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A Wrist and Finger Force Sensor Module for Use
During Movements of the Upper Limb in Chronic
Hemiparetic Stroke
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Abstract—Previous studies using robotic devices that focus on
the wrist/fingers following stroke provide an incomplete picture of
movement dysfunction because they do not consider the abnormal
joint torque coupling that occurs during progressive shoulder ab-
duction loading in the paretic upper limb. This letter introduces a
device designed to measure isometric flexion/extension forces gen-
erated by the fingers, wrist, and thumb during robot-mediated 3-D
dynamic movements of the upper limb. Validation data collected
from eight participants with chronic hemiparetic stroke are pre-
sented in this paper.

Index Terms—Hand, kinetic measurements, robotic rehabilita-
tion, shoulder loading, stroke, upper extremity.

I. INTRODUCTION

N RECENT years, the quest for more effective rehabilitation
I strategies for the upper limb following hemiparetic stroke has
focused on employing instrumented robotic devices to explore
motor learning, to investigate the effects of treatment intensity,
and to study mechanisms underlying stroke-induced movement
disorders. This letter introduces a device, the Wrist/Finger Force
Sensing module (WFFES), which is designed to quantify poten-
tial abnormal joint torque coupling between the shoulder and
wrist/fingers in the paretic upper limb. The WFFS measures
isometric flexion/extension forces generated by the wrist, fin-
gers, and thumb during 3-D movements of the paretic upper
limb.

In the paretic upper limb of moderately to severely affected
hemiparetic stroke survivors, coupling between shoulder ab-
ductors and elbow, wrist and finger flexors, clinically described
as the flexion synergy [1], [2], frequently occurs. This cou-
pling could partially explain the hypertonia in the wrist/finger
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flexors observed frequently during upper limb movements fol-
lowing stroke. Robotic assistive devices for the hand, such as
extension-aiding gloves and exoskeletons, have the potential to
improve hand function, as do robot-aided rehabilitation proto-
cols that can involve sophisticated and precise active or passive
mechanical manipulations of the hand/wrist. However, the ex-
pression of the stroke-induced flexion synergy at the hand must
be better quantified before these technologies can reach their
full potential.

Currently available robot assistive devices or robot-aided re-
habilitation protocols for the hand and wrist are limited because
they have examined the hand and wrist in isolation from the
rest of the upper limb. Devices such as CyberGrasp exoskeleton
(CyberGlove Systems), HandCARE [3], Rutgers Masters II [4],
Hand-Wrist Assisting Robotic Device (HWARD) [5], Multi-
ple User Virtual Environment for Rehabilitation (MUVER) [6],
and other pneumatically controlled or actuated gloves [7], [8]
are generally designed to assist hand opening, increase finger
range of motion, or improve object grasp/release. Other devices,
like the Haptic Knob [9], are designed to improve performance
of functional tasks that require precise fine motor control. Sim-
ilarly, studies that have used rotary actuators to quantify and
to investigate the neural and mechanical mechanisms contribut-
ing to hand dysfunction, such as wrist/finger flexion/extension
torques, reflex torques, and static and dynamic stiffness [10]—
[16], are limited because the measurements have been taken
while the rest of the upper limb was at rest. While the results
from the aforementioned devices and studies are important for
understanding the paretic hand, they cannot be generalized to
3-D movements of the whole limb.

The few robotic devices designed for whole-arm rehabilita-
tion generally do not examine the effect that shoulder abduction
(SABD) requirements may have on wrist/finger activity. The
MIT-MANUS, with its new addition of a hand robot proto-
type [17], [18], and the Gentle/G system [19] train grasp and
release movements in 3-D, but do so under gravity-compensated
conditions only.

