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Abstract—Stroke is the leading cause of long-term disability in the world. It causes chronic deficits, such as hemiparesis,
especially prevalent in the distal upper extremities. An electro-mechanically driven hand orthosis has been developed to assess the
potential therapeutic use of such devices in rehabilitating hand function. A small Direct Current (DC) brushed motor is used as the
main actuator, and a cable-driven glove connected to the motor shaft is the central component of the device. The orthosis control
is achieved through a force feedback loop using a miniature load cell attached in series to the cable and control module. The later,
generates Pulse Width Modulated (PWM) and direction signals required to drive the motor. The speed is determined by the duty
cycle of the PWM signal while the direction by the status of a flag bit modified by a user-operated switch. A portable design was
achieved by using a 6 V battery pack as the power supply. The device is ready for use in clinical trials with stroke survivor subjects
as it has already been tested on healthy individuals with satisfactory performance.
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Resumen— Los accidentes cerebro-vasculares son una de las causas mas comunes de discapacidad permanente en los
Estados Unidos y el mundo. Esta condicion causa déficits cronicos, como la hemiparesis, que es especialmente prevalente en las
extremidades distales superiores. Se ha desarrollado una ortesis de mano controlada electromecanicamente para determinar el
potencial uso terapéutico de este tipo de dispositivos en la rehabilitacion funcional de la mano. Un pequefio motor de corriente
directa es utilizado como el actuador principal, y un guante operado mecanicamente por el usuario por medio de un cable es el
componte central del dispositivo. El control de la ortesis se logra por medio de un sistema automatizado utilizando un sensor de
fuerza conectado al cable del guante. Adicionalmente se usa un microcontrolador para generar la sefial de ancho de pulso modulada
(PWM) y las senales de direccion requeridas para operar el motor, a una velocidad determinada por el ciclo de trabajo de la sefial
de PWM y en la direccion determinada por el estado de un bit bandera que es modificado por un interruptor que opera el usuario.
El disefio es portatil y el dispositivo esta listo para pruebas clinicas, ya que mostr6é un desempefio aceptable en pruebas iniciales
con individuos sanos.

Palabras clave— Motor DC, Control con retroalimentacion de fuerza, Ortesis de mano, Hemiparesis, Hemiplejia, Accidente
cerebro-vascular.

L. INTRODUCTION from a burst blood vessel (Hemorrhagic strokes) [1]. The

Aztroke occurs when an area of the brain is deprived
rom oxygen causing considerable brain cell damage.
It can be caused either by blockage of a blood vessel by
clots or other particles (Ischemic strokes), or by bleeding
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after effects of a stroke depend on the area and extent of
the brain injury. Impairment of finger and hand function
is a common outcome following stroke, often resulting in
chronic functional deficits. Approximately one-third of all
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stroke patients experience chronic hemiparesis [2, 3]. This
is a paralysis or weakness on one side of the body caused
by an injury on the contralateral side of the brain [4].
Hemiparesis results in loss of motor function, leading to
decreased independence in performing Activities of Daily
Living (ADL), lower probability of returning to work and,
consequently, reduced quality of life.

Recent studies have suggested that repetitive training
can be helpful for regaining upper limb functionality [5-
71]. In addition, the recovery process can be facilitated with
assistance from electro-mechanical devices for post-stroke
hand rehabilitation. Attempts have been made over the past
few years to provide physical therapists with the necessary
tools to evaluate clinical outcomes of assisted motor train-
ing on hand function, specially the impact of such devices
on reach-to-grasp tasks [8-10].

The Neuromuscular Hand Rehabilitation Laboratory
at the Rehabilitation Institute of Chicago is currently de-
veloping devices to assist finger extension with the goal of
assessing whether therapeutic training with these devices
will facilitate hand rehabilitation over traditional rehabili-
tation protocols [11]. Previous work on a body-powered
hand orthosis attempted to make use of the remaining
motor functionality of stroke survivor patients given that
one side of their body was not affected by the stroke and
remained functional and healthy. The design consisted of
a glove with cable attachments for each finger on its dor-
sal side that merged into a single cable at the wrist level.
When pulled by the unaffected arm, the cable provides the
patients with the aid to open their affected hand. During
the testing phase of the project, some individuals started
to present difficulties when pulling the cable due to lack
of strength in their unaffected arm, or because the task of
pulling with the unimpaired arm would cause increased
stiffness of the impaired hand. This situation led to the in-
troduction of a new approach to the orthosis design using
an electro-mechanical actuator to perform the pulling task.

