Iceland [F[l:lj

Liechtenstein
Norway grants

Working together for a green, competitive and inclusive Europe

EMERALD

The Education, Scholarships, Apprenticeships and Youth

Entrepreneurship

EUROPEAN NETWORK FOR 3D PRINTING OF BIOMIMETIC

Project Title

Output

Module

Date of Delivery

Authors

Version

MECHATRONIC SYSTEMS

CASE STUDY #3

European network for 3D printing of biomimetic
mechatronic systems
21-COP-0019

104 - EMERALD e-case studies for project based
learning method used in developing, testing and
manufacturing of new biomimetic mechatronic systems
by 3D printing technologies

Case study #3 — Personalized hand orthosis used as VR
game controller

August 2023

Filip GORSKI, Aleksandra GROHS, Wiestaw KUCZKO,
Magdalena ZUKOWSKA, Radostaw WICHNIAREK, Sabina
SIWIEC, Diana-Irinel BAILA, Martin ZELENAY, Rizvan
PACURAR and Filippo SANFILIPPO

1.0, 30.08.2023

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does

not reflect the official opinion of the Programme Operator, the National Contact Point and the Financial Mechanism Office. Responsibility
for the information and views expressed therein lies entirely with the author(s).

u

TECHNICAL
UNIVERSITY

OF CLUJ-NAPOCA
ROMANIA

I_'_ U iA University

of Agder

cl
biz=zcom

Page | 1



Iceland [F[l:lj

Working together for a green, competitive and inclusive Europe

Liechtenstein
Norway grants

Contents

1. [aiagoTe [¥To1 4 To] o DR O TPV U RO PPPUPPTOPIN 3

2. Literature review and premises for the stUdy ........ccccveriiiiiii e 4
2.1, Reh@bilIEatioNn ..ecoeeeeiieeeee e s 4
2.2, 3D Printing in OrthOLICS ..vviiiiiiiiei i 5
2.3, Virtual Reality in therapy ...t 6

3. Materials and METhOAS ......cc.uiiiiiiie et s 9
3.1. Research main concept and Plan ... 9
3.2, AUTOMEAPTINT SYSTEM .. .uiiiiiiiiiie ettt et e e e et e e e e aba e e e eeabaeeeeasaeeeensaeeanan 11
3.3. Preliminary studies — patient case and customized orthosis description ...........cccc....... 13
3.4. Design and prototyping of a motion controller.........cccveeeeeiiiicciiiiiee e 16
3.5. Conceiving of the VR-assisted hand therapy application........ccccoceveeeecieieccciiee e, 18
3.6. Testing MEthOUOIOZY ... ..uiiiiiiiiie i e e e rrae e e e araeeeeas 20

B RESUILS ...ttt ettt ettt et e st e s bt e e sab e e s bt e e bb e e et e e e bt e e s ab e e e bt e e sabeeebeeeneeesbeeenares 23
4.1. Orthosis and controller manufacturing and assembly .........ccccoviieeiiiiecciee e, 23
4.2. VR application bUilding reSUILS .......cuueiiiiiiee et e e 24
4.3, USEI ST rESUILS....eeiiiiiieeetee ettt s s 27
4.4 DISCUSSION w.eeeiiiteiteiiieee ettt s et e e s e e e s e e e e s et e e s b b e e e s nre e e s e nberesennrenessanrenes 32

4, U I Ay Lttt annnnnnnnnn 35

LITEIAtUIE oot 36

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
not reflect the official opinion of the Programme Operator, the National Contact Point and the Financial Mechanism Office. Responsibility
for the information and views expressed therein lies entirely with the author(s).

u

TECHNICAL
UNIVERSITY

OF CLUJ-NAPOCA
ROMANIA

- University
U |A of Agder

Page | 2



Iceland D{BZ'

Liechtenstein
Norway grants

1. Introduction

This document presents a description of a case study realized in the EMERALD project, as

Working together for a green, competitive and inclusive Europe

part of the 104 work package. The case was selected on the basis of experience, possibilities,
available solutions and access to patients by the team from Poznan University of Technology.
Discussions conducted during various EMERALD project meetings were also taken into
consideration and feedback of all partners was gathered and implemented.

The case study #3 focuses on a biomechatronic orthosis, for patients with conditions and
defects in the hand area (e.g. cerebral palsy, congenital paresis etc.), requiring therapy. It was
proposed to convert a mechanical orthosis into a mechatronic device by enhancing it with
sensors and using it as a controller in a virtual reality game, for therapeutic purposes.

Originally the orthosis was conceived as part of AutoMedPrint project. More information
about the AutoMedPrint project that is the base of the cases can be found on the website —
automedprint.put.poznan.pl ([1], Polish language only, automatic translation recommended).

The conceived solution lies within a broad range of biomechatronics used for rehabilitation
—the reader can find more information in review publications such as [2-8].

Contents of this case study are also contents of a scientific paper, entitled “Development
and studies of VR-assisted hand therapy using a customized bio-mechatronic 3D printed
orthosis” by the same team of authors, accepted for publishing in Electronics journal by MDPI.
At the moment of finishing the work in EMERALD project, the paper was not published yet, as
such it is not cited in this study. The more detailed description of the study is also presented
in the diploma thesis entitled “Use of Virtual Reality and personalized orthosis in hand
therapy” by A. Grohs, defended in 2023 at Poznan University of Technology, under supervision
of prof. Filip Gorski.