The advantage of simultaneous measurements from multiple
upper limb joints during tasks performed with a varied amount
of SABD loading has been illustrated by Beer et al. [20], Sukal
et al. [21], and Ellis er al. [22]. Each study reported progres-
sive reductions in active elbow extension for greater levels of
SABD loading using either an air-bearing table [20] or the
Arm Coordination Training 3-D robot (ACT?P) [21], [22] to
vary the amount of SABD torque required to lift the limb and
complete a task requiring elbow extension in the horizontal
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plane. These kinematic results can be explained by abnormal
torque coupling between SABD and elbow flexion torques that
have been measured under static conditions in earlier studies
[23]- [25]. Despite the utility of these investigations, the poten-
tial abnormal wrist and finger torque coupling during generation
of SABD torque has not been quantified.

Evaluating motor tasks completed during various levels of
SABD loading can provide insight into the expression of the
flexion synergy because descending synaptic drive is comodu-
lated directly with the amount of required SABD. Several stud-
ies provide indirect evidence that increased descending synaptic
drive causes a worsening of shoulder and elbow torque cou-
pling that may be due to an increased influence of bulbospinal
pathways following damage to corticospinal tracts [21], [22],
[27], [28]. This hypothesis has been supported by studies that
investigate the neural mechanisms contributing to reflex exag-
gerations in the paretic limb of stroke survivors, which have
also provided results consistent with an increased influence of
bulbospinal pathways [29], [30]. By measuring wrist/finger flex-
ion/extension forces during 3-D movements of the upper limb,
the WFFS can quantify the expression of the flexion synergy at
the wrist/fingers, if present, as a function of concurrent activity
at the shoulder and elbow joints. In doing so, the WFFS can
provide additional information with which to speculate about
the neural mechanisms underlying stroke-induced movement
synergies.

The WFFS is a lightweight, portable device that is attached to
the rigid forearm orthosis of the ACT?P robot [31] (three active
DOFs; 0.17m?2 of horizontal and 0.4 m of vertical workspace).
Use of the WFFS in combination with the ACT*® allows for
measurements of wrist/finger forces during any of the tasks
in the ACT?P repertoire, including point-to-point or ballis-
tic reaching, work area, limb perturbations, and simultaneous
measurement of shoulder and elbow forces and torques. Arm
movements in the ACT3® can be performed with or without
limb support. When supported, the arm rests on a horizontal,
frictionless, stiff haptic surface (the “haptic table”). During un-
supported movements, the ACT3P can impose vertical forces
on the arm in order to increase or decrease the amount of SABD
torque required to lift the limb above the haptic table. Addition-
ally, the WFFS can be adapted easily for use with any robotic
device that can incorporate an orthosis similar to that of the
ACT?P,

In order to validate the WFFS, the device was calibrated and
used to conduct an experiment showing its force measurement
capabilities in chronic hemiparetic stroke. The experiment used
the WFFS during a ballistic reaching task, performed while
supported and while unsupported, to measure potential torque
coupling between the proximal upper limb joints (shoulder and
elbow) and the distal upper limb joints (wrist and fingers).

II. REQUIREMENTS
A. ACT?*? Interface

To quantify the potential abnormal coupling between the
proximal arm joints and isometric flexion/extension wrist/finger
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forces, the proximal joints must be actively loaded. This can be
achieved with voluntary movement of the arm in the ACT?
robot, in which the forearm is placed in a neutral, resting position
(full pronation and no ulnar or radial deviation) and secured in a
rigid forearm—hand orthosis. Measuring the wrist/finger forces
requires a force sensor positioned between the fingers and the
orthosis. The required changes to the orthosis to accommo-
date the WFFS should be lightweight, as any additional mass
may affect the measurements made with the ACT*P® robot.
Wrist/finger forces must be measurable with both the left and
right hand orthoses, and switching the WFFS between the two
orthoses should not require more than 10 min. For adaptability
to other rehabilitation robots, the changes made to the ACT3P
should be limited to the generic orthosis and should not require
modifications to the rest of the robot.

