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Aim. The aim of this article is to develop the prototype of arm exoskeleton for the treatment
of upper limb movement activity after intracerebral hemorrhage or heart attack. Materials and
methods. “Movement-mirroring” function was introduced with the help of the manipulating de-
vice consisting of the device for wireless data transfer, Arduino controller, exoskeleton servomo-
tors, 3 accelerometers GY-85 and software, which detects angles. Results. We developed the
prototype of the rehabilitation device, which was tested by 6 volunteers. Arduino controller al-
lowed us to reduce the time needed for servomotor response up to 400 msec. Conclusion. If only
one arm is affected as a result of hemiparesis or hemiplegia, then the rehabilitation therapy can
be conducted in accordance with the program stated or by copying the movements of a healthy
limb by means of ‘movement-mirroring’ function.
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1. Introduction

In modern medical practice the recovery of
impaired limb function is often performed with
the help of CPM machines (Continuous Passive
Motion) — power-driven devices that allow the
selection of angle of the limb flexion-extension in
isotonic and isometric modes with controlled
speed and range of motion [13, 17, 22]. Robot-
assisted mechanical treatment reduces the time
needed for recovery of the range of motion in
isolated joint, tissue regeneration, and edema al-
leviation. Such treatment also decreases the inci-
dence of adhesions and joint contractures [1, 8§,
15, 21, 23, 26, 27]. Another benefit of CPM
therapy is that the patient may start exercising as
early as in 24 hours after brain hemorrhage epi-
sode, which prevents complications associated
with prolonged immobility, such as contractures
and muscle atrophy, thrombosis and thromboem-
bolism etc. [24, 25, 26].

In order to improve the effectiveness of post-
hemorrhage rehabilitation process, the principle
of mirror therapy is used: the patient sits at the
table with his arms stretched along the table; on
the table there is a mirror placed in such a way
that the patient can see the reflection of his/her
intact arm meanwhile his/her affected arm is be-
hind the mirror [4, 12, 19]. The patient tries to

rise up both arms, but, due to brain damage, the
affected arm does not move at all, or its move-
ment is restricted. However, thanks to the mirror,
the patient is unable to see it and believes his/her
affected arm to be intact and move freely. Thus,
damaged regions of the motor cortex are stimu-
lated to find new neural connections, which acce-
lerates the recovery process [3, 9].

The modern technique of mirror therapy is
the following: the manipulating device put on the
intact arm transfers the signal to servos of ex-
oskeleton that copies the movements of the ma-
nipulating device. The manipulating device al-
lows the therapist or the patient him/herself to
conduct rehabilitative treatment remotely or at
home [10, 11].

The aim of our research was to design a pro-
totype robot-assisted “movement-mirroring” ma-
chine with manipulating device that is put on the
intact arm and “reflects” its movements on the
exoskeleton servos to recover motor function of
the affected upper limb.

2. Materials and methods

When we started working on the prototype
of the robot-assisted system we had to fulfil sev-
eral related tasks and analyse the ways of rehabil-
itation [2, 6]. We intended to minimize the range
of potential problems for the patient, so we chose
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to make the device compact (5 kg max, working
dimensions limited to 70%30x20 cm max), af-
fordable (1000 € max), and available.

It is known that the sooner rehabilitation
starts, the more effective the recovery process is.
The device should resemble regular household
items, be smooth to the touch, be visually accep-
table, and not provoke mental discomfort asso-
ciated with movements of the motors. The length
of device should be approximately equal to the
average arm length of an adult. The general
layout of the device is shown in Fig. 1.

Fig. 1. General layout
of “movement-mirroring” arm exoskeleton

2.1. General Layout and Principles

Servos were attached to the rectangular acrylic
glass (plexiglass) plate 70 cm long and 25 cm
wide. For softness the plate was covered with
polyester wadding and fabric.

Servo

\Plexiglass

Fig. 2. Exoskeleton sketch

Servos were chosen for their ability to hold
the weight at the preset angle [14]. For rehabilita-
tion of three joints at once (elbow, shoulder, and
wrist joints) we chose the following servos: Tor-
xis 100800 High Torque Servo responsible for
shoulder joint actions; Xg-S5650 servo responsi-
ble for elbow joint actions; and Savox sv1272sg
servo responsible for wrist joint actions. We used
SolidWorks software to create a 3D model of the
arm exoskeleton where Torxis servo was located
on the acrylic glass plate and supports the skele-

ton frame of elbow and wrist joints together with
servos (Fig. 2).

Ideally, mirror therapy technique requires
that the intact and affected arms should move
exactly in the same manner. As the servos able to
hold the weight exactly in the pre-set position
were chosen for the affected arm, it was rational
to use accelerometers for the intact arm because
they were able to locate the exact position at the
given moment of time. We used 3 self-calibrating
chips GY-85 to locate the positions of shoulder,
elbow, and wrist joints.

