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A Hybrid Upper-Arm-Geared Exoskeleton with Anatomical
Digital Twin for Tangible Metaverse Feedback and

Communication
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Jongmin Seo, Sejoon Chun, Kisoo Kim,* Jin-Gyun Kim,* and Won Gu Lee*

The pandemic coincided with rapid advancements in virtual reality (VR) and
mixed reality (MR) in healthcare. The idea of virtually replicating the real world
and its associated experiences has garnered significant attention under the
newly coined term “metaverse.” The metaverse serves as a communication
platform that integrates physical and virtual experiences. However, the lack of
physical interaction between users and virtual environments remains an
obstacle. This study introduces a hybrid upper-arm-geared exoskeleton
system that combines an anatomical digital-twin model with tangible VR
torque feedback and an MR remote healthcare monitoring in a
musculoskeletal interface device format. The device employs a dual epicyclic
geared motor actuator capable of exerting torque feedback. It derived torque
profiles that simulate physical interactions with hysteretic damping in the
virtual environment. An anatomical digital twin model is also incorporated
into the fabricated device in an MR format and assessed the device’s
performance using electromyogram and thermographic sensors. In addition,
it evaluated haptic fidelity and versatility as an immersive metaverse wearable
and performed support vector machine-based analysis for motion feature
classification. It believes this approach has the potential to be highly

1. Introduction

Patients with musculoskeletal disorders
require physical rehabilitation to restore
functions, improve range of motion,
and reduce pain. The guidance of a
professional is required for feasible,
safe, and efficacious rehabilitation.[']
The COVID-19 pandemic, which began
in 2019, increased the demand for re-
mote rehabilitation technologies as an
alternative means of rehabilitation in
the physical environment for adhering
to social distancing measures.[>3] While
remote communication can guide re-
habilitation, the lack of physiological
information about the patient can limit
its effectiveness.**l Wearable human-—
machine interface devices can evaluate
the movement of patients and assess
their risk in remote training.>®! Patients
requiring physical rehabilitation can also

beneficial for providing tangible metaverse feedback and communication
combined with a human-informed digital-twin model for remote healthcare

monitoring in the postpandemic era.
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experience assistance through immer-
sive training within a virtual reality envi-
ronment, offering a unique and practical
approach to treatment.[’! However, previ-
ous remote rehabilitation platforms have
limitations in that the device offers only individual training with-
out accurate guidance due to the lack of information delivered to
experts.

Wearable exoskeletons have been introduced to assist with
walking, climbing stairs, feeding themselves, and participating
in rehabilitation.®°] Exoskeletons, or wearable robotics, are de-
signed to augment, support, or enhance human physical abili-
ties through sensory and actuation systems.['%12] However, these
exoskeletons typically entail high costs and complex data pro-
cessing to accurately track the human body’s multi-dimensional
motions.["*l The conventional motion tracking methods through
the wearable exoskeletons provide complex location data for pre-
cise posture control, which requires high computing power and
numerous sensors. The high cost of exoskeletons makes remote
rehabilitation challenging, and the previously available lower-
priced exoskeletons have had limitations in providing sufficient
support for expert rehabilitation guidance due to a lack of trans-
ferability of information and physical forces between real and vir-
tual worlds.[**]
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Figure 1. Schematic illustration of a hybrid upper-arm guided exoskeleton (hUGE) system that can combine immersive torque feedback with a digital
anatomical muscle model for remote healthcare monitoring between trainer and trainee. a) Showcased illustration for a device operation with torque
feedback, displaying elbow motion (of trainee) and personal training feedback (by a trainer), along with hybrid virtual reality (VR) monitoring (in meta-
verse) and MR display (via a Hololens). b) The three primary functions of the MID are VR immersive feedback, MR informative interaction, and real-time

tracking in a digital twin format.

A digital twin is a technique that augments virtual simulation
information to improve the accuracy of decisions, and a meta-
verse interface that utilizes augmented reality (AR), virtual reality
(VR), and mixed reality (MR) technology can enhance the immer-
sive experience of digital twins.['>8] Digital twin technologies
can also be used in various applications, ranging from medical
operations,['-! and surgical training!??) to rehabilitation.[?*] The
digital twin healthcare systems, which provide feedback on a va-
riety of information, are continuously evolving to enhance mon-
itoring, control, and decision support.?*#! Physical interaction
and feedback with physiological signals are key parameters con-
nected to the virtual world for remote healthcare systems, and
digital twin technology can augment those data to help experts
make accurate decisions in a remote environment.

This study proposes and implements a hybrid upper-arm
geared exoskeletal (WUGE) system that enhances muscle re-
sponse with tangible torque interaction for personalized rehabili-
tation in a musculoskeletal interface device (MID) format (Figure
1a). The MID corresponds with the motions of the elbow and
shoulder with a virtual platform through physical motor con-
trol feedback. The system features a brushless DC (BLDC) mo-
tor with an epicyclic gearbox for generating torque, which imple-
ments various angular movements. A magnetic rotary encoder
sensor collects joint rotation angles to reflect the virtual environ-
ment. We evaluated the electromyogram (EMG) signals of partic-
ipants wearing the MID to analyze the effects on muscles during
various movements. The MID aims to enhance the immersion
and interactivity of users in the virtual environment. Thus, we
designed and evaluated exoskeletal devices that detect motion for
elbow and shoulder joints and output appropriate torque to the
user through actuators. We also analyzed the MID’s thermal be-
havior and performed mechanical simulation to ensure reliability
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and safety. The MID offers an immersive experience by provid-
ing a real-time tracking anatomical digital twin model that aug-
ments muscle movement for rehabilitation on a virtual platform
(Figure 1b). A personal trainer can offer feedback on rehabilita-
tion based on the anatomical digital twin model, and the MID
has the potential to better measure, track over time, and optimize
physical rehabilitation procedures and patient outcomes.