The final goal of the present research was to develop a
mechatronic rehabilitative device to therapeutically facili-
tate finger extension in individuals with chronic hemipare-
sis subsequent to stroke. The device will supplement finger
extension when necessary so that proper hand function can
be achieved while physically interacting with the surround-
ing environment, giving special emphasis to enhanced per-
formance of tasks such as manipulating, grasping and re-
leasing objects.

This project presents a prototype of the hand orthosis
that is to be used during clinical trials to asses this new de-
sign strategy advantages and to determine overall perfor-
mance of the system and modifications to be made to the
final design.

49

II. MATERIALS AND METHODS
Hardware

A DC brushed micromotor 2232U006SR and gear head
20/1 (66:1 reduction ratio) combination (MicroMo Elec-
tronics, US) was used as the electro-mechanical actuator.
DC motors were found to be best suitable for this appli-
cation due to their small size yet high torque capabilities
and relatively low price compared with other types of mo-
tors such as linear actuators and stepper motors. To drive
a small DC motor in both directions a full H-bridge con-
figuration is required. For this purpose an L293D push-pull
four channel driver with diodes (ST microelectronics, US)
was used. The motor control and driving signals are ob-
tained from a MSP430 microcontroller (Texas Instruments,
US) which is part of an ultra low power portable controller
module Tmote sky (Moteiv Corp., US).

The force feedback is achieved by using a miniature
force transducer (Sensotec, Honeywell, Model 11, US)
which is connected in series with the cable that connects
the motor to the glove orthosis; the tension in the cable
is a measure of the force provided to the fingers in order
to assist a defined movement. An AD620 instrumentation
amplifier (Analog devices, US) is used to amplify the load
cell signal by 500 obtaining a voltage output signal rang-
ing from 0 V-2.5 V, after the amplification.

Software

The control program is written in a newly developed
software supported by an event based operating environ-
ment, TinyOS, designed for use with embedded networked
sensors such as the controller module used in this project.
The programming language of TinyOS is stylized C and
uses a custom compiler called ‘NesC’ [12].

Motor Selection

In order to determine the motor power, speed and
size requirements for this application, several parameters
such as maximum pulling force, portability and available
power supply voltage were taken into consideration and
are presented in Table 1. The speed value was determined
based on observation and timing of natural-looking reach-
to-grasp movements. The objective was to allow the user
feeling comfortable while using the device in a realistic
environment, and to avoid feelings of frustration through-
out the training process.

Table 1. General requirements specifications for DC motor.

PARAMETER VALUE
Current 1 A max.
Voltage 6V-7.2 V max. battery pack available.
Force 133.5 N (30 Ib-f ) maximum force required.
Speed 2.54 cm/s (1 in/s)

Size and weight Small size and light weight are desired.
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During a former pilot study, conducted by the Hand
Lab research team, to assess the performance and efficacy
of the body-powered glove previously mentioned, pulling
force data was collected from several experiments using a
force transducer attached between the glove and the cable
[13]. The transducer in series with the cable allowed mea-
surement of the amount of force required to assist finger
extension. The transducer was calibrated in tension using
a custom calibration program while emulating the ex-
periment setup [11]. Moreover, analysis of this data pro-
vided means for determining the maximum pulling force
stroke survivors participating in the study were capable
of achieving, and the average force they used to perform
the grasping and releasing tasks. In Fig. 1 force data from
one experiment is presented showing a peak pulling force
of approximately 134 N (30 Ib-f), which was the highest
force value achieved for all the experiments carried out.

User Cable Force Applied to Extend Glove Fingers
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Fig. 1. Pulling Force recorded during an experiment at the Hand Neu-
romuscular Rehabilitation Laboratory in 2005. The maximum measured
force was approximately 134 N (301b-f).

The maximum required output torque was then cal-
culated after determining the moment arm of the applied
force. The design includes a pulley attached to the motor
output shaft used to wind up the cable thus converting ro-
tary motor motion into the linear motion required. There-
fore, the moment arm depends on the internal diameter of
the pulley used.