The controller responsible for functioning of
exoskeleton servos was ARDUINO UNO R2.
The exoskeleton was powered with Inwin 300w
power supply without overload protection. To
create operating voltage for elbow and wrist
joints we used down-converter for ARDUINO
DC-DC using LM2596S microcircuit with input
voltage of 12 V and output voltage of 7.2 V for
each servo. The aluminium radiator was used to
reject the heat which could be produced at on-
load position holding. Bluetooth receiver con-
nected to adapter was chosen from Arduino de-
veloper set (HC-04).

2.2. Procedure

We conducted a series of experiments to as-
sess the exoskeleton performance. Healthy volun-
teers were seated with their relaxed left arm in
the exoskeleton meanwhile the laboratory techni-
cian was standing 1 meter apart and controlling
the exoskeleton using the manipulating device
(Fig. 3).

Test protocol included 10 slow repetitions of
vertical movements: in shoulder joint with 0...90°
amplitude (30-second pause), in elbow joint with
0...120° amplitude (30-second pause), in wrist joint
—30...+30° (30-second pause). The next test in-
volved 10 repetitions of the following succession
of movements: shoulder joint raise by 60...70°,
elbow joint bending by 70...90° and wrist joint
bending by 20...30° (60-second pause). The expe-
riments involved 6 volunteers in total; average
experiment session time was 8 minutes.

‘At' Ir\ Q\

Fig. 3. The experiment procedure
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3. Results

3.1. Servo Feedback Adjustment

The construction features of the chosen ser-
vos do not include feedback, i.e. the controller
does not receive the information that the servo
has shifted to the required angle. Potentiometers
of the servo were soldered with wires further
connected to the controller for the current angle
positioning. After doing this we were able to
know the moment when the arm movement
would be painful for the potential patient.
For example, Fig. 4 presents the angle position
chart for exoskeleton elbow frame. The controller
sent the signal to the servo to shift the elbow frame
by an angle of 50 degrees in 6 seconds. Having
received the signal the servo started uniform ve-
locity motion by the set angle. From 3.5 sec it
may be seen that the speed started to drop, and
the controller decided to stop the elbow frame
motion.

Angle [deq]
50

40+

30

20+

6 Time [sec]

Fig. 4. Principle of servo functioning with adjusted
feedback (servo stop at non-uniform motion)

o 1 2 3 4 s

3.2. Accelerometer GY-85 angle detection

To transfer output data of the accelerometer
to degrees we used Open Source library Razor
AHRS. We assembled the test stand (Fig. 5) in-
cluding ARDUINO UNO R3 controller, 9V bat-
tery, accelerometer GY-85 and Xg-S5650 servo
to test functioning and signal lag between accele-
rometer and servo.

Synchronization of vertical movements of
accelerometer and servo was one of the main
tasks for “movement mirroring” implementation.
When accelerometer moves vertically servo
should shift by the needed degree. To check it we

disassembled the servo, soldered the wires to the
potentiometer and connected them to Arduino
controller. Fig. 6 presents the plot of angle shift
versus time for accelerometer and servo. Maxi-
mum signal lag time between them was 400 ms,
maximum error was 2.6 deg. and occurred during
rapid displacement of the accelerometer.

The next step was to construct the manipu-
lating device prototype (Fig. 7) including Cubie-
Board controller, APC M10BK-EC.10000mAh
battery, three accelerometers GY-85 attached
on the belts and controller-powered, and USB-
Bluetooth transmitter.

ACCELEROMETER [

SERVO DIGITAL

Fig. 5. Test stand for accelerometer
positioning in degrees
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Fig. 6. Lag in signal transmission
between accelerometer and servo potentiometer

Then we assembled the exoskeleton consisting
of servos, frame with arm supporting clamps and
locks (Fig. 8). The frame is made of two square
aluminium pipes 40x40 and 35%35 mm in diame-
ter for adjustment of shoulder and forearm
length. For arm position support in the exoskele-
ton we made 4 semi-circular clamps of ABS plas-
tic using 3D printer. ARDUINO UNO R3 con-
troller is located on Torxis 100800 servo. Servo
power management boards were attached on each
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side of the construction for space saving purpose.
Input voltage is 12 V for Torxis servo (shoulder
joint), and 7.2 V for Xq-S5650 (elbow joint) and
K-Power DMM300 (wrist joint) servos.

ANTHN
|

- DRRTRLLER

Fig. 8. “Movement-mirroring” arm
exoskeleton prototype

4. Discussion

4.1. Performance evaluation

We evaluated the robot-assisted system per-
formance using the following criteria:

Lag in signal transmission from accelerome-
ters to servos;

As seen from Table 1, average lag time in
the working prototype, in contrast with the test
item, is over its former maximum values. How-
ever, we believe such lag to be insufficient as
there are no visual differences in movements of
the manipulating device and the accelerometer.

