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An Actuated Finger Exoskeleton for Hand Rehabilitation Following
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Abstract-Chronic hand impairment is common following
stroke. While mass practice of movement has shown promise
for rehabilitation, initial impairment of the hand may be too
severe to permit even approximations of the desired movement.
To facilitate movement, especially of pinch, we are building an
exoskeleton to permit independent actuation of each of the
three joints of the index finger. Separate actuators are used for
flexion and extension, with closed-loop control of either force or
position. In the future, a companion thumb exoskeleton will be
developed to permit coordinated performance of pinch. This
system will be used to assess strategies for optimizing
rehabilitation of pinch and reach-to-pinch following stroke.
The design of the actuated index finger exoskeleton is presented
here.

I. INTRODUCTION

and impairment is a prevalent outcome for a variety of
neuromuscular disorders, such as stroke. Upwards of
700,000 people in the U.S. experience a stroke each

year [1]. Of these, 60-75% will live beyond one year after
incidence, resulting in a current stroke population of 3
million [2-4]. Arm function is acutely impaired in a large
majority of those diagnosed with stroke [5-7]. Furthermore,
acute hemiparesis presages chronic hemiparesis in over 40°0
of the cases [5, 6]. Chronic deficits are especially prevalent
in the distal upper extremities. In fact, finger extension is
the motor function most often impaired [8].

This distal limb impairment is especially problematic,
because proper hand function is crucial to manual
exploration and manipulation of the environment. Indeed,
loss of hand function is a major source of disability in
neuromuscular disorders, frequently preventing effective
self-care and limiting employment opportunities. One study
in the UK reported that more than half of the subjects
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studied were dependent on others for help in the activities of
daily living six months post-stroke [9].

The incidence of stroke increases with age. For men,
the prevalence increases from 2.2% of the population for
ages 45-54 to 12.5% of the population for ages 75 and over
[10]. As the population ages, overall prevalence will
inevitably rise. Life expectancy for stroke survivors is
expected to increase as well, which implies that those with
chronic disabilities will require greater support.

Estimates of the number of stroke survivors returning to
work vary greatly, from 3%-81% depending on
demographics and definitions of work [11]. Recent studies,
however, suggest that only 40%-50% of individuals are able
to return to work following a stroke [12, 13].

An assortment of interventions has been tried in an
effort to improve function or to treat the resulting peripheral
alterations following stroke. Those with the most success to
date tend to focus on repetitive practice. Indeed numerous
studies employing the constraint-induced technique, in
which focus is placed on intensive practice with the impaired
arm without using the less impaired arm, have shown
improvement in hand capabilities [14-16]. This supports the
observations in animal models of stroke in which practice
appears to be the primary factor leading to synaptogenesis
and brain plasticity [17-19]. Indeed, imaging performed
during constraint-induced training studies has shown
evidence of cortical plasticity following the training [20, 21].

Unfortunately, many stroke survivors do not possess
sufficient sensorimotor control to practice the desired
movements. For the lower extremity, body-weight
supported treadmill training has been introduced in order to
address this problem [22, 23]. As treadmill training may
still be labor intensive, requiring assistance from one or
more therapists for walking, robotic machines have been
introduced in order to assist with this task and to hopefully
make this treatment more readily available [24]. Similarly,
for the upper extremity, robots have been created to assist
with therapeutic training of the arm and shoulder [25-28].
Recent results describing the use of robots to promote
movement of the wrist and forearm have also been
encouraging [29]. It has been reported that robot-delivered
sensorimotor training enhanced the motor performance of
the exercised shoulder and elbow with improved functional
outcome [30] and that practicing with a robot that assisted
reaching movements helped the users learn how to generate
smoother unaided reaching trajectories [31].

Questions remain, however, as to how best to use these
robotic devices to facilitate rehabilitation. Should the device
assist or resist movement? Should movement error actually
be augmented, as some have suggested [32]? Should
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emphasis be placed on practice of movement of individual
joints [29] or on the coordination of multiple joints?