When using a pulley with 3 mm radius, the maximum
output torque required is calculated using (1) as follows:

T =F__ -r

max . max .

T .. =402mN -m M

Where:

= maximum pulling force applied to the cable.

max

r = moment arm = radius of the pulley to be used*

* If a pulley is not being used then “r” is the radius of
the motor’s output shaft.

According to (1) and using 134 N as the maximum
pulling force, the maximum torque the motor plus gear-
head combination should be capable of providing is 402
mN-m. The required motor output torque is then deter-
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mined by (2) which describe the torque augmentation due
to the reduction ratio of the selected gearhead.

M
M, =—=x7
l

2
M, =8 TmN.m @)

Where:

M, = required input torque to the gearhead = required
motor output torque.

M, = required gearhead output torque.
i = reduction ratio of gearhead.
= efficiency of gearhead.

The current through the motor when a load is applied
was calculated using (3) [14]:

K, 3)
Where:

I = current through the motor.
I= current due to load.

M= desired torque = M,

1= no-load current.

K = torque constant.

m

Using parameter values from the motor’s datasheet,
the maximum current was calculated to be 1.12 A which is
0.12 A larger than the target value, but yet acceptable.

The motor speed under load is simply the no-load
speed minus the reduction in speed due to the load. The
proportionality constant for the relationship between mo-
tor speed and motor torque is the slope of the torque vs.
speed curve, given by the motor no-load speed divided by
the stall torque, which is the maximum torque under which
the motor operates at a given voltage before stalling [15].

To evaluate the performance of the motor under the
described conditions the final load speed was theoretically
calculated using equations (4-7). A 7.2 V supply was used
for the motor related calculations since it was found to
show better performance during experimental testing. The
no-load speed of the motor at 6 V is 7100 r. p. m. and at
7.2 V is 7.2/6 that speed; the stall torque is 59.2 mN-m for
the motor selected [16].

V
VLnad = VNoLnad - [N[;m.d) x T (4)

K

Vioea =1267.97.p.m.
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Where:
V,...= Load Speed
V voroas = No-load speed

T = Stall torque
T = Torque applied = M

Wou =Vieas *T ®)
W, =6.62W
Where:
W= output power.
W, =V*I,
W, =8.064W ©)
Where:
W, = input power.
V= applied voltage.
I = motor current.
g =V
Wi ()
n=282%

Where:
1] = efficiency.

Since the efficiency of the motor is 82%, the expected
output speed would be 5959.7 r. p. m. After the reduction
gearhead with reduction ratio of 66:1 the maximum linear
speed is 1.98 cm/s (0.78 in/s.)

The device was powered out of a small low power bat-
tery pack to maintain the portability of the final design.
Additionally, the motor size and weight were other porta-
bility limitations.

Motor Speed Control and force feedback

The speed of a DC motor is proportional to the volt-
age applied to its terminals. Thus, Pulse Width Modulated
(PWM) is a simple strategy to control the motor speed.
The PWM signal controls the amount of power delivered
to the motor by generating an average voltage that is pro-
portional to the duty cycle of the signal. It provides a fixed
voltage to the motor during a time interval determined by
the duty cycle. Thus, switching the input pin ON and OFF
repetitively, the motor is allowed to run at a specific speed
until the defined duty cycle is changed to modify the speed
or the PWM is turned off to stop the motor.

Commonly used frequencies for the PWM signal range
between (4-20) KHz. This frequency range is below the
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range the motor generates a noise that is audible and above
the range where the efficiency of the motor is compro-
mised [17].

The direction of the motor is controlled by switching the
two direction inputs of the H-bridge. Selecting the appro-
priate bit combination would result in running the motor in
the desired direction. Table 2 shows the possible bit com-
binations and resulting action. The PWM signal is applied
to the enable input of the H-bridge. Fig. 2 shows schemat-
ics of the circuit.

