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Index Finger Rehabilitation/Assistive Device
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Abstract—In this paper, a novel exoskeleton for the index
finger is introduced. Such a device is intended to be used for the
rehabilitation of post-stroke patients. The target of the design is
to produce a device with low weight and reduced space
occupation, so that it can be worn without interfering with
everyday use of the hand. The actuation is provided using low-
cost lightweight miniature DC motors, and position feedback is
obtained trough potentiometers. A working prototype has been
built and tested. A closed-loop position control with friction
compensation has been implemented and experimental results
are presented and discussed.

I. INTRODUCTION

Astroke occurs when a blood vessel that carries oxygen
and nutrients to the brain is either blocked by a clot or
bursts. It often causes body impairments to the survivors,
which seriously decrease the quality of life.

Physical rehabilitation is available to regain some lost
function; however, it is very labour intensive and costly. The
problem of the stroke is very widespread in the world. For
example, according to the Heart and Stroke Foundation of
Canada, there are over 50,000 strokes in Canada each year
[1]. Several researchers have proposed the use of robotic
devices as a way to improve the effectiveness of the
rehabilitation process [2].

The hand is one of the most used and difficult parts of the
body to be rehabilitated. Despite the challenge, devices like
Myoelectric Hand Orthosis [3] have been presented in
academic paper in early 90's. In general, the hand
rehabilitation devices can be divided in two categories. One
focuses on hand rehabilitation through simple movements,
such as hand grasping or extension of the fingers with
limited degree of control. Devices like Rutger master II [4],
Gentle/g system [5] and a pneumatic muscle hand therapy
device in [6] belong to this category. The other type of hand
rehabilitation devices [7]-[11] is capable of providing
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control on each individual finger joint in order to perform
more complex finger rehabilitation routines. Among these,
devices presented in [9]-[11] could potentially be used as an
assistive device during the activity of daily living, if their
portability could be improved. Portability is a critical aspect
to allow the use of these devices in domestic environments,
such as the users' homes, and consequently increase the
frequency and decrease the cost of rehabilitation.

The aim of this paper is to introduce a novel
rehabilitation/assistive device for the index finger, which has
a compact and light weight design, as well as full control of
each finger’s joint. Due to the peculiar structure of the
human hand, this device can be used for the other fingers as
well, with the exception of the thumb, which has a different
kinematic configuration. The mechanical design of the
exoskeleton is described in Section II. The design and
performance of a position tracking controller with friction
compensation are presented in Section III and the conclusion
is presented in Section IV.

II. MECHANICAL DESIGN

A. The Index Finger

The human hand consists of four fingers and one thumb.
All the fingers have the same structure, which consists of
three joints and three phalanxes. The design presented here
is based on the index finger, but it can be easily adapted to
the other three fingers as well. A simplified schematic of the
index finger is shown in Fig 1. The three joints are the
metacarpophalangeal ~(MCP)  joint, the  proximal
interphalangeal (PIP) joint and the distal interphalangeal
(DIP) joint. The MCP joint links the metacarpal bone and
the proximal phalanx; it has two degrees of freedom (DOF)
since it allows both the abduction/adduction and the
flexion/extension motion. The PIP joint links the proximal
and the medial phalanxes, while the DIP joint links the
medial and the distal phalanxes; each of them has one DOF,
which only allows flexion/extension. The flexion/extension
range of motion for the index finger is greater at the PIP
joint (from 100 to 110 deg) than it is at the DIP joint
(typically around 80 deg). Moreover the DIP joint may have
some passive hyperextension (around 15 deg), but the PIP
joint has essentially none in most individuals [12].

B. Overview of the Mechanical System

The CAD drawing of the overall mechanical system is
shown in Fig 2. The system can be separated into three
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actuation modules because of their high torque to weight
ratio, which allows a compact and lightweight design. A
detailed descriptions of the modules is presented in
subsections C and D.

MCP joint PIP joint

Proximal

Phalanx

Metacarpal Bone (Base frame) DIP joint

Fig. 1. Representation of the index finger.

Mechanism for DIP joint

Fig. 2. CAD drawing of the overall mechanical system.

