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Abstract

This article proposes a novel device for wrist motion rehabilitation. The proposed mechatronic architecture is based on a
simple user-friendly design, which includes a mobile platform for hand support, which is operated by a single actuator. A
dedicated assist-as-needed control is designed to operate the device for the required movements. The proposed control
strategy is also integrated into a gaming software for stimulating the exercising by means of various interactions with
patients. Experimental tests are carried out with 14 healthy subjects at the Physiotherapy Clinical Hospital of the Federal
University of Uberlandia. Also, three patients with stroke have been enrolled in a pilot clinical testing. Each of the patients
has been involved in four sessions per month with 15 min of assisted treatment. Results of experimental tests are analyzed
in terms of improvements and amplitude gains for the flexion and extension wrist movements. Experimental results are
reported as evidence for the feasibility and soundness of the proposed device as a tool to assist professionals in pro-
cedures of wrist rehabilitation.
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Introduction undergone surgery or has a hand injury or illness. Manual
resistance exercises for rehabilitation are important in the
initial muscular tone strengthening.’ Rehabilitation of
human hand or fingers can be a promising application for
robotics.®” Gradual increases in the number of repetitions
of the exercise increase the resistance to fatigue; likewise,

Motion impairments can significantly reduce the quality of

life. In particular, loss of functional operation for the upper

limbs can severely limit the autonomy of the affected indi-

viduals in their daily activities. Accordingly, there are sev-

eral approaches for the rehabilitation of upper limbs, such as

orthoses, functional electrical stimulation, physiotherapy,
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progressive increases in resistance can increase strength.
However, activity or exercising should not cause pain,
unusual muscle discomfort, or signs of overuse.”’

Robotic devices for rehabilitation can assist in improv-
ing the increase in resistance, range of motion (ROM), and
assist health professionals, as proposed, for example, in the
literature.®® The possibility of using robotic devices as an
efficient means of providing therapy has been the subject of
research involving rehabilitation after stroke, as reported,
for example, in the literature.'®"'® Robotic devices not only
have the ability to provide repetitive movements of func-
tional training but can also provide quantitative assess-
ments of the movement with controlled monitored
actions.'® Robotic interventions for motion recovery can
increase the effects of a therapy as a complement to the
therapist’s skills and experience, as pointed out by Gon-
calves and Carvalho.!’

There are several devices in the literature for rehabilita-
tion of human wrist. Upper limb extremity function is of
paramount importance to carry out various activities of
daily living, in which the human wrist plays a vital role
in orientation of objects.'®'® The wrist helps the arm in
grasping and manipulating objects with proper orientation
and task configuration.'® Existing robotic devices for reha-
bilitation mostly focus at the arm without considering the
wrist. Moreover, clinical trials with devices for rehabilita-
tion of the proximal part of the upper limb demonstrated
that training the most distal segment (wrist) permits better
recovery, leading to greater skill transfer to the proximal
limb segment than vice versa.?%*'~

One of the most successful commercial equipment for
rehabilitation of the human wrist is the inmotion wrist
developed at Massachusetts Institute of Technology.? It
has three degrees of freedom allowing flexion—extension,
radial-ulnar deviation, and pronation—supination move-
ments. The device has a graphical interface, which allows
interactions with a user by performing the objective motion
tasks for rehabilitation within a gaming strategy, as dis-
cussed in the literature.”**° Similar devices and approaches
are reported in the literature.*>>

Silveira et al.?” presented a review of robots for rehabi-
litation of upper limbs. There are many orthoses, using
actuators ranging from electric to pneumatic often with
technical restrictions that prevent their practical use by
most users. Other devices seem to be more focused at post-
stroke rehabilitation users, as reported, for example, by
Krebs et al.?®

Falzarano et al.>” presented a review of solutions for the
rehabilitation of human wrist, focusing on children with
neuromotor problems. Conceptually, these solutions can
be also adapted to adult users.

Chu and Patterson’® presented a review of devices for
rehabilitation of human wrist using soft robotic devices.
For most of these devices, they mention that it is still
required to improve the actuator design and feedback to
maximize patient safety and rehabilitation outcomes.*”

Islam et al.>' reported a review of existing robotic exos-
keleton solutions by highlighting the gap among laboratory
prototypes and commercial devices that are available for
robotic stroke rehabilitation. Upper limb robotic exoskele-
tons are electromechanical devices that are designed to
interact with a patient for the purpose of power amplifica-
tion, assistance, or substitution of motor function. These
devices are usually anthropomorphic in nature and they
interact with the human upper limb musculoskeletal struc-
ture on biomechanical aspects.>'? The authors concluded
that still significant efforts are needed in hardware design
and control algorithm of existing exoskeletons. It also sug-
gests to focus on improvements of actuation, power trans-
mission, portability, functionality, compactness, and
weight.*!