2. Experimental Section

In this section, the design and implementation of the exoskele-
ton are described. The exoskeleton consists of an actuator using
a BLDC motor with a gear train that provides an output torque
equivalent to holding up to 1 kg of weight. The structural com-
ponent of the exoskeleton was made of an aluminum extrusion
profile and a 3D-printed structure, and it was designed to operate
within a safe range of motion for the user’s elbow joint. The
shoulder joint had three degrees of freedom (DOF) and could
rotate. In addition, the exoskeleton was intended to provide
physical feedback to the user through torque output using motor
control.

The MID implemented as an exoskeleton employed the BLDC
motors and actuators using a dual planetary gearbox with a gear
ratio of ~47, which enables the device to generate the torque
equivalent of lifting a weight of ~3 kg at a 0.3 m distance from
the elbow to the wrist (Figure Sla, Supporting Information).
Utilizing a link design, the exoskeleton’s joints were designed
considering the human body’s rotational limitations and shoul-
der rotation axis characteristics. The structural components
comprised 3D printed structures and aluminum profiles (Figure
S1b, Supporting Information). This design, which considers the
rotational limits of the human body, prevented reverse rotation
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Figure 2. Configurational setup and loaded tooth contact analysis (LTCA) of the reduction gearbox. a) The assembled gearbox, b) Cartoon for the wearable
format, c) Design and configuration details. The device consists of three shoulder joints and a single elbow joint, and each joint is embedded in a dual

epicyclic gearbox (1:47.667) with BLDC Motor (4108 MR-380KV).

of the user’s elbow joint, ensuring operation within a safe range
of motion. The shoulder joint possessed three DOFs and could
rotate. Real-time torque control uses the exoskeleton’s motor
to provide the user with physical feedback and therapeutic
resistance.

2.1. Design Principles and Key Assembly Considerations of a
Metaverse Wearable with Tangible Torque Feedback

As robots increasingly assist human activities and become in-
tegrated into daily life, the importance of human-robot inter-
action is becoming paramount. Exoskeleton systems facilitate
human-robot interactions, necessitating compliance control de-
signs that adapt to the surrounding environment. However, tra-
ditional robotic actuators, which connect high-speed, low-torque
motors to high-gear ratio reducers, achieve high torque density
at the expense of being difficult (high impedance) to rotate un-
der external input. To address these challenges, various exist-
ing exoskeleton systems widely employ series elastic actuators
(SEAs) that improve the overall adaptability of the actuator to
external environments. SEAs utilized a mechanically compliant
layer that was elastically coupled to high-impedance actuators, al-
lowing them to adapt to external movements.

Furthermore, an additional control approach was introduced
based on the discrepancies between the movements, further en-
hancing the actuator’s adaptability to its surroundings.[?’) How-
ever, the utility of SEAs decreased when applied to rehabilitation
applications. Recently, a (quasi-)direct drive approach was pro-
posed for small-scale walking robots that employ large-diameter

Adv. Mater. Technol. 2024, 9, 2301404

2301404 (3 of 14)

BLDC motors with relatively low gear ratios. This approach al-
lowed lightweight, compact actuators adapted to external envi-
ronments while implementing dynamic actions. As the approach
requires lightweight and compact actuators in exoskeleton sys-
tems and the performance demands in various external force sit-
uations encountered during activities of daily living (ADL), di-
rect drive methods were increasingly adopted in various exoskele-
ton systems.!?”28] Utilizing these principles, the system imple-
mented a quasi-direct drive actuator by connecting a commercial
BLDC motor with the appropriate gear ratio to a 3D-printed plan-
etary gear produced with rapid prototyping.

2.1.1. Motor-Geared Joint Actuators

The hardware frame, which directly contacts and controls the hu-
man body, was designed considering the same DOF as the hu-
man body, based on ergonomic knowledge. The ergonomic de-
sign and the required DOF for actuating the joints of the elbow
and shoulder, excluding the hand, include three DOF (roll, pitch,
and yaw angles) for the shoulder and one DOF (rotation) for the
elbow, which were taken into account during the hardware frame
design process. A total of three motor drives were implemented
for torque feedback through the parallel four-bar linkage when
creating the shoulder exoskeleton, and one motor was placed at
the elbow to transmit the forces of the biceps, forearm, and tri-
ceps, using a total of four motor reducers (Figure 2a).

The upper-limb exoskeleton was one DOF in the plane,
allowing rotation in the YZ plane based on the x-axis. Although
the elbow was two DOF, including forearm rotation, the MID
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focused on the contraction and relaxation of the forearm, biceps,
and triceps muscles through x-axis rotation and was designed
using a single motor for one DOF. The shoulder exoskeleton
deviates from the conventionally used three-DOF joints by po-
sitioning the y-axis revolute joint from the top of the shoulder to
the back and placing the z-axis in the diagonal outer space of the
shoulder, preventing collisions between the exoskeleton and the
human body during movement. A double parallelogram linkage
was used here, which connects two rotating joints to implement
motion like a spherical joint while maintaining a remote center
of rotation. This linkage had an extensive range of motion
(ROM) and high overall stiffness and was advantageous for
exoskeleton applications due to its suitable size and lightweight
construction.