C.Mechanism for the MCP joint module

The MCP joint has two DOFs, abduction/adduction and
flexion/extension. The range of motion (ROM) of
abduction/adduction for an average adult is up to 45 deg, and
the ROM of flexion/extension is about 90 deg [12]. The
actuation for the abduction/adduction can be archived by a
pair of spur gear sets, in which the axis of the output gear
coincides with the axis of abduction/adduction of the MCP
joint. However, the same choice is not suitable for the
flexion/extension motion. Since the MCP joints of the four
fingers are separated from each other with the skin cleft, no
external components can be inserted in between. A logical
choice is to place the actuation mechanism on the back of
the hand and on top of MCP joint. To deliver the force from

the actuator to the joint, an articulated mechanism can be
used. For safety reasons, only orthogonal force should be
applied to the phalanx without having the phalanx pulling
away from the joint. Among different articulated
mechanisms with one DOF, the Revolute-Prismatic-
Revolute-Prismatic (RPRP) configuration meets such
requirement. Therefore, it has been implemented in the
design. Fig 3 shows the side view of the MCP module.

Axis of MCP Joint Gear box
Abduction / Adduction {connected to
\ X motor 2)
Motor 1 C‘W
NS A / RPRP
Spur ol o mechanism
gearset !ﬁ ,-:J,Wnkages
= .,: < . -':-:;’)
‘j e 7.
Center of 3 "'.'
MCP Joint 2 ¥a

Fig. 3. Side view of the MCP module

As shown in Fig 3, a micro-geared motor (Motor 1) is
coupled to a pinion gear to control the abduction/adduction
motion. The ratio between the input and output gears is 1:3.
Due to safety and space constraints, the ROM is reduced
from 60 deg to 25 deg. Another micro-geared motor (Motor
2, not shown in Fig 3) is coupled to an external gear-box that
has an input/output ratio of 1:4 to control the motion of
flexion/extension. The ROM for such movement is from 0
deg to 90 deg. Two potentiometers are embedded to measure
the angular positions of the two joints.

The output of the gear-box actuates the motion of the
revolute joint of the RPRP mechanism, and produces an
orthogonal force onto the proximal phalanx. Fig. 4 shows the
schematic of the MCP module for the flexion/extension
motion, a list of parameters which are required to drive the
input/output relationship is shown in Table I. Due to the
complexity, the equations of the system kinematic and static
analysis are not presented in this paper. However the
kinematic analysis of the mechanism shows that singularity-
free operation can be obtained if the two lengths d; and d,
are made equal (see Fig. 4). It can also be shown that under
this circumstance, the stroke of the two prismatic joints D
and B also equals d; and d,. Otherwise a singularity occurs
when 8 = 0 deg.
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Fig. 4. Schematic of MCP module for flexion/extension

TABLE I
PARAMETERS OF THE RPRP MECHANISM OF THE MCP MODULE

Symbol Type Description

A Revolute joint
B Prismatic joint

MCP joint (output joint)
Slider between the base and
the motor-and-gear
compartment

Input of the system

Slider between the proximal
phalanx and the motor-and-
gear compartment

Distance between the joint B
and the reference frame
Distance between the joint D
and the center line of the
proximal phalanx

Height of joint C with respect
to the reference base

Height of joint C with respect
to the center line of the
proximal phalanx

Horizontal distance between
joint C and B

Horizontal distance between
joint C and D with respect to
the center line of the proximal
phalanx

Output angle

Revolute joint
Prismatic joint

T Q

a Distance

b Distance

dl Distance

d2 Distance

11 Distance

2 Distance

4 Angle

D.Mechanism for the PIP and DIP joint module

Compared to the MCP joint module, the mechanism
used for the design of PIP and DIP joint is simpler. Due to
the fact that both PIP and DIP joints have only 1 DOF, and
both have empty gap in between the fingers, external
components can be placed on the side of the phalanx. As
shown in Fig 5, two micro geared motors are mounted on
top of the proximal and medial phalanxes. Each motor is
connected to a pinion spur gear which is coupled to the
output gear with a ratio of 1:2. The output gear is coaxial
with the axis of rotation of the corresponding joint. Two
potentiometers are coupled to the output gear to measure the
angular joint position for control purpose. Mechanical

stoppers are implemented to constrain the ROM of PIP and
DIP joints from 0 deg to 90 deg for safety reasons.
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Fig. 5. CAD drawing of the PIP and DIP module

E. Index finger exoskeleton prototype

The design of the exoskeleton has been prototyped using
3D printer. The materials of the prototype mainly consist of
ABS plastic. Including the motors, gears and the hand brace,
the total weight is around 300 grams. Without the hand
brace, the total weight is around 150 grams, which is similar
to the one proposed in [11] (120 grams) and lighter than the
one in [10] (230 grams). Also, the proposed design in [9]-
[11] use cable actuation, large cable boxes are placed
external to the hand which made them less portable. Fig 6
shows a volunteer wearing the device. The MCP module of
the prototype is mounted on a hand brace which is made of
composite material, and the PIP and the DIP modules are
secured to the finger with Velcro strap. The characteristic of
the prototype is shown in Table II.