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
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2. Literature review and premises for the study
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2.1. Rehabilitation

Classical rehabilitation can take many forms. For example, one can distinguish the Bobath
concept, which is a therapy based on neurophysiology. This is a way that focuses on analyzing
and observing the patient's functional performance, as well as clearly defining the goals of
therapy. Typically, this is to improve muscle tone and posture through the use of various
manipulative techniques. A very important element here is also the work of the patient, whom
one tries to introduce more and more to an active form of rehabilitation and the performance
of exercises that mimic functional skills. However, despite the popularity of this concept, there
is not enough rigorous data to show the superiority of this method over others, and indeed
the effect is very comparable [9].

Another rehabilitation approach is characterized by PNF, or Proprioceptive Neuromuscular
Facilitation. The entire therapy also has a strong focus on the neural side of the
musculoskeletal system. The method's definition refers to its relationship with any body
receptor that provides information about body position [10]. It is also popular among healthy
people for increasing active as well as passive range of motion. In general, it involves stretching
a muscle by actively shortening its antagonist, followed by isotonic contraction of the target
group. The technique in question allows the development of strength, endurance and neural
control of muscles [11].

Still another group of rehabilitation methods are all sorts of manual techniques, including
mobilizations, massages often combined with the use of all sorts of devices and appliances.

What all of these concepts have in common is the need for regularity, without which none
of the above methods will achieve their full effectiveness, if they have any impact at all. Many
effective rehabilitation techniques are being developed that have a very effective effect on
the human body in a physical way, but an often-passed problem is the frequency and
motivation of the exercises that the user performs, what is very important in terms of

rehabilitation results [12].
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2.2. 3D Printing in orthotics
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The evolution of 3D printing technologies has deeply impacted a myriad of sectors, with
healthcare standing out prominently. In the realm of orthopedics, 3D printing has pioneered
advancements, particularly in the domain of customized orthotics [13,14]. Current cutting-
edge orthotics emphasize biocompatible polymers (according to the class | of devices by
European Union —materials and devices not placed inside of a human body, possibly in contact
with the skin), such as thermoplastic polyurethane (TPU) and polylactic acid (PLA), due to their
flexibility, durability, and lightweight nature [15]. There's also a surge in research towards
composite materials, integrating nanomaterials or fibers, for enhanced mechanical properties
[16]. Latest 3D printing technologies, such as Polylet, facilitate the simultaneous deposition of
multiple materials. This allows for the creation of orthotics with varying degrees of rigidity in
targeted regions, catering to patient-specific needs [17]. In terms of structure design and
facilities that CAD and 3D printing software programs are using allow nowadays the designing
and manufacturing of intricate openwork structures. These not only reduce the weight of
orthotics but also offer improved ventilation and can be tailored to provide differential
support across the orthotic [18].

The integration of 3D scanners in the realizing process of the orthoses has revolutionized
the customization process. Patients' limbs can be digitally scanned, ensuring a precise and
tailored fit. These scans are then converted into 3D models, which serve as the blueprint for
the orthotic device, thus ensuring a high degree of personalization [19].

The convergence of 3D printing with wearable tech has opened avenues for orthotics
equipped with sensors. These can monitor pressure distribution, gait analysis, and offer real-
time feedback, potentially revolutionizing rehabilitation processes [20]. The synergy of 3D
printing technologies and orthotics production has brought forth unprecedented
advancements in the healthcare sector. The focus has shifted from generic, one-size-fits-all
solutions to highly individualized and optimized devices that prioritize patient comfort,
functionality, and aesthetics [21]. As research in this domain continues to burgeon, it is
anticipated that future innovations will further enhance the user experience and the
therapeutic efficacy of orthotics.

Various literature studies show, that customized 3D printed orthoses are better for the
course and results of therapeutic process than the traditional ones. Customized hand orthoses

offer tailored solutions, precisely fitting the patient's hand, enhancing comfort, and potentially
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improving treatment outcomes [22]. 3D printing enables intricate designs and complex
geometries, allowing for novel orthotic structures that might be challenging to create
conventionally, if need arises for a given patient [23]. With 3D printing, a wide range of
materials can be utilized, enabling orthoses to be more adaptable to patient needs and
potentially improving durability [24]. Customized orthoses might also enhance patient
compliance and satisfaction due to personalized designs tailored to their preferences and
needs, which can be an important aspect deciding whether the therapy will be successfully

pursued or not [25].

2.3. Virtual Reality in therapy

Virtual Reality has plenty of medical applications, including educational applications for
students [26,27], advanced haptic feedback training solutions [28], as well as all-purpose
training simulators [29,30]. It can be also used to improve design and development of
customized prosthetic devices [31], as well as in anxiety therapy [8].

One of the prominent VR applications in medicine is carrying out or supporting the
rehabilitation process using virtual reality applications. This is a way to not only make exercise
more attractive and thus motivate the user [32], it is possible to track the course of the session
remotely and to easily store and save medical data that would be impossible to measure
without digitizing the rehabilitation system. More and more applications supporting the
rehabilitation of patients are available on the market. There are also many studies measuring
the effectiveness of physiotherapy using VR. One such application is presented in [33], where
a system consisting of a controller measuring hand movements, i.e. CyberGlove or Rutgers
Master 1I-ND haptic glove, and an application in which the user was to perform several
repetitive actions was tested on a group of 4 patients The purpose of the application was to
restore hand function after a stroke, and more specifically to improve the range of motion in
the joints of the upper limb, increase its speed, increase the strength of the finger muscles and
independence of action. The Jebsen hand function test was also conducted, which patients
with an initial higher degree of impairment completed more than 23% faster after training
than initially.

