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Abstract— The wrist is an essential component in performing
the activities of daily living (ADLs) associated with a high
quality of life. After a neurological disorder, motor function
of the hand and wrist can be affected, reducing quality of
life. Many experiments have illustrated that more wrist flex-
ion/extension is required than radial/ulnar deviation when per-
forming ADLs; however, how this result translates to efficiency
in performing ADLs has not been investigated. Motivated by
clinical assessment during neurorehabilitation, in this paper we
investigate with able-bodied participants how performing tasks
representative of the Jebsen-Taylor Hand Function Test are
impacted when a splint constrains the user to a single rotational
degree of freedom of the wrist. Twenty participants enrolled in
the study, performing five tasks under five conditions, including
constraint to pure flexion/extension and radial/ulnar deviation.
The importance of wrist movement direction in performing
ADL:s efficiently found in this study could shape clinical wrist
rehabilitation paradigms and wrist rehabilitation robot designs.

I. INTRODUCTION

Neurological disorders such as stroke and spinal cord in-
jury (SCI) can have devastating social and economic impacts
on an individual. A common outcome of a neurological
disorder is loss of motor function leading to lower quality of
life through loss of independent care [1], [2]. In the United
States alone, 795,000 individuals suffer a stroke [3] and
12,000 suffer an SCI annually [4]. The financial burdens
associated with these injuries is immense, with the costs
associated with stroke exceeding $30 billion [3] and the costs
of SCI exceeding $10 billion [5]. A component of these costs
is the high-intensity rehabilitation required after injury to
promote recovery of reduced motor function [3], [4].

To assist in performing the high-intensity rehabilitation
required after neurological injury, robots that can measure
and assist the patient’s movements have been created [6],
[7]. It is generally accepted that task-specific training is a
critical component for recovery [8], [9]; however, designing
devices for task-specific training can be challenging since
task-specific movements generally require many degrees of
freedom (DOF). Since the cost and design of a robot are
directly related to the number of degrees of freedom, it would
be beneficial to be able to perform task-specific training
while limiting controlled DOFs.

The wrist is a candidate joint for reducing the DOFs during
robotic design and rehabilitation while still maintaining task-
specific training. Most wrist rehabilitation robots focus on the
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two largest movements of the wrist, i.e., flexion/extension
(FE) and radial/ulnar deviation (RUD) [10], [11]; however,
creating these wrist robots is nontrivial since the axes of
these two rotational movements are modeled as intersecting.

Although the wrist is typically modeled as two rotational
movements with intersecting axes, some studies state that
the most functional wrist movement direction is along the
axis of the dart thrower’s motion (DTM), an oblique motion
from radial/extension to ulnar/flexion [12]. Determining the
importance of wrist movement direction could have impor-
tant implications for therapy. If task-specific training can be
accomplished with only one rotational DOF of the wrist,
robotic design complexity could be decreased and task-
specific rehabilitation intensity increased.

In this study, the impact of limiting movements of the
wrist during ADLs through the custom-made splint shown in
Fig. 1 is investigated. We quantify the reduction in function
that would be realized if an individual only experienced
recovery of movement along a single wrist movement di-
rection, possibly as a result of single DOF rehabilitation,
using four tasks inspired by the Jebsen-Taylor Hand Function
Test (JTHFT) and one representative ADL. The JTHFT is a
clinical test administered throughout rehabilitation after neu-
rological injury [13]. This test assesses the performance of
hand function in performing representative ADLs, consisting
of tasks such as writing, card flipping, and moving objects.
The tests are timed with a stopwatch, and improvements are
associated with decreased completion time. In this work, we
recruited able-bodied participants to perform tasks inspired

Fig. 1. Custom-designed and prototyped wrist splint designed for the
experiment that can be rotated to constrain the user to any rotational
direction of the wrist. 1) Top pressure bar for constraint, 2) foam padding
for comfort, 3) FE rotational DOF allowed in shown splint condition, 4)
compression wrap for donning the splint, 5) threaded rod for controlling
pressure bars, 6) bottom pressure bar, and 7) base attachment to the forearm.
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Fig. 2.

A user wore the wrist splint while performing all five tasks presented in the experiment. A) Writing a sentence, B) flipping over light objects

(cards), C) moving light objects (mechanical nuts) to a shelf, D) flipping over heavy objects (cans), and E) tying a shoe with a double knot.

by the JTHFT to test the possibility that tasks are completed
less efficiently when constrained to RUD.

II. MATERIALS AND METHODS

Participants were asked to perform five tasks under five
different conditions of wrist constraint. Wrist constraint was
accomplished through the use of the custom wrist splint
shown in Fig. 1, which partially restricted normal wrist
motion through two pressure bars. The time taken to perform
each task was recorded with a 10 ms resolution stopwatch,
and the same experimenter administered all experiments.