2.1.2. Motor Reducer Design and Specification

In order to exert a force of 3 kg with a BLDC motor, the end effec-
tor should support a load of 30 N. At this point, 9 N m of torque
was required at the elbow. Therefore, the motor output torque of
0.2 N m should be amplified by a factor of 47 to derive 9 N m
when a maximum continuous applied current of 10 A was given
to the BLDC motor. This 46-fold value determined the necessary
number of teeth for each component in the double planetary gear
system using “David Hartkop’s” formula (also known as a split-
ring compound-planet epicyclic gear system), and the gearbox
was subsequently fabricated. The motor reducer was a split-ring
compound-planet epicyclic gear, a “Wolfrom,” and a “3K” plane-
tary gearbox. The reducer was composed of a total of four planet
gears (first and second stage), one sun gear (first stage), two ring
gears (first and second stage), and two carriers. The number of
teeth for each gear was 14 for the first and second-stage planet
gears, 12 for the sun gear, 40 for the first-stage ring gear, and 44
for the second-stage ring gear. This was developed by referenc-
ing the resulting values obtained by inputting the required torque
amplification of 47 into “David Hartkop’s” formula. A commer-
cial ODrive motor controller board, equipped with a three-phase
converter circuit, microprocessor, and other electronic circuits,
was adopted to drive the BLDC motor. A magnetic rotary encoder
sensor obtains the high-resolution real-time motor rotation an-
gle data required for driving. Voltage, current, and torque could
be measured through the ODrive v3.6 motor controller board.
After configuring the ODrive board for the desired motor envi-
ronment, the input voltage could be checked using a command.
The electric current check command could also determine the
torque applied to the motor. The values obtained through ODrive
were transmitted wirelessly to Unity via a Raspberry Pi Pico and
graphed in Excel. In a static equilibrium situation where the up-
per limb’s end effector supports a 30 N (almost the same as 3 kg)
load, the moment at the elbow joint corresponds to ~9 N m. This
was intended to amplify the motor output torque of ~#0.2 N m by
40 times when the maximum continuous applied current (ther-
mally limited with passive cooling through the aluminum frame)
of 10 A was given to the desired BLDC motor. In a compact form,
the “Wolfrom” and “3K” planetary gearboxes could implement
a more significant reduction ratio than conventional planetary
gears (~1:10).12] To evaluate the fabricated device, static measure-
ments were conducted using strain gauges.
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2.2. Loaded Tooth Contact Analysis (LTCA) of a Reduction
Gearbox for Tangible Torque Generation and lts Feedback

The reduction gearbox should be designed considering struc-
tural strength concerning the operating conditions. To verify the
strength and robustness of the components, which consist of
the reduction gearbox, safety factor calculation using simula-
tions was conducted in this work. A loaded tooth contact anal-
ysis (LTCA) for the reduction gearbox was conducted as a nu-
merical analysis for the simulation method. LTCA was a widely
used method to predict the bending and contact stress at the
tooth.3% Tt considered the engagement of the tooth as quasi-static
with each contact position due to the rotating and contact conver-
gence. However, dynamic behavior such as time-transient force
and response was not considered because this had less effect on
the result, especially at low rotating speeds. This work uses the
commercial software MASTA to generate the LTCA simulation
model, as shown in Figure 2. The LTCA results will be discussed
in Section 3.3. The reduction gearbox design described in Sec-
tion S1 (Supporting Information) and the macro geometries of
the planetary gearsets are summarized in Table S1 (Supporting
Information). The other design parameters follow the ISO 21771
and ISO 53 standards. However, micro geometry modification
was not considered for this research. The shafts and body mod-
els were generated regarding the gearbox CAD modeling. The
gears and shafts use polylactic acid(PLA) mechanical materials,
with their properties listed in Table S2 (Supporting Information).
The stiffness matrices of the bearings were generated using the
MASTA library provided by the bearing manufacturers. The out-
put torque position was set on the second stage annulus gear
body assembled with the elbow forearm, and the input torque
was applied at the first stage sun gear shaft connected with the
BLDC motor shaft. The load cases of the LTCA simulation are
summarized in Table S3 (Supporting Information).

2.3. Modeling of Anatomical Digital Twin Model for
Hololens-Based Monitoring

A digital twin was a virtual replica created to reflect an actual
model. Combining the digital twin concept with metaverse en-
vironments could produce robust visualization tools for rehabil-
itation medicine that could not be demonstrated in the actual
world without invasive procedures. This study developed a real-
time VR and MR framework of an anatomical model activated
by the exoskeleton model. The suggested architecture provided
various rehabilitation monitoring data, including muscle relax-
ation, muscle contraction, motor torque, etc. A digital twin refers
to a virtual counterpart that operates identically to the physical
entity, enabling the visualization of movements that could not be
observed in reality. This study uses a “HoloLens” device to visu-
alize muscle and MID information in real-time within an MR
environment. An MR environment was one in which the user
could physically interact with digital AR or VR components. If a
personal trainer utilized this for monitoring a MID wearer, they
could provide feedback on the exercise status using information
such as muscle contraction levels or generated torque. Impor-
tantly, this MR exoskeleton could enable physical trainers and
healthcare professionals to track and optimize patient progress
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in a controlled manner quantitatively. With an improved ability
to measure exercise, there was a potential to optimize exercises
Dbetter.

2.4. Exercise Efficacy Testing Using Electromyographic (EMG)
Sensors

The need for EMG measurement arises from the limitations of
conventional haptic devices or VR devices, which lack immersion
due to the absence of counter-rotation (torque feedback) when
interacting with virtual objects. However, the MID developed in
this study was designed to enable physical interaction with virtual
objects by providing torque feedback, increasing the immersion
level. Therefore, a measurement experiment was conducted to
verify whether the force generated during bicep curl movements
when wearing the MID was similar to that of actual bicep curls.
The rationale for the time setting was that muscles do not contin-
uously exert maximum force; instead, they generate maximum
force at the moment they exert maximum contraction. Further-
more, applying force to the muscles for an extended period may
hinder muscle activity measurement due to muscular endurance.
Therefore, an appropriate balance between resting and exercise
time was necessary for effective electromyography measurement.
Therefore, the time intervals were set to rest from 0 to 5 s, 10 to
20 s, and 25 to 35 s, and perform bicep curl movements from 5
to 10's,20 to 25 s, and 35 to 40 s.