Another application is the one presented in the study [34], where a more extensive
program is presented that assumes mirror actions of the hand in which the right or left limb is
actively exercising. The activities performed include hitting the ball, where, as part of the
Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
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progression adjustments can be made to its speed, the time interval for the next one to appear
or the width of the spacing on which the ball will fly. The results of the conducted research
showed that patients who underwent treatment quickly accepted this form of treatment and
learned to work with it just as quickly. This proves the potential of technology to support
classical therapy in the rehabilitation process.

Another study that tested the effectiveness of the VR system, this time compared to CT
(Conventional Training) [35]. During its duration, 120 patients were assigned to two groups,
of which the group testing virtual reality rehabilitation used a system consisting of the
YouGrabber application, gloves with position sensors, infrared cameras, a computer and a
screen.The application contains several games that the therapist could match the patient's
mobility abilities. The results of the study showed that training with the help of VR was as
effective as CT. In addition, in the case of virtual reality, there is a motivational aspect that can
encourage patients to exercise.

To sum it up, it might be stated with certainty coming from multiple literature sources,
that VR is in general a technology which has large potential in improving physical rehabilitation
processes and use of VR combined with physical exercises brings better results than using
purely conventional therapy methods. However, most solutions are still experimental and
customized therapies, tailored to specific patients, are rare and largely unavailable.

As is known from available literature and medical practice, all types of rehabilitation
processes in hand therapy require regularity, without which none of the known effective
methods will achieve their full effectiveness, if they have any impact at all [36, 37]. Many
effective rehabilitation techniques are being developed that have a very effective effect on
the human body in a physical way, but an often-passed problem is the frequency and
motivation of the exercises that the user performs. These two characteristics have a significant
impact on the patient's ultimate level of independence [38].

In the project developed by the authors of this paper and preliminarily presented in the
further chapters, the plan is to remedy this problem by creating a system that is attractive to
the user, while at the same time utilizing the strengths of other concepts. The system should
also be able to control the user's achieved ranges of motion and provide a sense of
achievement and independence. An important aspect is the system's cooperation with other

rehabilitation devices such as orthoses.
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A rehabilitation application taking the form of a game is to be the solution that meets the
above objectives has been considered in the current article therefore. Originally, it was
intended to be developed for upper limb exercises. To ensure control of the user's movement,
it was planned to use a virtual reality helmet combined with sensors of the body's position in
space. To additionally gather more precise information about finger and wrist movements an
additional controller has been attached to the hand. Both this device and the previously
mentioned trackers were considered in the process system to be built using a customized

orthosis for a particular case study of one patient.
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3.1. Research main concept and plan

The main concept of the research presented in this paper is use of a corrective
customized wrist hand orthosis (WHO) in connection with a special, dedicated virtual
reality application in order to improve hand therapy in persons with disabilities (resulting
from injuries or long-term diseases such as congenital paresis or cerebral palsy). As such
persons, due to defects and deficits in hand functioning, often are unable to use VR
controllers properly, a concept that is presented in this paper was to convert a mechanical
orthosis into an electronic device with motion and interaction sensors, effectively
replacing standard VR controllers. As a result, a prototype VR system was created,
consisting of a therapeutic orthosis, experimental electronic game controller and a VR
application, aiding in performing rehabilitation exercises.

After analyzing the current state of the art concerning the rehabilitation requirements,
several general requirements were set that the system must meet. Initially, the basic
requirements for each application must be met, i.e.:

® intuitiveness,

e clear and easy interface (without much text),

e quick loading time,

® encouragement for the user to engage appropriately,

e carry high-quality mechanics, graphics and sounds, to be compelling mostly to
young people (who are main target of the system).

The application should include movements that will imitate functional movements
performed in everyday activities, such as grasping and throwing objects, hitting, cutting
etc. The application should also give a sense of purpose, having a specific scenario and
style, to be more engaging for the users.

The requirements regarding the experimental orthosis-based controller were defined
as following:

® ensuring accurate and up-to-date recording of hand movements, including

independent finger movements simulating grasping,

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
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e possibility of simultaneous cooperation with another state-of-the-art movement
registration system,

e ensuring the mobility of the device and user,

e cooperation of the device with the selected VR system,

* |ow weight and ergonomic use,

® independent power source,

® basic aesthetics,

e external housing, with the option of attaching to the orthosis or switching between
orthoses for various hand sizes,

¢ |ow-cost build with available, cheap sensors.

Another element of the system is the orthosis, or rather the design of the parts for
attaching the controller, which should be strong and at the same time not hinder the
movements performed in everyday life without electronics installed.

Based on these requirements, stages of development were set. These are shown in the

schematic presented in Fig. 1.
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HARDWARE CHOOSING DETERMINING THE CREATING A
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CONTROLLER ‘

HAND ATTACHMENT

APPLICATION

CASE AND ADAPTER FOR
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/
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Figure 1. Research concept and plan

3.2. AutoMedPrint system

For materializing the concept of the customized wrist orthosis the AutoMedPrint
system has been used. AutoMedPrint system is a system for rapid, automated design of
selected, 3D printable orthopaedic and prosthetic supplies. It is mostly focused on
producing wrist hand orthoses [39] and upper limb prostheses [40]. A prototype system
was built with a mechanized 3D scanning station, containing automated algorithms of scan

processing and data extraction, as well as intelligent CAD models of orthopedic products.