A. Farticipants

Twenty individuals (15 male, 5 female) with an age range
of 20-31 years, mean of 23 years, and standard deviation
of 3.0 years participated in the experiment. All participants
were right-hand dominant. Note that 21 participants had to
be recruited since one was unable to complete the experi-
ment. Approval for the experiment was obtained through the
appropriate institutional review board.

B. Wrist Splint

The objective in the splint design was to be able to
easily adjust the constrained wrist axis for a variety of wrist
sizes and to minimize its weight. The splint consists of
two forearm mounts 3D printed from acrylonitrile butadiene
styrene (ABS) plastic, as well as two pressure bars, two
slotted bars, and four connecting rods machined from Delrin.

To don the splint, the experimenter would wrap the partic-
ipant’s right forearm with compression wrap, then securely,
but comfortably, fasten the two mounts to either side of the
forearm using Velcro. The experimenter would then position
the pressure bars, with foam between the Delrin and skin for
user comfort, to provide pressure against the participant’s
hand at a point 1-2 cm distal of the wrist joint. Thus
positioned, the pressure bars create a channel that limits the
wearer’s hand motion to the plane of motion defined by this
channel. The user can freely rotate their wrist such that the
hand moves parallel between the pressure bars, but any other
wrist motion would be constrained by the pressure bars.

While hand maneuverability outside of the channel de-
creases the closer the bars are to the hand, completely

removing motion outside of the channel would be excessively
uncomfortable for the user. As a result, the splint only
partially constrains motion out of the channel while applying
a comfortable amount of pressure. A maximum bound on the
amount of play possible with the splint is 35° in FE when
constrained to RUD and 25° in RUD when constrained to FE.
Note that the user would still experience resistance when
attempting to move in the restricted direction, so the only
truly free direction is the one set by the channel.

C. Experimental Procedure

The experimental procedure consisted of the participant
performing five tasks in each of five constraint conditions.
One of the constraint conditions was to perform the experi-
ment without any restraint to evaluate the impact of wearing
the splint on performance, while in the other four constraint
conditions, the participant wore the custom wrist splint. To
help familiarize themselves with the splint prior to each of
the four splint conditions, the participant spent approximately
one minute performing a representative task. The practice
session was followed by the five tasks, each of which was
performed twice. After completing the tasks, the experiment
proceeded to the next condition. For each participant, the
order of the tasks and conditions was randomized to balance
any learning effects. Completion of the entire experiment
took approximately 40 minutes.

1) Tasks: Participants performed a series of five different
tasks illustrated in Fig. 2 and described below. Four of the
tasks were inspired by the JTHFT, while the fifth (tying a
shoe) was selected as an ADL.

o Writing a Sentence: The participant was presented with
a sentence and asked to write the sentence as quickly
and legibly as possible on a piece of paper using his or
her dominant hand. Participants were seated in a stan-
dardized position that limited the impact of the splint’s
bulk, and no instruction was given to participants on
whether to use print or cursive.

« Flipping over Light Objects: Five index cards were laid
out in a row on the table in front of the participant. The
participant was asked to flip over each card as quickly
as possible using only their dominant hand.
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« Moving Objects to a Shelf: Five metal nuts were placed
close together on the table in front of the participant.
The participant was asked to, using only their dominant
hand, move the nuts one at a time into a small cup on
a shelf above their head as quickly as possible.

« Flipping over Heavy Objects: Five full soup cans were
placed in a row on the table in front of the participant.
The participant was asked to flip over each can as
quickly as possible using only their dominant hand.

« Tying a Shoe: A shoe was placed on the table in front
of the participant. The participant was asked to tie the
shoe as quickly as possible using a double knot.

2) Conditions: The participants performed each of the
above tasks under the five different constraint conditions
described below. In all splint conditions, the participant wore
the splint on his or her dominant hand.

o Free (FR): The participant did not wear the splint, but
still wore the compression wrap.

e No Constraint (NC): The participant wore the splint
with the bars applying no pressure and positioned away
from the hand so that full wrist ROM was possible
without making contact with the splint.

o FE: The participant wore the splint in a configuration
to constrain motion to FE.

o Linear Combination (LC): The participant wore the
splint in a configuration to constrain motion to ap-
proximately midway between FE and RUD so that the
wrist could only freely move from extension and radial
deviation to flexion and ulnar deviation.

o RUD: The participant wore the splint in a configuration
to constrain motion to RUD.

D. Data Analysis

Participants performed each task for a given condition
twice (one after the other), and the fastest time of the two
was used for subsequent analysis. This method reduced the
likelihood of outliers as a result of an unrepresentative trial,
while not fatiguing the participant due to excessive trials.
The primary measure of performance in this study was the
execution time between participants for a given task and total
experiment time across splint conditions.