Hand brace Velcro Strap

Fig. 6. Index finger exoskeleton prototype

TABLE II
CHARACTERISTIC OF THE EXOSKELETON PROTOTYPE
Micro Max Added
Geared Max Torque Gear Ratio
Actuated DOF Motor RPM 4
Ratio
MCP abd/add 298:1 15 0.8 Nm 3:1
MCEP flex/ext 298:1 15 1 Nm 4:1
PIP flex/ext 210:1 15 0.6 Nm 2:1
DIP flex/ext 210:1 15 0.6 Nm 2:1
Abbreviation: abd-abduction; add-adduction; flex-flexion; ext-
extension.
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III. POSITION CONTROLLER DESIGN

The exoskeleton prototype utilizes four high gear ratio
motors for actuation, which allows light weight and compact
design. However, the effect of friction within the system
becomes more significant and it is highly non-linear at low
velocity. Simple linear approaches such as a PID controller
have been tested and the result showed that it was not
sufficient to effectively control the system. In order to
construct an effective controller, a system model was created
using system identification technique, and an advanced
position tracking PID controller with friction compensation
was designed and tested. Due to the complexity of the
design, only the work on the PIP joint is presented in this
paper. However, because of the fact that the DIP joint
module has the same configuration as the one of PIP, the
same design procedure can be adapted. The system
identification approach is described in sub-section A,
following by the controller design in sub-section B, and the
performance of system is presented and discussed in sub-
section C.

A. System Identification for PIP joint module

The model of the PIP joint module is implemented into
two distinct parts: the linear part, which describes the overall
dynamic of the system; and a second part, which accounts
for the term Tj,,, Wwhere the frictional model was
implemented. The system block diagram of the PIP joint
module is shown in Fig. 7, and the list of parameters is
shown in Table III.

T load
Uts) . A(s)
! 1 1
+ R, +sL, - K + B+s] s
L
Fig. 7. System block of the PIP joint module
TABLE III
SYSTEM PARAMETERS OF THE PIP JOINT MODULE
Symbol Description
U(s) Voltage (input of the system)
O(s) Angular position of the motor shaft (output of the system)
Tioad External load, includes friction component
R, Resistance of the motor
L, Inductance of the motor
B Viscous coefficient of the motor
K. Back-EMG constant
K, Torque constant
J Inertial of the system

Among the parameters list in Table III, R,, L, and B are
determined by experimental test; and K, K, and J are

estimated using "Grey box" system identification tool from
MATLAB. The external load T}, takes into account for the
effect of friction on the joint. Such contribution can be
accurately described by Stribeck friction model.

According to Stribeck’s model [13], friction in a rotary joint
can be modelled as a disturbance torque T;,,4 defined as:

w|8s

Tload ((U) = Tc + (Ts - Tc)e|E (])

being w the rotational speed of the joint, T, the Coloumb
friction coefficient, Ty the static friction coefficient. v, is a
coefficient known as Stibeck speed, while J§; is an empirical
coefficient. = This model accounts for the non-linear
characteristic of the friction at low speed. Such contribution
should not neglected, since according the evaluated model
(estimated parameters are shown in Table IV) friction at low
speed can reach values up to 200 mNm. The input of the
system identification test is an alternating voltage, U(s), and
the output is angular position of the joint, 6(s); the
simulation result is shown in Fig.8. With the Stribeck
friction model, the system fit is able to reach 87.81%.

TABLE IV
STRIBECK FRICTION COEFFICIENTS FOR THE PIP JOINT
Coefficient Value Unit
T 0.1991 Nm
T, 0.0195 Nm
Vg 0.0009 rad/s
[ 2.0573 (n/a)

57.3
4538
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7
£ 229
=
2
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=]
o
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S
=2
c
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—344} — fitting 87.81% -
1
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Time [s]
Fig. 8. Simulation of the model's response with Stribeck friction model

B. PID controller with friction compensation

A position control has been implemented by using a PID
control system and a feedforward friction compensation
(FC) block. A prototype of the Real-Time controller has
been implemented using LabView 2009. The block diagram
of the controller is shown in Fig.9. The error between the
desired and current angular position is sent to the PID
controller to generate the first internal output signal. The
parameters of the PID controller have been tuned using
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genetic algorithm in order to produce best performance. The
control action is calculated as the sum of both the outputs of
the PID and of the FC block. The value of the friction
compensation action is calculated using Eq. (1).