B. Force Measurement

The required force measurement range for the wrist and fin-
gers is from O to approximately 450 N. This range is large
enough to measure maximum exertions in paretic, nonparetic,
and healthy control limbs without losing relevant resolution. To
estimate this force range, preliminary maximum flexion mea-
surements were taken using a laboratory force plate with the
hands of healthy control subjects in the approximate WFFS
configuration. Then, the preliminary results were confirmed in
the WFFS with a 445-N load cell. Because all flexion/extension
wrist/finger forces must be routed through the force sensor for
accurate force recordings, no part of the hand should rest on
the orthosis. Measuring finger abduction/adduction forces is
outside of the authors’ current research interests and, in that
context, would make the WFFS unnecessarily complicated.

In an effort to measure the potential concurrent activity at
the thumb, the thumb flexion force must also be measured.
This requires an additional (unidirectional) force sensor between
the thumb and the orthosis, with force measurement capability
ranging from 0 to approximately 100 N (based on preliminary
measurements similar to those taken with the wrist/fingers).

C. Ergonomics

In order to accommodate moderately to severely impaired
participants who may have limited passive wrist extension, the
WFFS must be suitable for a range of hand sizes and can-
not require more than 5°-10° of wrist extension. The fingers
need to remain in a static, neutral position during the isometric
force measurements. Maintaining this position may be difficult
for many participants who have a resting flexion bias; there-
fore, the fingers must be securely but safely restrained. The
finger restraint must be comfortable throughout the duration of
a recording session.

III. DESIGN

The WFFES consists of a 1-DOF tension—compression load
cell (0445 N capacity, model LC201, Omega Engineering,
Stamford, CT) placed through a hole in the forearm ortho-
sis, and secured above and below by mediating mechanisms
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Fig. 1. Schematic of the wrist/finger force sensing module shown on a right
hand orthosis from the medial side and expanded to show all components.
(a) Thin metal strip and finger strap. (b) Finger plate. (¢) Hinged axis. (d)
Tension—compression load cell. (e) Alignment mechanism.

AN

Fig. 2. Photograph of the WFFS attached to the ACT3™D. The rigid strap
shown on the fingers is secured to the finger plate to restrain the fingers and
does not make contact with the orthosis. A similar strap restrains the thumb (not
shown).

designed to prevent shear forces on the load cell (see Figs. 1
and 2). The mechanism on top of the load cell consists of a thin,
stiff plate [Fig. 1(b)] upon which the fingers rest that is attached
on the distal end to a hinge [Fig. 1(c)] with ball bearings. The
center axis of the load cell [Fig. 1(d)] is aligned perpendicu-
larly to the hinge. The hinged design ensures correct loading
of the force sensor by removing any shear forces due to finger
abduction/adduction. The bottom of the load cell is enclosed by
an alignment mechanism [Fig. 1(e)] that absorbs shear forces
placed on the load cell due to any construction or mounting de-
viations. The fingers rest on a small, thin, metal strip [Fig. 1(a)]
that can be moved along the finger plate to accommodate various
hand sizes and then be tightly secured. The metal strip provides
aprecise point of contact between the fingers and the hinge plate
so that measurement of the finger position can be standardized
between participants. A finger restraint strap [Fig. 1(a)] made
of tough, rigid nylon lined with foam padding, and secured with
Velcro is connected to the metal strip to keep the fingers in a
neutral position and to prevent slipping into flexion.

Referring to the free-body diagram of the WFFS shown in
Fig. 3, the wrist/finger force applied, FY, is calculated with the
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It;

Fig. 3. Free-body diagram of the wrist/finger and thumb components of the
WEFFES. The thumb component should be rotated slightly about the z-axis (see
Fig. 2).

sensor force measured, Fy ;, and the perpendicular distances
from the hinge axis to the finger endpoint and to the sensor, /s ,
and [, ., respectively, via

ZSA(L
Fy = Fy (lf' ) . (1)

,a

Using Iy and the distance from the finger endpoint to the
finger (metacarpophalangeal) joint axis [y ;, the net finger joint
torque magnitude T is

Ty = Fyly ;. )

A similar but smaller model of the WFFS was constructed
to measure thumb forces (see Fig. 2). The load cell used for
the thumb model is a compression load cell (0-111 N capacity,
model LC302, Omega Engineering). The thumb force applied,
F;, is calculated similarly to (1), using the thumb sensor force
measured, F ., and the perpendicular distances from the hinge
axis to the thumb endpoint and to the thumb sensor, /; , and
ly s, respectively. The magnitude of thumb torque applied is
calculated similarly to (2), using F; and the distance from the
thumb endpoint to the thumb (carpometacarpal) joint axis, [; ;.