Table 2. Truth table for the H-bridge chip. It describes the bit com-
binations necessary to drive a motor in 4 different modes: clockwise,
counterclockwise, brake and free stop. Adapted from AN905 at www.
microchip.com

Inputs
C=H:D=L Turn Right
Vinh=H C=L:D=H Turn Left
C=D Fast Motor Stop
Vinh =L C=X:D=X Free Running Motor Stop
L=Low H = High X =Don’t Care
Vs Vs
MOTOR
Open 1 2
\1 A J/ Close
N J
A
< 4
EnablePWM

Fig. 2. Schematics of the motor driving electronics. Illustrates the full
H-bridge configuration and the input signals required to control the
speed and direction.

The MSP430 microcontroller used to generate the PWM
signal and switch the direction signals also has Analog to
Digital Conversion (ADC) capabilities used to carry out the
force feedback speed control. Force sensor data is acquired
at 10 Hz. A higher sampling rate could result in uncompleted
tasks during program execution and it is not necessary since
the force signal changes at a rate slower than 10 Hz.

The used force transducer measures extension and flex-
ion forces that are employed to modify the speed of the
motor accordingly with user requirements. During exten-
sion, the motor rotates at a constant velocity to take up the
cable, assisting finger extension. To prevent hyperexten-
sion, the motor turns off if a predetermined force is exceed-
ed. During flexion, the motor’s speed is controlled based
on the force applied by the user to minimize resistance.
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A user-actuated switch is used to control the alter-
nation between opening hand and closing hand phases.
The switch is big enough to be controlled easily by an
individual with decreased strength and lack of fine con-
trol movements. It can also be adapted to be used as
either a manually operated, a hip-mounted, or a pedal
pushbutton.

III. REsuLTs

When using a motor rated for 6 V and a battery of the
same voltage, the speed of the motor was found to be less
than 1.27 cm/s which is half the speed requirement.

Fig. 3 shows a flow chart of the program code de-
scribing how the action of pushing the switch is the main
controlling event of the overall system. With each press
of the switch, the motor cycles through two of three pos-
sible states: extension (hand opening), flexion (hand clos-
ing), and the off state, which was not implemented for this
prototype. During extension, the motor run continuously at
80% of the duty cycle, equivalent to 80% of the maximum
speed, to take up the cable, assisting finger extension until
the switch was pressed again.

| | Configuration and Initialization | |

|

No
Switch pushed

Yes 1

Openport=1 0 1_, Openport=0
Close port =0 Close port=1

! > !
Frequency = 1.9KHz Frequency = 1.9KHz
PWM Dutycycle = 80% Stop PWM l

4
Direction = close N,

A

Switch pushed |
Yes f<=ala<f<=b befe=c | ¢<f<=d f=d
Dutycycle = 0%
Dutycycle = 30%

Dutyeycle = 50%
Dutycycle = 80%
Dutycycle = 100%

Direction = open

<>

| Yes

Fig. 3. Flow chart diagram of the control algorithm, showing the three
possible states of the system: Hand Opening, Hand Closing and Rest
(not implemented).
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For the closing phase of the movement, a zero load
force feedback control was implemented. This control
was used to modify the speed of the motor as necessary,
to guarantee the active closing of the hand, that is, the
motor is to provide the minimum possible resistance to
the subject’s hand closing movement by controlling the
motor’s speed based on the force applied by the user.
For DC motors operated at a constant voltage, the speed
and torque produced are inversely related [16]. Conse-
quently, the motor should run at high speed when the
force feedback is different than zero. The motor decreas-
es the speed as the force feedback signal reaches the
zero load state and assumes the movement has ended.
If an increase in force is later detected the motor would
start running again at a speed proportional to the force
reading. A total of five force windows were selected to
provide equal number of possible speed values during
the closing phase, through scaling the duty cycle.

If a third phase is needed for a resting or holding state,
it can be easily implemented by stopping the PWM signal
sent to the H-Bridge. This causes the motor to decelerate
gradually until it stops.

The initial configuration shown in Fig. 3 includes con-
figuration of output ports (open, close, PWM out), the ana-
log input port for the force sensor, and initialization of the
timer and ADC modules.

The device allows subjects to open and close their
hand, to perform grasping and releasing movement tasks
repetitively. The prototype used for the preliminary testing
is shown in Fig. 4.

), PN

Fig. 4. Testing prototype. Shows the glove and cable attachments, the
load cell connected between the glove and the motor, the electronics,
user switch and battery pack (in black).

