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Abstract—This case study report demonstrates the use of 
motion analysis with a modification of the Box and Blocks 
test. The goal was to quantify observed improvements in com-
pensatory movements and simultaneous control in a subject 
using different prostheses before and after targeted muscle 
reinnervation (TMR) surgery. This is a single case study with 
data collection using a body-powered prosthesis pre-TMR sur-
gery and 6 mo postfitting with a TMR myoelectric prosthesis. 
The Box and Blocks test was modified for cyclical motion 
within a motion capture laboratory. With the TMR myoelectric 
prosthesis, the subject was able to simultaneously activate the 
hand and elbow. Task performance was slower, but there was 
improved elbow flexion and less trunk compensatory motion 
than with the body-powered prosthesis. There are several limi-
tations to the case study because there is no direct comparison 
of myoelectric performance before and after TMR surgery; 
however, the current report presents a potential method to 
quantify quality of motion and compensatory movements of 
prosthetic users. With further study, this test procedure has the 
potential to be a useful outcome measure for future standard-
ized assessments of upper-limb prosthetic function.

Key words: biomechanics, kinematics, motion, movement, out-
come and process assessment, outcome measures, rehabilitation 
outcome, traumatic amputation, treatment outcome, upper limb.

INTRODUCTION

Advances in prosthetic design and treatment inter-
ventions to improve outcome after upper-limb amputa-
tion are expanding faster than the ability to measure their 

effectiveness. There is a noticeable movement to improve 
and standardize upper-limb prosthetic outcome measures 
[1]. This movement includes emphasis on the use of the 
World Health Organization’s International Classification 
of Functioning, Disability, and Health model [2] to quan-
tify and fully understand the effect of upper-limb loss and 
to assist in determining what treatments effectively mini-
mize activity limitations and participation restrictions.

A variety of outcome tools are recommended to mea-
sure activity and participation outcomes following upper-
limb amputation [3]. However, basic functional perfor-
mance measures are still the basis of much clinical 
decision-making because the results are immediately evi-
dent for the clinician. Given this, we are faced with an 
array of functional outcome measures that have been
designed for upper-limb impairments but not always spe-
cifically for prosthetic users [4]. One such measure of 
gross manual upper-limb function is the Box and Blocks 
test. The Box and Blocks test is a specific performance 
task testing gross manual dexterity of the upper limb [5]. 
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The test measures quantity of blocks moved in 1 minute, 
regardless of quality of movement, and is a widely used 
outcome measure of upper-limb function [6–8] that is com-
monly available in rehabilitation centers. It is easily set up, 
requires minimal equipment, and can be performed in a 
seated position, making it appropriate for multiple diagnos-
tic groups. The Box and Blocks test has been used to exam-
ine upper-limb prosthetic function following amputation 
and to examine myoelectric control after targeted muscle 
reinnervation (TMR) surgery [9–11]. Although the Box and 
Blocks test has not been validated specifically with upper-
limb prosthetic users, it would seem to have potential for 
use in this population.

However, the goal of restoring optimal upper-limb 
prosthetic function typically includes not only improving 
quantitative performance but also improving quality of 
motion, specifically smoothness of the pattern of motion 
of the prosthesis and the ability to target and control 
excursion of prosthetic grasp [12–13]. In addition to 
studying motion of the prosthesis, it is important to con-
sider the compensatory motions of the user’s body that are 
required to adapt to the limited degrees of freedom of a 
prosthetic device. With advances in upper-limb manage-
ment, such as TMR surgery, accurately quantifying the 
effect of interventions is essential because observations on 
the quality of movement can be more impressive than 
timed tasks or traditional outcome measures of upper-limb 
function. For example, Miller et al. reported “powered 
humeral rotation allowed dynamic control of a full range 
of motion. It allowed the subject to reduce compensatory 
movements, such as moving his torso, and to stand in a 
fixed position” [14, p. 2061]. Other reported advantages of 
TMR myoelectric use following reinnervation surgery 
include the ability to simultaneously control multiple 
degrees of freedom of powered components [9,14–15], in 
contrast to body-powered and standard myoelectric pros-
theses, which require sequential activation of each joint 
and thereby control one degree of freedom at a time. 
Improved simultaneous control is expected to reduce com-
pensatory trunk and shoulder movements required for 
functional upper-limb tasks and improve performance, but 
this has not been definitively demonstrated.

