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Abstract—The rate of upp er-limb ampu tations is in creasing, 
and the rej ection rate of prosth etic devices remains high. Peo-
ple with upper-limb amputation do not fully incorporate pros-
thetic devices into t heir acti vities of d aily li ving. By 
understanding the reaching beha viors of prosthesis us ers, 
researchers can alter pros thetic devices and develop training 
protocols to improve the acceptan ce 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 reach ing 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 p rosthetic l imb. However, we 
found an abnormal leftward trajectory error (in right arms) in 
the nondisabled arm of prosthetic users in the vision condition. 
In th e no-vision cond ition, th e nond isabled arm  displ ayed 
abnormal leftward endpoint errors and abnormally higher end-
point variabi lity. In t he vi sion condition, p eak vel ocity w as 
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 prevale nce of individuals living in the United 
States with upper -limb ampu tations is approximately 
41,000, with a pro jected increase of 131  percent by the 
year 2050 [1]. A lthough p rosthetic de vices are  pre -
scribed, 38  to 50  percen t of peop le with up per-limb 
amputation fitted for a prosth etic device fail to use it 
regularly or abandon it altoge ther [2–3]. Intensive train -
ing in  pro sthetic de vice us e ha s be en a ssociated with 
increases in upper-limb performance [4]. By understand-
ing the movement strategies of prosthetic device wearers, 
researchers c an alte r prosthetic devices and develop 
training pro tocols to imp rove pro sthetic de vice use an d 
acceptance.

Reaching to a tar get is one of th e fundamental arm  
tasks. Goal-directed reaching feature s 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 b y 
the visual and pro prioceptive sensory systems [5–7]. By 
eliminating visual feedback, individuals must rely more on 
the feedforward model to achieve the ta rget 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 movemen ts allows close 
examination of the feedforward control system.

Feedforward systems re ly on the formation of an 
internal model [9]. The in ternal model of the arm 
accounts for the weight, length, and distribution of mass 
in ea ch arm s egment. The feedforward control system 
uses the internal model of th e arm to  develop a p lan for 
any movement given the desired endpoint, starting point, 
speed, an d exp ected pe rturbations. Previous wo rk has  
shown that people with transradial amputation can 
develop an accurate internal model of curl field perturba-
tions during repe titive reaching movements [10]. If we 
can detect specific deficits in the internal models of pros-
thetic limb s, tra ining p rotocols c an b e dev eloped tha t 
focus on improving these mo dels, potentially improving 
prosthetic device function and acceptance.

We examined the accuracy of ballistic reaching in sub-
jects with unila teral transr adial amputatio n. 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 p rosthetic device users to 
perform accurate reaching movements with their pros -
thetic arm, they must formulate a new internal model of 
that arm that acc ounts for the new biomechanical proper -
ties of the limb. We tested both the prosthetic and  nondis-

abled arms with and with out visual feedback and 
compared t hem w ith age-matched, domin ance-matched 
nondisabled control subjects. W e hyp othesized that sub-
jects with amputation wou ld ex hibit ab normal reaching 
patterns because of inaccurate feedforward control.

METHODS

Ten unilateral transradial upper -limb prostheti c 
device use rs, age d 40 ± 4 years  (all data  pres ented a s 
mean ± standard error unless othe rwise noted) a nd ten 
nondisabled control subjects, aged 37 ± 4 years, partici -
pated in the study. The Table summarizes the prosthe tic 
device users’ clinical data. We compared the data  col -
lected from the prosthetic arm, which was a lways tested 
first, with t he fi rst arm tested from the control subjects 
and the nondisabled arm with the second arm tested from 
the control subjec ts. For na ming p urposes, “ prosthetic 
arm” will represent the prosthetic device attached to the 
residual limb of the  subjects with amputation, wherea s 
“nondisabled arm” will represe nt the contralateral arm. 
Of the su bjects with amputation, six had righ t-handed 
prosthetic d evices an d fo ur h ad left-han ded p rosthetic 
devices; therefore, we tes ted six control subje cts’ right 
arms first and four control su bjects’ left arms first. All 
subjects wer e righ t-hand dom inant (preinjury state for 
subjects with amputation). We screened subjects for neu-
rological and or thopedic inj uries, such as hemipare sis, 
dementia, schizophrenia, and  mo tor disorders, which 
would have disqualified them from the study.

