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Abstract— Training coordinated hand and wrist movement is
invaluable during post-neurological injury due to the anatomi-
cal, biomechanical, and functional couplings of these joints. This
paper presents a novel rehabilitation device for coordinated
hand and wrist movement. As a first step towards validating
the new device as a measurement tool, the device transparency
was assessed through kinematic analysis of a redundant finger
pointing task requiring synergistic movement of the wrist and
finger joints. The preliminary results of this new methodology
showed that wearing the robot affects the kinematic coupling of
the wrist and finger for unconstrained pointing tasks. However,
further experiments specifying a subset of the solution manifold
did not exhibit the same difference between robot and no robot
trials. The experiments and analysis form a promising method
for the characterization of multi-articular wearable robots as
measurement tools in robotic rehabilitation.

I. INTRODUCTION

Robotic rehabilitation has been successfully implemented
for several neuromuscular conditions, providing a safe, accu-
rate way to administer high intensity, long duration physical
therapy, and record quantitative data about subjects’ progress
[1]. The rehabilitation of the hand and wrist is critical to
restore the ability to perform activities of daily living (ADL).

Due to tendon and muscle anatomy, the wrist and hand
are kinematically and dynamically linked [2]. The hand and
wrist have biomechanical couplings as well, with previous
studies identifying finger and wrist position-dependent pas-
sive properties of the hand [3]–[5]. Since most functional
ADL involve coordinated movement of the hand and wrist,
therapy for certain impairments, such as Parkinson’s disease,
focuses on regaining coordination [6]. Therefore, integrated
hand and wrist therapy has the potential to improve the
rehabilitative outcomes. Often, the anatomical, biomechan-
ical, and functional couplings of the hand and wrist are
overlooked in robotic rehabilitation. A number of hand
and wrist exoskeletons have been separately developed [7]–
[9], and the efficacy of robot-aided rehabilitation has been
clinically verified [10]. Still, most devices do not allow for
coordinated movement of the wrist and hand.

In addition to coordinated movement capabilities and
functional workspace requirements [11] such as range of
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Fig. 1. The READAPT, shown with wrist, finger, and thumb DOF, is a
novel integrated hand and wrist exoskeleton evaluated as a measurement
device via kinematic analysis.

motion (ROM) and torque required for ADL, a rehabili-
tation robot must possess quantitative measurement capa-
bilities for evaluation [12], requiring high quality position
sensing, good backdrivability, and backlash-free operation
[13]. Traditionally, quantitative measurement capabilities and
backdrivability, also termed as device transparency, have
been inferred from characterization metrics such as inertia,
static friction, and viscous friction. While these traditional
metrics are useful for comparisons of established devices
[14], they are insufficient for validating them as measurement
tools in synergistic multiarticular movements. Specifically,
these metrics do not quantify the effect the devices have
on the kinematic and kinetic movements properties. A direct
comparison between movement measured by a robotic device
and a ‘ground truth’ device is required to validate a device
as a reliable measurement tool. This comparison should take
the form of generalizable methods and metrics for motion-
based device transparency assessments. Previous studies have
used kinematic data to investigate wrist dynamics [15] and
to characterize a wrist robot’s effect on wrist pointing move-
ments [16]. However, wrist pointing movements seem to
be less ‘smooth’ and more variable than those of reaching
movements, which complicates commonly used kinematic
features for post-rehabilitation evaluation [17]. Despite this
potential shortcoming, kinematic characteristics of coordi-
nated movements are a prime target for investigations, since
they can be measured in a non-invasive way, allowing for



validation of an exoskeleton as a measurement device.
To address the need for coordinated wrist and hand therapy

tool, this paper presents a novel hand and wrist exoskeleton
in Section II. To validate this prototype as a measurement
tool, Section III presents a motion-based transparency as-
sessment of the device. The results in Section IV show the
device’s effect on hand and wrist kinematic couplings.

II. READAPT: ROBOTIC EXOSKELETON TO ASSIST
DISTAL ARM PHYSICAL THERAPY

The READAPT, shown in Fig. 1, leverages the design of
existing devices [18], [19] to enable coordinated hand and
wrist therapy. This device is designed to actuate eight degrees
of freedom (DOF) of the hand (four at the thumb, two each
for middle and index finger) and and three of the wrist,
with passive constructions to prevent over-constraining the
kinematics. As a therapy tool, the new device meets the func-
tional workspace criteria for rehabilitation devices, shown in
Table I. As a measurement device, the READAPT utilizes
dynamic cancellation control for the hand and unpowered
backdriving for the wrist DOF.