The selected weights were chosen because older individuals
and patients undergoing rehabilitation needed to be given ap-
propriate weights to strengthen elbow muscles for rehabilitation
purposes. The individual’'s muscle strength level should be con-
sidered when selecting the weight to achieve appropriate rehabil-
itation. The chosen weights may not be suitable for older individ-
uals or rehabilitation patients with relatively low muscle strength
and endurance; however, these weights fall within the range of
objects typically used in everyday life. This experiment aims to
verify the similarity of movements while wearing the MID to ac-
tual bicep movements; therefore, using 5 kg as the maximum
weight, with 2.5 kg as half of that, and 1 kg as a relatively more
minor weight was experimented. Consequently, for each weight,
1 kg was light and offered low resistance, enhancing muscle en-
durance and making it suitable for early-stage rehabilitation. It
may be a particularly appropriate choice for older individuals and
rehabilitation patients with weak muscle strength. A moderate
weight was 2.5 kg, capable of simultaneously improving muscle
strength and endurance. This weight may be suitable for those
past the initial rehabilitation stage or older individuals and re-
habilitation patients with relatively higher muscle strength. Fi-
nally, 5 kg provided high resistance, aiding in increasing muscle
strength. This weight may be appropriate for middle-to-late-stage
rehabilitation or relatively healthy older individuals.

The program used to receive and analyze the EMG values
is “Telescan.” The electromyography values were measured and
stored in real-time for the experiment, and the results were re-
fined by setting a range of 10-400 with a bandpass filter and ap-
plying a root mean squared (RMS) value of 100. The instrument
(LAXTHA’s WEMG-8, LXM5308) measuring the EMG signals
could measure wireless electromyography across eight channels
within a radius of 30 meters. The EMG measurement equipment
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comprises a receiver and a transmitter (as a connection box).
The receiver was connected to a laptop for power supply, and the
transmitter had a ground electrode connector and a signal elec-
trode connector. The ground electrode connector was used to at-
tach a sensor for grounding, and the signal electrode connector
was used to attach the EMG sensor. The signal electrode connec-
tor could connect two EMG electrodes to a single connector, and
the EMG electrodes were attached based on the location where
the muscle density was highest when the force was applied per-
pendicular to the muscle fibers.

2.5. Thermographic Imaging and Analysis

The MID generates load through the BLDC motor, and the gear-
box counter-rotates to create the necessary feedback for the given
interaction. The gearbox coupling part (i.e., body contact por-
tion) came into contact with the wearer’s skin when the MID was
worn. The heat generated by the motor load could harm the hu-
man body, like burns; therefore, a thermal safety evaluation test
was essential through thermal imaging experiments. Addition-
ally, the thermal imaging evaluation was necessary to reduce the
chance of damage to the machinery. Rapid temperature increases
in the motor due to factors such as current overload, short cir-
cuits, or frame snagging while driving the BLDC motor could
cause problems with MID operation and potentially lead to more
significant accidents.

An infrared camera (FLIR E8-XT) was used to measure the
heat generated by the MID. To prevent external factors from
interfering, it conducted experiments in a room of ~35 m?
while maintaining a constant temperature (~20°C). The thermo-
graphic imaging experiment was conducted by connecting the
equipment to a laptop and performing real-time thermal analysis
using FLIR Thermal Studio. The software was used to measure
and convert the temperature changes of the motor and the sur-
rounding frame in real-time into images as the motor operating
time varied. The images visualized the temperature distribution
of the motor and frame, the temperature distribution map, and
the temperature of a specific, focused area.

Thermal imaging measurements were conducted at the BLDC
motor coupled to the gearbox and the part of the MID that
touches the elbow. The first location was chosen because the
BLDC motor generates heat through counter-rotation as it cre-
ates torque feedback for the physical force in the virtual environ-
ment due to the gearbox ratio and the interaction with Unity’s
weight-setting mass value. The second location, the body contact
part, was chosen to measure the heat generated by the BLDC mo-
tor, which directly touches the skin, and to determine whether
the temperature may be hazardous. In particular, it focused on
measuring the temperature of the copper inside the BLDC mo-
tor. The temperature of the copper provides information about
the motor’s safety and lifespan. Moreover, the temperature inside
the motor was more likely to increase when there were sudden
changes in rotation direction or repeated stops; in such cases, the
copper’s temperature rose first, which was why it was chosen as
the measurement spot.
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2.6. Classification of Subtle Movement Variations through the
Support Vector Machine Algorithm

In this section, precisely classified individuals with subtly dif-
ferent movements using a machine learning technique called
the Support Vector Machine (SVM). There were several differ-
ences between SVM and various deep learning techniques when
viewed from the perspective of prediction outcomes. These differ-
ences include model complexity, data size, feature engineering,
degree of fit, interpretability, and training capabilities. In this con-
text, the SVM technique was chosen for its ability to accurately
classify categorical data obtained from specialized small-group
experiments, thus validating the proof-of-concept demonstration
of the device. Five participants were involved in the experiment,
and they were labeled from E1 to E5, in descending order of mus-
cle strength, as determined through measurement. The subjects
wore devices and performed a continuous set of 20 bending and
stretching movements, from which data were collected. The ac-
quired data were divided into a ratio of 4:1 for the respective train-
ing and testing datasets, and the accuracy was verified by com-
paring the model’s predicted data with the test data. During this
process, it engaged in accurate learning and classification by al-
tering various kernel functions and the ¢ and gamma parameter
values and analyzed the distribution of each participant’s dataset
for a precise diagnosis of movement. The ¢ value indicates the
degree to which positioning in a different class was allowed dur-
ing classification, and the gamma value signifies the sensitivity
to the training data. Consequently, higher ¢ and gamma values
enable highly accurate classification within the training data, al-
though they also increase the likelihood of overfitting errors and
the possibility of less accurate classification concerning the test
data. Therefore, in this experiment, an accurate model was iden-
tified by comparing the accuracy of the training and test data.