To confirm t hat the inertial properties of the pros -
thetic arm w ere dif ferent 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 v alues with tabulated values for  the forearm 
and hand of a 18 0 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 wh en the prosthesis was 
being worn) was nearly identical to that of the human 
forearm an d hand. Howev er, th e 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 Ro bot, In teractive Mo tion T echnologies, In c; 
Watertown, Massachusetts) with a handle located at the 
end ef fector ( Figure 1 ). This robot allows reaches in a 
horizontal plane, has two programmable motors that con-
trol the position of th e robot links, and has two encoders 
that measure the position of each link. We used two soft -
ware p rograms (M ATLAB 7. 1 and  XPCtar get 2. 8, Th e 
MathWorks; Natick, Massachus etts) to cont rol the robot 
and collect position data from the enc oders. 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-bo dy diag rams o f the four ro bot links, we 
derived the dynamic eq uations of moti on fo r t he r obot. 
Link mechanical properties were ava ilable from Interac -

tive Motion T echnologies, Inc. W e obtained angula r 
velocities and accelerations from real -time digital differ-
entiation of the encoder signal s. At each time sample, we 
used th e ki nematic data to  calculate the torques at  the 
motors that were needed to drive the motion at that instant 
in time. These torque  comman ds were then sent to the 
motors in r eal-time, thereb y partially canceli ng 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 digita l differentiation 
algorithms. Thus, the robot measures the kinematics of the 
reach w hile p roviding 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 exce eded 1 N (0.7 N vs 0.8 N) in 
any movement d irection. A t-test on lateral forces indi -
cated no significant dif ferences between direc tions (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 a djustable chair and rais ed 
them up to the robotic arm so  that the plane of the reach-
ing movements was slightly below shoulder height. W e 
placed the subje cts’ 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 de vice pas sively wrap ped aro und the h andle. The  
wrist splint also supported the arm against gravity.

Subjects performed outward reaches to two altern at-
ing targets, returning to the original starting point between 
reaches. A  comput er monito r disp layed hand le 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 p rosthetic device. (c) Ov erhead 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 ci rcle in the 
midline of the subject, 15 cm from the subject’s body. The 
targets were presented as 1  cm circles positioned a t 45° 
and 135° from the medial-lateral axis and 15 cm from the 
starting position. W e instructed the subjects to perform 
quick, ballistic movements t o the targets. We only ana -
lyzed the outwa rd re aches to  the tar gets. The de sired 
range of p eak tangential velocity was 45 to 55  cm/s, and 
we provided visual feed back after each reach to encour -
age the subject to maintain a consistent vel ocity. If the 
subject’s reach was too slow or too fast, the starting posi-
tion circle would turn g reen or re d, respectively. If the 
subject reached within the de sirable 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 w ith th e p roper sp eed. A fter the s ubject ac hieved 
the target and velocity droppe d to zero, the target circle 
disappeared and the s tart circ le rea ppeared. The  sec ond 
condition consisted of 40 re aches (20 per tar get) with 
vision occlusion, in which the handle position disappeared 
after the  s tart circ le w as a chieved a nd as th e target 
appeared. We told the subject to reach to the target with-
out visual feedback of handle position. The handle display 
reappeared after the s ubject 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 initiati on to cessation. 
We al so obtained the  tim e between ini tiation and peak 
velocity (accelera tion 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/ri ght) error an d o vershoot/undershoot 
error, respectively. Figure 2  illustra tes the sign de signa-
tion of these err ors for a trial. All results and figures will 
be rep resented as righ t-handed mo vements; we flipped 
left-handed data about the midline before analyzing it. We 

defined pea k error as th e max imum orthogonal distanc e 
between the actual trajectory and the “ ideal” straight tra -
jectory between the starting point and endpoint of each 
reach. We defined varia ble e rror 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  va lue represen ting the var iability of the 
subjects’ reach endpoints.