TABLE I
ADL REQUIREMENTS [20]–[22]AND READAPT CAPABILITIES [19]

ROM [deg] Torque [Nm]
Joint ADL EXO ADL EXO

Forearm pro./sup. 150 180 0.06 1.69
Wrist flex./ext. 115 130 0.35 3.37

Wrist radial/ulnar dev. 70 75 0.35 2.11
Index Finger MCP flex./ext. 70 74 0.8 2.4

The hand portion of the exoskeleton minimizes unnec-
essary forces on the finger by design and through control.
In total, the hand portion of the exoskeleton has sixteen
sensors to estimate all DOF of the three actuated fingers,
with series-elastic-actuators (SEA) to control joint torques.
These features also allow for estimation of the MCP, PIP,
and distal interphalangeal (DIP) joint angles during flexion
and extension, and the MCP joint angle during abduction
and adduction. The mechanisms of the exoskeleton minimize
any actuator-induced finger joint reaction forces and prevent
misalignment between the robot joints and the human joints.
The inertia of the hand-robot system is minimized to preserve
the dexterity of hand movements and promote dynamic trans-
parency of the device. Selective Laser Sintering (SLS), a type
of additive manufacturing, of Nylon-12 plastic components
and remote actuation via Bowden cables reduced the weight
of the wearable portion of the device to a mere 75g. However,
Bowden cables introduce a significant amount of friction,
which prevents the exoskeleton from achieving passive back-
driveability [23]. To overcome this friction, the exoskeleton
utilizes active control methods to apply zero torque to the
human joint. The applied force of the exoskeleton can be
estimated by measuring the displacement of the SEA linear
springs. Thus, the exoskeleton can achieve backdriveability
if the displacement of the linear springs are controlled to be

zero. Mechanical characteristics of the exoskeleton are listed
in Table I. Note that the 70° refers to 60° of flexion and 10°
of extension and the 74° refers to 72° of flexion and 2° of
extension for ADL and device ROM, respectively.

The wrist portion of the device is a RRR mechanism
with forearm pronation/supination, wrist flexion/extension
and wrist radial/ulnar deviation DOF, actuated by DC motors
and capstan cable transmissions, providing low friction and
backlash-free operation. A thorough characterization of the
wrist module was previously presented [24].

III. EXPERIMENTAL METHODS

We are interested in understanding the suitability of our
exoskeleton as a rehabilitation assessment device. To this
end, we devised a redundant planar pointing task using the
index finger metacarpalphalangeal (MCP) and wrist flex-
ion/extension joints. The selected task activates all joints
of interest, enabling the identification of kinematic cou-
plings and the analysis of their variation based on specific
experimental conditions. The task is redundant, since the
task solution space is defined by a 1D manifold of wrist
and MCP joint angles, which can be categorized as either
in-phase, where the MCP and wrist both flex or extend
relative to an initial starting position, or out-of-phase, where
the MCP and wrist joints rotate in opposite directions. In
order to investigate different pose-dependent synergies, the
pointing tasks are modeled after previous experiments [3] via
obstacles to generate in-phase, and out-of-phase movements
in addition to obstacle-free unconstrained tasks.

A. Subjects

Nine subjects, ages 21-30, eight female and one male, all
right hand dominant and having no known neuromuscular
deficit or hand injury, completed the study in compliance
with the Rice University Institutional Review Board.

B. Motion Capture

Six Optitrack Flex V100R2 100 FPS cameras, 5 mm
passive reflective markers, running in soft real time through
Quarc and Simulink in Windows were used to measure
the relative joint angles during the pointing tasks. Passive
markers were placed on the distal phalange and the lateral

(a) NR Condition (b) R Condition (c) Task Overlay

Fig. 2. Passive optical marker placement circled in red and their relationship
to visualization, enabling robot and no robot kinematic comparisons



elbow crease as line endpoints, and on the bony landmark
for the MCP in a similar manner to related experiments [25],
[26] and the top of the radial head [27] as joint axes, as seen
in Fig. 2. As shown in Fig 2b, the radial head bony landmark
was not readily visible for marker placement when wearing
the device, so a secondary marker location above the radial
head was selected, and was visually inspected to minimize
travel during wrist flexion/extension. In order to prevent
proximal interphalangeal (PIP) joint or distal interphalangeal
(DIP) joint flexion/extension, subjects’ fingers were taped
and splinted. The 3D positions of each marker were projected
onto a plane perpendicular to the rotation axes.