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
not reflect the official opinion of the Programme Operator, the National Contact Point and the Financial Mechanism Office. Responsibility
for the information and views expressed therein lies entirely with the author(s).

b

TECHNICAL
UNIVERSITY

OF CLUJ-NAPOCA
ROMANIA

i UiA iz
bizzoom

Page | 11



Iceland [P[l:l:'

Liechtenstein
Norway grants

The system has gathered many awards, including being named the Polish Product of the
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Future in year 2022.
Figure 2 presents the prototype of AutoMedPrint, while in Figure 3 is given the
methodology of work with the system.

Figure 2. Prototype of AutoMedPrint system (scanning rig)

. | )
5‘3.—/%\—

consultation limb scanning automatic
automated processing design l
pr——
— | Sr—
post processing, 3D printing automatic
assembly, supply 3D print planning

Figure 3. Workflow of the AutoMedPrint system [40]
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3.3. Preliminary studies — patient case and customized orthosis description

The patient whose case was the basic inspiration for the research presented in this
study was a 13-year old boy, having congenital paresis that requires special therapy
treatment. Congenital paresis refers to a partial or complete muscle weakness that is
present at birth. It arises due to developmental anomalies or injuries to the nervous system
during fetal growth. This condition can affect any part of the body, limiting movement and
function in the affected area. Early diagnosis and intervention are crucial to enhance
mobility and improve the quality of life for individuals with congenital paresis.

The patient exhibits restricted mobility in various joints of the upper limb. In the
shoulder joint, there is limited extension, abduction, and external rotation, with
movement restricted to approximately 80 degrees for extension and abduction, and
approximately 45 degrees for external rotation. Within the elbow joint, there's minimal
flexion movement. At the distal radioulnar joint, the hand is positioned in pronation, with
constrained suppositional movement limited to around 40 degrees and an absence of
radial or ulnar movement. Furthermore, in the ulnar position of the wrist joint, there's an
absence of active extension of the distal radiocarpal joint, resulting in limited hand
movement. The combined effects of these limitations may significantly impact the
patient's ability to perform various daily activities and require tailored rehabilitation
strategies to address their specific impairments and restore functional mobility.

The main concept of the therapeutic orthosis in this case was based on 3D anatomical
scans of both arms of the patient. Both limbs were scanned; the healthy left arm was
scanned in anatomically correct position at the AutoMedPrint scanning station using David
SLS-3 scanner (Figure 4a), while the right arm was scanned manually, using EinScan Pro 3D
scanner, with a wrist position comfortable to the patient (Figure 4b). Both scanned meshes
were split at the wrist; healthy left hand was digitally “transplanted” (and mirrored) to the

right forearm, and properly scaled using main dimensions from the scan of the right hand.
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i \
Figure 4. Scanning of the patient, a) left arm — mechanized rig, b) right arm — manual

scan

On the resulting hand model, data extraction procedure was performed, using a set of
automated MeshLab and MS Excel macros present in the AutoMedPrint system. Design
table was generated in form of MS Excel sheet, containing point data extracted at 11
planes of the arm, 16 points at each plane. Also, other settings were applied, with offset
between arm and orthosis set at 3 mm (to compensate for the lining) and orthosis
thickness left at default 4 mm to maintain its strength and durability. Moreover, additional
cutouts were added in the CAD model of the orthosis, for the patient to be able to perform
daily activities and therapeutic exercises.

The designed orthosis was manufactured using FlashForge Creator Pro 3D printers
working in the FFF (FDM) technology. The orthosis was 3D printed using standard
methodology in AutoMedPrint system [39], with layer thickness of 0,25 mm and 30% infill.
Using PLA material, it took approximately 4 hours per one part. Full post processing was
applied, in form of overall grinding and the internal parts of the orthosis were lined up with
foam. Such an orthosis was tried by patient (in several iterations) and then used for
rehabilitation for 9 months. After 9 months of continued use (1-2 hours daily), slight
improvement was observed in motion functions, as well as muscle development and wrist
position. Simultaneously, the orthosis was unusable anymore due to growth. The patient
was 3D scanned again and another orthosis was prepared. Two orthoses made and

implemented for use by the patient are shown in Figures 5a and 5b. The whole patient

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
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case was a subject of previous studies by the authors and described in previous

publications [41].

Figure 5. Customized therapeutic orthosis, a) first version; b) second version (10

months later)

The orthosis use was largely successful, allowing the patient to improve in functioning.
After gathering feedback from the patient and working with another number of patients
with similar conditions, it was decided to try making the therapy more compelling and
interesting, by introducing gamification in virtual reality, as stated in the research concept.
However, to make it easier for building and testing the prototype of the system, it was
decided to make another orthosis for one of the creators of the system. The whole
customized design procedure was repeated for one of the authors, and a new orthosis was
designed and printed, as shown in Figure 6, using the same printing parameters, materials
and devices. This orthosis was subjected to further development of electronics and VR
software, described in further chapters.
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Figure 6. Customized therapeutic orthosis design and production for the purpose of

VR system prototyping

3.4. Design and prototyping of a motion controller

After the 3D printed orthosis has been obtained, the work was divided into four main
parts that were meant to create an entire system designed to support rehabilitation
process. The first issue was to form an application pad that will be able to track hand
movement without excluding the motion of the fingers. The device was supposed to allow
easy control of the gameplay, without the need of holding anything in user’s hand.