2.7. Clinical Studies

This study was approved by Kyung Hee University’s Institutional
Review Board under the trial registration number KHGIRB-22-
423. The experiment was conducted after obtaining the informed
consent of all participants. The participants had described experi-
ments including consecutive bending-stretching movements and
then performed the same movements. The purpose of the pre-
clinical test was to evaluate the usability and safety of wearable
devices.

3. Results and Discussion

3.1. Implementation of a Haptic Device Interfaced for Metaverse
Feedback and Communication in an MR Format

Unity (a popular 3D physical game engine) was used to imple-
ment VR virtual space, user avatars, and physical interaction sim-
ulation. The user’s arm posture is estimated based on the el-
bow or shoulder rotation angle through the device sensor, and
the experimental evaluation is modeled by giving three general
load conditions according to the physical interaction context in a
virtual environment. The torque of the equivalent-size matched
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units for the virtual set is the physical amount based on the
voltage-to-torque characteristics of the actuator previously deter-
mined through measurement. The torque value calculated ac-
cordingly was given to the actual device (Figure S1c, Supporting
Information). MID offers the output of the torque value consider-
ing the object’s weight and the arm’s length and the differential
implementation of torque proportion and weight. The algorithm
explains the feedback that the user will receive for the three dif-
ferent weight conditions. However, this torque feedback experi-
ence was limited to the elbow, and shoulder motion is measured
through a printed circuit board and linked with the Unity avatar.
The three conditions have limitations in including all practical
experiences and work simulations in the actual industry, but the
evaluated data will be able to simulate appropriate situations.

3.1.1. MR-Based Combination of the Metaverse Exoskeleton and
Anatomical Digital Twin Model

To combine the anatomical muscle model with the MID wear-
able, we used digital prototypes for both the exoskeleton device
and the human arm model, which is the subject of rehabilitation.
The exoskeleton device is designed to support the torque neces-
sary to assist in curl exercises. We imported a 3D CAD model
into Blender SW and converted it into a kinematics-based model
to implement the digital twin of the exoskeleton. The digital twin
of the human arm model is designed to acquire anatomical data
of the biceps and triceps, which are mainly stimulated during curl
exercises. We utilized a model from “BodyParts3D,”3! which pro-
vides various human body shape data, and we accurately simu-
lated the movement of joints and muscles through rigging work.
The human arm digital twin model can represent the contraction
of the biceps and relaxation of the triceps when lifting weight and
restoring to its original state during the opposite motion. The hu-
man arm digital twin model is developed to operate in real-time,
synchronized with the measured angle acquired through MID’s
encoder information. Through this process, a personal trainer
can monitor muscle movement and assess the performance of
the current motion.

3.1.2. Sensor Data Communication and Visualization for Mixed
Reality

The developed digital twin models were integrated using the
widely used Mixed Reality Tool Kit(MRTK) library in the Unity
visualization platform. First, input information, such as the an-
gle and current data, is transmitted and received between the
server and the exoskeleton hardware through serial communica-
tion (USB and Bluetooth) and wireless communication (TCP/IP
environment). This information is then integrated into the digi-
tal twin within the Unity environment, enabling the acquisition
of complex data such as torque, muscle contraction, and exercise
status. Finally, the Unity-driven results are displayed through the
HoloLens, which enables MR implementation for enhanced user
convenience. Since the HoloLens is a mobile device, it receives
data wirelessly using the TCP/IP method. Therefore, the server
is responsible for the operation of the Unity environment and the
connection between the MID and HoloLens.
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3.2. Synchronization of the hUGE Motion and Unity Avatar
Posture

The shoulder and elbow rotation axes are aligned with the MID
rotation axes to synchronize the Unity avatar’s posture and the
hUGE motion (Figure S2a, Supporting Information). In this
case, the shoulder motion is arranged based on the assumption
of three-axis rotation (x-y-z), and the elbow motion is assumed
to be one-axis rotation (for x-axis) (Figure S2b, Supporting Infor-
mation). We used an inverse kinematic approach to match the
avatar joints and the MID rotation axes (Figure S2c, Supporting
Information).

An interactive motion-active skeleton must be implemented
through the rigging process to activate an avatar in Unity. The
rigged avatar skeleton is implanted in a twisted state along the
x-y-z axes from the default pose (i.e., reset pose). The problem
of the twisted state commonly occurs during avatar productions.
The MID rotation mismatch with the avatar rotation can occur
because the MID is designed with the standard x-y-z axis di-
rection as the default pose during the production process. For
example, the MID rotates in the y-axis vertical plane when lifting
a dumbbell using only the elbow, while the avatar moves in a
posture that rotates the forearm or twists it to the side rather than
lifting the dumbbell. A constraint function applying the inverse
kinematics provided by Unity is used to solve this problem. This
allows the target object to rotate in the same direction as the
reference object, regardless of their coordinate systems in the
Unity world coordinate system. In this case, a reference object
is assigned to each MID rotation axis and then connected to the
avatar’s skeleton. As a result, the avatar can accurately reflect
and move according to the MID’s shoulder (X, Y, and Z) and
the elbow’s x-axis rotation, allowing the correct torque to be
transmitted to the MID based on the avatar’s posture (Figure
S2d, Supporting Information).

The Unity avatar mainly moves through an animator, but
the animator only offers movements prerecorded in animation
clips. The animation clips have a limitation in reflecting MID
movements in real-time. To solve this problem, a constraint
component is used to control the movement of the arms. The
constraint component controls the avatar’s posture and can align
the avatar’s rig (bone) coordinate axis with the desired coordinate
axis. The rotation values of the MID are reflected in the target
object of the constraint, and the corresponding part of the avatar
is controlled to match the appearance of the target object. This
process reflects the avatar’s animation and real-time movements
separately.