To address these questions for the hand, an actuator is
needed which can provide precise control of individual
joints. Options for both force and position control are
necessary to permit testing of a variety of rehabilitation
strategies. Importantly, the arm should not be restricted as
movement of the hand may need to be incorporated with
movement of the arm, as in many activities of daily living.
Imposed joint torques should be sufficiently strong to resist
user input (at least 2 N-m at the most proximal finger joint).
Response time must be sufficiently fast to allow for error
augmentation or reduction during the course of finger
movement. Unloaded joint rotation should approach
10000/sec, a value we have recorded during voluntary
movement in our laboratory.

A number of devices have been developed for actuating
the hand. Some, such as CyberGrasp (Immersion
Corporation, San Jose, CA), were intended originally to
provide haptic feedback but could be employed in
rehabilitation as well [33-35]. Other devices have been
developed to provide user feedback in a master-slave
arrangement [36, 37] or to reduce hand fatigue [38]. Finally,
several devices have been described explicitly for use in
hand rehabilitation, including Hand Mentor (Kinetic
Muscles Inc., Tempe, AZ) and Rutgers Master 1I-ND [39],
among others [40-44].

The majority of the developed systems do not allow for
independent control of the joints. Others have insufficient
torque or overly restrict arm movement. One exoskeleton
which does allow independent control of finger joints has
been designed for rehabilitation of occupational injuries
[40]. Due to the nature of its transmission, however,
response times are on the order of seconds which is too slow
for our purposes.

Thus, we are developing a new device. As the hand is
exceedingly complex (with more than 20 degrees-of-
freedom), we are focusing on the functionally important
pinching movement. Control of the index finger and thumb
will be provided. In this paper, the design of an actuated
finger exoskeleton (AFX), intended to provide independent
control of all three joints of the index finger, is described.
This represents the first step in our plan to examine
rehabilitation strategies for pinch and reach-to-pinch.

II. DEVICE DESIGN

Design of the AFX consists of three parts: mechanical
exoskeleton, actuation with motors, and local control using
feedback provided by sensors. These subsystems are
described in the following sections.

A. Exoskeleton
The AFX has a metal (aluminum and D2 steel)

exoskeleton that connects to the proximal, middle, and distal
segments of the finger through pairs of rods (see Fig. la).
Specifically, pairs of rods contact the ventral and dorsal
sides of each segment of the digit to control movement of
that segment about the proximal joint. Straps (not

illustrated) are used to prevent motion of the finger in
abduction/adduction with respect to the exoskeleton.

The AFX has three pin joints which match the
metacarpophalangeal (MCP) proximal interphalangeal (PIP),
and distal interphalangeal (DIP) joints of the finger. To
avoid the potential difficulties associated with a remote
center of rotation, each of the rotational axes of the
exoskeleton is aligned with the anatomical joint of the digit.
Thus, the AFX sits on the radial side of the index finger
(Fig. 1). Its width profile has been reduced as much as
possible (-6 mm) to avoid interference with the thumb. The
design consists of four sections that move relative to one
another and are connected in series.

a)

b)
Stationary

Prbxirnma
-` segmnent

Middle
-v segment

Distal
segment

Fig. 1. SolidWorks (SolidWorks Corp., Concord, MA) drawing of AFX
exoskeleton. a) Pairs of metal rods connect the AFX to each of the finger
segments. b) Design consists of four sections: the most proximal ssection
remains stationary with respect to the hand; the next section moves with
the proximal segment; the following section moves with the middle
finger segment, and the distal section moves with the distal finger
segment.
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The most proximal section does not move with the
finger. It is anchored to a plate secured above the forearm.
Stroke survivors may have difficulty controlling wrist
posture, with a tendency to assume a flexed posture not
conducive to pinching or grasping. Thus, we will use a rigid
splint to maintain a wrist extension angle of roughly 200.
The plate will be connected to the splint.

The larger gear in contact with the proximal section
marks the beginning of the next section (Fig. lb). This
section contacts the proximal finger segment and rotates in
correspondence with the MCP joint (see Fig. 2). The next
section contacts the middle finger segment and rotates with
the PIP joint. The distal section contacts the distal finger
segment and rotates with the DIP joint. Smooth motion
between adjacent sections is ensured by bearings. At the
MCP and PIP joints, thrust bearings must be used to absorb
large radial and axial loads.

the cable is secured to a large pulley such that movement of
the cable produces equivalent movement of the pulley. The
pulley is press-fit onto a shaft with a small gear.

Fig. 3. View with removal of some components to expose the transmission.
A pair of actuator cables connect to drive pulleys at each joint, thereby
focusing power transmission at the intended joint.