The joint angles, θn, n = 1, 2, were determined by first
approximating the four markers, numbered from proximal to
distal, as coplanar endpoints of three lines Li, i = 1, 2, 3,
then determining the relative angle between the lines:

θn = sign((Ln × Ln+1) · ĵ)acos(
Ln · Ln+1

‖Ln‖‖Ln+1‖
) (1)

The positive direction for each joint angle was defined to be
counter-clockwise as viewed from above, so that for each
joint, flexion was positive, and extension was negative, and
would follow the right-handed rule convention for the world
frame y axis, shown in Fig. 2c and used in equation 1.

C. Experimental Protocol

The pointing tasks were conducted with three within-
subject factors: condition (robot (R) or no-robot (NR)), cate-
gory of movement (unconstrained, in-phase, or out-of-phase),
and target location (requiring wrist flexion or extension).
Subjects completed the tasks first when using the READAPT
as a measurement device, and then repeated the protocol
without the robot. The pointing task was represented in a
virtual display seen in Fig. 3 which maps the horizontal
plane of the table onto the screen, imitating the view of
looking down at your hand as you point, shown in Fig. 2c.
The visualization consisted of two black lines, representing
the hand and finger, and red circles representing joint axes,
along with targets and obstacles. Subjects’ forearms were
constrained to a planar surface by the exoskeleton or a
splint. Before the start of each task, subjects first had to
match a specified pose of 0± 3° wrist flexion, and 20± 3°
MCP flexion, estimated to be a comfortable, near-neutral
position, shown in Fig. 3a as a thick gray outline of the
starting pose. As soon as this start pose had been reached,
subjects were shown a target (Fig. 3b), requiring either wrist
flexion or extension, and one of three possible constraint

(a) Task start (b) Mid-task (c) Task completed

Fig. 3. Subjects match a starting pose, shown in gray, before completing
the pointing task, in this case an unconstrained extension task

conditions (unconstrained, in-phase, out-of-phase), shown in
Fig. 4. Subjects were instructed to point quickly at each
target as they appeared, and one second after reaching the
target (Fig. 3c), the visualization disappeared, and subjects
were instructed to return to a relaxed pose pointing along
the z axis in the world frame, for marker identification.
Unconstrained targets had no obstacles (Fig. 4a, 4b), whereas
in-phase (Fig. 4c, 4d) and out-of-phase (Fig. 4e, 4f) targets
had obstacles requiring poses within a reduced solution
manifold. Subjects performed a set of ten practice tasks,
then fifty randomized tasks for each constraint condition
(unconstrained, in-phase, out-of-phase).

IV. RESULTS AND ANALYSIS

A set of measures were defined to assess whether the
interaction with the robotic device would change the hand-
wrist coordination patterns observed during the redundant
pointing tasks. Initial analysis has focused on the inter-peak
time delay between wrist and finger joint velocity maxima,
and the maximum straight line deviation of trajectories in a
joint angle phase portrait. Both of these metrics examine
coordination across the MCP and wrist flexion/extension
joints, in that a coordinated movement is expected to consist
of simultaneous multi-DOF movements with similar peak
velocity times. Dis-coordination caused by the exoskeleton
is hypothesized to distort synergistic multi-DOF trajectories
into successions of single-DOF movements, which will in-
crease straight line deviation in the joint angle phase portrait
and the time between peaks in the joint velocity profiles.

A. Data processing

Individual tasks were segmented by assigning the start of
the movement to the minimum of the absolute value of the
sum of the MCP and wrist joint velocities after the start
position had been reached (Fig. 3a), and the end of the move-
ment to be one second after reaching the target (Fig. 3c).
Segmenting in this manner provided more consistent results
than using velocity thresholds due to the experimental design
allowing subjects to ‘swing-through’ the initial or target
position. Filtering and differentiation was accomplished via
a third order Savitzky-Golay filter with a 21-sample (200
ms) window. For each combination of the three factors a)
condition b) category of movement and c) target location,
the inter-peak delay and straight line deviation metrics were
averaged across subjects and analyzed through a factorial
repeated measures ANOVA.