It has been decided as follows:

1. The controllers replace standard VR controllers for both hands — the healthy one
and the one requiring therapy.

2. The controllers should be easily attached and detached to/from the orthosis and

user’s fingers.

3. The controllers must detect rotational hand movement, as well as movements of

two fingers (thumb and index).
4. A button must be present in the palm of the hand to allow detection of grasping
gestures.
Another device should be used for pointing / teleportation inside the application.
Hand positional tracking should be realized in compatibility with used VR system
(e.g. HTC Vive, which was decided to be the main platform).

Taking these assumptions into account, electronic components were selected and

planned. Figure 7 shows the main schematic of the controller. It was decided to use the

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
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ESP32 chipset and a custom PCB board, as well as a number of components marked in the

Figure 7, to fulfill the requirements set in the initial phase of the research.

7. Silicone tape ' l y

5. Joystick \

15. Joystick

6. Cable attachment

14. Cable

1. Touch or classic button
8. Cable guide plate

13. Wire 2. Support glove

12. ESP32
e o0 o 4. Powerbank SN

10. PCB board (if necessary)

3. Power supply glove

11. LED (eventually)

Figure 7. Controller schematic, with indication of most important components

For easy mounting of the controller at users’ hands, it was decided to build an external
housing, easily attachable and detachable from the orthosis main shell. The housing, due
to increased demand for accurate dimensions, was manufactured using Polylet
technology. Stratasys Medilet J5 (Stratasys Co., USA) machine was used with a standard
DraftWhite material (UV resin), with layer thickness of 18 um. Design of this housing and

its manufacturing is shown in Figure 8.
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Figure 8. Housing of the controller - design and production

The development of the controller resulted in a device capable of measuring the
angular position of the hand, thanks to a module with a gyroscope and an accelerometer
mounted on the outside of the limb. In addition, the flexion of the index finger and thumb
is recorded thanks to flexible ties that move the joysticks. A selection button is located
inside the hand. In addition, there is another analog resistive joystick on the thumb (giving
the impression of gliding, and due to its design limiting the height of the element), which

is used to activate the indicator and teleporting around the VR scene.

3.5. Conceiving of the VR-assisted hand therapy application

The next stage was to design the VR application for therapeutic purpose itself. To do
this, it was necessary to determine the type of game and create a suitable scenario in VR
for it. The type chosen was specified as an escape room. For this, it was necessary to
consult a specialist (physiotherapist) to choose the appropriate exercises and design their
implementation in the game. The created scenario for the game assumed the making of
four rooms, in which the user would focus on movements within a specific joint -
successively the shoulder, elbow, wrist and finger joints (an idea diagram of the initial
space can be seen in Figure 9). Even before exercising, a warm-up of the whole body would
be performed by a simple game forcing the user to avoid flying obstacles by leaning,

crouching and jumping.
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Main room
G 20/100 a
Elbow roomy Finger roomn
G 0/100 0/100 a

Shoulder room .

Wrist room

20/100 0/100

Damini

Figure 9. The idea diagram of the initial space, with numbers representing points

awarded for successfully realized exercises

At this stage of research, it was decided to create four rooms, each for exercise
pertaining to different joints in the upper limb (shoulder, elbow, wrist, fingers). According
to the expert physiotherapist opinion, there should be a fifth room with compound
exercises. It was decided that this room will be added once the initial concept is verified
positively in practice.

The next issue consisted in the choice of virtual reality device and the type of motion
tracking system. The assumption here was to use the HTC Vive Pro helmet (HTC Corp.,
Taipei, Taiwan) and the body position sensors dedicated to it (Vive Tracker 3.0 devices).
The next step was to determine the program in which the application will be done, which
in the current case is the Unity environment, version 2021.3 (Unity Technologies Inc., USA).
Once the scenes are known, it was necessary to find or make the appropriate models of
the virtual world, as well as soundtracks or visual effects. The programming part itself was
divided into certain sub-steps. The first was to provide the necessary mechanics such as
grasping, moving, interaction system, as well as the approximation of the avatar's body
movements based on sensor data. The next tasks were to realize the scenario, or more
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precisely to provide the basic functionality of each scene, which is individual and different
for each case. The created elements was intended to be connected in such a way as to
preserve the cause-and-effect sequence, as well as add instructions (in the form of icons,
text and sound), a tutorial and a menu with a language option (Polish and English options
are assumed). In the programming, Unity’s own XR toolkit was used, , connected with Vive
Input Utility (Vive Software, version 1.18.3) and SteamVR SDK (Valve Corporation, version
2.7.3) plugin tools. Mostly free assets were used in building the game, including user’s
avatar, objects, textures, sounds etc.

The fourth stage of work was aimed at intersecting with the other three, and it
concerns connecting the entire system and ensuring communication between its
components. This requires determining the type of signal to be sent, writing appropriate
communication scripts from the application side as well. It was decided to choose UDP
protocol for communication between controller and the PC with VR application. Here was
intended to also include the creation of mechanical connections between the orthosis and
the housing of the other devices, as well as the adjustable attachment of the controller to

the hand without the orthosis and the power supply.