IV. DiscussioNn

Although the speed requirement was experimentally
found to be about 2.54 cm/s, it was not a priority on the
design phase of the project to fulfill this requirement,
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mainly because it is known that given a constant load
(i.e. torque) the speed of a motor is solely dependent on
the voltage applied to the motor [14], and the voltage
availability was limited by the size of the battery pack
to maintain the portability requirement. Therefore, it
was necessary to sacrifice speed over portability. Nev-
ertheless, to address this problem a voltage supply higher
than the rated voltage for the motor could be considered
for further work on this project. A 6 V rated motor can
be powered up with up to 48 V [16]. As a result, a 7.2 V
battery pack could be used as the power supply when
building a new prototype.

During the last few years, more sophisticated de-
signs, like the MULOS (Motorized Upper-Limb Orthot-
ic System) [18], or exoskeleton-type [19] devices have
been developed by other research teams with great suc-
cess and good performance; however, the main focus of
this project was to provide a wearable, easy to use de-
vice for simple repetitively reaching and grasping task
training. This would allow the user to interact with the
basic daily-living surrounding environment by actively
manipulating real objects in a more adequate and effi-
cient manner.

Some considerations that need to be further evaluated
regarding the prototype are related to enhancing the per-
formance of the system, implementing new features and
considering safety measures.

To minimize Radio Frequency Interference (RFI) the
amplifier (i.e. H-bridge driver) and motor should be placed
close to each other.

The connection between the cable and the motor shaft
is also an important consideration, since it may compromise
the efficiency of the power transmission to the glove. A pul-
ley attached to the motor shaft was considered a solution. To
attach the pulley to the shaft a pin must be used to prevent
the pulley from slipping. The cable winds up around the pul-
ley axle as the motor rotates converting rotational movement
into linear movement. Power loss due to friction between
the pulley and the cable was not considered.

The ability to manually drive the motor in both direc-
tions without a significant opposing force, and with sub-
stantial motor power, represents a big challenge since add-
ing gears to a motor increases frictional resistance making
difficult to achieve the desired speed and power without in-
creasing the size of the motor [20]. A bigger motor implies
a heavier device and consequently a less applicable design.
Therefore, there should be a balance between the ease of
driving and the motor speed and power. Other types of ac-
tuators, such as pneumatic actuators, may be analyzed to
compare the advantages and disadvantages of every design
choice.
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The motor must be placed in a way that guarantees the
pulling force to be directed in a straight line to the glove-
attached cable to avoid any losses of power.

All the additional components (i.e. battery pack, driv-
ing circuitry and the Tmote) are to be placed inside a wear-
able waist pack to maintain the device requirement of be-
ing portable.

To prevent hyperextension, during the hand opening
phase, the system should be capable of turning off the mo-
tor if a predetermined force is exceeded. As an additional
safety precaution, an emergency stop when the maximum
force is reached, and the force feedback control fails, is yet
to be implemented to prevent injuries due to overstretching
of the fingers and hand; nevertheless, the switch currently
being used maintains the safety of the individual using the
orthosis since it can modify the motor driving state at any
given time.

As a final observation, the force windows used to con-
trol the speed with the force feedback were not based on
any calibration; an accurate calibration of the force trans-
ducer is required to allow proper selection of duty cycle
adjusting windows.

V. CONCLUSION

An initial prototype to be used for preliminary testing
with healthy subjects was presented. Preliminary testing
results showed good performance as there were no require-
ments unfulfilled that could compromise the performance of
the overall system. No potential harm to the user was found.
The experiments consisted on performing repetitive reach-
to-grasp movements opposing to the movement and varying
the amount of strength, so different levels of muscle stiff-
ness could be emulated. Real time force readings were ac-
quired while the experiments were carried out to ensure the
maximum force was not exceeded. Even though the design
choices may not represent the most efficient ones to address
the problem, the selected were adequate as there are many
approaches to investigate this field. The results with healthy
individuals were satisfactory and a pilot study with stroke
patients should be started to evaluate the real problems that
may be encountered during testing with non-healthy indi-
viduals and to determine the general acceptance of the reha-
bilitation tool introduced in this project, as well as the sug-
gestions and modifications to be made on later stages of the
project and construction of subsequent prototypes.
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