The net wrist torque magnitude is calculated using Fy, I},
and the distances from the wrist joint axis to the finger and
thumb endpoints, {7 ,, and [, ,,, respectively

Ty = Fflfﬂu + Ftlt,w- 3)

For all preliminary data collection, raw force signals were
low-pass-filtered with the cutoff frequency at 500 Hz (eight-
pole analog Butterworth filter; Model 9064, Frequency Devices,
Haverhill, MA) to prevent aliasing, then amplified with a gain
of 1000, and finally digitized at 1 kHz using an A/D converter.

IV. EXPERIMENTS AND PERFORMANCE
A. Calibration

Two calibrations were performed on the device (Fig. 4). To
calibrate the relationship between output voltage and force ap-
plied in compression, the device was secured to a wood plate
horizontal to the floor, and precision weights were hung from
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Fig. 4. Calibration curves to verify the linear relationships between (top)
voltage and force, and (bottom) lever arm ratio (If , /ls.q) and normalized
force. In the top graph, a positive force indicates compression and a negative
force indicates tension.

the top plate by a 16-gauge wire secured in place. The wire was
placed over the central axis of the load cell, and the weights
hung parallel to the vertical axis of the load cell. For calibrating
forces applied in tension, the WFES was turned over 180°, and
the procedure was repeated. To ensure that force measured by
the load cell, F}, was linearly proportional to the lever arm of
the applied load, [ ,, a precision weight was hung from vari-
ous positions on the finger plate. Fig. 4 shows the relationship
between Iy, /I5 , (lever arm ratio) and force, normalized to the
force obtained when Iy , = [ ,.

B. Experiments With Stroke Patients

The WFFS was tested with eight individuals with chronic
hemiparetic stroke (mean age 62 + 9 years, range 22-270
months poststroke). All participants had severe to moderate up-
per limb impairment according to the upper limb Fugl-Meyer
motor assessment [32], with scores in the range of 10-37 (mean
20.6) of a possible 66. All had severe to moderate hand im-
pairment according to the Chedoke-McMaster hand assess-
ment [33], with scores ranging from 2 to 5 (mean 2.9) of a
possible 7.

Grip force is a common metric in the literature for measuring
finger flexion strength [34]-[36]. Prior to experimental testing,
grip force was measured in the paretic and nonparetic limbs
of all eight participants with a hand dynamometer to ascertain
how the forces obtained compared with maximum wrist/finger
flexion forces measured with the WFFS. Grip force significantly
correlated with the wrist/finger flexion force measured with the
WFES (r = 0.846, p = 0.0001).

Participants placed the arm in the WFFS-equipped ACT?P
and were tightly secured. They were instructed to move the limb
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Fig.5. Visual feedback from the ACT?™P during the task. (Left) Home posi-
tion. (Right) Reach target.

into a home position of 85° SABD, 90° elbow flexion, and 40°
shoulder flexion (adduction in the horizontal plane) and hold
for 1 s. Timing and limb positioning were verified using visual
feedback on the ACT?"® monitor, which displayed a real-time
avatar of the limb [Fig. 5(a)]. After holding the home position
for 1 s, a virtual target appeared on the screen, located in the
sagittal plane through the virtual shoulder and at a distance equal
to the length of the virtual arm [Fig. 5(b)]. Participants were in-
structed that when the virtual target appeared, they should reach
in the horizontal plane as fast and as far as possible toward the
target, and hold the maximal reach position for 2 s. Participants
were instructed to keep their hand relaxed during the entire trial.
The task was performed 11 times while fully supported on the
haptically rendered table and was repeated 11 times while un-
supported. During the unsupported condition, participants had
to generate 50% of their maximum SABD force (as measured
in the home position) to lift and maintain the limb above the
table. If participants did not maintain the limb above the table,
data from these points were excluded from further analysis, and
an auditory signal cued them to lift more.

