosthesis users were able to perform with similar accuracy 
as healthy individuals in a reaching task without visual feed-
back, they employed decreased movement speed to main-
tain their accuracy (Metzger et al. 2010). The compensation 
of speed with accuracy demonstrates an uncertainty of the 
internal model of the prosthetic limb, which is essential in 
movement planning. While it is clear that neural plasticity 
following amputation has implications in prosthetic move-
ment control, how this impacts strategy has not been suf-
ficiently explored.

The goal of this paper was to quantify movement accu-
racy and strategies during repetitive goal-directed reaching 
movements with spatial or temporal goals. The goal of the 
spatial task was to reach toward a specific location without 
regard to how long it took to complete the movement. In 
contrast, the goal of the temporal task was to time the reach 
with a metronome set to one of three frequencies, without 
regard to movement location. Based on prior literature on 
spatial reaching, we expected that prosthetic and anatomi-
cal movements would exhibit similar spatial accuracy, but 
would employ different movement strategies. For the tempo-
ral task, we employed a Goal-Equivalent Manifold (GEM) 
(Cusumano and Cesari 2006) approach that maps body state 
variables (e.g., distance and speed) to a defined goal vari-
able (e.g., time). Each body state variable combination that 
maintains the defined goal is a possible motor solution to the 
task. This approach helps elucidate the strategy employed 
by individuals (i.e., which body state variable combinations 
are used to complete the task?) and the variability associated 
with the strategy (i.e., how wide is the range of employed 
motor solutions?). Similar to our hypothesis regarding spa-
tial reaching, we hypothesized that anatomical and prosthetic 
limbs would exhibit similar timing accuracy but different 
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movement strategies. We also hypothesized that the differ-
ences in strategies would be larger as the task became more 
difficult (i.e., faster goal frequency).

Methods

Participants

Nine prosthesis users and nine age- and sex-matched healthy 
controls without limb absence participated in the study 
(Table 1). Prosthesis users were included if they had a uni-
lateral transradial limb absence, were over the age of 18, 
and used an upper limb prosthesis for at least four months. 
Potential participants from both groups were excluded if 
they had a history of neurological disorders or visual, bal-
ance, or hearing impairments that would limit their ability to 
perform the study protocol. The study protocol was approved 
by the University of Michigan Medical School IRB and all 
participants provided their written informed consent prior to 
participation. All control participants were right hand domi-
nant, as determined by a modified version of the Edinburgh 
Inventory (Oldfield 1971). Participants with limb absence 
used a body-powered prosthesis (n = 3), a myoelectric pros-
thesis (n = 3), or both (n = 3).

Experimental protocol

All participants performed two sets of constrained, planar 
goal-directed reaching movements using a custom-built 
planar reaching device. The device consisted of a two-link 
robotic arm, based on the design described in (Casadio et al. 
2006), and an adjustable, straight-backed chair. In the first 
set of movements, participants reached toward spatial tar-
gets without concern for timing (‘spatial task’), while they 
attempted to match timing without concern for position in 
the second set (‘temporal task’). Prosthesis users did not 
actuate their terminal device during the task. This study 
design was chosen to understand how the internal model 
developed during prosthesis users’ daily lives impacts move-
ment accuracy and strategy during reaching with differing 
explicit goals. For each task, participants first performed a 
minimum of 20 practice trials or practiced until they felt 
comfortable with the task. The two-dimensional positions 
of the handle were collected using integrated encoders in 
two motors (Emerson Industrial Automation, St. Louis, MO) 
that were used as inputs for the custom software (MATLAB, 
MathWorks, MA). Sampling frequency was dependent on 
the runtime of the custom software and varied between 50 
and 80 Hz.

During the spatial task, participants were instructed to 
match the handle position to a target location shown on a 
computer screen. The radius of the on-screen target was Ta
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10 mm, while the radius of the on-screen handle represen-
tation was 9 mm. For each trial, the participants received two 
seconds to reach towards the target with the handle and hold 
before the target moved to a new location on the computer 
screen (Fig. 1). While the explicit goal of the spatial task 
was defined by the spatial accuracy of the handle, a time 
constraint was given to prompt the next target. This time was 
chosen based on the average completion time during pilot 
testing. The location of the target oscillated between two 
locations that were 20 cm apart horizontally.