3.6. Testing methodology

At the initial stage of validation of the rehabilitation methodology proposed with the
use of customized mechatronic orthosis and VR application, it was decided to work only
with healthy subjects — work with the patients will be realized after concluding the initial
tests. As such, a group of 12 persons were selected to take part in the tests. For practical
purposes, it was decided that the subjects will use the same orthosis as manufactured for
one of the authors. As such, the group consisted of 12 females, in the age group between
20 and 40 (with exception of two subjects), with hand and forearm anatomical features
allowing them to use the orthosis comfortably, which was checked before actual tests
occurred. In the case of any discomfort caused by the orthosis not fitting to a given user,
temporary lining with foam or other soft material was applied to problematic areas, to
allow the tests to be realized properly. Users were also informed that the orthosis in the
final product would be customized especially for hand of a given patient and as such they
were asked to not report bad fitting as a problem.
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The users were tested in the laboratory conditions, using HTC Vive Pro headset
connected via cable to a PC with the application. The customized controllers were used on
both hands, with the right hand equipped in the 3D printed orthosis and the left hand —
equipped with the prototype controller itself (auxiliary, to help realizing activities requiring

two hands). A user during the tests is presented in Figure 10.

Figure 10. Experimental tests of the VR system — user inside the virtual scene

All the users were initially asked to familiarize themselves with the VR goggles (if they
never used them before), orthosis, controller and it means of operation, as well as basic
VR environment. The application contains an in-built tutorial, which was completed by all
the participants prior to the actual exercises. Then, participants were asked to go through
the full game, completing all the exercises in the way they saw adequate, with slight
guidance from the researchers performing the experiment. Approximate completion time
was also registered.

After the test subjects finished working with the application, they fulfilled a
questionnaire with a number of questions enabling to evaluate the application. The
questionnaire was divided into three main parts:

e Part 1 — evaluation of VR application and exercises, 8 questions, Likert scale
(1-5),
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e Part 2 —evaluation of custom-made game controllers, 6 questions, Likert scale
(1-5),

e Part 3 — general assessment (1-5 scale), comments, observations, problems
(open questions).

Apart from that, the application was tested and reviewed by a physiotherapist —expert
with a degree in game therapy of upper limbs. The expert was also able to test the solution
(thanks to similar anatomy) and apart from filling in the questionnaire, gave a number of
opinions and feedback towards further development of the application and the whole

solution.
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4.1. Orthosis and controller manufacturing and assembly

The mechanical part of the design was realized without disturbances, using already
established capabilities of the AutoMedPrint system, known from previous studies and
implementations. The orthosis was successfully manufactured out of PLA material, in a
total time of approx. 10 hours (approx. 5 hours per part). Other mechanical parts —housing
of the controller and its cover — were also manufactured without any errors and
successfully assembled.

For proper assembly of the controller to user’s upper limb, additional straps and
pockets were added, to secure the orthosis and controller in place, as well as provide
possibility of mounting the powerbank.

The electronic part was also manufactured without larger problems. Several iterations
were required before all the controller components started to work properly. Considerable
problems were found in operation of the wireless module (losing connection), inertial
measurement unit (frequent drifts in recorded rotation values) and small touch joystick
(improper functioning). However, these problems were solved in several attempts and
they did not affect the performance of the controller in tests and operation of the VR

application. The fully assembled orthosis with a controller is shown in Figure 11.

by}
Figure 11. Assembled orthosis with controller, motion tracker, straps and powerbank
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4.2. VR application building results

The created application ultimately consists of several levels. At the very beginning, a
tutorial is available, which the user can skip. Then the user moves to the room (Figure 12),
where the main part of the game begins. There he is informed about the purpose of the
game by a virtual character (named “Damini” in the game) and can move to the first round,
which begins with a short warm-up of the whole body by avoiding obstacles approaching
the user. Then the patient's task is to pull down the ropes located in the house in front of
him (Figure 13). Points are counted separately for the left and right hands, and the final
score is their average.

Figure 12. Main room of the game area — grotto (menu)
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The elbow joint exercise stage begins in the dungeon (Figure 14). As in the previous

stage, the prompts for completing the round are located on the walls. Here the user,

making a move similar to throwing a bowling ball, must knock down enemies approaching

him. Points are counted analogously to shoulder exercises.

Figure 14. Dungeons - elbows’ exercises (throwing projectiles at enemies)
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Wrist exercises are performed in a small garden (Figure 15). In this case, the patient's
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task is to pick fruit from bushes and trees by rotating their wrists within them, and then
throw them into a box. Both fruit picking and successful hits are scored. Finally, a burning

table appears, whose flames must be extinguished with a flick of the wrist.

Figure 15. Garden - wrist exercises (picking apples)

The last of the rounds - finger exercises - takes place in a museum (Figure 3.8). Forty
one chaotically moving candles appear in front of the user, which must be caught and
crushed. The last candle breaks a glass with hammers, which must be used to break a

platter on the other side of the room.
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Figure 16 Museum - fingers’ exercises (catching flying candles — “snitches”)

4.3. User test results

Almost all the users were able to complete the application and realize all the activities,
to some extent. One of the 12 users was not feeling well before the test and needed to
cease it after the second room — however being able to complete the survey and evaluate
the application. The controllers (on both hands) operated properly, and the users were
able to quickly learn about their operation, to properly realize the exercises contained in
the specific rooms.