In addition, devices need to be backdrivable to provide
as much as needed torque so that patients might be taking
part in motion achievement during therapy. Safety is the
top priority issue and, anytime, the device should guarantee
emergency. The controller should be acting like a therapist
and adjust the operation on-demand or condition require-
ment feedback.

The cost constraints are also a key issue when consid-
ering the applications of these devices in low-income coun-
tries. Presently, rehabilitation robotic devices are priced in
the range of US$75,000-US$350,000 prior to any addi-
tional hidden costs related to shipping, taxes, maintenance,
and installation/training. This is particularly an ominous
limitation as 85% of all stroke deaths occur in low- and
middle-income countries.?!

The above literature overview gives the motivation to
investigate a mechatronic solution for the rehabilitation of
the human wrist. Such a device should be considered as a
means to assist the work of medical professionals and not to
replace them. Accordingly, a novel fairly simple and
low-cost device is proposed to permit easy user-oriented
implementation, especially in low-income countries. The
estimated cost of the proposed device is about US$1000
in Brazil. The proposed device has one degree of freedom,
and a mechanical design with few elements makes the
device easily understandable to potential users. Similarly,
its operation is regulated by a control system that is devel-
oped also for users, as patients and medical operators, with
no technical backgrounds. This novel device can be con-
figured to perform all individual wrist movements also at
home environments.

For the purpose, we first outline the design requirements
by referring to wrist kinesiology and spasticity as basis for
design and operations requirements. Then, “Proposed wrist
device” section describes the proposed design of our device
for wrist exercising and rehabilitation. It also reports the
main characteristics of its control architecture and the
development of a user interface alongside a serious game
strategy for allowing and stimulating interaction with the
patients. Finally, clinical trials with healthy subjects and
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Figure |. Motion of a hand thanks to the wrist: (a) movements of flexion—extension, (b) movements of radial deviation—ulnar deviation,

and (c) pronation and supination. '8

poststroke patients are presented to prove the feasibility of
the device and to characterize its performance.

Wrist kinesiology and spasticity

The human wrist is the joint that connects the hand to the
forearm, with two degrees of freedom, which allows the
movements of flexion—extension (Figure 1(a)) and radial-
ulnar deviation (Figure 1(b)). Additionally, a hand can also
rotate to perform pronation and supination movements.
These movements are achieved using the forearm and
elbow joint (Figure 1(c)).'® The wrist usually works in
conjunction with the actions of the hand. A wrist movement
occurs to follow the desired movements of the hand. Thus,
a wrist can be compared to a spherical joint having three
rotational degrees of freedom, which are mechanically
restricted by the anatomy associated with the wrist. All the
movements of the wrist are performed by the muscles of the
forearm.'®

The spasticity is usually caused by damage to the por-
tion of the brain or spinal cord that controls voluntary
movement and causes a change in the balance of signals
between the nervous system and the muscles.*® That imbal-
ance leads to increased activity in the muscles and nega-
tively affects muscles and joints of the extremities. Physical
and occupational therapy can help relieve stiffness, keep
the muscles as flexible as possible, and prevent other
problems.*

Yoshii et al.** made a study of maximum wrist flexion
and extensions torques (static position) in different forearm

positions to healthy subjects. To the pronation position of
the forearm, the maximum wrist flexion was 8.3 4+ 3.1 Nm
and the extension was 6.5 + 1.4 Nm. Abbas et al.,** from
the analysis of the torque data of repetitive passive wrist
movements, found that the mean of the torques for slow (
approximately 6° s~ ') and moderate (approximately 120°
s~ ") angular velocities are, respectively, 0.056 and 0.062
Nm for healthy subjects and are 0.11 and 0.15 Nm to hemi-
plegic patients. The hand dimensions were studied, for
example, by Chandra et al.>® and found the breadth mean
of the hand was 102.36 + 4.85 mm and the length mean of
the hand was 187.06 + 8.62 mm. By Plagenhoef et al.,*’
the average mass of a human forearm and hand is approx-
imately 2.295% of the total body mass. The total human
mass in this article is assumed as 120 kg, which includes
approximately 95th percentile of male Brazilian population
weight.*® Accordingly, the base upper limb weight value
used for designing the device is 2.75 kg.

Proposed wrist device

The design of the robot to wrist rehabilitation will consider
portability and compactness (easy to move), functionality,
low weight, backdrivability, assist-as-needed control,
safety, learning by demonstration control, and cost effec-
tiveness. The proposed design with the prototype in Fig-
ure 2 is composed of a hand platform and a servomotor,
which has an internal proportional-integral-derivative
(PID) controller that operates position, speed, and the tor-
que applied to the platform. A mechanical flexible coupling
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Figure 2. A built prototype of the proposed design for wrist
device.

is attached to the servomotor for connecting it to the plate
(hand/mobile platform) in which a patient’s hand stands
(Figure 2).

The force is applied by the device to the whole hand
palm or vice versa, thanks to the flat surface on which the
palm is located on the device. The effect of this force from
the hand palm to the device platform is evaluated by a
finite-element analysis (FEA), whose results are reported
in Table 1.