One method of examining quality of motion and com-
pensatory motion is quantitative motion analysis. Upper-
limb motion analysis is not novel to the prosthetic popula-
tion [16], but there is a lack of consensus in defining a 
standardized task or methodology to allow comparison 
and consistency across investigators. More recently, stan-

dardized methods for upper-limb functional tasks have been 
proposed by various authors [17–19] in order to define an 
upper-limb motion analysis protocol analogous to lower-
limb gait analysis. There has also been a move to standard-
ize use of the marker set and joint coordinate system set 
forth by the International Society of Biomechanics standard 
[20], although this has not been universally adopted. One 
proposed method of using upper-limb kinematic analysis is 
to partner it with commonly used functional task perfor-
mances in a standardized fashion. Although functional tasks 
have been suggested for motion capture [17], the complex-
ity of the task and requirement for consistency of perfor-
mance remains a limiting factor. With a specific repetitive 
task such as the Box and Blocks test, the motion of the pros-
thetic limb can be repeatedly observed and recorded. The 
cyclical nature of the task makes it ideal for motion capture 
[21]. For this reason, in our center we have tried a method 
not previously reported of using a modified Box and Blocks 
test with motion capture in order to compare the perfor-
mance of a subject using different prosthetic devices.

The purpose of this report is to present our case study 
demonstrating the use of motion analysis, in combination 
with a modified Box and Blocks test, to quantify the 
observed improvements in compensatory movements 
and simultaneous control in a subject using two different 
prostheses: a body-powered prosthesis and a TMR myo-
electric prosthesis. We hope that this case study illustrates 
a potential method for future standardized assessments of 
upper-limb prosthetic function that takes into account not 
only the motion of the prosthetic device but also the func-
tion and movement of the individual user.

METHODS

This report is a retrospective single case study review.

Subject
A 28-year-old male underwent traumatic left trans-

humeral (TH) amputation and left knee disarticulation 
amputation on July 4, 2006. The subject’s left TH amputa-
tion healed uneventfully, and 6 wk postamputation he was 
fit with a body-powered prosthesis with mechanical volun-
tary opening hook and standard internal locking mechanical 
elbow with dual control cable (Table 1). The subject under-
went TMR surgery 20 mo postamputation, involving rein-
nervation of median nerve to medial biceps and distal radial 
nerve to lateral triceps, as per the technique of Kuiken et al. 
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[9]. Following the surgery, the subject resumed wearing his 
body-powered prosthesis. Reinnervation twitches in the 
muscles were first noted 4 mo postoperatively, and the sub-
ject underwent myoelectric site testing at that time. Instruc-
tions were given for ongoing muscle strengthening
exercises to improve muscle signals and encourage discrete 
control of muscle activity. Prosthetic myoelectric fitting 
began 7 mo postsurgery, and the final TMR myoelectric 
prosthesis was dispensed within 2 mo (Table 1), with four-
site muscle control for elbow flexion (lateral biceps), elbow 
extension (medial triceps), hand close (medial biceps), and 
hand open (lateral triceps). Within the first week of fitting, 
the subject was able to naturally activate the motions of the 
myoelectric elbow and hand. However, several months of 
training and acclimatization to the device were required. 
Specifically, the subject experienced muscle pain and ten-
derness after a full day of use, thought to be due to muscle 
fatigue, which would resolve with a day of nonuse of the 
myoelectric prosthesis. There was also some inconsistency 
of activation, with involuntary movements noted related to 
cocontraction of muscles within the socket, likely related to 
the changing sensitivity of the electrode settings, which 
would respond to threshold adjustments by his prosthetist. 
For these reasons, the typical wearing pattern of the subject 
at the 6 mo post-TMR myoelectric fitting follow-up was 
to use his TMR myoelectric prosthesis daily for work (5 d 
per wk), no prosthesis at home in the evening, and a body-
powered prosthesis for specific tasks involving environ-
ments with high vibration or dust.