Since the FR condition was included only to quantify the
impact of the splint compared with being completely free,
for the primary statistical analyses, only the NC, FE, RUD,
and LC conditions were compared. Since all participants
performed each condition, a repeated measure analysis of
variance (ANOVA) was used to evaluate if there was a
significant difference in task completion times across the
four splint conditions for a given task using a threshold of
a = 0.05 for statistical significance. For significant effects
found in the repeated measure ANOVAs, post-hoc pairwise
comparisons with Bonferroni corrections were performed to
determine statistically significant differences in means be-
tween conditions for a given task. Additionally, to determine
if the splint weight and shape impacted performance between
the two baseline conditions, t-tests were performed between
FR and NC for the five tasks and completion time.

III. RESULTS

Mean completion time for all tasks and conditions is
shown in a bar plot in Fig. 3. A repeated measure ANOVA of
the mean completion time for all tasks across the splint con-
ditions showed statistically significant differences as shown
in Table I. Post-hoc pairwise comparisons with Bonferroni
corrections were performed for all tasks across a given
condition. The impact of the splint on free motion was
evaluated by comparing FR and NC for all tasks and total
experiment time through t-tests with Bonferroni corrections.

Significant effects were found in writing a sentence be-
tween NC and LC (p < 0.03); moving objects to a shelf
between NC and LC (p = 0.04); flipping over cans between
FE and RUD (p < 0.01) as well as NC and RUD (p < 0.02);
and total experiment time between FE and RUD (p < 0.02),
NC and LC (p < 0.03), and NC and RUD (p < 0.01). For
the case of total experiment time, the mean values were 36.8,
39.0, 40.5, and 41.5 s for NC, FE, LC, and RUD respectively.
Additionally, other than the pairwise comparison with tying
a shoe (not significant), the other five comparisons between
FR and NC were significant with p < 0.01.

IV. DISCUSSION

Statistically significant differences (p < 0.05) were found
between NC and LC (sentence, shelf, and total experiment
time), NC and RUD (cans and total experiment time), and FE
and RUD (cans and total experiment time). When constrained
to movements in the FE direction, users performed all
of the tasks more quickly than when constrained to only
movements in LC and RUD. The results from this work
on wrist performance as a measure of wrist function with
respect to wrist motion axis provides complimentary support
to the literature on wrist ROM during ADLs, suggesting
that RUD might be less functional than wrist FE or the
DTM. It is worth noting that FR compared with NC was
statistically different for all comparisons except for tying a
shoe, indicating that in general wearing the splint affected
user performance, and so in the future the splint design
should be improved to reduce its impact in the NC condition.

Prior to the experiment, we suspected that motions for LC
would be similar if not faster than in FE given its relative
similarity to the DTM. In the functional tasks studied here,
we did not observe any statistically significant differences
between the FE and LC conditions. It should be noted that
the DTM plane resides approximately 20-45° from pure
FE [14], in contrast to the approximately 45° used in this
study. However, recent studies have shown that the wrist
appears to use a variety of DTM planes for different ADLs,
and so the 45° in this work has some merit [15], [16].
Additionally, over 5 experimental tasks, the mean difference

TABLE 1
REPEATED MEASURES ANOVA BETWEEN NC, FE, LC, AND RUD
Sentence  Cards Shelf Cans Shoe Total
F(3,57) 4.85 3.15 435 8.64 3.17 8.24
p .0045%* .03* .0079%  .00008*  .03*  .00012*
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Fig. 3. Bar plot of mean completion time over all participants for a given task under all conditions (FR: free, NC: no constraint, FE: wrist flexion/extension,
LC: linear combination of FE and RUD in the direction of the DTM, and RUD: wrist radial/ulnar deviation). Total experiment time is the sum of the five
tasks for a given condition. Note that each bar represents 20 data points—one for each of the 20 participants who performed the experiment. The error
bars in the plot represent the 95% confidence intervals. Pairwise comparisons with Bonferroni corrections were performed between the NC, FE, RUD, and
LC conditions, as well as between FR and NC. Statistical significance of a pairwise comparison is indicated by *.

in time for 20 participants between FE and LC was only
1.5 s (3.8% difference) and between FE and RUD was 2.5 s
(6.2% difference). While the comparison of FE and RUD
was statistically significant, further research is needed to
determine the clinical relevance of this difference in time.
This work has presented evidence to suggest that when
partially constrained to a single wrist movement direction,
performance by able-bodied individuals differed in a few
representative functional tasks from the JTHFT and an ac-
tual ADL. Constraining the user to move in RUD or LC
resulted in slower performance than when constrained to
FE. These results indicate that when performing a variety
of representative tasks with the hand and wrist, movement
direction might impact efficiency in completing the task. In
this experiment, it was found that being constrained to FE
still allowed comparable performance of the tasks relative
to not being constrained, and was significantly faster than
being constrained to RUD. Thus, we have further quantified
what aspects of wrist kinematics are important in completing
daily tasks. By furthering our understanding on how the
wrist functions, clinicians can be better informed while
determining rehabilitation strategies after neurological injury.
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