During the temporal task, the participants were instructed 
to move the handle horizontally across the computer screen 
between two large shaded regions that were 20-cm in width 
and 20-cm apart in time with a metronome (Fig. 1). While 
the explicit goal of the temporal task was defined by move-
ment timing only, we asked the participants to make excur-
sions between two wide spatial regions to discourage par-
ticipants from making very small movements or not moving 
at all. The participants completed 300 goal-directed reaches 
with each limb at each of three frequencies: 1, 1.5, and 2 Hz. 
These goal frequencies were chosen since the average natu-
ral frequency of upper extremity movements of healthy indi-
viduals is approximately 1 Hz (Gates and Dingwell 2008). 
The order of testing was consistent across participants as 
intact (dominant) limb followed by the prosthetic (non-dom-
inant) limb at 1.5 Hz, 1 Hz, and 2 Hz.

Data analysis

The handle and target positions were interpolated to 100 Hz 
using a ‘cubic spline’ and ‘previous’ interpolant, respec-
tively, in Matlab (Mathworks, Natick, MA, USA) to have 
uniform sampling frequency across all trials. Handle data 

were then filtered using a 5th order low-pass Butterworth 
filter with a cutoff frequency of 15 Hz.

For each movement of the spatial task, we quantified end-
point errors, peak speed, and number of sub-movements 
during the active reaching phase. End-point error was the 
average distance between the centers of the target and handle 
during the last 10% (200-ms) of each movement. Peak speed 
was defined by the maximum movement speed of each trial. 
The active reaching phase was defined by any duration of 
the trial where movement speed was greater than 5 cm/s. 
We quantified the number of zero-crossing of acceleration 
during the reaching phase as sub-movements. We visually 
inspected the speed profile of each movement and excluded 
the analysis of spatial error on trials where participants 
started reaching to the next target before it was displayed 
(2.2% of total trials). For the majority of the participants, the 
speed profile of the first movement visually differed from all 
other movements and was, therefore, excluded from analysis.

For the temporal task, we quantified the timing error as 
the time difference between each peak excursion to its near-
est metronome signal (Fig. 1). Negative timing errors indi-
cated that the person reached the target before the metro-
nome (i.e., anticipatory), while positive errors indicated that 
the person reached the target after the metronome (i.e., 
responsive). We non-dimensionalized horizontal distance 
and speed of each reach ( D and S , respectively) by rescaling 
the distance traveled by 1

H
 where H is the height of each 

participant and the speed by 1

H∗f
 where f  is the frequency of 

the metronome. The non-dimensional distance, D , was equal 
to the non-dimensional speed, S , at every location where the 
goal, f  , was reached (Gates and Dingwell 2008). The goal 
of the temporal task was to match the movements with the 
timing of the metronome signal. All [ D , S ] combinations 

Fig. 1  Participants performed 
goal-directed repetitive reaches 
using a two-link robotic arm 
whose position was displayed 
on a computer screen. a In the 
spatial task, participants reached 
towards a circular target with 
the goal of matching the center 
of the target with the handle 
as closely as possible. b In the 
temporal task, participants were 
instructed to match a change 
in horizontal direction with the 
time of a metronome
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where D/S = T achieve the task goal ( T ; movement time) and 
define the GEM for the task. Variation in D and S were 
decomposed into deviations perpendicular ( �P ; goal-rele-
vant) and tangential to the GEM ( �T ) . The relative variability 
of �P and �T  indicates whether the movement strategy 
employed affected body parameters ( D , S ), goal parameters 
( T  ), or both.

We quantified how individuals controlled their move-
ments using detrended fluctuation analysis (DFA). This 
method quantifies the temporal persistence in a time series 
(Peng et al. 1993, 1995). Using the approach described in 
(Gates and Dingwell 2008), we calculated a scaling expo-
nent,� , which indicates what type of correlations are present 
in a time series. When the � < 0.5, the time series exhibits 
“anti-persistent” correlations, which is an actively controlled 
process with deviations in one direction likely to be fol-
lowed by deviations in the opposite direction. When � = 
0.5, the time series is considered to be completely uncor-
related and therefore exhibit characteristics of white noise. 
When 0.5 < 𝛼 ≤ 1.0 , the time series exhibits “persistent” 
correlations where deviations in one direction are likely to 
be followed by deviations in the same direction (i.e., not 
immediately corrected). We calculated an � value for each 
time series for the temporal task (timing errors, S,D , �P , �T ) 
only, as the spatial error time series was non-continuous due 
to excluded trials. The quantification and comparison of � 
value between different groups can help elucidate the level 
of control exerted over each specific outcome.