We averaged outcome measures across trials and ana-
lyzed them with repeated-m easures analysis of va riance 
(ANOVA). The  main comparisons were between the 
prosthetic l imb and the fi rst t ested 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 wa s tar get. 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, s uch as age, chronicity , Nine 
Hole Peg T est results, and Action Research Arm T est 
results. The Nine Hole Peg Test is a standardized clinical 
assessment of arm motor contro l, 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, p inch, 
and gross movement [13]. To test for limb dominance or 
testing order ef fects, we performed repeated-measures 
ANOVA on control subjec t data (within-subject factors 
of tar get 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 meas ure ANOVA with within-subjec t 
factors of target and trial.

RESULTS

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

ferences in peak velocity between groups (p > 0.26). How-
ever, w ith visual feedback, the subjects with amputation 
had dif ficulties maintaining the specified velocity range. 
With their prosthetic arms, the subjec ts 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 meas ures. Correlations between 
our outcome measures (aiming, distance, peak, and vari-
able error) and peak velocity  were not significant ( p > 
0.01). Thus, our outco me measures were not significantly 
influenced by the velocity difference between both groups 
in the visual feedback condition.

During the trials with vi sual guida nce, the  subjects 
with amputation had signif icantly longer movement 
durations in their prosthetic arm (p = 0.02) and in their 
nondisabled arm (p = 0.01) tha n control subjects. When 
subjects performed reaches without visual gui dance, we 
observed ab normally lon g mo vement du rations in  the 
nondisabled arms (p = 0.05), but not the prosthetic arms 
(p = 0.07). Analysis of the acceleration times illustrated 
no significa nt dif ferences be tween groups in any of the 
conditions (p > 0.08).

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

ences between reaching with prosthetic arms and control 
subjects’ arms (se e Figure 3  for average trajec tories). 
Repeated-measures ANOVA found tha t 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 no ndisabled arm of subj ects wit h ampu tation 
reached w ith an abnormal leftward trajectory in t he 
vision condition (see Figure 4  for average trajec tories). 

ANOVA reveale d a  significant dif ference in pe ak 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  leftw ard 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) w ere not s ignificantly different b etween g roups. 
The ANOVA also revealed a significant group difference 
in distance error ( p = 0.01), with the prosthetic group 
completing their reac h closer to the tar get; 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 be tween prostheti c 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 su bjects 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 pe r-
formance of the nondisabled arm again significa ntly 
worse than arms of the control subjects (see Figure 6 for 
average traj ectories). The  distance errors di splayed no 
significant group dif ferences (p = 0.92), but we fo und a 
large group difference in aiming error (p = 0.01). We also 
found a significant interaction effect between the subject 
group and t arget ( p = 0.03), indicating that the group 
differences in aiming error were dif ferent for the two 
targets. The nondisabled arm of the s ubjects 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 g roup difference w as not 
present in the contralateral target (p = 0.92).

Under the vision occlusio n 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. Re peated-measures 
ANOVA found tha t the nondis abled arms of subjects 
with amputation had larger endpoint variability than con-
trol subjects’ arms (p = 0.02). Reaches using the nondis-
abled arm had a n average variable e rror of 2.05 ± 
0.16 cm for the contralateral target and 2.51 ± 0.18 cm 
for the ipsilateral  target, wh ile the control subj ects had 
values of 1.56 ±  0 .15 cm and 2.06 ±  0 .17 cm,  resp ec-
tively. The peak errors of the s ubjects with amputation 
were not significantly different from control subjects (p = 
0.93). In  co nclusion, with out visual feedb ack, non dis-
abled arms of subjects with ampu tation had abno rmal 
leftward endpoint errors and higher variability than con-
trol subjects.

Correlation Analysis
Pearson correlation coef ficients determined that age 

(p > 0.32) and chronicity (p > 0.09) were not significantly 
correlated with the outc ome 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 p rosthetic devices did  no t 
reveal any significant differences for any of the  outcome 
measures (p > 0.39).

