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ARTUR GMEREK ∗

MECHANICAL AND HARDWARE ARCHITECTURE OF THE
SEMI-EXOSKELETON ARM REHABILITATION ROBOT

This paper deals with mechanical and hardware design of a robot, used for the
rehabilitation of upper extremities. It has been called ARR-1 (Arm Rehabilitation
Robot). The robot has a semi-exoskeleton structure. This means that some parts of
the robot fit closely to the human arm (an orthosis), but the weight of the construction
does not load patient’s body. The device is used for the whole arm rehabilitation,
but active joints are only situated in glenohumeral and elbow joints. The robot is
electrically actuated.

1. Introduction

Millions of people around the world annually suffer from different articu-
lation lesions, neurological impairments and cerebral damages. These people
should be rehabilitated. The nervous system can reorganize after injury only
by doing specific exercises. Also the quality of life of stroke patients can
be easily improved. Hemiplegia or hemiparesis of the upper extremities can
be reduced and rehabilitation can also decrease abnormal muscle coactiva-
tion and reorganize cortex. In patients with muscular dystrophy symptoms,
rehabilitation can improve movement coordination and muscular strength.

Rehabilitation treatment is usually long, arduous and costly. It is a big
branch of public health system, whose role is to instantly intensify the process
of treatment, mainly because of the ageing of the society.

Robots can increase efficiency and effectiveness of therapy. Robotic-
assisted rehabilitation can reduce costs and lead to new effective therapeutic
procedures. Automatic rehabilitation will also reduce the number of therapists
required per patient.
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This work describes a mechanical and hardware design of the robot
used for upper extremity rehabilitation. Inspiration for its construction was
taken from studies on the existing robot of similar type and biomechanics
of the human arm [1]. The robot was designed in the way that allows it
to perform the widest possible type of rehabilitations. It can be used for
repetitive therapy of people with cerebral damage, as well as for exercises
for patients with impaired arms. The construction is a prototype structure
based on the modular architecture approach. There is no need for dismantling
the whole robot in order to exchange some parts for new ones. The control
system is not limited by the construction of the robot. In the future, it will
be, for example, possible to implement impedance/admittance control mode,
as well as shakes therapy.

2. Related Work

Major development of robotic rehabilitation began almost 20 years ago,
when Hogan et al. constructed a simple rehabilitation robot – MIT-MANUS
[2] and developed a new type of algorithm, used for training [3]. The main
disadvantage of the pioneering robots were their non extensive range of
motion (ROM), planar movements and rehabilitation limited only to selected
exercises. In the new constructions, these limitations have been reduced.
Nowadays designers create many different robots and algorithms much more
advanced then the pioneering systems. In scientific literature and databases
of patents, there are hundreds of articles and descriptions of new robotic
rehabilitation systems. Some of them have been already tested in clinical
facilities and hospitals, as well as there are some commercial versions for
sell. The most advanced are the constructions in which the upper extremity
is connected to the robot in more than one place (usually in upper arm and
forearm). This type of solution causes that the position of the upper arm
to the forearm can be strictly controlled. In the following retrospect, mainly
these structures are taken into account.

Engineers use many types of actuators. Each of them has advantages,
but also disadvantages. For example pneumatic or hydraulic actuators are
less rigid than electric actuators. Nonetheless, the first ones are more dif-
ficultly adoptable to the construction, more complicated to be controlled
with advanced algorithms and need additional generally costly devices for
compressed air preparation. In spite of that, there are a few interesting con-
structions, which have been tested on patients.

Pneu-WREX has 4 degrees of freedom (DOF) [4, 5]. It is equipped
with pneumatic actuators attached to a lightweight exoskeleton. It includes
movements like shoulder flexion/extension, forward/backward clavicle rota-
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tion, horizontal abduction/adduction and elbow flexion/extension. It moves in
wide ROM in 3D space, and there have been already developed many types
of advanced control algorithm.

Another interesting example of pneumatic actuated robots is iPAM [6].
It is a dual-arm robot system. One arm is connected to an upper arm of a
patient and another to a forearm. It has 6 DOF and is able to draw patient’s
hand in 3D Cartesian space.

Mistry et al. developed a hydraulically actuated exoskeleton arm with
anthropomorphic design [7]. The robot has 7 active DOF. Trajectory and
torques generated by human arm can be reflected by the apparatus.

Some constructions use pneumatic muscle actuators. A good example of
this type of robots is Salford Rehabilitation Exoskeleton (SRE) [8]. It is an
upper arm assistive exoskeleton with light framework. It has 7 active DOF.
Three of them fall on shoulder and 2 on elbow joints. Besides, they enable
flexion/extension and pronation/supination of the forearm. The muscles are
situated on the base behind the robot. Joints are moved via cables.