In turn, the small gear transmits power to the larger gear
segment on the adjacent section of the manipulator (Fig. 4).
Gears with very small pitch (47 teeth per cm at the DIP joint,
38 teeth per cm at the PIP joint, and 28 teeth per cm at the
MCP joint) are used to reduce the effects of backlash as
much as possible. The gear ratios are: 3.85 at the DIP joint,
6 at the PIP joint, and 7.5 at the MCP joint.

Fig. 2. Movement of the two mating proximal gears with respect to each
other, producing MCP rotation (greater MCP flexion shown in right image).

Adjustment of segment lengths for different users will
be performed by replacing the links between each joint of
the manipulator to match the finger segment lengths (these
components are easy and inexpensive to produce in different
sizes). For different thicknesses of digits, the distances
between each pair of contact rods can be adjusted by
exchanging the component to which the contact rods are
mounted for another with a different rod separation distance.

The mass of the exoskeleton that moves with the finger
is 145 g. The mass of the structure depicted (see Fig. 1) is
230 g.

B. Actuation
To minimize the mass added to the finger, the actuators

for the joints are located on the forearm. Force is
transmitted to the exoskeleton through cable (Spectra,
Honeywell, Colonial Heights, VA). The Spectra cable has
an approximate diameter of 0.25 mm and is rated for 220 N
of tension. While we have observed creep in the Spectra
cable when placed under high load for days, over the course
of a session we anticipate very little creep.

These cables ride along miniature cable guide pulleys
attached to the exoskeleton (Fig. 3). At the intended joint,

Fig. 4. Expansion of the PIP joint of the AFX. Cables from the DC
motor actuators are attached to the pulleys which rotate the smaller gear.
The larger gear is connected to the section of the exoskeleton which is
attached to the finger segment distal to the joint (middle segment in this
case).

As with muscles, the cables can only pull, they cannot
push. Belt-driven or chain-driven transmissions with a
single actuator are not feasible as the distance along the back
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of the digit from the base to the tip varies as the digit flexes.
Thus, analogous to muscles, two cables are required for each
joint: one to provide a flexion force and one to provide an
extension force (see Fig. 5). Each cable is routed back to a
brushless DC servomotor (AKM, Danaher Motion, Wood
Dale, IL) mounted on the forearm plate. The motor controls
cable length and tension. Two motors (total of 6) are used
for each joint to provide the antagonistic actuation (more
actuators than degrees-of-freedom). As the torque
requirements for the joints are different, differently sized
motors are used to minimize weight and volume (AKM13C
for MCP, AKM12C for PIP, and AKM1IC for DIP).

MCP abduction/adduction motion is not actuated. As
most pinching movements (e.g., lateral and palmar) involve
movement of the index finger in primarily the sagittal plane
at neutral abduction/adduction, we do not believe that this is
a fundamental limitation. Different fixed abduction angles
could be accommodated by positioning of the exoskeleton
with respect to the attachment on the forearm plate.

C. Sensing and Local Control
Joint angle will be computed using data from optical

encoders attached to the DC motors. As the pulley sizes and
gear ratios at each joint are fixed, motor shaft rotation can be
translated into joint angle.

Sensors will also be used to measure cable tensions. As
the cable is spooled from the motor, it runs over a small
pulley mounted on a cantilever beam (Fig. 5). The beam is
instrumented with strain gages to determine the force
applied by the cable. Net cable tension is found by
computing the difference between Text and Tflex. The joint
torque can be calculated from this value with knowledge of
the pulley height above the joint and the gear ratio.

Flex Motor

c0 0) Te1ex

Fig. 5. Schematic of one joint of the manipulator (no friction modeled). It
is assumed that frictional losses are minimal and the tension in the cable
does not vary between the motor and the joint. The force is measured with
tension sensors as depicted.

The torque and angle data will be used to implement
local feedback control of each joint. Dependent upon the
application, either control of position or control of force may

be required. A position controller enables imposition of
specific trajectories. A force controller is needed in order to
implement virtual interactions with the user, as well as
during periods when we want the manipulator to feel
transparent to the user (little or no impedance). Passive
backdrivability is limited by the presence of the gears and
motors, but through proper control we can achieve this
transparency. We will be able to implement either position
or force control.