SYSTEM T 10ad

Fig. 9. Block diagram of the PID controller with friction compensation

Moreover the FC block is cascaded with a lead-lag
compensator, which experimentally proved to provide a
more accurate position tracking. The transfer function of the
lead-lag compensator is shown in Eq. 2:

STieqat1

Output = G
STlag+1

Input 2)

where G is the gain; the T}, is the lead time, and 7}, is the
lag time, they both express in minutes. The performance of
the controller is shown in the following sub-section.

C. System performance

The position tracking controller for the PIP joint module
is tested with a sinusoid position reference signal at 0.1Hz
and 1Hz. The responses of the closed-loop performance for
the two different references are shown in Fig 10 and Fig 11
respectively. Each figure has two sub plots, the subplot (a)
shows the system performance without friction
compensation, and subplot (b) shows the performance with
compensation. The blue dashed lines in the plots are the set
point values and the green solid lines are the actual positions
of the PIP joint, both measured in degrees [deg]. The x-axes
of the plot shows the duration of the test, which is measured
in second [sec].

The effects of friction proved to be particularly evident in
the first test case (reference signal at 0.1 Hz), because of the
low speed of the set point trajectory. As shown in Fig 10 (a),
the behaviour of the system is discontinuous and the
controller cannot move the device smoothly. At low velocity
the system dynamics is nonlinear, and due to the frictional
effects there is a dead zone in the duty cycle values within
which the actions of the controller are ineffective. As shown
in Fig 10 (b), the action of the FC block makes the system
response more continuous and smoother. However, there is
still discontinuity when the direction switching occurs,
which need to be improved in the future.

20+ 5 A <o = = = Selopoint £ 23 : s
— Actual Position

Angular Position [deg]

L Il L
5 10 15 20 25 30 35 40 45 50
Time [sec]

(a) without friction compensation

"] = = —Setpoint
Actual Position

Angular Position [deg]
o

] 10 15 20 25 30 35 40 45
time [sec]

(b) with friction compensation

Fig. 10 - System performance at 0.1 Hz

As the frequency of the sinusoidal reference is increased
to 1 Hz, the effect of the friction becomes less evident, and
the system is able to behave smoothly even without the FC
(see Fig. 11). However, a delay of about 0.1 to 0.2 seconds is
noticeable at place where the direction switching of the input
occurs. This may be caused by the effect of backlash at the
joints. With the FC added, the tracking performance is
slightly improved and a smaller delay can be noticed.

T
— — — Setpaint
Actual Position

Angular Postion [deg]

Time [sec]

(a) without friction compensation
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Fig. 11 - System performance at 1 Hz

A test with a user wearing the exoskeleton was performed
to investigate the robustness of the controller. A 0.5 Hz
sinusoidal signal is fed into the system as input for position
tracking. The system rotates the proximal phalanx at the
input frequency while the user does not provide any active
resistant force. In this way only the passive impedance of the
index is acting as a disturbance on the device. The result of
the test is shown in Fig 12. The recorded system response
shows that the system is capable to track the angular position
accurately with a small and consistent delay. A reduction of
the amount of delay and the investigation of the effect of

resistive load from the user will be performed in future
works.

20

T T
— — — Setpoint
Actual Position

o

Angular Position [deg]

-15
0

Time [sec]

Fig. 12 - Performance test with user wearing the device

IV. CONCLUSION

In this paper a novel exoskeleton for the post-stroke
rehabilitation of the index finger has been presented. The
device has a compact and low weight design, and it can be
worn without interfering with the grasp of the patient. It has
four active DOFs for controlling the movement of each the
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finger joint, therefore allowing the user to perform complex
functional rehabilitation routines. A working prototype has
been built and tested. A model-based position control with
friction compensation has been developed, and the
effectiveness of the proposed approach has been shown
trough experimental tests. A small delay is noticed in the
tests, which should be improved in future works. Also, the
effect of active load from the user should be investigated.
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