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Abstract—The rate of upper-limb amputations is increasing, 
and the rejection rate of prosthetic devices remains high. Peo-
ple with upper-limb amputation do not fully incorporate pros-
thetic devices into their activities of daily living. By 
understanding the reaching behaviors of prosthesis users, 
researchers can alter prosthetic devices and develop training 
protocols to improve the acceptance of prosthetic limbs. By 
observing the reaching characteristics of the nondisabled arms 
of people with amputation, we can begin to understand how the 
brain alters its motor commands after amputation. We asked 
subjects to perform rapid reaching movements to two targets 
with and without visual feedback. Subjects performed the tasks 
with both their prosthetic and nondisabled arms. We calculated 
endpoint error, trajectory error, and variability and compared 
them with those of nondisabled control subjects. We found no 
significant abnormalities in the prosthetic limb. However, we 
found an abnormal leftward trajectory error (in right arms) in 
the nondisabled arm of prosthetic users in the vision condition. 
In the no-vision condition, the nondisabled arm displayed 
abnormal leftward endpoint errors and abnormally higher end-
point variability. In the vision condition, peak velocity was 
lower and movement duration was longer in both arms of sub-
jects with amputation. These abnormalities may reflect the cor-
tical reorganization associated with limb loss.

Key words: amputation, feedforward, motor control, prosthesis, 
reaching, training, trajectory, transradial, upper limb, velocity.

INTRODUCTION

The prevalence of individuals living in the United 
States with upper-limb amputations is approximately 
41,000, with a projected increase of 131 percent by the 
year 2050 [1]. Although prosthetic devices are pre-
scribed, 38 to 50 percent of people with upper-limb 
amputation fitted for a prosthetic device fail to use it 
regularly or abandon it altogether [2–3]. Intensive train-
ing in prosthetic device use has been associated with 
increases in upper-limb performance [4]. By understand-
ing the movement strategies of prosthetic device wearers, 
researchers can alter prosthetic devices and develop 
training protocols to improve prosthetic device use and 
acceptance.

Reaching to a target is one of the fundamental arm 
tasks. Goal-directed reaching features feedforward and 
feedback control systems. Feedforward control produces 
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predictive motor commands that reflect previous reaching 
history, and feedback control is the ability to make adjust-
ments during the movement based on error detection by 
the visual and proprioceptive sensory systems [5–7]. By 
eliminating visual feedback, individuals must rely more on 
the feedforward model to achieve the target accurately. In 
nondisabled subjects, when vision of the limb is occluded, 
reaching results in larger endpoint errors [8]. Thus, a para-
digm of rapid vision-occluded movements allows close 
examination of the feedforward control system.

Feedforward systems rely on the formation of an 
internal model [9]. The internal model of the arm 
accounts for the weight, length, and distribution of mass 
in each arm segment. The feedforward control system 
uses the internal model of the arm to develop a plan for 
any movement given the desired endpoint, starting point, 
speed, and expected perturbations. Previous work has 
shown that people with transradial amputation can 
develop an accurate internal model of curl field perturba-
tions during repetitive reaching movements [10]. If we 
can detect specific deficits in the internal models of pros-
thetic limbs, training protocols can be developed that 
focus on improving these models, potentially improving 
prosthetic device function and acceptance.

We examined the accuracy of ballistic reaching in sub-
jects with unilateral transradial amputation. The use of 
prosthetic devices alters the inertial properties of the limb, 
which may hinder the formation of an accurate internal 
model of the arm. In order for prosthetic device users to 
perform accurate reaching movements with their pros-
thetic arm, they must formulate a new internal model of 
that arm that accounts for the new biomechanical proper-
ties of the limb. We tested both the prosthetic and nondis-

abled arms with and without visual feedback and 
compared them with age-matched, dominance-matched 
nondisabled control subjects. We hypothesized that sub-
jects with amputation would exhibit abnormal reaching 
patterns because of inaccurate feedforward control.