Statistical analysis

The primary dependent measures for the spatial task were 
the mean magnitude and variability (standard deviation) of 
end-point errors and the mean and variability of the number 
of sub-movements and peak speed. The primary dependent 
measures for the temporal task were the mean, variability 
(standard deviation), and � of Et , D,S , �P, and �T . We first 
tested for differences between right and left limbs of controls 
using a paired t-test (2-tailed, significance level of 0.05). 

There were no significant differences for any comparison 
except mean and variability of �P . In all cases where this 
difference was non-significant, we combined the data from 
right and left limbs of control participants into a ‘control’ 
limb for subsequent analyses.

For each dependent measure of the spatial task, we tested 
for differences between limb type (control, intact, prosthesis) 
using a linear mixed model where limb type was a fixed fac-
tor and participants was a random factor. For each depend-
ent measure of the temporal task, we tested for difference 
between limbs and frequencies using a linear mixed model 
where limb type (control, intact, prosthetic), goal frequency 
(1, 1.5, 2 Hz), and interaction of limb type and goal fre-
quency were fixed factors and participants was a random 
factor. Significant interactions were explored using post-hoc 
pairwise comparison of estimated marginal means with a 
Sidak correction. All statistical analyses were performed 
using SPSS (version 24, IBM Corp, Armonk, NY) with 
α = 0.05. Effect sizes of significant pairwise comparisons of 
limb type were calculated (Hedge’s g) and were considered 
small (g ≥ 0.2), medium (g ≥ 0.5), or large (g ≥ 0.8) (Cohen 
2013).

Results

One prosthesis user who used both body-powered and myoe-
lectric prostheses, S08, did not return to complete the tem-
poral task with his myoelectric device. Due to technical dif-
ficulties, S01’s intact limb data for the 2 Hz goal frequency 
was excluded from the analysis.

Result of the spatial task

There was a significant main effect of limb on mean and 
variability of end-point errors (p ≤ 0.005), the mean num-
ber of sub-movements (p = 0.001), and mean peak speed 
(p = 0.036) (Figs. 2 and 3). Prosthetic movements were com-
pleted with larger mean and variability of end-point errors 

Fig. 2  Excursion trajectory of 
the a spatial task completed 
with prosthetic (blue) and intact 
limb (green) and the b temporal 
task completed with a prosthetic 
limb with a goal frequency of 
1 Hz (red), 1.5 Hz (light blue), 
and 2 Hz (purple) completed 
by a representative participant. 
Spatial task goal is illustrated 
as a circle and the boundaries 
of the grey shaded region of 
the temporal task are illustrated 
on either side of the computer 
screen

a b
Intact
Prosthetic 1 Hz

1.5 Hz
2 Hz
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(p < 0.005, g ≥ 1.41), greater number of sub-movements 
(p = 0.001, g = 1.71), and slower peak speed (p = 0.041, 
g = 1.14) compared to movements completed by control 
limbs. Movements completed by the intact limb of prosthesis 
users also had greater end-point error variability (p = 0.019, 
g = 1.49) and a greater number of sub-movements (p = 0.037, 
g = 1.44).

Results of the timing task

There was a significant main effect of goal frequency 
on mean and variability of distance ( D ) and speed ( S ) 
(p < 0.001; Figs. 4 and 5). The mean and variability of D 
and S generally decreased with increasing goal frequency, 
though this was not significant for all pairwise comparisons 
(Appendix 1). There were no other significant effects of 
limb (p ≥ 0.116) nor any interactions effects (p ≥ 0.765) for 
the mean or variability D and S. While there was a signifi-
cant main effect of limb on � of S (p = 0.035), none of the 
post-hoc pairwise comparisons were significant (p ≥ 0.071). 
There were no other significant main effects or interaction 
effects � of D and S (p ≥ 0.114).

There was a significant main effect of frequency on the 
mean timing errors (p < 0.001). Error switched from posi-
tive values (i.e., responsive) for lower goal frequencies 
(1 Hz, 1.5 Hz) to negative values (i.e., anticipatory) for the 

higher goal frequency (2 Hz) (Fig. 5). Main effect of limb 
(p = 0.138) and interaction effect (p = 0.758) were not sig-
nificant. There were no effects of limb or frequencies on � 
of timing errors (p ≥ 0.054).