RUPERT IV (Robotic Upper Extremity Repetitive Trainer) is a 5 DOF
pneumatic muscle exoskeleton [9, 10]. The whole robot loads on patient
shoulders and back. For this reason, it is limited to selected exercises only.
Device is wearable and light.

Some interesting experiments have also been conducted by Umemura
and his colleagues [11]. They developed a system intended for patients with
muscular dystrophy symptoms. They used hydraulic bilateral servo actuator
(HBSA).

There can also be distinguished cable-driven constructions. One of them
is MACARM [12]. It is a cable robot dedicated for neurorehabilitation. The
robot is comprised of an array of 8 motors mounted at the corners of a cubic
support frame. The end-effector has 6 DOF. This type of multi-axis robots
is difficult to control and their ROM is limited.

Another type of cable-driven robots are anthropomorphic exoskeletons.
The use of cable-driven technology to drive orthosis framework permit on
safe space and the construction is light. However, the good lead of cables
is difficult to attend and only few constructions are used that employ such
a technology. A good example could be an ABLE robot [13]. It is a 4 axes
exoskeleton with cable force transmission. It works by the new technology,
which makes it possible to transmit force by cables and allows for highly
compact arrangement. It is driven by a patented screw-and-cable system -
SCS [14].

Another example of a similar robot can be the construction patented by
Univ et al [15]. The cable-driven exoskeleton is attached to the subject’s
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limb. The exoskeleton has couplings between two or more joints of a limb of
the subject. The joint can be adjusted to accommodate different limb sizes.

V. Zemlyakov and P. McDonough patented a robot and a method of
rehabilitation used for whole arm rehabilitation: shoulder, elbow and wrist
joints [16]. The exercises can be loaded on each joint simultaneously in every
anatomical direction. Selected biomechanical information can be retrieved
and stored in databases.

The most advanced are the robots driven by electric motors. This is be-
cause the electrically-driven motors are easy to use in exoskeleton structure
(one can place motors in robot joints), and beside that, electric actuators are
also relatively easy to control. There have already been developed many types
of arm rehabilitation robots driven by electric motors. These constructions
differ from each other, but they have one common feature - an exoskeleton
structure. These apparatuses are at least capable of shoulder and wrist reha-
bilitation. One of such interesting structures was invented by Han Jungsoo
et al [17]. They proposed a robot with high range of motion. The inventors
achieve it by reducing volume of the actuators. The robot is used for shoulder
and elbow rehabilitation. It is characterized by compact and elegant structure.

LExos is a new force-feedback arm exoskeleton [18]. Like other advanced
robots, it can work in haptic interactions in Virtual Environments. The robot
is used for shoulder and elbow rehabilitation and has 4 DOF actuated joints.

Carignan et al. developed a special anthropomorphic exoskeleton with a
modular approach to control [19]. The construction has scapula and gleno-
humeral joints. In the grip handle there is a force sensor. Controller can
operate in both impedance and admittance mode.

IntelliArm is one of the most advanced robots [20, 21]. The robot has
10 DOF, including hand opening and closing mechanism. It is used for
shoulder, elbow and wrist rehabilitation. What is interesting, the robot is
able to drive in four glenohumeral movements including flexion/extension,
integral/external rotation, abduction/adduction and vertical displacement of
the glenohumeral joint. The robot has passive DOFs in anterior/posterior and
medial/laterial displament of glenohumeral joints. Forearm can be driven in
flexion/extension and supination/pronation position.

And finally, one of the most advanced families of that kind of robots
has been developed by scientists mainly related to the ETH Zurich. They
are known by a common name – ARMin. The motor/gear combination is
backdriveable, which is ensured by harmonic drive modules. A patient’s arm
is placed inside an orthotic shell. The first ARMin was presented more than
5 years ago. ARMin I has 6 degrees of freedom [22, 23]. The most recent
ARMin III has 4 DOF (shoulder and elbow joints), but the wrist module
can be also attached to the construction. The scientist from ARMin project
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proposed many types of advanced force-control algorithms. ARMin III has
symmetrical structure. Because of that, it can be used on both sides – left
and right arm of the subject [24].

There are also other interesting constructions of robots, which are similar
to the presented ones. The above-mentioned systems are, however, probably
the most advanced assistive-robots used for active arm rehabilitation.