METHODS

Ten unilateral transradial upper-limb prosthetic 
device users, aged 40 ± 4 years (all data presented as 
mean ± standard error unless otherwise noted) and ten 
nondisabled control subjects, aged 37 ± 4 years, partici-
pated in the study. The Table summarizes the prosthetic 
device users’ clinical data. We compared the data col-
lected from the prosthetic arm, which was always tested 
first, with the first arm tested from the control subjects 
and the nondisabled arm with the second arm tested from 
the control subjects. For naming purposes, “prosthetic 
arm” will represent the prosthetic device attached to the 
residual limb of the subjects with amputation, whereas 
“nondisabled arm” will represent the contralateral arm. 
Of the subjects with amputation, six had right-handed 
prosthetic devices and four had left-handed prosthetic 
devices; therefore, we tested six control subjects’ right 
arms first and four control subjects’ left arms first. All 
subjects were right-hand dominant (preinjury state for 
subjects with amputation). We screened subjects for neu-
rological and orthopedic injuries, such as hemiparesis, 
dementia, schizophrenia, and motor disorders, which 
would have disqualified them from the study.

To confirm that the inertial properties of the pros-
thetic arm were different from a nondisabled limb, we 

Table.
Prosthetic device group clinical summary.

Subject Age (yr) Chronicity (yr) Nine Hole Peg Test (s) Prosthesis Type Amputated Arm
1 46 2.0 118 Body powered: Hook Left
2 31 1.2 300* Body powered: Hook Left
3 51 50.0 103 Body powered: Hook Left
4 26 1.8 300* Myoelectric: Hand Right
5 37 30.0 207 Myoelectric: Hand Right
6 36 2.8 109 Body Powered: Hook Right
7 42 5.6 80 Body powered: Hook Right
8 67 45.0 45 Body powered: Hook Right
9 31 12.4 115 Myoelectric: Hook Right

10 36 21.0 NA Myoelectric: Hand Left
*Maximum value for Nine Hole Peg test is 300 seconds (5 minutes).
NA = information not available.
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measured the mass, center of mass, and moment of inertia 
(pendulum method) of a typical body-powered prosthesis 
(stainless steel hook) and myoelectric prosthesis and com-
pared these values with tabulated values for the forearm 
and hand of a 180 lb male with forearm length that 
matched the forearm length of the prosthesis [11]. The 
center of mass of the body-powered prosthesis (measured 
relative to the elbow location when the prosthesis was 
being worn) was nearly identical to that of the human 
forearm and hand. However, the mass and moment of 
inertia of the prosthesis were only 49 and 39 percent of a 
nondisabled human limb, respectively. The center of mass 
of the myoelectric prosthesis was 1.3 cm more distal than 
a human forearm/hand. The mass and moment of inertia 
of the myoelectric device were 57 and 39 percent of a 
nondisabled human upper limb, respectively.

Subjects interacted with a robot (InMotion2 Shoulder-
Elbow Robot, Interactive Motion Technologies, Inc; 
Watertown, Massachusetts) with a handle located at the 
end effector (Figure 1). This robot allows reaches in a 
horizontal plane, has two programmable motors that con-
trol the position of the robot links, and has two encoders 
that measure the position of each link. We used two soft-
ware programs (MATLAB 7.1 and XPCtarget 2.8, The 
MathWorks; Natick, Massachusetts) to control the robot 
and collect position data from the encoders. To decrease 
the intrinsic inertial anisotropy (unequal inertial properties 
along different directions) of the robot and compensate for 
inertia of the linkage system, we implemented algorithms 
based on an inverse dynamic model of the robot. Starting 
from free-body diagrams of the four robot links, we 
derived the dynamic equations of motion for the robot. 
Link mechanical properties were available from Interac-

tive Motion Technologies, Inc. We obtained angular 
velocities and accelerations from real-time digital differ-
entiation of the encoder signals. At each time sample, we 
used the kinematic data to calculate the torques at the 
motors that were needed to drive the motion at that instant 
in time. These torque commands were then sent to the 
motors in real-time, thereby partially canceling out the 
acceleration and velocity dependent forces felt at the han-
dle. Performance of this compensation algorithm was lim-
ited by the accuracy of real-time digital differentiation 
algorithms. Thus, the robot measures the kinematics of the 
reach while providing minimal resistance to the move-
ments. Peak resistance forces for the two movement direc-
tions tested differed by less than 3 N (6.6 N vs 4.1 N), and 
the lateral forces never exceeded 1 N (0.7 N vs 0.8 N) in 
any movement direction. A t-test on lateral forces indi-
cated no significant differences between directions (p = 
0.07). Furthermore, we always performed group compari-
sons between groups that had equal ratios of left and right 
arms, so that any possible effects of robot anisotropy were 
minimized.