The Box and Blocks test was modified to facilitate 
the quantitative collection of motion analysis data. The 
outcome data were recorded at two time points: (1) with 
the body-powered prosthesis prior to TMR surgery and 
(2) 6 mo after fitting with the TMR myoelectric device 
powered by the reinnervated muscles (13 mo post-TMR 
surgery).

Motion Analysis

Coordination Tasks Marker Set
In order to demonstrate simultaneous motion of the 

prosthetic elbow and terminal device, four markers were 
used at the following locations: lateral prosthetic elbow 
hinge, wrist, nonmobile side of the prosthetic hook, and 
mobile side of the prosthetic hook. Since only one side of 
the hook moves, the marker added to the mobile side 
allowed the hook-wrist-elbow angle to be calculated for 
the purpose of assessing specific movement coordination 
tasks. Motion analysis trials were initially performed for 
the motions of simultaneous elbow flexion and hand 
open, elbow extension and hand close, elbow flexion and 
hand close, and elbow extension and hand open as per 
Miller et al. [14] in order to demonstrate simultaneous 
control of prosthetic joints using myoelectric signals of 
the reinnervated muscles.

Box and Blocks Marker Set
To generate the kinematic graphs for the Box and 

Blocks test, a total of six markers were applied to the sub-
ject: sternum, seventh cervical spinous process (C7), acro-
mion (bilaterally), lateral elbow hinge, and wrist. Two 
markers were placed on the box and one on the top of the 
divider (Figure 1) in order to identify the location of the 
box in the virtual laboratory space, as well as the subject’s 
location relative to the box. The triangle of C7, sternum, 
and acromion gave the orientation and position of the 
shoulder girdle segment. The single marker on the elbow 
allowed location of the lateral elbow relative to the orienta-
tion and position of the shoulder girdle. The single wrist 
marker allowed the location of the wrist and enabled calcu-
lation of the “pseudo-elbow flexion” angle of the prosthe-
sis. This pseudo-elbow flexion angle of the prosthesis was 
defined as the angle between three points: wrist, lateral 
elbow hinge, and acromion. Trunk anterior/posterior tilt 

Table 1.
Prosthetic components supplied.

• Ohio Willow Wood (Mount Sterling, Ohio) Alpha Locking Liner • Ohio Willow Wood Alpha Liner (with embedded electrodes)
• Otto Bock (Duderstadt, Germany) Ergo Arm elbow • Liberating Technologies, Inc. (Holliston, Massachusetts) Boston 

elbow
• Hosmer (Campbell, California) 5XA aluminum hook and quick 

change wrist
• Motion Control, Inc. (Salt Lake City, Utah) Electric Terminal 

Device and quick disconnect wrist
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was defined by tilt of the sternum and C7 markers in a

Figure 1.
Standardized placement of blocks for modified Box and Blocks 
test.

 ver-
tical plane. The wrist marker was used as the distal track-
ing point of the terminal device (“terminal marker”) 
because it is the most distal point of the forearm segment 
that does not move with opening and closing of the termi-
nal device. Two measures were reported from this terminal 
marker: the altitude relative to the top of the divider (along 
the Z-axis), and the lateral distance from the midline of the 
subject. Midline was defined as a vertical plane bisecting 
the sternum and C7 markers. For calculation of the altitude 
of the terminal marker, because the divider marker was 
located at the top of the divider (Figure 1) this was refer-
enced as zero, so that negative results indicated the termi-
nal marker below the level of the divider (as the block was 
picked up), and positive results were the distance above 
the divider when moving the block over the divider to the 
other side of the box. The modified Box and Blocks test 
was also performed with a nonamputee control subject for 
comparison.

Motion was captured using eight Motion Analysis Cor-
poration (Santa Rosa, California) cameras. These cameras 
use visible red light and sample at a frequency of 60 Hz. 
Specific kinematic parameters analyzed comprised trunk 
medial/lateral shift relative to the divider, trunk pitch rela-
tive to the horizon (“trunk anterior/posterior tilt”), pros-
thetic pseudo-elbow flexion, prosthetic terminal marker 
location relative to midline of the trunk, and terminal
marker location relative to top of the divider.