The dimensions of the hand platform were defined as a
function of the hand dimensions in Table 1. The mechan-
ical design of the platform was made as a function of the
mass of human forearm and hand. A FEA was made con-
sidering the mechanical design of the hand platform made
of aluminum alloy 1060 by applying slightly oversized
loading conditions to the top of the hand platform. This
force has been estimated at 50 N, resulting in a minimum
safety factor of 1.8 (Table 1).

A smart servomotor was selected according to the
desired wrist torque,>**> as reported in Table 1. The
selected servomotor is a Robotis Dynamixel MX-106T,
Korea.>® This is a smart actuator that includes one motor,
a reduction gearbox, an encoder, and a control hardware in
a compact aluminum body (Figure 4). The selected servo-
motor can reach the full required limits of wrist move-
ments. It can also reach the desired rehabilitation speed
(up to 330° s~') and the desired torque (up to 10 Nm) for
wrist rehabilitation. It has an encoder with a resolution of
about 0.088° and it can give feedback measurements in
terms of position, velocity, current, trajectory, temperature,
and input voltage.

Table 1 summarizes the prototype numerical values
based on the requirements that have been outlined in “Wrist
kinesiology and spasticity” section.

The main concern when using a rehabilitation robot is
safety and has an official standard IEC 80601-2-78:2019 to
medical electrical equipment. When it comes to a wrist
rehabilitation device, three major aspects are significantly
affecting safety: operation ranges, operation modes, and
operation forces/torques.'® The proposed device cannot
move outside its operation ranges because this could lead

Table 1. Main characteristics of the proposed device.

Hand and prototype movements limits (°)'®

Flexion/extension —85° to 85°
Radial/ulnar —15° to 55°
Pronation/supination —90° to 85°

Human hand®® and hand platform dimensions (mm)
190
4! - ]
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g =
=
=
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10236 +4.85 ¢ I 1
-9- 1T
—_—t S =is

Plot type: Static nodal stress Tension von Mises (N/mA2)

Deformation scale: 764823

Factor of safety distribution: Min FOS = 18 1.563e+07

l assor

L 1.302e+07

i Forga-1 (:Per item: 50 M)

- 1.172e+07
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. 9921e+06
7819e+06
I 6516e+06
L 5.217e+06

. 3.916e+06

2.615¢+06
1.314e+06
1.236e+04

— Vield strength: 2.757e+07

Torques wrist (Nm)>*+*®

/.
/A Extension 6.5+ 1.4
Forearm —_/

Pronation —

Flexion 83+3.1

healthy subjects A

torque slow (~6°/s) 0.056 Nm \
torque moderate (~120°/s) 0.062 Nm

patients
torque slow (~6°/s) 0.11 Nm {3
torque moderate (~120°/s) 0.15 Nm W

Servomotor Robotis Dynamixel MX-106T3°

Weight 153 g
Dimension 40.2 x 65.1 x 46 mm®
Gear ratio 225: 1
Operation voltage (V) 10 12 14.8
Stall torque (Nm) 8.0 8.4 10.0
Stall current (A) 4.8 5.2 6.3
No load speed (r min™") 41 45 55
Minimum control angle About 0.088°

Operating range Actuator mode: 360°
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to undesired damage of the already affected wrist. For over-
coming this safety issue, the limits of wrist movements
were limited. The proposed device cannot move the hand
at a greater speed than it is safe. For overcoming this safety
issue, desired operation mode like speed, accelerations, and
trajectories were predefined by the physiotherapist as a
function of the patient’s needs and limited by software. The
forces/torques applied by the proposed device cannot be
greater than a safe value for the wrist and a control opera-
tion of forces/torques were implemented to follow the
desired values, and the system is backdrivable. The pro-
posed device has a safety button that stops the device when
pushed.

The hand platform can be configured to be used for all
individual wrist movements in Figure 1. The device needs

Figure 3. Hand platform configurations: (a) pronation and supi-
nation, (b) flexion—extension, and (c) movements of radial-ulnar
deviation.

to be adjusted as in Figure 3, according to the desired type
of rehabilitation movement. The proposed device works
with an individual and simple wrist movements as function
of results that are presented by Krebs et al.>® and Woldag
et al.** and it is shown that simple wrist movements can be
effective in stroke rehabilitation. A high compression elas-
tic orthopedic band is used to attach a patient hand to the
hand platform. This orthopedic band provides comfort and
avoids slipping of patient hand on the platform and keeps it
stretched during a test.

The purpose of the device is to assist physiotherapist
professionals in human wrist rehabilitation exercises and
not to replace them. Thus, this structure will perform
the main movements necessary for the rehabilitation
through a control system that is implemented in Matlab®
2018, Unity 2019.3.0a5 software. The professional will fix
the patient hand and will teach the movement to the device.
The movements to be performed may be different for each
patient, according to his/her motion needs.