Goal‑equivalent manifold (GEM) results

Participants aligned their movements with the GEM such 
that deviations perpendicular ( �P) to the GEM were much 
smaller than those tangential ( �T ) to the GEM (p < 0.001; 
Figs. 5 and 6). There were significant main effects of goal 
frequency (p < 0.001) on the variability of�P , but no limb 
type (p = 0.052) or frequency by limb type interaction 
(p = 0.518). Variability of �P decreased (p < 0.001) with 
increased goal frequency while � of �P (p = 0.006) increased. 
There were no other significant main effects nor interaction 
effects on the � of �T or �P (p ≥ 0.114).

Discussion

Upper limb prosthesis users self-report difficulty completing 
activities of daily living. To date, little is known about how 
individuals with limb absence complete goal-directed reach-
ing, which is a fundamental component of many activities of 
daily living. In this study, we characterized movement accu-
racy, strategy, and control of repetitive reaches toward spa-
tial and temporal targets. During the spatial task, prosthetic 
movements were completed with lower smoothness, peak 
speed, and end-point accuracy. There were no differences in 
movement accuracy, strategy, or control between limbs for 
the temporal task, however. Overall, the results suggest that 
individuals are capable of achieving similar outcomes with 
their prosthetic limb to their anatomical limb, depending on 
the task goal.

The temporal task was designed to allow movement 
variability and investigate whether movement strategy dif-
fered between prosthetic and anatomical movements. As 
such, instead of having a target that required many fine 
adjustments, multiple solutions to the task existed as long 
as movements had consistent timing signaled via a metro-
nome. Therefore, the task predominantly required familiarity 
with internal model and feedforward control. While there 
are several theories surrounding human motor control, one 
popular principle pertains to feedforward control, or the abil-
ity to plan movements through an internal model. Given the 
delay in incorporating feedback cues from the environment, 
feedforward control is essential in executing fast and coor-
dinated movements, such as the temporal task that involves 
ballistic movements. The successful development of an 
internal model depends on an individual’s familiarity with 
the mechanical property of the body that they are control-
ling (i.e., prosthesis and anatomical limbs), which can be 
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established over time and spontaneously (Kim 2019). Our 
results from the temporal task suggest that prosthesis users 
were able to develop an adequate internal model. Similarly, 
another study interpreted their findings that prosthesis users 
completed movements with accuracy similar to anatomical 
movements as indicative of an appropriately updated inter-
nal model (Metzger et al. 2010). In our study, prosthetic 
and anatomical movement were altered as goal frequency 
increased by switching from ‘responding’ to ‘anticipating’ 
the signal but maintaining a consistent goal-relevant devia-
tion. To maintain this performance, participants made faster 
corrections of goal-relevant deviation as the goal frequency 
increased (i.e., α decreased). Not only did the participants 
switch the way they responded to the metronome as goal 
frequency increased, the mean timing error also decreased 
with frequency. Since the timing error was calculated as 

the time distance between each peak excursion to its near-
est metronome signal, the maximum obtainable timing 
error for a given frequency was half of the period. Moreo-
ver, decreases in the magnitude of mean timing error with 
increasing goal frequency may be indicative of a less con-
sistent response type (i.e., alternating between responding 
and anticipating) within limb types. Therefore, complement-
ing comparison of mean accuracy with the GEM analysis 
that dissects employed movement strategy and its relation 
to overall performance can lead to a better understanding of 
how prosthetic movements fundamentally differ from ana-
tomical movements.

Movements across all limb types in both the prosthesis 
user and control participants had similar mean distance, 
speed, and goal-irrelevant deviation during the temporal 
task (Fig. 4). Contrary to our hypothesis that a faster goal 