We seated subjects in an adjustable chair and raised 
them up to the robotic arm so that the plane of the reach-
ing movements was slightly below shoulder height. We 
placed the subjects’ forearms in a splint attached to the 
robot to restrict wrist rotation. The prosthetic device sub-
jects placed their forearms in the splint with their termi-
nal device passively wrapped around the handle. The 
wrist splint also supported the arm against gravity.

Subjects performed outward reaches to two alternat-
ing targets, returning to the original starting point between 
reaches. A computer monitor displayed handle position 
and target location in real time in front of the subject. The 

Figure 1.
(a) Nondisabled arm attached to manipulandum with arm support. (b) Arm support attached to prosthetic device. (c) Overhead picture of 
workspace. Subjects were placed in device (not shown) with e and s at approximately 60° and instructed to reach to two respective targets, 
contralateral (CT) and ipsilateral (IT).
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starting position was displayed as a 1 cm circle in the 
midline of the subject, 15 cm from the subject’s body. The 
targets were presented as 1 cm circles positioned at 45° 
and 135° from the medial-lateral axis and 15 cm from the 
starting position. We instructed the subjects to perform 
quick, ballistic movements to the targets. We only ana-
lyzed the outward reaches to the targets. The desired 
range of peak tangential velocity was 45 to 55 cm/s, and 
we provided visual feedback after each reach to encour-
age the subject to maintain a consistent velocity. If the 
subject’s reach was too slow or too fast, the starting posi-
tion circle would turn green or red, respectively. If the 
subject reached within the desirable velocity range, the 
starting circle would turn white.

The subjects performed two conditions before repeat-
ing the process for the other arm. The first condition con-
sisted of 20 reaches (10 per target) with vision, in which 
subjects observed handle position in real time. After the 
subject moved the handle into the start circle and velocity 
dropped to zero, the start circle disappeared and the target 
circle appeared. We instructed the subject to move into the 
target with the proper speed. After the subject achieved 
the target and velocity dropped to zero, the target circle 
disappeared and the start circle reappeared. The second 
condition consisted of 40 reaches (20 per target) with 
vision occlusion, in which the handle position disappeared 
after the start circle was achieved and as the target 
appeared. We told the subject to reach to the target with-
out visual feedback of handle position. The handle display 
reappeared after the subject stopped his or her reach, so 
that he or she could finish the reach and return to the start-
ing position. We placed a wooden canopy over the robot’s 
linkage system to occlude the vision of the actual handle 
and the subject’s arm.

We calculated handle position and tangential velocity. 
We defined initiation and cessation of each outward reach 
as 5 percent of maximum tangential velocity. We defined 
movement duration as time from initiation to cessation. 
We also obtained the time between initiation and peak 
velocity (acceleration time) for comparison. Accuracy 
was based on three factors: endpoint error, peak error, and 
endpoint variability. We divided endpoint error into two 
components: aiming error and distance error, representing 
directional (left/right) error and overshoot/undershoot 
error, respectively. Figure 2 illustrates the sign designa-
tion of these errors for a trial. All results and figures will 
be represented as right-handed movements; we flipped 
left-handed data about the midline before analyzing it. We 

defined peak error as the maximum orthogonal distance 
between the actual trajectory and the “ideal” straight tra-
jectory between the starting point and endpoint of each 
reach. We defined variable error as the average distance 
between endpoint locations of each reach and the average 
endpoint location for all reaches to a particular target. This 
measure gives a value representing the variability of the 
subjects’ reach endpoints.

We averaged outcome measures across trials and ana-
lyzed them with repeated-measures analysis of variance 
(ANOVA). The main comparisons were between the 
prosthetic limb and the first tested limb of control sub-
jects and between the nondisabled limb of subjects with 
amputation and the second tested limb of control sub-
jects. The between-subject factor was group (prosthetic, 
control) and the within-subject factor was target. We 
compared peak velocities between prosthetic subjects and 
control subjects using t-test analysis. We performed Pear-
son correlation analysis comparing the outcome measures 
and patient information, such as age, chronicity, Nine 
Hole Peg Test results, and Action Research Arm Test 
results. The Nine Hole Peg Test is a standardized clinical 
assessment of arm motor control, measured as the time 
required to complete the task [12]. The Action Research 
Arm Test is a standardized clinical assessment of arm 
movement divided into four subtests: grasp, grip, pinch, 
and gross movement [13]. To test for limb dominance or 
testing order effects, we performed repeated-measures 
ANOVA on control subject data (within-subject factors 
of target and side; between-subjects factors of testing 
order). To examine the possibility of a learning effect, we 
compared the mean of the first five trials for each subject 

Figure 2.
Sign convention for distance error (DE) and aiming error (AE).
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with the mean of the last five trials on all outcome meas-
ures in a repeated measure ANOVA with within-subject 
factors of target and trial.