The controller is made using a laptop with Intel Core 15
processor and 8Gb of RAM memory. Matlab® and Unity
3D® software are used to implement the controller of the
device. The connection between the laptop and the servo-
motor is made using a USB to TTL converter.

Figure 4 shows the scheme of the position controller of
the servomotor.

From the standard IEC 80601-2-78:2019,*' the robot for
neurorehabilitation of wrist movements may use a patient
cooperative control, where the goal is to maximize the
patient’s efforts and only assist as much as needed, to
achieve certain goals like reaching movement to a prede-
fined target.

Figure 5 shows a drawing of the wrist robot, which
constitutes a shared control system with a patient. The
controllers of the patient and the wrist device interact with
each other through the measurement of the interaction force
in the actuated applied part. This force influences directly
the movement of the physical wrist of the patient and the

(Position Controller)

Goal PWM g [ Feedfoward | | orijmier] [ Wechanical part|
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Figure 4. Scheme of position controller of the servomotor (adapted by Flores-Ortiz
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Figure 5. System drawing of the wrist device for rehabilitation
that applies a patient-cooperative shared control strategy
(adapted from standardIEC 80601-2-78:2019*").

physical structure of the device together with an explicit
feedback signal to the wrist device. The proposed wrist
device has been submitted for patenting in Italy (applica-
tion number 102020000012682, May 2020).

Proposed assist-as-needed control

The nature of the tasks to be performed by the proposed
device requires a flexible control, as mentioned by Alves
et al.*? Strict control of the trajectory could, in certain
cases, cause discomfort, pain, or even can hurt a patient.
Therefore, an impedance controller, as proposed by
Hogan,® is adopted to allow a user to deviate from the
imposed trajectory obeying a certain dynamic relationship.
Generally, a second-order linear dynamic relationship is
used, just like a mass-damper-spring system. In the case
of a rotary system, the polar moment of inertia (J,;), viscous
damping (B,), and torsional stiffness (K},) can be designed
properly as function of the controlled operation. The
dynamic relationship between these variables can be
expressed as

Ja(0 —04) + Ba(0 — 04) + K,(0— 04) = —T. (1)

In equation (1), 6, 0, and @ are the current angular posi-
tion, speed, and acceleration of the servomotor, respec-

tively; 6, éd, and éd are the desired angular position,
speed, and acceleration, respectively; and 7, is the applied
external torque by the patient to the device.

From equation (1), it is possible to obtain the accelera-
tion that the system must develop to get the desired

Figure 6. Laboratory prototype setup with two servomotors.

behavior. The controller set point, 6,, is the angular accel-
eration given by

0, =0, —J7 [Ba(0—04) +K,(0—04)+T.]  (2)

The motor used to perform the rotary movement of the
device is a digital servomotor (model Dynamixel MX-
106°%). This servomotor works by sending position and
speed commands with a PID control algorithm. In this way,
it is possible to obtain the necessary position values, save
them, and reproduce them later. The internal PID control
constants are configurable (Figure 4) and this allows that,
through an appropriate choice of the gain constants, the
servomotor provides an adequate torque for each patient
who will perform the rehabilitation movement.

The values of the system stiffness and damping, propor-
tional (K,,) and derivative (K,;) gains, respectively, are set
up directly into the configuration of the PID controller, and
vary from 0 to 254.%° They are dimensionless gains and
without a direct correspondence with any physical unit or
scale.

To preliminary tests of assist-as-needed, the patient’s
hand will be simulated by another servomotor, model
MX-64 (model Dynamixel MX-64°%). Figure 6 shows the
device that is assembled together with the torque generat-
ing servomotor (simulating the movement of a human
hand) to set the gain constants. The constants related to the
integrative and derivative are maintained as zero in all
preliminary tests to simplify the control and focus only
on stiffness parameter.

The simulated rehabilitation movement is generated by
a sine function of 0.5-Hz period with a maximum ampli-
tude of 40° by the servomotor rotation. This reference func-
tion is used to compare the effect of the different
impedance (stiffness) settings for the device. Thus, a posi-
tion controller is used, as reported in Figure 4, and the
device is actuated by a current (torque) that is just the one
necessary to follow the trajectory. Three tests were carried
out with different impedance configurations (test 1 K, =
12; test 2 K, = 20; test 3 K, = 32).

In the simulations, a —0.4 Nm constant torque has been
assumed to simulate the effect of a patient hand. It is
worthy to note that this value has been set as constant to
allow a proper comparison between tests. The results of
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Figure 7. Wrist movement and torque simulated with stiffness parameter: (a) Kp = 12, (b) Kp = 20, and (c) Kp = 32.

these tests are shown in Figure 7. In Figure 7, the tracking
of the trajectory presents better precision in one phase of
the sine than in the other, and this asymmetry is due to the
fact that the imposed reference torque acts only in one
direction. Figure 7(a) shows a clear deviation when follow-
ing the desired trajectory. However, the average torque
exerted by the mechanism is considerably the lowest
among the performed tests. This is a positive characteristic
since it is desired that the device does not offer resistance
when the patient has some difficulty in moving the wrist
along the rehabilitation movement.