Wrist/finger forces generated during two task windows were
selected for analysis: while holding the home position (HOME)
and at maximal reach (REACH). Forces were smoothed using
a 250-ms moving average filter and were normalized to maxi-
mum volitional wrist/finger flexion force. Group results in Fig. 6
show the maximum normalized force generated during each task
window. They demonstrate that the wrist/finger flexion forces
generated by the paretic limb increased with required SABD
force (HOME), and further increased with elbow extension and
shoulder flexion (REACH). Forces generated by the thumb fol-
lowed a similar trend.

Two 3-factor repeated measures analyses of variance
(ANOVAs) were used to confirm the effects of limb (paretic,
nonparetic), support condition (Table, 50% SAB,, .« ), and task
(HOME, REACH) on the finger/wrist and thumb flexion forces
shown in Fig. 6. A p-value of <0.05 was considered significant.
For the wrist/finger forces, there were significant main effects
of limb (p = 0.0015), support condition (p = 0.0016), and
task (p = 0.0148), as well as significant interaction effects
of limb by support condition (p = 0.01) and limb by task
(p = 0.027). For the thumb forces, there were significant main
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significant main effect of task.

effects of limb (p < 0.0001), support condition (p = 0.0002),
and task (p = 0.018), as well as a significant interaction ef-
fect of limb by support condition (p = 0.0005) and nearly
significant interaction effect of limb by task (p = 0.0528).

V. DISCUSSION AND CONCLUSION

This letter presents a device designed to measure isomet-
ric wrist/finger flexion/extension forces generated during 3-D
movements of the paretic upper limb in chronic hemiparetic
stroke. The lightweight and portable WFFS can be attached to
the distal end of the forearm orthosis of an upper limb robotic
device, such as the ACT?P. Results presented here show that
by adding the ability to measure wrist/finger flexion/extension
forces to the ACT?P, the WFFS can quantify abnormal flexion
behavior that occurs at the paretic wrist and finger joints during
SABD and shoulder flexion/elbow extension tasks.

Studies using robotic devices that focus on the hand and wrist
provide an incomplete picture of dysfunction following stroke
because they do not consider the abnormal joint torque cou-
pling that occurs when increasing shoulder abductor loading in
the paretic upper limb. The quantification of such coupling at
the shoulder and elbow joints in both static and dynamic in-
vestigative studies [21]-[25] led to the development of a novel
robotic-assisted rehabilitative intervention centered on progres-
sive SABD loading [37], [38]. Using the WFFS, this letter shows
for the first time that wrist/finger and thumb flexion forces in-
crease drastically as a function of both SABD and shoulder
flexion/elbow extension levels. When participants had to gener-
ate 50% of their maximum SABD force and then reach out, the
wrist/finger flexion forces produced by the paretic hand were
near volitional maximum levels (91.7 + 40.8%, mean + SD).

The implications for these results on hand and wrist rehabilita-
tion can now be considered.

Future research using the WFFS will continue to characterize
abnormal coupling at the hand and wrist during 3-D movements
and will consider the development of a progressive SABD load-
ing rehabilitation protocol focused on the improvement of hand
function. The integration of functional electrical stimulation
of forearm extensors will also be investigated, and the WFFS
will be used to measure extension forces produced with various
stimulation parameters or with stimulation controlled using a
brain—computer interface. The WFFS can also be used to study
mechanisms of movement disorders that occur in cerebral palsy
or following traumatic brain injury.
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