Table 1
Signal delay time
Ne Servo Lag, ms
1 Shoulder 490.5 +32.1
2 | Elbow 410.2 +46.8
3 | Wrist 450.8 +£27.3

Voltage consumption for different arm
weights.

As seen from Table 2, the voltage converter
using ARDUINO DC-DC LM2596S microcircuit
is not suitable for our task and, thus, should be
replaced with the more effective one [5, 20].

Table 2
Voltage consumption

. Output voltage

Ne | Arm weight, kg in LM25968, V
1 4.1 5.9
2 2.7 7.0
3 43 5.6
4 33 6.5
5 3.1 6.8
6 3.7 6.2

Besides, the drawback discovered in the con-
struction is the apparent vibration that starts at
increasing load in elbow joint. However, the me-
chanical stability of the whole system will be im-
proved if the exoskeleton construction includes
stabilizing elements.

4.2. Limitations and further research

One of the main objectives of our research
was to create the device that would be financially
affordable for most of patients. Thus, the choice
of materials and elements for the designed unit
was limited.

The experiments were conducted on healthy
volunteers in accordance with the approval
granted by the Ethical Committee of the Univer-
sity (Ne39, 04.05.2016). Further research will
involve the experiments using the model simulat-
ing a patient with hemiplegia.

The series of tests for assessment of electric-
al safety of the device is being conducted now.

“Movement-mirroring” arm exoskeleton pro-
totype for rehabilitation of patients with disor-
dered motor functions (for example, after brain
haemorrhage) has proved its good performance.
Construction elements are affordable and readily
available. We believe that structural rework of
exoskeleton will start the new trend in robot-
assisted rehabilitation, available for in-home use
in particular.

In future, in addition to construction defect
eliminating, we are planning to add the remote
control function using the remote control unit or
via the Internet, so that the data could be ana-
lysed and transmitted to the treating doctor.
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NMPUMEHEHUE 3K3OCKENETA PYKU C ®YHKLIMEWN
«3EPKAJIbHOIO ABUWXEHUA» B PEABUITUTALMNOHHBbIX LIENAX

A.A. lMempoe’, A.C. CmupHoe’, B.B. Enuwee’, A.B. lllesyog?

'HOxHO-Ypanbckull 20cydapcmeeHHnbIll yHusepcumem, 2. Yensburck, Poccust
2HayuoHarnbHbIll 20cydapcmeeHHbIl yHUsepcumem gusuyeckoll Kybmypsl,
criopma u 300posbsi umeHu lN.®. Jleczagpma, e. CaHkm-llemepbype, Poccusi

Iean. PazpaboTaTe NpOTOTHIT IK30CKENETa PYKH, TPEAHA3HAYCHHOTO JJIS JICUSHUS TPoOIIeM
JIBIDKCHUS] BEPXHEH KOHEYHOCTH TI0CJIe KPOBOMBIMSHUS B MO3T WK MH(papkra. MaTepuaJjbl U
MeToAbl. DyHKINS «3€pKaTbHOTO JBM)KEHHS» PEaM30BaHa C UCIIOJIb30BAHNEM MaHUIYIIALHOH-
HOTO YCTpPOWCTBA, BKJIFOYAIOIIETO B ceds Tpu akcenepomerpa GY-85, mporpamMHoe obecrede-
HHE, KOTOPOE OTCIIS)KUBAET YTJIbI NIEPEMELIEHHsI, YCTPOUCTRa Ul OeCIIpOBOAHON Nepeiauu JAaH-
HBIX, KOHTpoOJUIep Arduino U cepBoMOTOpHI 3k30cKeneTa. PesyiabraTsl. B xone atoro uccneno-
BaHUS OBUI pa3paboTaH MPOTOTHUN pPEaOWIUTAIIMOHHOTO YCTPOMCTBA. YCTPOHCTBO OBLIO
IIPOTECTHPOBaHO Ha 6 noOpoBosnbLax. Vcrons3zoBanne Arduino Mo3BoJIMIIO COKPATUTh BPEMs OT-
KiuKa cepsomoropos 10 400 mc. BeiBoabl. Eciu mopaxkeHa TOJNBKO O/HA PyKa, B Clyyae I'eMu-
napes3a / TeMHUIUIETUH, TO BOCCTAHOBHUTENbHAS TEPAMs MOXKET MPOBOAUTHCS B COOTBETCTBUH C
YKa3aHHOW TNPOrpaMMON WJIM IIyT€M KOIMPOBAHMS IBMXXEHUH 370POBOM KOHEYHOCTH ITyTEM

«BCPKAJIBbHOT'O ABUIKCHUA.
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