3.3. Calculation of the Tangible Torque Caused by Avatar-Object
Interaction in the Metaverse

The torque calculation based on the Unity avatar’s posture is de-
termined relative to the vertical plane of the MID joint coordinate

cos ¢, cos 6, —siné,

‘;R =|[cosf,sinb, cos b, +sinf, sinf; cosb, cosb,

sin @, sinf, cos §; —cosf, sinf; sinb, cosb,
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axes. This is sequentially defined by the MID joint structure re-
lationship. The MID is connected from the shoulder joint to the
elbow joint in the order of the y-axis shoulder, z-axis shoulder,
x-axis shoulder, and x-axis elbow. In this case, the top shoulder
y-axis causes coordinate transformations for all the axes below it.
To accurately reflect this in the Unity avatar, the reference objects
used in the previously mentioned constraint function are setin a
parent-child relationship, ensuring the same order is reflected in
Unity. We considered that Unity’s base coordinate system differs
from the standard engineering coordinate system. The vertical
upward vector represents the z-axis in a typical coordinate sys-
tem, but the vertical upward vector represents the y-axis, and the
horizontal rightward vector represents the x-axis in Unity. This
article explicitly states that descriptions are based on the engi-
neering coordinate system to avoid confusion.

While Unity has a built-in physics engine, the platform does
not contain a built-in feature that links physical interactions with
torque. Therefore, we designed a script to calculate the torque
caused by avatar-object interaction directly. The script’s variables
include the upper and lower arm length as initial variables, the
weight of the object grasped, and the shoulder angle and elbow
angle according to the avatar’s posture are used for torque calcu-
lation. For the shoulder, the angle is calculated according to the
parent-child relationship in the order of z-y-x axes according to
the design structure of the MID. This means that a change in the
angle of the z-axis changes the rotation reference axes of y, x, and
the elbow, and a change in the angle of the y-axis changes the ro-
tation reference axis of x and the elbow. Although the x-axis has
the elbow as a child relationship, it has the same rotation refer-
ence axis direction, so a change in the rotation of x can change the
position of the elbow, but it does not change the elbow’s rotation
reference axis.

3.3.1. Generation of Tangible Torques on Joints Due to Gravity Effect
of Mass Objects

The torque calculation for lifting an object under the influence of
gravity is based on fundamental torque calculations and involves
rotating the gravity vector according to the MID’s shoulder move-
ment, as shown in Equation (1).

[1 0 0 cosf, —siné, 0
R, =|0cosf, —sinf;| R,=|sinf, cosf, O
0 sin#, coséb, 0 0 1

[ cos 0, 0 sin 03_
R = 0 1 0 (1)
| —sind; 0 cosd; |

As mentioned in Section 3.2, the MID and avatar movements
undergo rotation in transformation matrices in the order of y-z-x
shoulder joints as follows:

cos @, sin 6,

cos 6, sin 0, sin O; — sin B, cos 6, (2)

sind, sin 0, sin 0, + cosd, cosbs
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Considering the avatar holding an object, the torque calcula-
tion is determined by the cross-product of the distance vector
from the object to the reference axis point and the object’s grav-
ity vector. In this case, the gravity vector always points vertically
downward based on the world coordinate system, and it is pro-
jected onto the vertical plane of the axis where the torque calcu-
lation occurs to determine the gravity vector. For example, when
lifting a dumbbell to 90°, using only the elbow in the basic pos-
ture without shoulder rotation, the torque generated at the elbow
is calculated since the gravity vector is parallel to the vertical plane
of the elbow reference axis (elbow x-axis). However, when the
elbow is spread 30° (if #; = 30°, 6, =6, = 0° 30° rotation
based on the shoulder y-axis), the vertical plane of the elbow ref-
erence axis is also rotated 30°. Since the object’s gravity vector
still points vertically downward in this case, its impact on the el-
bow changes. To solve this, the cross-product is performed using
the transformed vector obtained by projecting the object’s gravity
vector onto the reference axis vertical plane, thereby calculating
the transformed elbow torque. The following formula shows the
gravity vector change according to Unity’s hierarchical structure.
In this case, the vertical plane concerning the elbow reference
axis is the z—y plane. After the shoulder movement, the torque
generated at the elbow is calculated using the remaining z value,
excluding the x component of the rotated gravity vector.

In Unity, all objects can have a unique weight set through the
rigid body component. When the avatar grabs the object through
VR interaction, the weight set on the rigid body component and
the torque caused by the joint angle is calculated. The calculation
of torque caused by gravity on each joint is done by expressing
the vertical plane of each joint, the weight vector of the object
held by gravity, the distance vector between the center of the joint
and the point of holding, and by then taking the cross product of
each vector to calculate the torque on the joint. This is simply the
algorithm of calculating the torque on a plane, but it can easily
represent the change in torque caused by the change in posture
on each joint. For example, when the initial elbow is bent at 90°,
the gravity vector is drawn in the shoulder’s Z-axis, X-axis, and
Elbow-axis plane, but it cannot be drawn in the Y-axis plane. How-
ever, when it rotates 90° inward on the z-axis, the gravity vector
is not drawn on the x-axis or Elbow-axis plane but on the y-axis
plane.

3.4. Loaded Tooth Contact Analysis (LTCA) Results of the
Fabricated Reduction Gearbox for Tangible Torque Generation
and Feedback

There could be various data streams from the LTCA simulation
results, such as safety factors, transmission error, bearing dis-
placement, shaft deflection, etc. This work focuses on the safety
factors because the LTCA simulation aims to verify the strength
of the designed reduction gearbox, especially of the tooth. The
LTCA is conducted for all mating gear pairs, such as sun gear,
planetary gears, and annulus gears, and the first and second
stages. The simulations conducted for the load cases are ex-
plained in Section 2.2. The contact stresses for the tooth flank
of gearsets are calculated based on Hertzian contact theory. The
bending and contact safety factors are calculated using ISO 6336
standards. The calculated safety factors are summarized in Table
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S4 (Supporting Information) for load case 1 and Table S5 (Sup-
porting Information) for load case 2. Because load case 2 has
higher torque than load case 1, the overall safety factors of load
case 2 are lower than load case 1. However, the lowest safety factor
is the bending safety factor of the planet gears of stage one, and
it is 10.14, which means that the maximum stress is almost 10%
of the allowable stress. Consequently, the design of the reduction
gearbox is verified through the LTCA simulation because the re-
sults mean it has sufficient structural strength for the operating
conditions (See Figure S4, Supporting Information).