3. Device description

The ARR robot consists of a base and active orthosis to which the
upper extremity of the patient is fastened. The orthosis lies on the XYZ
gantry system, which is fixed to the one of positioning axes of the base. XYZ
gantry system moves actively during rehabilitation. The robot can be easily
transported through a standard door (Fig. 1).

Fig. 1. General mechanical structure of ARR

The orthosis of the robot has a symmetric structure, and the robot can
be used for both – right and left hand rehabilitation. It has wide ROM and
can be used, for example, in rehabilitation of the patient in a sitting posture,
as well as in standing position of the patient who is up to 2-meter tall.
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One of the main innovations in the constructed system will rely on using
myosignals in active rehabilitation. Using myosignals provides possibilities of
estimating forces and fatigue produced by the muscles. This will be possible
by applying EMG apparatus and algorithm based on signal processing with
some elements of artificial intelligence [25].

Another important part of the system is a subsystem of virtual environ-
ment. Movement parameters of an arm will be transmitted to the program
environment. This information will be used to generate motion of virtual
hand in Activity of Daily Living program.

3.1. Base of the robot

The base stands on supports, which makes the whole robot stable while
performing rehabilitation. Special scissor jacks with wheels are connected to
the base. By using it, the robot can be easily lifted and transported to another
place. On the base, there are located most of critical devices of the system.
There are low-level controllers of motors, a desktop computer, which is a
main controller of the system, power supply adaptors, acquisition devices,
EMG apparatus, screw terminals, fuses, capacitors and other devices. On the
base, there are placed XZ positioning axis, which adapt the orthosis to the
anthropometric parameters of the patient’s body.

3.2. XYZ linear gantry system

The orthosis is attached to an XYZ linear gantry system. This solution
have been used in order to retain large ROM and sustain comfort to the
patient. The centre of shoulder rotation changes during motion. Without ap-
plied linear actuators, an arm could move in the orthosis cuffs. The describing
gantry system moves in three mutually orthogonal planes. The driving ele-
ments contain ballscrews, driven by stepper motors. Such actuators provide
low friction and lower noise emissions.

3.3. Orthosis

The active orthosis is a construction with a rotary joints to which upper
extremity of the patient is linked during rehabilitation.

The modular approach to the orthosis construction makes it possible
to easily exchange old components for unused ones or add details of a new
type. A good example of describing modularity could be glenohumeral joints,
whose parts could be quickly replaced for the new parts with new geometry.
In default joints, the configuration presented in Fig. 3 will be used, but

Unauthenticated | 89.73.89.243
Download Date | 5/2/14 6:29 PM



MECHANICAL AND HARDWARE ARCHITECTURE OF THE SEMI-EXOSKELETON. . . 563

Fig. 2. The XYZ linear gantry mechanism

experiments will be also made on the joints similar to those presented in
[26] patent.

The orthosis consists of upper and lower part. These parts are constructed
of ballscrews and long nuts. The length of the parts can be automatically
adjusted by DC motors with gears, according to the data of the patient stored
in memory of the controller. The high ratio of the gear assures that the
system is irreversible (rotation is locked). However, the second end of the
lower nut is free. Two electromagnets are used to block its rotation. It can be
switched on/off depending on the desired configuration (pronation/supination
– on/off).

The orthosis has 4 active DOF. Three of them are responsible for gleno-
humeral joints movement, what with aforementioned linear joints gives 6
active DOF on shoulder girdle. One motor is responsible for flexion/extension
of the elbow joint. The orthosis has also 3 DOF in wrist articulation. Precise
encoders record the movement of a wrist, which is then transmitted to the
virtual environment system.

A patient’s arm is attached to a device via the cuffs covered with soft
materials. The lower cuff is tightly connected to the forearm, while the upper
cuff gives much more freedom to the upper arm. Special EMG apparatus will
be situated inside the cuffs.
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Fig. 3. Mechanical structure of the orthosis. In order to change rehabilitation on the other hand,
the controlling system rotates the second rotary joint by 180 degree, as is indicated by a red arrow

The orthosis has also simple mechanical limiters of motion. These are
discs with threaded holes into which bolts can be screwed. It is the last line
of the multi-modular mechanical safety system.

Main drives of an orthosis consist of BLDC (Brushless DC) motors,
planetary gears and safety couplings. The torque of drives can be easily
controlled. The motors with gears are backdriveable. This allows one to
control robots in advanced impedance/admittance mode and give patients
possibilities to move joints by themselves, while the robot will support the
movements.
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3.4. Low-level controllers

Robot consists of several low level controllers, which are used for trans-
mitting information from the high-level controller (programs situated on desk-
top computer) to robot actuators, as well as from sensors to the high-level
controller. These electronic controllers are connected to a computer through
Data Acquisition Cards, PCI-CAN card and through microprocessors using
UART-USB protocol.