Fig. 4  Mean, variability, and � 
of a non-dimensional distance 
( D ), non-dimensional speed ( S ), 
and b timing errors between 
control limbs (grey) and intact 
(green) and prosthetic limbs 
(blue) of prosthesis users across 
three different goal frequen-
cies—1, 1.5, and 2 Hz with 
standard error bars. Individual 
points represent individual 
limbs. For prosthetic limbs, blue 
and red points represent limbs 
of individuals with acquired 
ad congenital limb absence, 
respectively. Statistically sig-
nificant pairwise comparisons 
of limb and frequency effect are 
denoted by * and ‡, respec-
tively (p < 0.05). Outcomes 
with all significant pairwise 
comparisons are noted on the 
y-axis label
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frequency would result in greater differences between limb 
types, using a prosthesis did not impact the way individuals 
adapted to a more challenging task. The movement patterns 
of different limbs also exhibited a similar curved trajectory 
(Fig. 5). This movement pattern is likely the path of least 
resistance in the two-link robotic arm, rather than a funda-
mental characteristic of this type of movement. However, it 
is noteworthy that all participants, regardless of limb type, 
utilized this path. As the goal frequency increased, the par-
ticipants made shorter and slower reaches with decreased 
variability in their distance and speed. Our results suggest 
that both prosthesis users and control participants were able 
to respond to changes in goal frequency by changing their 
movement strategies in a way that preserved the overall 
performance. Therefore, we may speculate that participants 
were able to use sufficiently developed internal models to 
complete the task, regardless of their limb type.

While prosthesis use did not impact movement accuracy 
and strategy of ballistic movements such as in the temporal 
task, it did impact movement quality and accuracy during the 
spatial task. The spatial task required individuals to incor-
porate both movement planning, or feedforward control, 
and movement adjustments, or feedback control (Metzger 
et al. 2010). While individuals without limb absence can 
incorporate both visual and proprioceptive feedback dur-
ing the task, prosthesis users likely have to rely heavily on 
visual feedback. Visual feedback is slower to incorporate 
into motor control compared to other feedback modalities 
(Bongers et al. 2012) and the synthesis of proprioception 
and vision is integral in movement control (Graziano 1999; 
Sober and Sabes 2005, Kuchenbecker et al. 2007). Moreo-
ver, the force resistance from the prosthetic socket during 

movements involved in the task may have introduced addi-
tional challenges (Metzger et al. 2010).

The aforementioned challenges associated with prosthetic 
movement control suggest that prosthetic movements would 
yield lower end-point accuracy compared to anatomical 
movements. However, prior work reported similar end-point 
accuracy between prosthetic and anatomical movements 
(Schabowsky et al. 2008; Metzger et al. 2010). In one of the 
previous studies (Metzger et al. 2010), prosthetic movements 
had a lower peak velocity than anatomical limbs, suggesting 
that prosthesis users were able to achieve the same level of 
accuracy by reducing their movement speed. Similarly, in 
our study, prosthetic movements were completed with lower 
peak speed compared to anatomical movements of control 
participants. Contrary to previous work, prosthetic move-
ments in this study were also completed with lower end-
point accuracy despite implementing a strategy that involved 
lower peak speed. This may be explained by the fact that our 
task imposed a reach duration limit of two seconds. This 
duration was chosen based on pilot testing of healthy indi-
viduals and a few individuals with upper limb absence, and 
may not have been sufficient for all participants to complete 
the task with high accuracy. In other words, it is possible that 
participants would have accomplished the task with similar 
end-point accuracy regardless of the limb type if they were 
given more time, although it is unclear whether longer reach 
duration limit would have yielded even slower peak speed in 
prosthetic movements. Our results indicate that prostheses 
users are limited in their ability to achieve fast and accurate 
movements.

Prosthetic movements also had lower movement smooth-
ness compared to anatomical movements during the spatial 

S
1 Hz

Control Prosthesis Intact

D

1.5 Hz 2 Hz

0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3

0.1

0.2

0.3

Fig. 5  Normalized horizontal reach distance ( D ) and speed ( S ) of 
each excursion are shown for each goal frequency of a single prosthe-
sis user along the GEM (dashed line) for prosthetic (blue) and intact 
(intact) limbs and the right limb of their age- and sex-matched con-
trol. Mean operating points of prosthetic (blue circle), intact (green 

diamond), and control (grey square) limbs across all participants for 
each goal frequency were illustrated. Variability of tangential ( �

T
 ) 

and perpendicular deviation ( �
P
 ) of the GEM for each limb are illus-

trated as ellipses with their respective color



3019Experimental Brain Research (2022) 240:3011–3021 

1 3

task, which is consistent with previous reports of lower 
movement quality in prosthesis users during reach and 
grasp movements (Bouwsema et al. 2010) and activities of 
daily living (Cowley et al. 2017; Engdahl and Gates 2021). 