Limb Dominance, Order, and Learning Effects
Repeated-measures AN OVA on the c ontrol data 

determined that in  the vision occlusion co ndition, domi-
nance was a significant facto r in aiming error (p = 0.02), 
with group mean s of 0.25 and 0.81 cm for the righ t and 
left arms, respectively. It was also revealed that orde r of 
testing was significantly related to the variable error ( p = 
0.01). The seco nd 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 ef fects in control 
subjects. It was not possible to test for order effects in the 
subjects with amputation beca use we  always tes ted the 
prosthetic limb first. When examining the data of subjects 
with amp utation, we fo und no significant dominance 
effects in either limb for any o f ou r ou tcome measu res 
(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 co ndition 
without visual feedback. Graphs reflect right-handed movements.
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to examine learning ef fects, we observed n o 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 g oal-directed reaching p erformed b y both arms of 
subjects with unilateral ampu tation; however , we only 
observed decreased accuracy in the nondisabled arms and 
not the prosthetic arms. In th e prosthetic arm, the elimi-
nation of v isual feedback caused larger endpoint errors, 
but we found similar errors in control subjec ts. 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 residu al proprioceptive recept ors in  the elbo w 
and shoulder we re adequate for normal accuracy in pla-
nar reach ing. However , p eak velocity  was lo wer and  
movement duration was lo nger 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. Desp ite the altered mechanical 
properties of the prosthetic arm, the subjects with amputa-
tion were able to pr oduce th e pro per torq ues about the 
shoulder and elbow to move their prosthetic limbs accu -
rately toward the tar gets. Since the ballistic movements 
used in this study require feedforward control to specify 
initial movement paramet ers [1 4], the internal  model of 
the prosthetic arm must have adapted to the mechanical 
properties of the prosthet ic device. Thi s abilit y to adapt 
may be related to the mot or 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 subj ects [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 in ternal model. This is consis -
tent with the concept of ex tended physiological proprio-
ception introduced by Simpson [16]. He compared the use 
of a pro sthetic d evice with a golfer s winging a  club , 

whereby the ce ntral ne rvous system (CNS) incorporates  
foreign objects into the intern al model of the  arm. These 
findings indicate that in subjects with below-elbow ampu-
tation, the basic CNS control mechanisms for reaching are 
still i n place and can adapt appropri ately 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 el bow will 
be through a nonnative mechanism. For example, subjects 
with transhumeral  am putation using a  bo dy-powered 
elbow showed good performance when moving the elbow 
to a memorized an gle, but performance de graded when 
subjects were asked  to  p erform d ynamic pointing and 
tracking tasks [17].

However, t he n ondisabled arms of subjects with 
amputation d emonstrated ab normal be havior during the  
same reac hing e xperiment. When reaching with vis ual 
feedback, the subjects with amputation tended to initiate 
their reach to the left of th e ideal trajectory before per -
forming a corrective movement toward the tar get. When 
we eliminated vision of the arm, the nondisabled arms of 
the subjects with amputation no longer made la rge 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 beh avior during reach es to the contralateral tar get. 
The subjects with amputation also displayed more vari-
ability in their endpoint locations than control subjects 
during the vision occlusion condition.