Biological sensors transmit information to a high-level controller through
a microprocessor (µP) with UART/USART protocol. Also encoders are con-
nected to a computer through another low-level controller with architecture
based on µP with UART protocol (Fig. 4).

Fig. 4. General scheme of low-level controllers, which communicate with high-level controller by
USB

DC motors, which are responsible for positioning process before rehabil-
itation, are linked to computer through USB DAQ module (Fig. 5). Motors,
which move actively during rehabilitation, are controlled by high-level con-
troller through CAN protocol with PCI-CAN card and through digital and
analogue I/O cards.

3.5. Motors

There are 11 motors installed in the robot. Two DC motors are situated
in the basis of the robot. These motors are used for adjusting the position of
the orthosis to patient height and width of his shoulder before rehabilitation.
This is done by changing the position of the XZ main linear gantry system.
Two smaller DC motors with worm gears are used to change the length of
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Fig. 5. Structure of low-level controllers of BLDC and stepper motors

the arm and forearm parts of the orthosis. This is important for providing
non-backdriveability of the transmissions of this part of orthosis during re-
habilitation. Worm gears cause that arm and forearm parts of the orthosis do
not move during rehabilitation, even when motors are turned off after length
adjustment process.

Seven motors move actively during rehabilitation. Three of them are
responsible for positioning the XYZ gantry system Stepper motors without
gears are used there. These motors are necessary, because pivot point of a
shoulder translates according to the position of an upper extremity. High
level controller steers these motors, even during the learning process.

The most important are aforementioned motors, which drive the orthesis.
BLDC motors are used there. The force is transmitted through planetary
gears. The power and type of these motors are the same, only gear ratios are
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different. This approach let the researchers test different algorithms for force-
position control, and check how transmission affects this type of control.

3.6. Sensors

The robot have many position sensors (mainly encoders), which are in-
dispensable for proper control. The robot is prepared for implementation
of advanced biofeedback algorithms. Because of this, the system also has
biological sensors. The most important of them are EMG sensors. Based on
the signal recorded by EMG sensors, one can estimate which motor muscle
unit is activated, with what force and, moreover, what is the fatigue of the
muscles. There are two groups of EMG sensors, arranged in a matrix, which
are situated on arm and shoulder during rehabilitation.

There are also pulse and blood pressure sensors, which help to estimate
tiredness of the patient. The pulse sensor has also an emergency function. In
the future, additional information about muscle fatigue will be also recorded
from Galvanic Skin Resistance (GSR) sensors. The biofeedback sensors will
help to develop an algorithm, which will predict the progress of rehabilitation.

4. Safety Systems

The robot has multi-level safety system. Safety system guarantee harm-
less exercises and experiments on the robot prototype. A good security system
also ensures safety of patients. First line of security are subprograms located
in high-level controller, which instantly provide an assessment of functioning
of other subprograms, for example whether subprograms correctly interpret
the limits of ROM or whether they produce correct checksum. There is also
a special subprogram, which will interpret the pulse and blood pressure of
patients. Rehabilitation stops when pulse rate is below or above an accept-
able threshold. On the lower level, there act programs in (µPs), which are
independent from the programs located on the computer. These programs
check correctness of incoming and outgoing data. There are also watchdogs,
which verify whether uPs operate properly.

On the lower level, there are also electrical sensors. Especially important
is stopping the robot in the case of exceeding the allowable range of move-
ment by machine components, otherwise robot could break patient’s arm.
A good example of that type of safety sensors can be special double-layer
end position sensors (Fig. 6). In the case of exceeding the allowable range,
at the beginning the first sensor would send a signal to stop the robot and
if it would not bring an effect, the second sensor would turn off the motor
power. In very rare cases of a damaged relay, the robot would be stopped
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by mechanical limiters (Fig. 3) and the motors power would be cut off by
overcurrent protection.

Fig. 6. Two-layer position sensor switch

5. Kinematic structure

The aim of the design is to reflect kinematics of human arm structure.
The arm of a human body has 7 DOF [27]. In the exoskeleton structure, there
can be distinguished, similarly to the human arm, the shoulder girdle, the
upper arm part, forearm and the grip on hand (Fig. 7). In the construction,
there is no rotary joint reflecting scapula joint of the human body. Instead of
it, there is a 3D planar gate. This approach has three main advantages. The
planar gate has much more ROM, it can compensate shoulder displacements
better than one scapula joint and with a special algorithm it will be able to
react even to torso movements. To the planar gate, there are connected 3DOF
revolute joints, corresponding to spherical glenohumeral (GH) joints of the
human body. The centre of rotation is located at the centre of a humerus head.
GH1 joint 1 replicates adduction-abduction movements, GH2 correspond to
rotation and the last GH3 replicates flexion-extension movements.