B. Inter-peak time

The first characteristic investigated is the time delay be-
tween the velocity peaks of the flexion-extension axes of the
MCP and wrist, defined as:

∆T = tp,w − tp,MCP (2)

Positive values of ∆T imply that the MCP velocity peak
anticipates the wrist’s. Fig. 5 shows the inter-peak times for
all subjects, with each task grouped next to its corresponding



(a) Unconstr. flex. (b) Unconstr.ext. (c) In-Phase flex. (d) In-Phase ext. (e) Out-of-Phase flex. (f) Out-of-Phase ext.

Fig. 4. Each subfigure shows one of the six experimental tasks, with the visualization presented to the subject on top, mapped as shown in Fig. 2c. The
middle figure is the solution manifold, shown in red of joint angles that successfully reach the target and avoid the obstacle, plotted over the workspace.
MCP and wrist flexion/extension ROM are the horizontal and vertical axes, respectively. The bottom figure shows the pose required to complete the task.

R/NR condition. Inter-peak time means were considered
outliers if they fell outside of three interquartile ranges from
the 25th or 75th percentile. The ANOVA showed an inter-
action between robot/no-robot and category of movement
(F (1.26, 10.05) = 5.4, p = 0.04, η2p = .40). This interaction
was decomposed using simple main effects, summarized in
Table II, which shows an effect for unconstrained and in-
phase movements, but not for out-of-phase movements.

The tight grouping of unconstrained and in-phase no-robot
inter-peak times around zero, suggests that natural pointing
tasks involve simultaneous finger and wrist movement, as
shown in blue in the first four columns of Fig. 5. The
robot condition perturbed this coupling by increasing the
magnitude and variability of inter-peak time, which could
be attributed to the robot’s inertial and friction character-
istics. However, this statistically significant difference was
not found in the out-of-phase movements, which may be
unfamiliar, and do not possess the same strong coordination
as familiar in-phase movements.

TABLE II
EFFECT OF ROBOT ON INTER-PEAK TIME

SME F(1,8) p η2p
Unconstrained 28.6 0.001 0.781

In-Phase 36.7 <0.001 0.82
Out-of-phase 3.6 0.095 0.31

C. Straight line deviation

Analysis of the trajectories in the phase plane defined by
joint angles enables the assessment of linearity of syner-
gistic hand and wrist rotations. Fig. 6 shows representative
trajectories in both R and NR conditions. The decrease in
coordinated movement results in a greater curvature of the
trajectory in the phase plane for the R condition, which
was characterized by the maximum deviation from a straight
line path for each trajectory. The first and final positions of

Fig. 5. Inter-peak time delay between finger and wrist velocities shows
significant difference in unconstrained and in-phase conditions between
robot (left in red in each sub plot) and no-robot (right in blue) conditions.

the filtered and segmented position trajectories were used
to create a straight line path, and straight line deviation
is defined as the maximum distance between the measured
profile and the calculated straight line path. Mean deviations
for all subjects are shown in Fig. 7. The ANOVA showed an
interaction between robot/no-robot and category of move-
ment (F (1.45, 11.6) = 17.35, p = 0.001, η2p = .68). This

(a) NR Unconstrained Extension (b) R Unconstrained Extension

Fig. 6. Comparison of robot (R) and no robot (NR) tasks, with the solution
manifold in red, starting position represented by a green circle, individual
paths in blue, and an average path in thick black.



Fig. 7. Maximum straight line deviation for all subjects shows difference
in unconstrained and in-phase conditions between robot (left in red in each
sub plot) and no-robot (right in blue in each sub plot) conditions.

interaction was decomposed using simple main effects, which
showed an effect for unconstrained and in-phase movements,
but not for out-of-phase movements, and the results are
summarized in Table III.