Several possible explanatio ns ex ist for the abno rmal 
performance of the nondisabled  arm. The kinematics of 
the nondisabled arm might have been affected by the test -
ing order of the two  arms. W e always tested the no ndis-
abled a rm imme diately after the  pro sthetic arm, so the 
strategy used to control the nondisabled arm may have 
been affected by the strategy used to control the prosthetic 
limb. The f eedforward motor commands required for the 
prosthetic arm were very different than those required for 
the nondisabled arm because of  the dif ferent mechanical 
properties of the two limbs. While performin g the mov e-
ment toward the ipsilateral target, subj ects i nitiated non -
disabled arm trajectories in a direction medial to the ideal 
trajectory, indicating in sufficient elb ow extension and/or 
shoulder tran sverse 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 sho ulder 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 non disabled 
limb would have required extra torqu e about the elbow 
and shoulder as compared with the p rosthetic limb. A 
related fin ding was reported by Weeks et al. [18], who 
found that the nondisabled hand produced a stabilizing 
grip force similar to the prosthetic hand, b oth of which 
were significantly larger than that of controls. The subject 
used the same grip strategy ac ross arms despite the ana -
tomical dif ferences. These o bservations might also be 
associated with pre vious findings regard ing interlimb 
transfer of a novel motor task , in which exp osure to a 
motor task by one arm can impro ve performance of the 
opposite arm [19–23]. In our study, the effect of the trans-
fer may have decreased perf ormance of the non disabled 
arm in subjects with amputation because of dif ferences 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. Th is finding further argues 
against order as a major factor in this experiment.

The target de pendency o f errors  in  the  no ndisabled 
arm might be explained by contributions from the ipsilat-
eral hemisphere to mov ement o f the no ndisabled 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 hemisphe res to produc e a  single  
internal model that is used for the same joint on both 
sides of the bo dy [24]. The lack of ac curacy abnormali-
ties in the prosthetic arm sugg ests that the contralateral 
hemisphere has  adapte d to the a ltered musculoskele tal 
properties of the prosthetic forearm. This adaptation may 
have compromised this hemi sphere’s role in movements 
of the ipsilateral nondisabled arm. This might explain 
why in the vision occl usion condition, we only observed 
deficits in the nondisabled ar m with the ipsilateral target 
and not with the contralat eral tar get. Inverse dynamic 
analyses o f th ese m ovements have sh own that move-
ments to the contral ateral target are driven pri marily by 
shoulder transve rse flexion [8]. Since the hume rus a nd 
shoulder musc ulature in the  af fected arm were  not 
injured, the internal model of this joint can remain simi -
lar to that of the nondisable d arm. Movement toward the 

ipsilateral tar get is primar ily an el bow extension. The 
internal model of the elbow needs to be different between 
limbs to account  for alterations in fore arm mechanical 
properties and elbow musculature in the prosthetic arm. 
This disparity between limbs at the elbow , but not the 
shoulder, may explain the lar ge deficits in the ipsilateral 
movements but not the contralateral movements.

The abno rmal reaching of the non disabled 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 reor ganization 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 miss ing limb begin fun ctioning 
with adja cent a reas of the c ortical ma p. The rem aining 
body parts near the amputatio n 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 non disabled 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 “unaf fected” 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, wh ereas the nondominant hemisphere is sp e-
cialized for feedback corrections. Our data from control 
subjects supp ort th is hypothesis. In th e vision occlu sion 
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 rig ht nondisabled a rms 
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 pop ulation with amputa-
tion because of altered usage patterns.

The decreased peak velocity and increased movement 
duration in the prosth etic limb in the vision condition 
might be  due to  a nu mber of facto rs. Dynamic torques 
increase with vel ocity of mo vement, an d uncertainty in 
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the internal li mb model might lead to an adapt ation of 
decreased s peed to maintain ac curacy. 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 parall el abnormalities in veloci ty and move-
ment duration observed  in the nondisabled  arm of 
subjects with amputation fu rther sup port 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 con clusions regardi ng complete 
function of the limb i n everyday tasks. For gross motor 
reaching, the feedforward cont rol of the prosthetic limb 
was s hown to be su fficient, but o ther as pects o f lim b 
function (i.e., grasping) may requ ire more vi sual feed -
back to c ompensate 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 devi ce. Three-
dimensional reaching would incorporate gravity effects, 
which cou ld hi nder perfo rmance because of the altered  
mass properties of the device. Therefore, prosthetic users 
are able to adapt to their pr osthesis in horizontal planar 
reaching, but additional research is required to determine 
efficiency in more complex reachi ng tasks. Additional 
studies of the nondisabled arm may also lead to improved 
functionality and will likely yield insights into the cor ti-
cal control of arm movements.
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