The fourth active revolute joint is situated in an elbow position (EL1).
It is responsible for flexion-extension of the forearm. The robot has also 3
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Fig. 7. Kinematic structure of the robot (without adjusting joints). Active joints are marked red

passive joints, corresponding to pronation/supination of the forearm (EL2),
adduction-abduction (WS1) and flexion-extension (WS2) of the hand. Pa-
tient’s hand lies on the sensored hand grip (Table 1).

6. Procedure of rehabilitation

The procedure of rehabilitation differs whatever rehabilitation take place
for the first time, or whether it is another session with the same patient.
When a rehabilitation process takes place for the first time, a therapist has
to measure anthropological parameters of the patient and save them in the
database. There will be an intuitive, ergonomic Graphic User Interface (GUI),
so that a trained therapist should not have any problems with using the
program. When patient’s parameters are already saved in the database, the
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Table 1.
DH Table for 10-DOF orthesis. Variables are indicated with a star (*).

This DH table refers to Fig. 7

i ai αi di θi

1 0
π

2
d∗1

π

2

2 0 −π
2

d∗2
π

2

3 0
π

2
d∗3 −π

2

3.5 a3.5 0 0 θ∗3.5 +
π

2

4 0
π

2
d4 −π

2

4.5 a4.5 0 0 θ∗4.5

5 0 −π
2

d5
π

2

6 a6 0 0 θ∗6 −
π

2

7 0
π

2
0 θ∗7 +

π

2

7.5 0 0 d7.5 θ∗7.5 + π

8 a8
π

2
d8 −π

2

9 0
π

2
d9 θ∗9 +

π

2

10 a10 0 d10 θ∗10

therapist can load the data in order to start rehabilitation. After that, the
patient can sit down or stand back to the robot. The therapist moves gantry
system together with connected orthosis. After situating it near the patient’s
arm, the therapist changes the length of arm and forearm parts and connects
patient’s upper extremity to the orthosis. After that, the therapist can program
the robot, load some previously recorded exercises, or put the robot in a quasi-
chaotic movement. The orthosis-arm arrangement is moving slowly through
a defined trajectory. In the end, after training, the arm can be detached from
the orthosis. All needed data are saved in the database. After rehabilitation,
special algorithm can be also started which, on the basis of the recorded EMG
signal, estimates the progress of rehabilitation and updates rehabilitation’s
parameters (dynamic of motion, period of exercise, range of motion) useful
for future therapeutic sessions.
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7. Discussion

Many aspects of the presented robot can be subject to discussion. The
most important is the kinematic structure. Other designers have usually used
a different configuration with a scapula joint. Nevertheless, the author be-
lieves that the selected solution of 3-DOF linear guideways is highly suitable,
because it widely increases ROM of the orthosis, and lets the robot to react
even to torso movements. This denouement facilitates manoeuvring, max-
imizes the variety of possible types of rehabilitation, and makes it more
comfortable for the patient.

Fig. 8. Described rehabilitation robot
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8. Conclusions and Future Work

In this paper, the mechanical structure of a novel rehabilitation robot has
been presented. The robot has a semi-exoskeleton configuration and unique
kinematic structure. The design was optimized for potential types of rehabil-
itation exercises and safety mechanism. The construction is also optimized
with respect to costs. Design and creation of the mechanical structure is the
first step on the way to finish this project. The final effect, probably to be
achieved in the next year, will be a complete upper extremity rehabilitation
system. The system will work in position, or impedance/admittance mode.
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Projekt mechaniczny i architektura systemu sterowania semi-egzoszkieletalnego robota
przeznaczonego do rehabilitacji kończyny górnej

S t r e s z c z e n i e

Artykuł opisuje mechanikę oraz część sprzętową systemu sterowania robota przeznaczonego
do rehabilitacji kończyny górnej. Robot został nazwany Arm Rehabilitation Robot – ARR i charak-
teryzuje się strukturą semi-egzoszkieletalną. Oznacza to, że część aktywna przylega do ciała pac-
jenta, a jego struktura kinematyczna przypomina kończynę górną, ale waga robota nie obciąża
pacjenta. Urządzenie może być używane do rehabilitacji całej kończyny górnej, ale aktywne stopnie
swobody znajdują się w stawach barkowo-obojczykowym oraz łokciowym. Robot jest napędzany
silnikami elektrycznymi.
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