While all prior work found that there is a lack of smoothness 
in grasping, results from this study suggest that prosthetic 
movements exhibit lower movement smoothness even in 
tasks that require no activation of the end-effector. Collec-
tively, the lower smoothness in prosthetic reach and grasp 
movements indicate that prosthesis users make metabolically 
inefficient movements.

It is interesting to note that anatomical movements com-
pleted by the contralateral intact limb of prosthesis users 
exhibited greater end-point error variability and slower peak 
speed compared to anatomical movements completed by 
control participants. This suggests that changes in movement 
control from prosthesis use also impact how movements are 
completed by the contralateral anatomical limb. Our findings 
are consistent with results from another study that observed 
abnormal movement trajectory of the intact arm in prosthe-
sis users during a similar reaching task (Metzger et al. 2010). 
Metzger et al. partially attributed their findings to the order 
of testing where the intact limb was tested after the pros-
thetic limb. Given that the prosthetic and intact limbs have 
different mechanical properties, intact limb performance 
would have been impacted if individuals used an internal 
model established for their prosthesis to complete the task 
with their intact limb. While the protocol of the spatial task 
similarly involved testing the two limb types in sequence, 
the order was reversed such that the intact limb was always 
tested first. Therefore, the likely explanation for this phe-
nomenon is that prosthesis use changed the overall move-
ment control of the body such that intact limb movements 
were also affected. Previous studies have noted that during 
bilateral tasks, unilateral prosthesis users complete move-
ments such that their intact limb movement patterns match 
that of their prosthetic limb (Engdahl and Gates 2021). Our 
results further suggest that the difference in movement con-
trol and the resulting movement pattern seen in contralateral 
intact limbs of prosthesis users may also persist in unilateral 
tasks not involving prosthesis.

There are several limitations to be considered while 
interpreting results from this study. First, prosthesis users 
who participated in this study were relatively heteroge-
neous, with a mix of individuals who had congenital or 
acquired limb absence and with varying levels of pros-
thesis experience and proficiency. In particular, the pros-
thetic type varied among prosthesis users, some using a 
body-powered device with a harnessing system over their 
shoulders and others using a myoelectric device with a 
socket suspension over their epicondyles. While suspen-
sion mechanism can influence the interaction between the 
residual limb and their prosthesis, the prosthesis users 
completed the reaching tasks with their at-home devices 
with which they were able to develop the internal model. 
Nevertheless, it is possible that the varying duration of 
prosthetic ownership and daily use time across individuals 
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influenced their movement strategy. It is also plausible that 
the difference in typical suspension mechanisms between 
body-powered and myoelectric prosthesis inherently 
resulted in different movement strategies among prosthe-
sis users. However, a relatively small sample size (n = 9) 
limits our ability to generalize our findings to prosthetic 
movements more broadly. Moreover, the discontinuity of 
time series from excluding trials during the spatial task 
did not allow us to quantify the level of persistence of 
errors in the spatial task. Evaluating the level of persis-
tence in time series across different types of tasks would 
be useful in understanding movement control of prosthesis 
users with different task constraints. Tasks chosen in this 
study were completed without consideration of any wrist 
mobility, since the majority of prosthesis users today do 
not use a device with an active wrist joint. However, it is 
important to acknowledge that the addition of wrist move-
ment in goal-directed reaching increases the degrees of 
freedom with which these movements can be completed, 
which may have implications on the available motor solu-
tions. Future work may evaluate how the addition of an 
active wrist joint impacts movement strategy and control 
in prosthesis users.

In conclusion, prosthesis users completed the spatial task 
with reduced movement accuracy, peak speed, and smooth-
ness, but completed the temporal task with similar accuracy 
and movement strategy compared to individuals without 
limb absence. Prosthesis users exerted similar movement 
control to perform comparably to individuals without limb 
absence during the temporal task. Results from our study 
indicate that prosthesis users are able to use their feedfor-
ward control to preserve performance during a repetitive 
reaching task, even with increased task difficulty. However, 
the reduced accuracy and altered movement strategy seen 
in the spatial task suggest that exclusive reliance on visual 
feedback may make tasks requiring small corrections or pre-
cise movement near a target more difficult with a prosthesis. 
Our study also highlighted several fundamental differences 
that exist between prosthetic and anatomical movements. 
Specifically, we demonstrated that prosthesis users may 
be able to complete ballistic tasks with a sufficient inter-
nal model, but completing tasks that require corrections by 
incorporating visual and proprioceptive feedback remains 
a challenge.
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