RESULTS

Peak Reaching Velocities and Movement Durations
Without visual guidance, we found no significant dif-

ferences in peak velocity between groups (p > 0.26). How-
ever, with visual feedback, the subjects with amputation 
had difficulties maintaining the specified velocity range. 
With their prosthetic arms, the subjects reached with an 
average maximum velocity of 39.3 ± 2.3 cm/s compared 
with the control subjects’ average peak velocity of 45.6 ± 
1.9 cm/s (p = 0.05). We found similar results with the non-
disabled arms, which had an average maximum velocity 
of 39.5 ± 2.2 cm/s compared with 47.5 ± 1.4 cm/s for con-
trol subjects (p = 0.01). We calculated Pearson correlation 
coefficients to determine if velocity was significantly cor-
related with our outcome measures. Correlations between 
our outcome measures (aiming, distance, peak, and vari-
able error) and peak velocity were not significant (p > 
0.01). Thus, our outcome measures were not significantly 
influenced by the velocity difference between both groups 
in the visual feedback condition.

During the trials with visual guidance, the subjects 
with amputation had significantly longer movement 
durations in their prosthetic arm (p = 0.02) and in their 
nondisabled arm (p = 0.01) than control subjects. When 
subjects performed reaches without visual guidance, we 
observed abnormally long movement durations in the 
nondisabled arms (p = 0.05), but not the prosthetic arms 
(p = 0.07). Analysis of the acceleration times illustrated 
no significant differences between groups in any of the 
conditions (p > 0.08).

Accuracy of Reaching with Visual Guidance
The vision condition produced no significant differ-

ences between reaching with prosthetic arms and control 
subjects’ arms (see Figure 3 for average trajectories). 
Repeated-measures ANOVA found that prosthetic arms 
were not different from control subjects’ arms in aiming 
error (p = 0.82), distance error (p = 0.19), variable error 
(p = 0.96), or peak error (p = 0.37).

The nondisabled arm of subjects with amputation 
reached with an abnormal leftward trajectory in the 
vision condition (see Figure 4 for average trajectories). 

ANOVA revealed a significant difference in peak error 
between groups (p = 0.01). Post hoc analysis found group 
differences of 1.07 cm (p = 0.02) and 0.37 cm (p = 0.01) 
for ipsilateral and contralateral targets, respectively, indi-
cating that for both targets the nondisabled arms reached 
with a more leftward trajectory than control subjects’ 
arms, and this effect was significant for the ipsilateral tra-
jectory. Variable error (p = 0.79) and aiming error (p = 
0.33) were not significantly different between groups. 
The ANOVA also revealed a significant group difference 
in distance error (p = 0.01), with the prosthetic group 
completing their reach closer to the target; however, the 
mean difference was less than 3 mm.

Accuracy of Reaching Without Visual Guidance
No significant differences were displayed in the 

vision occlusion condition between prosthetic arms and 

Figure 3.
Average reach trajectories of prosthetic arm during condition with 
visual feedback. Graphs reflect right-handed movements.

Figure 4.
Average reach trajectories of nonprosthetic arm during condition with 
visual feedback. Graphs reflect right-handed movements.
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control subjects’ arms (see Figure 5 for average trajecto-
ries). ANOVA of the prosthetic arms revealed no signifi-
cant difference from control subjects in distance error 
(p = 0.60), aiming error (p = 0.14), peak error (p = 0.42), 
or endpoint variability (p = 0.51).

When we eliminated visual feedback, we found per-
formance of the nondisabled arm again significantly 
worse than arms of the control subjects (see Figure 6 for 
average trajectories). The distance errors displayed no 
significant group differences (p = 0.92), but we found a 
large group difference in aiming error (p = 0.01). We also 
found a significant interaction effect between the subject 
group and target (p = 0.03), indicating that the group 
differences in aiming error were different for the two 
targets. The nondisabled arm of the subjects with ampu-
tation had a large leftward aiming error for the ipsilateral 

target of 2.33 cm versus 0.11 cm rightward error for con-
trol subjects (p = 0.01). This group difference was not 
present in the contralateral target (p = 0.92).