Results of completing the exercises (time in minutes), together with final evaluation of
the complete VR system by its test users is presented in Figure 17.
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Figure 17. Results of completion and evaluation of the VR exercises by test subjects

Detailed results of survey studies are presented in Tables 1 and 2, as well as in diagrams
in Fig. 18 and 19.

Table 1. Survey results — part 1 — VR application evaluation

ID Question Avg. Std. dev.
VR1 | | feel my muscles warming up. 4.08 0.51
VR2 | | feel muscle fatigue. 2.42 1.08
VR3 | The application is more interesting than | 4.67 0.65

classic training.
VR4 | | feel that | would exercise more often if | had | 4.33 0.98
constant access to the presented system.

VR5 | Using the application was pleasant and | 3.83 1.03
simple.

VR6 | The exercises were engaging but possible to | 4.25 0.62
perform correctly.

VR7 | The level of graphic quality was sufficient. 4.75 0.45

VR8 | Interacting with objects was intuitive and | 3.50 1.00

easy to learn.
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Table 2. Survey results — part 2 — controller evaluation
ID Question Average Deviation
C1 The controller is comfortable. 3.42 0.90
c2 | like this controller solution. 4.08 1.00
c3 | believe this controller is better for this | 4.17 0.72
specific use than the classic one.
c4 The response speed to signals from the | 4.00 0.74
controller was sufficient.
C5 Using the controller was pleasant and simple. | 3.50 1.24
(3} Interacting with objects using the controller | 3.75 1.06

was intuitive and easy to learn.

Tot. average 3.82

VR application evaluation

0 I i I ' i I I i
VR1 VR2 VR3 VR4 VRS VRG VR7 VRS

Figure 18. Survey results — part 1 — VR application evaluation
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Figure 19. Survey results — part 2 — evaluation of custom game controllers
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The main observations of the testing results can be summarized as below:

1.

Average evaluation of the whole VR system by all test users is 4.45 in 5-point scale.
Most assessments were 4 or 5, confirmed by positive opinions expressed by test
participants, regardless of age and background. It means that the system was
generally met with favorable reception.

The set of exercises were finished on average in a little above 20 minutes, some
persons taking 16 minutes, top being 30 minutes. Including tutorial and setting up
the system, whole sets of exercises can be set to take one full hour of
physiotherapeutic session, which is acceptable from the point of view of hand
therapy practice.

All users agreed that this form of training is more interesting than the classical one
and that they would be more frequently engaged in the training if it had that form.
Graphics quality was assessed as acceptable or high, there was no problem with this
aspect, although some users noted minor glitches, especially in behavior of virtual
avatar (deformation of hand and wrist during some movements).

Interaction was generally evaluated positively, although most users had some minor
problems with getting used to interacting with objects, mostly due to steep learning

curve of the designed game controller.
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6. Most users observed their muscles to be warmed up during the exercises, but rarely
fatigued, which is understandable considering the total length of the game.

7. In the survey part related to design of custom orthosis-based controller, the
evaluation was generally positive, but there are problem indicators. The controller
was not very comfortable for all persons, also not always intuitive and easy to use.
However, most users liked it and of all questions, the highest answer and certainty
was that it is better for the rehabilitation game than a typical VR controller.

The following observations were made by the researchers while supervising the tests:

1. Test subjects of younger age tended to adapt to the controller and the game
mechanics more rapidly (in general).

2. Most users has problems with understanding pictures with instructions contained
in the rooms and they had to obtain spoken hints on what to do in a given exercise.

3. Limited times for certain exercises did not allow some subjects to complete them.

4. The assumed course of realizing the exercises was not clearly followed by the users
and as such the game would require plenty of improvements, to “forbid” certain
behaviors (such as dragging the rope with both hands at once).

5. There was a problem with IMU in the controller — it frequently noted a rotational
drift, which accumulated over the course of the game. It vanished after the device
was reset, but it was clearly disturbing the work.

Teleporting around the scene was initially problematic for most of test subjects.

7. Thumb joystick also was not fully intuitive and required plenty of tries from most
subjects to operate properly.

8. Wired VR goggles hinder the movements of test subjects, especially during warmup.

A wireless solution or special cable harnesses should be used in future development.

After the complete procedure was undertaken, also the real patient was invited to use
the system. The testing is shown in Figure 20. The testing was carried out with the help of
physiotherapist and the observations of the test group of healthy patients were confirmed.
The application, as well as orthosis, needs further improvement — but the test patient
reactions were enthusiastic and that form of rehabilitation seems to be a very promising

direction.
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Figure 20. Patient with congenital paresis during testing of the VR rehabilitation

system with biomechatronic orthosis

4.4 Discussion

The realized customized VR system, using a custom-built game controller based on a
biomechatronic orthosis and motion tracking, was found out to be a working solution in
the initial tests. The greatest problems were with the controller interaction — test subjects
slightly complained about its low intuitiveness and discomfort of use along with the
orthosis. This is clearly understandable, as the orthosis was not one-size-fits-all, but rather
a customized solution, tailored for a single person. This is a clear limitation of the study, of
which the authors were aware since the beginning, but the tests needed to be performed
as early as possible to test if the concept is viable. As it was found to be working, testing
methods will be improved in further iterations, building different orthoses for different
subjects (both healthy and with certain hand conditions) and testing them again in the
improved application.