Modification to Box and Blocks Test
The Box and Blocks test was chosen for motion analy-

sis because it requires repetitive cycles of motion, allowing 
for multiple recording trials. However, the random nature 

of block selection in the standard Box and Blocks test and 
the placement of the blocks both needed to be addressed in 
order for us to record and compare multiple trials. There-
fore, the placement and order of blocks in the tray to be 
moved were standardized to 16 blocks placed in 4 rows 
(Figure 1). The subject was instructed to proceed from the 
lower inner corner block across the row and then to pro-
ceed to the next row. This set-up required specific targeting 
of the terminal device and consistent activation and arc of 
movement amenable to motion analysis. In addition to the 
kinematics of the prosthesis and trunk motion, we recorded 
the time to complete moving all 16 blocks or the number 
of blocks moved within 1 min, whichever the subject 
accomplished first.

The subject stood for the trials, and the top of the 
table was at the level of the subject’s anterior superior 
iliac spine. This allowed a comfortable range of operation 
of the prosthetic elbow, with less than complete elbow 
extension required to pick the block up. The subject was 
allowed one practice trial, and then three trials were 
recorded with motion analysis.

RESULTS

Timed tasks for the Box and Blocks tests are shown 
in Table 2. The speed of block movement was much 
slower with the myoelectric than the body-powered pros-
thesis (less than half). This may be a factor of the subject 
being an experienced body-powered prosthetic user as 
his first device versus the more recently fitted TMR myo-
electric prosthesis. There was slight variability in the test 
results; of the three trials of the modified test, the time to 
move the 16 blocks for each trial was 38, 25, and 25 s 
with the body-powered prosthesis and 60, 52, and 56 s 
with the myoelectric prosthesis. With the modified test,

Prosthetic
Box and Blocks
(No. of blocks 

moved)*

Modified Box and 
Blocks (time to move 

16 blocks [s])†

Body-Powered 49 29
TMR Myoelectric 20 56

Table 2.
Results of standard and modified tests for Box and Blocks.

*Average of 2 trials; blocks moved in 60 s as per standard Box and Blocks test.
†Average of 3 trials; time to move 16 blocks of modified Box and Blocks test 
with motion capture.
TMR = targeted muscle reinervation.
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the lower inner corner block was the most difficult for the 
subject to access, which resulted in greater delay for the 
first trial and a possible practice effect for the following 
two trials. With the standard Box and Blocks test, 53 and 
46 blocks were moved using the body-powered prosthe-
sis and 21 and 19 blocks with the myoelectric prosthesis 
for each of two trials.

The results of the motion analysis when the subject 
was asked to demonstrate activation of four sequences to 
track simultaneous control of reinnervated sites using the 
TMR myoelectric prosthesis are shown in Figure 2. 
These results demonstrate that the subject was able to 
activate elbow extension and flexion with hand close 
simultaneously; however, there was more delay with 
hand opening maneuvers in combination with elbow 
motion. This was consistent with the observed clinical 
prosthetic performance because of weaker hand open 
muscle signal from lateral triceps.

For the modified Box and Blocks test with motion 
analysis, we looked at both prosthetic movement (pseudo-
elbow flexion, terminal marker altitude relative to divider) 
as well as compensatory motions of the trunk (trunk ante-
rior/posterior tilt). Results are shown in Figures 3 to 5 and 
Table 3. The presented figures show one representative 
entire modified Box and Blocks trial, from start to release 
of the final block. After release of the final block, there 
was no standardized position of return, causing inconsis-
tency in the data after release of the last block, which 

motivated us to truncate the trials to the estimated time of 
release of the final block. Future studies would benefit 
from requiring the subject to return to a standard position 
after completing the test.