It is possible to observe in Figure 7(b) that the trajectory
did not follow the desired positions as accurately as for test
3, Figure 7(c), and this shows that a greater stiffness is
capable of generating a better accuracy of the proposed
movement. However, this advantage comes with a high
average torque throughout the movement. Therefore, it is
noted that a tradeoff is needed between precision when
following the path and the torque exerted by the mechan-
ism. This can imply the choice of a variable stiffness, as
used in this article, during the execution of the movement.

The results showed that the controller stiffness value
significantly affects the way the device moves with the
patient and that there is a clear relationship between the
accuracy of the position followed and the torque exerted by
the system.

Proposed serious games interaction

Serious games are defined as a mental dispute, played with
a computer according to specific rules that use entertain-
ment to promote corporate or government training, educa-
tion, health, public policy, and strategic communication
objectives. They involve pedagogy, transmitting knowl-
edge or skills through activities that educate or instruct.**

Serious rehabilitation games offer an immersive experi-
ence for motivating patients to perform exercises in an
attractive and entertaining way. This also softens the effort
and fatigue perception during the exercises. These games
can provide an environment of competitiveness, where
visual and auditory rewards, as well as scores, can be pro-
vided, also indicating the success of the patient in the reha-
bilitation process.**

The motivation of developing a serious game to work
together with the proposed wrist device is given by the need
of stimulating the interaction similarly to a conventional
training. Interest and fun during training can significantly
improve the effectiveness of the treatment, as also reported
by Barbosa et al.** The use of the proposed device with the
serious game also permits a quantitative evaluation of the
patient’s progress, which is a valuable information for phy-
sicians and physiotherapists.

The proposed new serious game is developed for spe-
cific use with the proposed robotic device. It uses Unity
3D® and Matlab® software to communicate with the
device’s servomotor by reading the data sent by its sen-
sors. Among these data, it is possible to use the current
delivered to the motor, applied torque, position, and velo-
city. It is possible to send to the servomotor the data of the
position, velocities, and torque to be reached. After
exchanging the data between the servomotor and
Matlab®, a User Datagram Protocol*® connection is used
for the transmission of this data to the serious game, which
is responsible for storing packets containing data on the
computer’s network ports.

The control update rate used was 0.1 s. The performance
graph (that relates speed, efficiency, current, and torque) is
presented in the literature.® The other servomotor para-
meters used are the default values given by the
manufacturer.®”
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Figure 8. (a) Wooden plank movement in function of patient
wrist movement and (b) sample of the game main scene.

The graphic interface of the proposed serious game is
made using the game engine Unity 3D®. The development
of the gameplay has a main concept to be of simple under-
standing to the patient and to have characteristics with
which it can interact to establish proximity between both.
The rationale for this is that once a patient is in some form
of disability it is necessary to gain their attention and inter-
est in the treatment while rehabilitation motions can be
boring and unattractive as generating discomfort.***” Thus,
a serious game Basket Balls (named BB), Figure 8, was
developed to focus on the flexion—extension wrist move-
ments. A patient should rotate his/her hand. This motion is
transmitted to the game, rotating a wooden board that is in
the center of the screen. This movement of the board is used
to direct the different colored balls to the baskets of the
same color. These balls are the scoring of the game, in
which, for each ball correctly placed in a basket, the patient
is rewarded with a point. Although there are only one blue
and one red basket, which implies the existence of only the
blue and red balls, there are also special balls of green
color, which give more points to the player if the ball is
placed in the opposite basket correctly. In this way, the
patient is stimulated both physically and cognitively.

The serious game begins with the acquisition of para-
meter data of a patient like the passive amplitudes of move-
ment and initial angular position of the system (initial
position of hand platform). The BB presents nonpunitive
mechanics so that there are no penalties for errors within
the game, just they do not award points. This is to make a
patient stay more relaxed and not feeling pressure during
the game. In fact, not only the game presents nonpunitive
mechanics but also it has an assist-as-needed system that
aims to detect whether the patient is able to continue play-
ing. Otherwise, the game software sends commands to the
servomotor so that it can help to perform the movements.
Among the data sent by the game to Matlab® are the color
of the ball currently in the game and the player’s net error

amount. As the amount of errors goes up, the game soft-
ware sends commands so that the robotic module executes
progressive torque and speed, taking control of the game
more and more dynamically, increasing the stiffness K.
This pattern repeats itself until the fifth error, in which
game software takes full control of the game, moving cor-
rectly to ensure the score (Figure 9). Thus, the control
system allows an understanding of whether the patient is
playing really and having difficulties or if he/she is not
trying to play.