One concern of using two motors to actuate the same
joint is the undesirable antagonism between the two motors.
The antagonistic effects are pronounced in the AHX since
the motors are only able to pull on the cables, and cannot
push. At best, these two motors will perform as well as a
single motor of the same size, operating directly at the joint.
In order to obtain optimal performance from the two motors,
we must create a controller that minimizes the antagonistic
effects. Others have successfully implemented controllers to
do this [45, 46].

Control commands must be sent to both the motor
driving the load (driving motor) and the other motor
(following motor). The tension in the cable attached to the
following motor should only be high enough to keep the
cable taut (Tbias). The following motor uses a standard
proportional-integrative-derivative (PID) controller to match
the cable tension, Tfollowing, to the bias tension, Thias. The
driving motor also uses a PID controller to enforce the cable
tension, Tdriving, which is being matched to the desired cable
tension, Td + Tfollowing (see Fig. 6). A friction model, which
is based on the measured tensions and the velocities of the
cables, is used to compensate for the effects of friction in
reducing cable tensions at the joints.

All motors are controlled using custom software
developed for the real-time operating system QNX (QNX
Software Systems, Ottawa, Ontario).

Fig. 6. Block diagram of force controller with friction.

D. Safety and Limitations
A number of safety mechanisms are implemented to

ensure safe interaction with the individual's hand. Our
design incorporates mechanical stops that limit the angular
range of each joint (MCP: -15° - 750, PIP: 00 - 900, and DIP:
00 - 750). The use of an emergency-off switch provides
additional safety. Software limits, monitoring both position
and force, will further prevent excessive joint rotation,
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ensuring that the DIP flexion angle does not exceed that of
the PIP joint, for example. With our design, differently
sized motors can be used not just for the different joints, but
also for the different directions at each joint. In this manner,
peak motor torque can be better matched to peak voluntary
subject torque and the potential for excess torque is
minimized.

As with any design, limitations exist with our proposed
design ofAFX. For example, with our design there could be
issues with backlash due to imperfect mating between the
gears. We are using gears with very fine teeth, which should
help minimize this problem. The weight of the actuators is
significant. These actuators must move with the arm in
order to maintain their relationship with the finger. A
passive arm orthosis (T-WREX) [47] is available in our
laboratory to help compensate for the weight of the AFX.
Of course, the increased inertia will still be an issue.
Finally, the abduction/adduction motion of the index finger
will be constrained to a single fixed value.

III. SIMULATION RESULTS

A static failure analysis was performed in M\ATLAB
(MathWorks, Waltham, MA) for every component in the
exoskeleton. Multiple postures were tested. The maximal
cable forces that could be withstood by the exoskeleton were
determined by these simulations.

Results of this analysis revealed that the bearings
originally intended to be used at the MCP and PIP joints
might have failed well before other components. Thus, these
bearings were replaced with thrust bearings (Fig. 4) in the
design. The peak joint torque that could be attained at each
joint is shown in Table I. Although these values are smaller
than the absolute maximum values produced by a group of
neurologically intact subjects in our laboratory, they are in
line with values for maximum voluntary contractions in
stroke survivors.

TABLE I
AFX PARAMETERS

Joint Peak Joint Torque Reflected Inertia

DIP
PIP
MCP

0.25 N-m
0.75 N-m
2.0 N-m

0.006 kg
0.039 kg
0.783 kg

The reflected inertias for the motors at each joint were
also computed (Table I). Although this reflected inertia is
fairly large, especially for MCP, the use of cable tension
sensors near the motor will allow us to create a tight control
loop around the motor to regulate the tension in the cables
directly and mask much of the reflected inertia using the
motor itself.

IV. CONCLUSIONS

An actuated finger exoskeleton (AFX) is being
developed to provide a test bed for evaluating the efficacy of
different rehabilitation strategies in restoring control of
pinch and reach-to-pinch movements following stroke. The

AFX will be coupled with an exoskeleton currently being
designed for the thumb to permit precise, independent
control of each joint of the index finger and thumb, the
primary participants in pinching tasks.

Currently, the components for the exoskeleton of the
AFX are being machined. All of the DC motors, amplifiers,
and support electronics have been acquired. We anticipate
completing the prototype and initiating performance testing
within the next few months.
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