Under the vision occlusion condition, the reach end-
points of the prosthetic group’s nondisabled arm were not 
only less accurate but also were more variable compared 
with those of the control subjects. Repeated-measures 
ANOVA found that the nondisabled arms of subjects 
with amputation had larger endpoint variability than con-
trol subjects’ arms (p = 0.02). Reaches using the nondis-
abled arm had an average variable error of 2.05 ± 
0.16 cm for the contralateral target and 2.51 ± 0.18 cm 
for the ipsilateral target, while the control subjects had 
values of 1.56 ± 0.15 cm and 2.06 ± 0.17 cm, respec-
tively. The peak errors of the subjects with amputation 
were not significantly different from control subjects (p = 
0.93). In conclusion, without visual feedback, nondis-
abled arms of subjects with amputation had abnormal 
leftward endpoint errors and higher variability than con-
trol subjects.

Correlation Analysis
Pearson correlation coefficients determined that age 

(p > 0.32) and chronicity (p > 0.09) were not significantly 
correlated with the outcome measures. We found similar 
results when comparing the outcome measures with clini-
cal test results: Nine Hole Peg Test (p > 0.09) and Action 
Research Arm Test (p > 0.17). ANOVA comparing myo-
electric versus body-powered prosthetic devices did not 
reveal any significant differences for any of the outcome 
measures (p > 0.39).

Limb Dominance, Order, and Learning Effects
Repeated-measures ANOVA on the control data 

determined that in the vision occlusion condition, domi-
nance was a significant factor in aiming error (p = 0.02), 
with group means of 0.25 and 0.81 cm for the right and 
left arms, respectively. It was also revealed that order of 
testing was significantly related to the variable error (p = 
0.01). The second tested limb had a variable error of 
1.80 cm, as opposed to 2.17 cm for the first tested limb. 
We found no other dominance or order effects in control 
subjects. It was not possible to test for order effects in the 
subjects with amputation because we always tested the 
prosthetic limb first. When examining the data of subjects 
with amputation, we found no significant dominance 
effects in either limb for any of our outcome measures 
(p > 0.3). When comparing early reaches with late reaches 

Figure 5.
Average reach trajectories of prosthetic arm during condition without 
visual feedback. Graphs reflect right-handed movements.

Figure 6.
Average reach trajectories of nonprosthetic arm during condition 
without visual feedback. Graphs reflect right-handed movements.



207

METZGER et al. Feedforward control strategies
to examine learning effects, we observed no significant 
improvements in any of the outcome measures in both the 
vision and vision occlusion conditions (p > 0.08).

DISCUSSION

Our purpose was to investigate kinematic errors dur-
ing goal-directed reaching performed by both arms of 
subjects with unilateral amputation; however, we only 
observed decreased accuracy in the nondisabled arms and 
not the prosthetic arms. In the prosthetic arm, the elimi-
nation of visual feedback caused larger endpoint errors, 
but we found similar errors in control subjects. There-
fore, the abnormal mechanical properties of the pros-
thetic device did not increase feedforward control errors. 
The combination of a sufficient internal model of the arm 
and the residual proprioceptive receptors in the elbow 
and shoulder were adequate for normal accuracy in pla-
nar reaching. However, peak velocity was lower and 
movement duration was longer in both arms of subjects 
with amputation than in control subjects, especially in the 
vision condition.

Since we found no significant accuracy abnormalities 
in the prosthetic arm for this experiment, the patients must 
have adapted to their prosthetic device using appropriate 
compensatory strategies. Despite the altered mechanical 
properties of the prosthetic arm, the subjects with amputa-
tion were able to produce the proper torques about the 
shoulder and elbow to move their prosthetic limbs accu-
rately toward the targets. Since the ballistic movements 
used in this study require feedforward control to specify 
initial movement parameters [14], the internal model of 
the prosthetic arm must have adapted to the mechanical 
properties of the prosthetic device. This ability to adapt 
may be related to the motor adaptation displayed by non-
disabled arms when placed in a distorted “curl-field” envi-
ronment [9,15], in which the brain is able to incorporate 
sensory feedback obtained during reaching to update the 
internal model of the environment. In a previous study, we 
demonstrated that prosthetic arms can also adapt to curl-
field environments, although not as well as nondisabled 
control subjects [10]. This implies that subjects with 
amputation are able to use the residual sensory feedback 
to overcome the new mechanical properties of the arm and 
properly formulate a new internal model. This is consis-
tent with the concept of extended physiological proprio-
ception introduced by Simpson [16]. He compared the use 
of a prosthetic device with a golfer swinging a club, 