This proposed assist-as-needed controller is also a sim-
ple way to verify the effort of the patient and help only if
necessary. The proposed game integrates the higher
capacity of calculus from Matlab® with the powerful gra-
phical interface of the Unity providing a user-friendly
environment. It is to note that the user-friendly feature
is intended as both easy to use and to understand the
device operation with nonperceivable time delays
between the device and the virtual reality. To end a gam-
ing session, it is necessary to click on the upper right
button of the screen, as shown in Figure 8(b). This will
display the patient’s final score as well as the number of
errors and the duration of the session. To assist the phy-
siotherapist, the game is programmed to store each game
data, together with the patient’s name and session date, in
a separate file for easy reference.

Experimental tests

Experimental trials have been approved by the ethics
committee on human research at UFU (CAAE
00914818.5.0000.5152). The tests were made using the
device in combination with the developed BB serious
game. All participants gave their informed consent prior
to enrolment.

The hypothesis assumed in this article is that the exer-
cise sessions using the proposed device in combination
with the game help in the process of rehabilitation with
patients, who have impaired wrist movement after stroke
since spasticity and problems with the ROM amplitude are
frequent.>® The investigated hypothesis is supported by the
experimental results with other wrist devices that showed
motor performance improvement.%2%2!

Participants were divided into two groups, one with
healthy subjects and the other with people with spasticity
due to stroke. The purpose of the tests was to verify the
functioning and validation of the developed system and
device operation to healthy subjects before making tests
with patients. Healthy participants were recruited from
the student academic community of the Federal Univer-
sity of Uberlandia, being of both sexes, while the other
group was composed of participants with diagnoses of
stroke, who had already attended the Physiotherapy
Clinic at UFU for rehabilitation purposes and had an
interest in participating.
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[ Storage of patient range of motion.
b If the No. errors
0 1 2 3 4 5
4 v \ 4
Turn off the Set PID to SetPID to Set PID to Set PID to Set PID to
torque (5,0,0); (12,0,0); (15,0,0); (20,0,0); (32,0,0);
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[ Read angular position of the servomotor. ]
[ Send position via UDP protocol. ]
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[ Check receiving data. ]
|
The game finished? Store patient data
Yes and END

Figure 9. Flowchart of the new serious game Basket Balls developed.

Healthy subjects

A group of 14 healthy subjects (age 19.5 + 1.57 years,
height 1.71 + 0.07 m, mass 69.04 + 16.52 kg) without any
history of musculoskeletal or neurological disorder volun-
teered to participate in the tests using the wrist device in a
single 10-min session. They were able to evaluate together
the functioning of the device and the BB game.

The tests consisted of submitting the participants to per-
form flexion—extension movements of the wrist with the
device shown in Figures 2 and 8 playing the BB game. The
movements performed are not harmful to healthy subjects.
It has been verified by only minor participants’ discomfort
due to resulting from the number of repetitions and ampli-
tude of the movements. The data were cataloged in a ran-
dom and anonymous way, avoiding a risk of privacy
breaches with identification of the participants. An Intrinsic
Motivation Inventory (IMI) was applied to understand the
motivation of the players during the session and their
satisfaction.**

Participants were asked to answer the questions as sin-
cerely as possible on a scale of 1-7 (Likert scale), where 1
means totally disagree and 7 means totally agree, with 4
being a neutral score. Figure 10 shows the average and
standard deviation results of IMI to healthy subjects.

The obtained average result for the categories interest/
satisfaction, effort/importance, value/usefulness, and trust/
relationship indicates the approval of the participants
because the values were close to 6. The 6.1 perceived
competence value shows that the participants felt compe-
tent and/or skilled when carrying out the proposed activity.
The pressure/stress category is a negative predictor. It had a
value of 2.9 indicating that the participants did not feel
tense, anxious, or nervous when performing the exercises.

The evaluation of the game experience was carried out
using the Game Engagement/Experience Questionnaire
(GEQ). This questionnaire seeks to capture the player’s
experience based on various items, such as fun, frustration,
challenge, among others. The GEQ is scored on a five-point
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scale, ranging from “none at all” to “extremely,”*’ as

reported in Figure 11. In the performed GEQ, the average
score for “interface” was 3.7, which proved to be a point to
be improved in future works.

The category “gameplay” had an average score of 4.4,
with a total of 13 participants giving scores greater than or
equal to 4. The game was not considered difficult or frus-
trating, since the appropriate categories showed averages of
1.8 and 1.6, respectively. The “fun” category showed that
the game has the potential to be improved, as it had an
average of 3.8. The overall score of the game was 4.2, with
12 participants considered the same “good” or “excellent.”

IMI - Healthy Subjects
Interest (5.9 £ 1.1)

Trust

Competence
(6.1£0.9) (6.1£0.9)
Value Effort
(6.0+1.2) (5.4£0.8)

Pressure (2.9 = 1.6)

Figure 10. IMI results, average and standard deviation in each
category. IMI: Intrinsic Motivation Inventory.

Summarizing the results from healthy participants, in
Figures 10 and 11, the proposed device with the proposed
serious game can be considered safe and simple to play and
understand. Thus, the next step is to make a case of study to
have experiences with stroke patients.