It is important to notice that due to customized nature of the game controller built and
programmed especially for the purpose of the game, standard VR controllers cannot be
used.
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There were also remarks towards the application itself. Its graphics level was
unequivocally evaluated as high and sufficient for the purpose. However, colors and style
were not praised by everyone taking part in the tests. This is a matter of taste, but as
motivation is an important factor in efficiency of physical rehabilitation, in future studies
and development various versions of the application might be created, with different color
themes and styles for different age and gender groups of potential patients.

As for now, the most important improvement would be to make the instructions
clearer and allow for a more easygoing approach to the exercises. Some subjects, including
the physiotherapist, complained about the time limit for some exercises as too low, not
allowing them to fully complete the tasks - for other participants the difficulty level was
just right and they positively assessed it. Here, an improvement could be to introduce
various modes of operation (i.e. game difficulty levels), with an initial, “learning” mode
without any timer and with possibility of free restarting of each exercise. The user avatar
could also be configurable, to adjust it to patient preferences, which could further increase
motivation for rehabilitation exercises.

The expert physiotherapist noted several things to improve while assessing the
application. First of all, the application contains exercises with wrist movements that are
not fully possible to realize in the 3D printed orthosis, as it reduces mobility in that joint.
These exercises should be improved to not include these motions. Moreover, there were
some problems with player avatar, showing deformed hand and wrist after making certain
movement, which could potentially affect patient psychically. The aspect of warmup and
activization of the whole body was assessed positively, just as requirement to perform all
exercises while standing (not sitting). To sum up, physiotherapist noted that the game can
be accepted for use with real patients with congenital paresis and cerebral palsy.

As such, it is important to state, that during the tests and evaluation of the application,
it was observed that this method of therapy should be a supportive one to the traditional
methods. In other words, VR with customized orthotics has a potential to greatly
complement the existing therapeutic methods, not replace them, at least at a current
(generally understood) level of development. The novelty of the solution comes with
integration of two concepts, previously not joined in known literature — a corrective
orthosis and a VR game. Separately, these concepts are quite known, but together —is still
a novel idea, enabling certain patients to operate VR applications on a level they were
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previously not able to - cerebral palsy or Erb’s palsy sufferers sometimes cannot even grasp
traditional VR controllers, let alone utilize them in a game-like experience. Use of
customized orthosis that corrects the wrist joint position and enables patients to operate
the VR application enables new possibilities in therapy, not possible with regular VR. An
alternative approach could be Al-aided hand and finger tracking (such as one available in
Mixed Reality devices such as HololLens 2), which could be an approach explored
simultaneously, either with or without use of customized orthosis.

After summarizing the test phase, it became clear that another set of experiments is
needed to determine the full scope of usefulness and advantages of the proposed
therapeutic method. An experiment with a test group and a control group of real patients
with disabilities is required and will be subsequently planned and realized in the further
studies by the authors to answer if the proposed method is superior to the currently used

hand therapy methods.
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4. Summary

Regardless of the rehabilitation method used, one of the more important issues for its
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success is the patient's commitment and regularity of exercise or participation in treatments.
For this reason, a rehabilitation system in the form of a game was proposed to increase the
user's motivation to exercise. The application was designed for upper limb exercises and
would use virtual reality combined with sensors that track movement and a dedicated sensor
that would record more accurate hand positions. As a result of the work, a bilingual escape
room-type application was created, containing four rooms, and in each of them the user must
perform exercises focused on the movement of a specific joint. The game and the whole
system was evaluated as a viable idea, both by a number of test participants and an expert
physiotherapist and it was accepted for further development and use with real patients.

The first stage of further development will include improvements, using conclusions of a
study with the test group and the test patient. Then, the tests will continue with other
patients, along with improving both electronic part and the software part of the system.
Further development of the application is aimed to be performed involving the possible
creation of additional practice rounds, which would be randomly assigned to the user. In
addition, it is planned to expand the menu and allow the user to rejoin unsuccessful
approaches. An additional idea is to create non-isolated exercises as an end game. All these
will be explored in further work. Also, problems with existing controller prototypes will be
solved by testing other classes of components for angular position tracking and
communication, to prevent rotational drift and other communication problems.

What is also important to mention is that VR is just one of three XR technologies, with the
other ones being Mixed and Augmented Reality. The authors plan to study use of the other
technologies in hand therapy as well, especially utilizing hand and finger tracking of devices
such as holographic goggles (HoloLens and similar) and compare it with the immersive VR
approach — probably all XR technologies could be useful in hand therapy, but to what degree
—should be answered in carefully planned experimental studies.

In authors’ opinion, the form of customized, tailored therapy using dedicated
biomechatronic orthotics and VR games is a therapy of the future, which could potentially
heavily improve current standard therapeutic methods in certain cases. For that to happen, a
number of further studies must be realized, to which the authors will contribute in the near

future.

Disclaimer: This result was realized with the EEA Financial Mechanism 2014-2021 financial support. Its content (text, photos, videos) does
not reflect the official opinion of the Programme Operator, the National Contact Point and the Financial Mechanism Office. Responsibility
for the information and views expressed therein lies entirely with the author(s).
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