whereby the central nervous system (CNS) incorporates 
foreign objects into the internal model of the arm. These 
findings indicate that in subjects with below-elbow ampu-
tation, the basic CNS control mechanisms for reaching are 
still in place and can adapt appropriately to the new 
mechanical properties of the prosthetic arm. However, it is 
unlikely that similar results will be found in subjects with 
higher-level amputation where control of the elbow will 
be through a nonnative mechanism. For example, subjects 
with transhumeral amputation using a body-powered 
elbow showed good performance when moving the elbow 
to a memorized angle, but performance degraded when 
subjects were asked to perform dynamic pointing and 
tracking tasks [17].

However, the nondisabled arms of subjects with 
amputation demonstrated abnormal behavior during the 
same reaching experiment. When reaching with visual 
feedback, the subjects with amputation tended to initiate 
their reach to the left of the ideal trajectory before per-
forming a corrective movement toward the target. When 
we eliminated vision of the arm, the nondisabled arms of 
the subjects with amputation no longer made large cor-
rective movements. Instead, they continued on an inaccu-
rate trajectory resulting in an inaccurate endpoint skewed 
to the left. However, this was only significant for the ipsi-
lateral target because the control subjects displayed simi-
lar behavior during reaches to the contralateral target. 
The subjects with amputation also displayed more vari-
ability in their endpoint locations than control subjects 
during the vision occlusion condition.

Several possible explanations exist for the abnormal 
performance of the nondisabled arm. The kinematics of 
the nondisabled arm might have been affected by the test-
ing order of the two arms. We always tested the nondis-
abled arm immediately after the prosthetic arm, so the 
strategy used to control the nondisabled arm may have 
been affected by the strategy used to control the prosthetic 
limb. The feedforward motor commands required for the 
prosthetic arm were very different than those required for 
the nondisabled arm because of the different mechanical 
properties of the two limbs. While performing the move-
ment toward the ipsilateral target, subjects initiated non-
disabled arm trajectories in a direction medial to the ideal 
trajectory, indicating insufficient elbow extension and/or 
shoulder transverse extension. As noted previously, the 
prosthetic devices have lower mass and moment of inertia 
than an nondisabled forearm and would require less torque 
about the elbow and shoulder to perform a reach. The 
subjects with prosthetic arms may have used the reaching 
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strategy of their prosthetic limb for their nondisabled limb. 
The larger mass and moment of inertia of the nondisabled 
limb would have required extra torque about the elbow 
and shoulder as compared with the prosthetic limb. A 
related finding was reported by Weeks et al. [18], who 
found that the nondisabled hand produced a stabilizing 
grip force similar to the prosthetic hand, both of which 
were significantly larger than that of controls. The subject 
used the same grip strategy across arms despite the ana-
tomical differences. These observations might also be 
associated with previous findings regarding interlimb 
transfer of a novel motor task, in which exposure to a 
motor task by one arm can improve performance of the 
opposite arm [19–23]. In our study, the effect of the trans-
fer may have decreased performance of the nondisabled 
arm in subjects with amputation because of differences in 
the mechanical properties of the two arms. However, if 
order was a major factor, one would have expected gradual 
correction of errors in the nondisabled arm over the course 
of repeated trials, since error feedback was available in all 
trials. We did not detect any improvement of performance 
over the repeated trials. We did detect an order effect in the 
vision occlusion condition in control subjects, but this was 
restricted to the variable error only: we saw no order effect 
in any of the other measures. This finding further argues 
against order as a major factor in this experiment.

The target dependency of errors in the nondisabled 
arm might be explained by contributions from the ipsilat-
eral hemisphere to movement of the nondisabled arm. 
This argument is based on the hypothesis that an internal 
model of a joint cannot exist independent of the model of 
the contralateral homologous joint or that the CNS uses 
resources from both hemispheres to produce a single 
internal model that is used for the same joint on both 
sides of the body [24]. The lack of accuracy abnormali-
ties in the prosthetic arm suggests that the contralateral 
hemisphere has adapted to the altered musculoskeletal 
properties of the prosthetic forearm. This adaptation may 
have compromised this hemisphere’s role in movements 
of the ipsilateral nondisabled arm. This might explain 
why in the vision occlusion condition, we only observed 
deficits in the nondisabled arm with the ipsilateral target 
and not with the contralateral target. Inverse dynamic 
analyses of these movements have shown that move-
ments to the contralateral target are driven primarily by 
shoulder transverse flexion [8]. Since the humerus and 
shoulder musculature in the affected arm were not 
injured, the internal model of this joint can remain simi-
lar to that of the nondisabled arm. Movement toward the 