Patients

The tests with poststroke patients were carried out in the
form of a case study with three patients in four sessions of
15 min each, one session per week. The patients signed
informed consent regarding publishing their data. The
patients participating in the study were two males and one
female; they were between 48 and 63 years old with an
average of 54 years. Patient “P1” had a hemorrhagic stroke
with hemiparesis on the right side. His injury happened 5
years ago. Patients “P2” and “P3” had ischemic stroke with
hemiparesis on the left and right side, respectively. The
injuries occurred 6 years ago with patient “P2” and 1 year
ago with patient “P3.”

Figure 8 shows the use of the device by a patient. The
patient’s hand is fixed on the device using a bandage band.
The patient’s arm is also immobilized close to the trunk,
using the same type of bandage. This is necessary as
patients might try to use their shoulder to help the move-
ment of the wrist, and compensating for difficulties they
have in performing a proper movement for wrist rehabilita-
tion. In general, a physiotherapist restraints this movement
to avoid patient’s forearm compensatory movements, thus
allowing a patient to focus only on the flexion/extension
wrist movement.

GEQ
7
6 6
5
4 4 4
3

2

I 1
0 0 DI 0 0
m@eEEe Mm@ & @ e M@ @ 6

Interface Gameplay Difficult

8
7
6 6
3 3 3 3
2
il |
0 0 DI 0 0

me@®E@eo mae @ o nmae@H@ o
Frustrating Fun Overall score

Figure |1. Results from questionnaire GEQ with |4 healthy participants (data presented as count of participants who assigned each
possible grade, (1)—(5), in each category). GEQ: Game Engagement/Experience Questionnaire.
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Table 2. Acquired amplitude of active extension (°) of patients
before and after each session.

Table 5. Amplitude of passive flexion (°) of patients before and
after each session.

Active extension (°)

Section | Section 2 Section 3 Section 4

Patient Before After Before After Before After Before After

Passive flexion (°)

Section | Section 2 Section 3 Section 4

Patient Before After Before After Before After Before After

| 14 16 15 16 16 18 20 21

| 82 88 85 88 88 92 91 92

2 42 48 50 52 48 50 50 52 2 78 80 85 89 88 90 90 90
3 18 20 18 20 19 21 20 21 3 75 79 77 78 78 80 79 8l
Table 3. Amplitude of passive extension (°) of patients before
and after each session. 90 =
- P1 P2 — P3 _
Passive extension (°) _. 80 a 75 i ,9
E . 70 3
Section | Section 2 Section 3 Section 4 & 70 —
s - . 62 62 - e
Patient Before After Before After Before After Before After - ;-"'/r
. 56
! 58 60 60 63 6l 63 65 67 a Section 1 Section 2 Section 3 Section 4
2 60 68 73 75 72 75 77 80
3 57 58 58 62 60 6l 6l 62

Table 4. Amplitude of active flexion (°) of patients before and
after each session.

Active flexion (°)

Section | Section 2 Section 3 Section 4

Patient Before After Before After Before After Before After

| 5 8 10 13 14 16 18 20
2 62 66 67 69 70 72 72 75
3 23 25 25 29 28 29 30 33

When starting the game software, it was necessary to
perform a calibration of the patient’s wrist and, if neces-
sary, align correctly so that it was in a neutral position
according to the height of the patient’s forearm. After that,
the patient was asked to perform the flexion and extension
movements, with the help of the physiotherapist, so that the
maximum ROM information could be measured and stored
in the control system. These values, both neutral and max-
imum amplitudes, were used to configure the movement of
the game software.

At the beginning and end of each session, the amplitudes
of flexion and extension movements were measured (°)
using a goniometer (1° resolution) by a physiotherapist.
The measurement of the movements was performed pas-
sively and actively. The values obtained are listed in
Tables 2 to 5.

The robotic device also collected the maximum value of
motion that each patient was able to perform. All of them
were similar to the amplitudes obtained manually with the
goniometer. The assist-as-needed performance is not iden-
tified by the device, but the values are collected by the

Figure 12. Maximum amplitude of extension (°) of each patient
at the end of each session obtained by the proposed device.

05
I | P2 - P3 92
20 . —
= 20 26 e e L
& g5 — . 87 28
o 80
= 80 -
80
=
. o 78 79
Section 1 Section 2 Section 3 Section 4

Figure 13. Maximum flexion amplitude (°) for each patient at the
end of each session obtained by the proposed device.

device as similar to the amplitudes that are obtained
manually with a goniometer. These values can be seen in
Figures 12 and 13. It can be noted that at the end of the
tests, all patients had an apparent gain in ROM for both
extension and flexion movements, which show a positive
result in relation to the feasibility of the proposed device in
combination with the proposed BB serious game software.
There was also an evolution in the score of each patient in
the game in each session, which shows that as they were
exercising and using the set of the device with the serious
game software, felt more comfortable and adapted with the
device functioning. These results are summarized in
Figure 14.