3.5. Electromyographic (EMG) Sensing Results for Exercise
Efficacy Testing According to Metaverse Feedback and
Communication While in Motion

EMG sensors were attached to the skin over the biceps, and EMG
signals were acquired while moving the arm from 0° to 150°
(Figure 3a). EMG signal measurements were conducted under
three conditions: before and after wearing the MID and while
wearing only the Oculus (Figure 3b). The time zone (or period,
“TZ”) displays the flow of bicep movement. For example, in the
time period at 2.5 kg, the EMG value when measured with the
Oculus (green) shows virtually no muscle usage, while the value
when wearing the MID (blue) is similar to the EMG value of bicep
movement without wearing the MID (red) (Figure 3c). The EMG
data by weight show that the EMG values of bicep movements
without wearing the MID and while wearing the MID are simi-
lar (Figure 3d-i). The weight-specific EMG graph should ideally
have an up-and-down vibration-like graph shape, but it was made
visually more accessible by giving it a value of 100 through RMS
conversion. In addition, the graph shows that the EMG values
during the actual bicep exercise and while wearing the MID are
similar (Figure 3d—ii). The graph of torque values according to the
current of the motor combined with the gearbox shows that if the
virtual weight setting exceeds 5 kg, the motor rotation and gear
ratio cause jamming within the gearbox due to the designed gear
ratio ( = 47.667) of the gearbox for providing feedback. This is be-
cause the maximum torque is 0.2 N m when 10 A is applied based
on the elbow, and since the arm length on MID is 0.25 m, it is cal-
culated as 38.134 N, corresponding to 4 kg. Therefore, caution is
needed as excessive force can be applied when wearing MID due
to the gearbox jamming caused by the motor’s rotational load. In
the RMS converted graph of Figure 3d-ii, the initial value of the
time zone (TZ) 1 at 5 kg is observed to spike due to the jamming
that occurred, as explained earlier. After the initial jamming, it
stabilizes and maintains a steady state (Figure 3e).

The EMG results must have clear logic for why such data were
obtained for each experiment, and the EMG data results must be
discussed in terms of how they will help actual rehabilitation. For
example, EMG values similar to actual movements were observed
when wearing MID compared to the previously used Oculus
equipment. This result indicates a higher immersion level than
Oculus through EMG values. This showed that muscle usage re-
garding actual and virtual object weights was similar, enabling re-
habilitation without being limited by location and needing multi-
ple dumbbells. Furthermore, using MID for strength training ex-
ercises can provide optimal exercise intensity by controlling the
weight or resistance. This allows for strengthening muscles and
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Figure 3. Electromyographic experimental results for the hybrid XR biceps motion while in operation. a) Experimental method and angle range of EMG
experiments. b) Experimental motions (with and without wearing the device and Oculus). c) Diagram explaining each time zone (TZ) and mean values
of each section for participants. d) i) Relationship between EMG values for 1, 2.5, and 5 kg, and ii) EMG graph of each section for 1, 2.5, and 5 kg with
and without wearing the device. €) Measured torque of the motor attached to the gearbox.

adjusting exercise time for continuous training, which in turn
helps improve muscular endurance. Moreover, rehabilitation us-
ing MID is expected not only for therapeutic purposes but also to
allow users to have new experiences in the virtual world, poten-
tially reducing the boredom and burden of rehabilitation.

3.6. Thermographic Imaging Analysis Results for Checking the
User’s Skin Temperature Safety While Using the Metaverse
Wearable

A thermal imaging experiment was conducted to measure the
thermal images at specific locations during the MID bicep move-
ment using a thermal imaging device by FLIR(FLIR E6-XT wifi,
USA) (Figure 4a). While maintaining the maximum angle of 150°
for the MID, a continuous load was applied for ~35 s to overload
the BLDC motor. As a result, the maximum temperature mea-
sured at the motor part was 80.5°C, and the maximum temper-
ature observed at the body contact part was 27.5°C (Figure 4b).
An experiment was conducted to measure the actual heat gener-
ated while in operation by observing skin temperature changes
according to the MID angle change by the curl movement of
the elbow (Figure 4c). For example, three reciprocating exercises
were performed from 0 to 45 s, and the temperature increased lin-
early and reached saturation at 40 s (Figure 4d). The temperature
change during the curl movement is rapid, and the temperature
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increases due to heat transfer even after the curl movement. Low-
temperature thermal imaging refers to burns that occur when ex-
posed to temperatures above 40°C for more than one hr, which
is lower than the temperature that typically causes burns.

3.7. Overlapped Layout Visual Performance of Anatomical Digital
Twin Model with the Metaverse Exoskeleton for Hololens-based
MR Feedback

The sensor data of the MID is used to represent the digital twin
and metaverse through Unity. We measured the visual delay in
wireless communication environments for real movement and
found it to be less than 10% of a single exercise execution time
or ~200 ms. The latency during server-client communication is
~10 ms, with most of the delay stemming from the hardware’s in-
herent processing speed. This result will be further improved de-
pending on hardware performance and the communication en-
vironment (Figure 5a). It should be noted that even a little latency
can make people feel sick or dizzy in VR, as the signals from the
visual cortex do not align with those from the inner ear.
Furthermore, it may be helpful to import the Unity code
into a headset format. It is a reasonable assumption that such
CPU/GPU/headset-integrated AR/VR devices will become less
expensive. The visualized digital twin results provide the torque
and angle information of the MID motor and a virtual anatom-
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Figure 4. Thermographic experimental results for motor heating effect while in operation. a) Photograph of the experimental setup for thermographic
measurement for thermal imaging during these two movements. b) Comparison of the temperature between motor and body contact parts while the
BLDC motor is overloaded by continuously applying a load to maintain the maximum angle (for actual motor and body contact parts). c) Sequential
photographs of motor temperature change from 0 to 45 s while in operation, and d) Graph for motor temperature change corresponding to the angles

of MID operation versus time.