ipsilateral target is primarily an elbow extension. The 
internal model of the elbow needs to be different between 
limbs to account for alterations in forearm mechanical 
properties and elbow musculature in the prosthetic arm. 
This disparity between limbs at the elbow, but not the 
shoulder, may explain the large deficits in the ipsilateral 
movements but not the contralateral movements.

The abnormal reaching of the nondisabled arm of 
subjects with amputation may be related to the ipsile-
sional deficits observed in patients with stroke. While the 
brains of subjects with amputation are nondisabled, sig-
nificant reorganization occurs after the injury. After 
amputation, the human brain undergoes reorganization of 
the motor cortex in the areas previously designated to the 
missing limb [25–27]. It has been shown that areas previ-
ously delegated to the missing limb begin functioning 
with adjacent areas of the cortical map. The remaining 
body parts near the amputation level gain new cortical 
representations in the brain, which may affect motor func-
tion. This phenomenon also occurs in patients with stroke 
as other areas of the brain invade the affected area, result-
ing in cortical restructuring [28–29]. Similar to our results 
in the nondisabled arm of subjects with amputation, 
research has shown that patients with stroke also demon-
strate motor deficits in their ipsilesional arm [25,30–33]. 
These deficits in the “unaffected” limb may be related to 
imbalanced interhemispheric inhibition caused by cortical 
reorganization in the motor cortex of both patients with 
stroke and subjects with amputation [34].

Our results may be related to recent research on brain 
lateralization, which implies that each hemisphere, based 
on dominance, is specialized for certain behavior [35–36]. 
The dominant hemisphere is specialized for feedforward 
planning, whereas the nondominant hemisphere is spe-
cialized for feedback corrections. Our data from control 
subjects support this hypothesis. In the vision occlusion 
condition, which is highly dependent on feedforward 
control, the right (dominant) arms had smaller aiming 
errors than the left (nondominant) arms. However, in the 
amputation group, both left and right nondisabled arms 
had large peak errors during visually guided movements 
and large aiming errors in the vision occlusion condition. 
Therefore, the traditional attributes of dominant/nondomi-
nant limbs may not apply to the population with amputa-
tion because of altered usage patterns.

The decreased peak velocity and increased movement 
duration in the prosthetic limb in the vision condition 
might be due to a number of factors. Dynamic torques 
increase with velocity of movement, and uncertainty in 
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the internal limb model might lead to an adaptation of 
decreased speed to maintain accuracy. Alternatively, 
dynamic forces at the socket interface will increase with 
speed of movement, further motivating a choice to move 
with reduced speeds. Reduced muscle torque at the elbow 
in some of the subjects may also have been a factor. Inter-
estingly, the parallel abnormalities in velocity and move-
ment duration observed in the nondisabled arm of 
subjects with amputation further support the hypothesis 
that the CNS uses similar control strategies in both limbs.

CONCLUSIONS

Despite the lack of accuracy deficits in the prosthetic 
limb, we cannot make conclusions regarding complete 
function of the limb in everyday tasks. For gross motor 
reaching, the feedforward control of the prosthetic limb 
was shown to be sufficient, but other aspects of limb 
function (i.e., grasping) may require more visual feed-
back to compensate for feedforward control errors. To 
fully assess patient-prosthesis functionality in clinical 
applications, researchers must determine the efficiency of 
prosthetic users during activities of daily living (ADLs). 
ADLs involve distal manipulation and three-dimensional 
reaching components, which we did not address in this 
study but are major components of functionality. Distal 
manipulation would require the person to determine the 
appropriate configuration of the hook/hand and the extent 
to which to open and close the terminal device. Three-
dimensional reaching would incorporate gravity effects, 
which could hinder performance because of the altered 
mass properties of the device. Therefore, prosthetic users 
are able to adapt to their prosthesis in horizontal planar 
reaching, but additional research is required to determine 
efficiency in more complex reaching tasks. Additional 
studies of the nondisabled arm may also lead to improved 
functionality and will likely yield insights into the corti-
cal control of arm movements.
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