The range of elbow flexion with the myoelectric pros-
thesis was close to that of a nonamputee control subject, in 
comparison to the static locked elbow used with the body-
powered prosthesis (Table 3). Terminal marker altitude rel-
ative to the top of the divider was greatest for the myoelec-
tric prosthetic trial, and a “double bump” pattern was 
observed only with the myoelectric prosthesis (Figure 4). 
We believe that an “overshooting” of elbow flexion is 
responsible for this double bump pattern as the subject 
makes a correction while shifting the block over to the other 
side of the box. The amount of trunk anterior/posterior shift 
was negligible for the control (nonamputee) subject,
increased with the body-powered prosthesis to about 26° 
total range, and about half that with the myoelectric pros-
thesis. Other parameters examined (medial-lateral trunk
shift and terminal marker midline crossing) did not show 
noticeable differences between the body-powered and myo-
electric prosthesis trials.

Figure 2.
Kinematics of prosthetic-limb motion showing simultaneous activation of elbow and terminal device.

From a qualitative perspective, although no formal 
questionnaire was used, the subject reported feeling 
increased naturalness of movement and less mental effort 
to operate the TMR myoelectric prosthesis compared to 
the body-powered prosthesis.
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Figure 3.
Elbow flexion angle with modified Box and Blocks test.

DISCUSSION

The Box and Blocks test is a commonly applied out-
come measure for upper-limb function that has estab-
lished reliability and validity data and standard adult 
norms [5], although it has not been specifically validated 

in a population of upper-limb prosthetic users. The current 
study presents a novel approach to quantifying the quality 
of prosthetic motion and the compensatory body adjust-
ments required by a transhumeral prosthetic user perform-
ing a modified Box and Blocks test, with a comparison of 
two different prostheses before and after TMR surgery.
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Figure 4.
Terminal marker altitude in relation to divider with modified Box and Blocks test.

Although the Box and Blocks test is simple, easy to 
construct and administer, and appropriate for a wide 
range of upper-limb impairments, there are limitations 

for prosthetic users. Performance of the test in the seated 
position can limit the range of elbow excursion and has 
been noted to be difficult for prosthetic users depending 
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Figure 5.
Trunk anterior/posterior pitch with modified Box and Blocks test.

on the height of the table, which is typically described as 
“standard height” [5]. The modified Box and Blocks test 
was chosen in the standing position for our prosthetic 

user because of this limitation. The consistency of using 
the same pre- and posttest procedure allowed us to com-
pare results for this single subject; however, further study
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Movement Device Minimum Maximum Range
Elbow Flexion (°) TMR Myoelectric 69.0 116.0 47.0

Body-Powered 107.3 110.6 3.3
Control 68.4 122.3 53.9

Terminal Marker Altitude* (mm) TMR Myoelectric 55.8 196.0 251.7
Body-Powered 77.3 151.6 228.8
Control 61.7 114.7 176.4

Trunk Anterior/Posterior Pitch (°) TMR Myoelectric 25.9 39.0 13.1
Body-Powered 29.0 55.6 26.7
Control 23.9 27.2 3.2

will be needed to determine if there are differences in 
performance expected for a standing versus seated testing 
procedure. Other factors, such as height of the table, 
sequence of block movement, and start and end position, 
will also need to be controlled if normative data ranges 
are to be established to allow comparison between pros-
thetic devices and interventions.

In the case study presented, one of the more striking 
findings is that, while the subject clearly had slower per-
formance with the myoelectric prosthesis, the movement 
was better and less trunk compensatory adjustments were 
required to perform the test. From a functional perspec-
tive, the slowed speed may be an indication of the subject 
being only 6 mo postfitting with his first myoelectric 
prosthesis, compared to the body-powered prosthesis that 
he was initially trained with and was using daily for over 
a year prior to his myoelectric fitting. However, faster 
functional performance when using a prosthesis with the 
elbow locked may explain why some patients choose 
mechanical prostheses for simple gross motor tasks 
instead of myoelectric devices.