At the end of trial tests with patients, an adapted IMI was
applied to verify the experience they had when using the
serious game with results that are shown in Figure 15.

The obtained average indexes close to 7.0 in the interest/
satisfaction, effort/importance, value/utility, and trust/rela-
tionship categories indicate a high degree of patient
approval. The 6.0 perceived competence value shows that
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. ] Table 6. ROM gain as measured by the physiotherapist and by
B f TR the proposed device.
140 126 129
— 1720 i - - : ROM gain (°) measured by physiotherapist
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Figure 14. Score obtained in the BB serious game software by  Patient ROM gain (°) measured by the proposed device
each patient during the sessions.
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Figure 15. Intrinsic Motivation Inventory adapted for patients
(average and standard deviation).

the participants felt competent and/or skilled when carrying
out the proposed activity. The pressure/tension category
had a value of 1.7, indicating that the patients did not feel
tense, anxious, or nervous when performing the exercises
but rather relaxed. The 7.0 index obtained in the choice
shows that patients saw the use of the device as their own
choice, not being obliged to use the proposed device.

The evaluation of the effect of robotic therapy was per-
formed by comparing the parameters of the patients’ ROM
before and after the sessions. Student’s #-test™ was used for
this analysis. The null hypothesis considered was that the use
of the device did not provide a significant gain in ROM and
the alternative hypothesis was gain in ROM. Statistically
significant level of 0.05 was a significant gain in ROM.

The ROM is an important metric that is worth measuring
because it helps understand if the devices are performing
according to the anatomic ROM for each individual joint.*

The results obtained in relation to the use of the pro-
posed device showed that the model and appearance did not
cause discomfort or intimidate the patient. The simple
shape of the device, low cost, and low complexity were
also positively assessed by patients and therapists. The
development of a serious game to be used as a graphic

ROM: range of motion.

interface that is coupled with the device showed that
patients felt more motivated and stimulated when perform-
ing the proposed wrist flexion and extension exercises.

Table 6 summarizes the ROM gain from the first section
to the last section.

It is worth to note that there are several potential measure-
ment error sources. For example, angles are manually mea-
sured by a physiotherapist with errors between 2° and 7° in
manual procedure.’’ However, this measurement procedure
is well established in clinical procedures, as also indicated in
the literature.>® Accordingly, such measurement errors can be
considered mostly systematic operator errors also affecting
the initial patient assessment measurements. Another error
source is given by possible movements of the forearm, since
the proposed device does not restrict the wrist to a fixed axis.
Furthermore, the patient’s arm is immobilized close to the
trunk to eliminate motion compensation from other parts of
the patient’s body and the forearm is restraint by a phy-
siotherapist, giving an additional potential error source.

It should be noted that in addition to the amplitude gain
ROM assessment in Table 6, other functional physiother-
apy scores should be used to verify the gains that are
obtained by patients with the use of robotic equipment,
such as functional independence measurement scales.”

Although the device can be used in other configurations,
only flexion and extension movements were evaluated in
this article. Further experimental tests might be considered
in the future for other movements within other specifically
developed serious games. The proposed device can be used
to different patients included the pediatric, only change the
size of hand platform. The device is compact and portable to
be used at home. We also made a storage with the forms and
a video of the novel proposed wrist device, which is acces-
sible at https://drive.google.com/drive/folders/1pr3
DRUIMRIJO1Q3jQuopipFew_UTIiH5j?usp=sharing.

Conclusion

This article has reported the design and operation of a novel
mechatronic device for wrist motion rehabilitation with


https://drive.google.com/drive/folders/1pr3DRU9MRJO1Q3jQuopipFew_UTliH5j?usp=sharing
https://drive.google.com/drive/folders/1pr3DRU9MRJO1Q3jQuopipFew_UTliH5j?usp=sharing
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user-friendly, low-cost, and easy-operation features to be
applied in low-income countries. Attention is addressed to
its control architecture and its integration in a specifically
developed serious gaming software, which stimulates patient
interactions. Experimental tests have been successfully car-
ried out at the Physiotherapy Clinical Hospital of the Federal
University of Uberlandia both with healthy subjects and
stroke patients in a pilot clinical testing. All participants filled
an IMI form and carried out sessions of 15 min of assisted
treatment. The impacts that robotic therapy brought to
patients could be observed from the results obtained in rela-
tion to the range of wrist movements. In all patients partici-
pating in the case study, there was a statically significant gain
in motion amplitudes. This is proving that the device can
provide motor and functional rehabilitation improvements.
Experimental tests focused on the flexion and extension wrist
movements of all patients. However, the device can also be
operated in other movements. As a suggestion for improve-
ments toward a commercial version of the prototype, it is
advisable to add an adjustable support to the forearm for
minimizing compensatory movements. Accordingly, the pro-
posed device has been submitted for patenting and it can be
further investigated as a successful tool to assist professionals
in procedures of wrist rehabilitation.
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