TABLE III
EFFECT OF ROBOT ON STRAIGHT LINE DEVIATION

SME F(1,8) p η2p
Unconstrained 20.4 0.002 0.710

In-Phase 26.6 0.001 0.769
Out-of-phase 2.1 0.185 0.208

V. DISCUSSION

As expected, the robot affected the kinematic coupling of
the hand and wrist as measured by inter-peak time delay
and maximum straight line deviation. The robot possesses
non-negligible inertial and friction characteristics that should
alter movement. While models of wrist dynamics [15] show
limited inertial effects on pointing movement dynamics, the
inertia of the READAPT, approximately the same as the
wrist module, [24] is nearly a five-fold increase over the
inertia used in a biomechanical model, [15] which could have
an effect on wrist pointing movements. Since static friction
is not present in the model, it could have an even greater
perturbing effect on kinematic couplings. Second, there is
a distinction on the types of movement, as neither metric
showed a significant difference between robot and no robot
conditions for out-of-phase movements. It is possible that
this dependency on phase is the result of familiarity with in-
phase movements, which are more commonplace than out-
of-phase movements. Commonplace movements may have
more refined, and potentially sensitive, internal models [28],
whereas the out-of-phase models are less developed and
potentially less likely to be disturbed.

The difference in straight line deviation between robot and
no-robot conditions can be explained by two observations.
First, most subjects avoided or delayed moving the wrist

during robot condition experiments as compared to the no-
robot condition experiments. This delay was likely due to
the inertia and static friction of the READAPT at the wrist,
which caused the discoordination. These results suggest a
need to reduce the inertia of the device through the im-
plementation of lightweight materials and further material
reduction when possible. The frictional characteristics of the
device need to be reduced through feedforward cancellation,
to further improve the transparency of the device. Second,
MCP flexion/extension range of motion seemed to be limited
for subjects by varying degrees, with an example shown
in Fig. 6b. This variable decrease in ROM may have been
caused by limitations of the particular interface components
of the hand module of the exoskeleton. Inclusion criteria
for this study centered on finger length, but individuals
with similar finger lengths do not necessarily have the same
diameter fingers, and the sub-optimal fit of the interfacial
parts for the exoskeleton prevented full range of motion.
These plots show that although subjects were able to fit
inside the exoskeleton, they are still sensitive to improper
interfacing, supporting the need for further optimization or
customizable interface components.

During certain out-of-phase, flexion, no robot tasks
(Fig. 4e), another kinematic coupling was observed, circled
in Fig. 8. It appears that the wrist drags the finger into flexion
before the finger extends to complete the task. This behavior
was exhibited too frequently to be readily attributed to user
error, as it did not appear consistently in all trials or in all
subjects. The presence of the coupling did not seem to change
over with training. It is hypothesized that the difficulty of
the out-of-phase tasks could have contributed to its sporadic
appearance, and further experiments aimed specifically at this
new coupling are warranted.

These results indicate a need for further analysis of the
device’s effects on pointing tasks, both with regard to a
deeper analysis of results, and recommendations for mod-
ifications to our experimental protocol. In future analysis,
we will explore inter-peak delay over tasks, as well as its
variance as a function of impedance. It is hypothesized
that after training this delay could be compensated for by
healthy subjects for a constant impedance, and that at lower
levels of impedance, this variance will be reduced. Therefore,
comparisons between impedances of varying levels across the

Fig. 8. Kinematic coupling (circled) appearing in select out of phase tasks.
The finger anticipates wrist flexion before extending to accomplish the task.



different joints of the exoskeleton are planned.
Regarding our experimental methods, subjects were al-

lowed to complete a task as soon as they reached the requisite
pose, causing difficulties in segmenting the movements,
requiring the changed segmentation procedure which still
resulted in some skewed start positions in Fig. 6. All future
experiments should require that subjects reach and remain
on the target for a prescribed amount of time, or have some
velocity threshold that they must remain below before being
allowed to proceed, to prevent the ‘swing-through’ comple-
tions of tasks. To increase measured joint angle accuracy,
experiments should consider performing initial calibrations
[29], [30] to determine MCP and wrist flexion/extension
axes. This calibration process will also avoid the difficulty
of locating joint axes with a passive marker, and prevent the
visual inspection required in Section III-B. Finally, having
more interfacing components in a wider variety of sizes could
prevent some of the ROM limitations identified in Section IV-
C and widen the inclusion criteria.

VI. CONCLUSION

The READAPT is a step towards an integrated hand
and wrist exoskeleton to train coordinated wrist and hand
movements following a neurological injury. The assessment
method presented in this paper is a first step in quantify-
ing the relationship between device transparency and the
kinematic coupling of the hand and wrist during synergistic
movements. The preliminary results show that hand and wrist
kinematic couplings are sensitive to the inertial and friction
disturbances and kinematic constraints of exoskeletons.
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