The findings in this case study may be related solely 
to the fact that the elbow was locked in the first trial and 
that using the myoelectric prosthesis with the elbow 
locked would have shown similar compensatory move-
ments as with the locked elbow body-powered prosthesis 
trial. However, the subject preferred to do the task with 
his elbow locked when using the body-powered prosthe-
sis because he felt this was how he would normally per-
form the task. We do not think it insignificant to point out 
that we allowed the patient to perform the task as he 
would naturally choose rather than artificially imposing a 

restriction that he would not normally choose as his opti-
mal function. It has been previously suggested that pros-
thetic users are more consistent in the way they perform 
tasks than nonprosthetic users [16]. This would suggest 
that in outcome studies, there is some value to allowing 
subjects to use the method that they would typically 
choose in an unobserved environment to present what 
they see as their best possible performance. Recognizing 
that testing in a laboratory is an artificial situation, this 
may allow us to more naturally observe abnormal body 
biomechanics that the individual might choose to use in 
the real world. This approach is consistent with current 
outcome measures such as the Assessment of Capacity 
for Myoelectric Control [22], which rates a patient’s use 
of the myoelectric prosthesis while performing typical 
daily tasks.

The subject in this case reported feeling increased natu-
ralness of movement and less mental effort to operate the 
TMR myoelectric prosthesis compared to the body pow-
ered prosthesis. Other authors have demonstrated that 
upper-limb kinematics of traditional prosthetic function are 
less smooth with frequent decoupling of the reach and 
grasp functions and have postulated that focusing on move-
ment pattern may be the key to improving prosthetic use 
[12]. Excessive body motions in other planes, such as trunk 
bending [23] and shoulder flexion [24], are also typically 
performed in order to accomplish prosthetic tasks. The 
reduced compensatory motions observed in the current 
study are consistent with studies suggesting that, despite 
slower function, myoelectric prostheses are preferred to 
body-powered because of improved range of movement 
and less compensation required [25].

Table 3. 
Kinematics of modified Box and Blocks test performance.

*Location of terminal marker relative to divider marker. As top of divider is referenced as zero, negative value corresponds to terminal marker below level of 
divider marker.
TMR = targeted muscle reinnervation.
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Because this is a case study, we were unable to pres-
ent comparison of a wide range of prosthetic devices since 
we were limited to the devices that the subject was pro-
vided on a clinical basis. Ideally, this case study would 
have collected pre-TMR data using a conventional myo-
electric prosthesis, but because of funding restrictions the 
myoelectric prosthesis was not supplied until after the 
TMR surgery. In the future, direct comparison of myo-
electric prosthetic function pre- and post-TMR surgery 
will be insightful for understanding whether the reduced 
compensatory movements are related to use of the myo-
electric elbow alone or are a benefit of the TMR surgery. 
The method presented of using motion capture with a 
modified Box and Blocks test could also allow compari-
son of different devices in future controlled studies.

Further study would be required to establish norma-
tive data for this modified Box and Blocks test with 
motion capture, including a standardized protocol. Col-
lecting normative data may allow a range of normal func-
tion to be identified as a marker for “good quality” 
motion. Using motion capture in this way has the advan-
tage of allowing examination of the interaction of the 
users with the device, how they choose to perform with 
the prosthesis, and how their body adapts to that choice. 
This may point to a future study on the effect of body 
compensatory movements on long-term outcomes, such 
as risk of joint degeneration, muscle overload, and repeti-
tive strain injury, in order to guide selection of the most 
important parameters to “normalize” in our patients.

In this manner, the motion capture procedure could 
have wider applicability in other populations with upper-
limb impairment for which the Box and Blocks test is 
commonly used. The traditional Box and Blocks test pro-
vides important information on functional upper-limb 
ability. The addition of quantitative motion analysis has 
the potential to add to the understanding of quality of 
movement in upper-limb impairment and to be a relevant 
outcome measure for interventions to improve upper-
limb prosthetic function.

CONCLUSIONS

The current study presents a novel approach to quan-
tifying quality of motion with a modification of the Box 
and Blocks test and the use of motion capture in a trans-
humeral prosthetic user at two time points and with two 
different prostheses, pre- and post-TMR surgery. We saw 

improvements in prosthetic motion and reduced compen-
satory trunk motions, but with slower test performance in 
the post-TMR myoelectric condition. With further study, 
the modified Box and Blocks test with motion capture 
has the potential be a useful standardized outcome mea-
sure for a variety of upper-limb impairments because of 
its ability to quantify motion patterns of the upper limb as 
well as compensatory body movements.
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