ical model (Figure 5b). The angle and torque data are used for
monitoring the mechanical state of the MID, and the anatomical
model can be utilized to provide customized coaching by experts,
such as personal trainers, based on muscle movement; observ-
ing muscle modeling visualization by a supervisor can increase
the accuracy of exercise movements during the rehabilitation pro-
cess and potentially enhance the physical therapy effects instead
of simply performing movements.*?l The correspondence of the
digital twin model according to the angle of the MID was visual-
ized (Figure 5c).

Angle data represents the current state of the mechanical and
anatomical models. Angles are assigned to each joint degree of
freedom to make the digital twin move identically to its physi-
cal counterpart. In this process, the coordinate system is trans-
formed through a transformation matrix, as in Equation (3), with
the rotation point of each joint as the origin. The regressed value
from the experimentally measured current-torque diagram cal-
culates the torque generated by the MID device according to the
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weight. The digital twin results can monitor muscle movement,
equipment status, and other aspects during the trainee’s exercise.

x S T Tz b [%

J

YU_| "1 ST Tz 4 )Y (3)
=

z Ty Ty SIpt ] |2

1 0 0 0 1 1

The transformation matrix elements consist of rotation, trans-
lation, and scale. The rotation component (r) can be calculated
from Euler angles. The translation component (t) is calculated as
the value for moving the origin. The scale component (s) allows
adjusting the object’s size within the coordinate system for each
axis direction. By multiplying the transformation matrix by the
original coordinates (xyz), the coordinate values in the modified
coordinate system can be calculated. Figure 5¢ shows a scene cap-
tured through the “HoloLens” during the trainee’s curl exercise.
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Figure 5. Demonstration results of the hybrid XR-metaverse wearable device while in operation. a) Schematic illustration of data communication from the
hUGE sensor to a combined Metaverse and digital twin. b) The scenario enables the trainer and trainee to interact using extended reality (XR) devices.
The trainee can track motion status in the real world and the metaverse. At the same time, the trainer can monitor the trainee’s motion condition
through a combination of mechanical and anatomical models. c) Time-lapse photographs of the hUGE digital twin operation via Hololens according
to the trainee’s upper-arm motions from a toggle position (fully stretched) to full flexion (fully folded). d) The differences between the measured and
visualized angles during the three movements. The angle of the digital twin has an average delay of 200 ms, less than 10% of the time of a single
movement.
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Figure 6. Support vector machine analysis of the biceps motion cycle using the hybrid XR-metaverse wearable. a) Comparison of f1 score values based
on poly and radial basis (RBF) function, b) Scatter plots of f1 score functions according to penalty parameters (c, y), and c) Classification by confusion
matrix (including recall and precision values) according to the normalized flexion angle ratio. The wider the data clusters form (i.e., eclipse), the more
time the biceps have to reach the target object (as indicated by the oblique angle according to time).

The MID device’s motor angle and generated torque can be over-
lapped and checked in real-time (Figure 5d). The torque is dis-
played as a ratio of the maximum torque generated in each weight
case, and the angle represents the elbow joint’s angle. These re-
sults showed that the maximum torque was generated when the
angle reached 90°. The trainer can use this information to under-
stand the load and exercise status in real-time.

3.8. Haptic Fidelity and Versatility Evaluation
Haptic feedback devices in the metaverse are crucial for providing

users with realism and versatility. Consequently, we analyzed the
realism and versatility of the fabricated device in this study. We

Adv. Mater. Technol. 2024, 9, 2301404

2301404 (12 of 14)

employed the haptic fidelity rule to define the haptic feedback
device’s realism and versatility.**]

Haptic Fidelity (HF) = FF x e %X LF)’ )

where FF, the average value of the fundamental factors (X;), and
LF, the value of the limiting factors (X))

Haptic fidelity comprises 14 elements: body position, body
area, stimulus, size, sensory preservation, dependence, discrim-
inability, degrees of freedom, hardware precision, hardware la-
tency, side effects, constraints, software precision, and software
latency. Among these elements, dependence, hardware latency,
side effects, constraints, software latency, and discriminability are

© 2023 Wiley-VCH GmbH

95LB01 7 SUOLULLOD dAIIe.1D) 3[cedl dde Uy Aq peusenob ae Sl VO ‘85N JO 3Nl o} Akeiqi8UlUO A8 ]I LD (SUONIPUOD-PUE-SWLBIALI0O A3 IM Afe.d 1 jBul [Uo//Scy) SUORIPUOD Pue SWLB L U1 89S *[yZ0z/TT/6T] Uo AriqiTauluo Ajim ‘Ariqi Aisieaiun seH Bunk Aq 0y TOEZ0Z WPe/Z00T OT/I0p/L0d" A8 | 1M Afe.d1|Bul|Uo//Sciy Woiy papeojumod ‘Z ‘720z ‘X60LS9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

potentially limiting factors, depending on the scenario. The re-
maining eight elements are fundamental factors.

The haptic fidelity and versatility range can be defined between
0 and 4. Fundamental factors (X;) contribute to increased real-
ism, whereas limiting factors (X;) reduce realism. Higher real-
ism is achieved when fundamental factors are closer to four and
limiting factors are closer to 0. Values representing the haptic
fidelity value based on the sum of the limiting factors and funda-
mental factors can define that the squares of the limiting factors
on the x-axis range from 1 to 11 (Figure S3a, Supporting Infor-
mation). The graph represents three cases where the sum of the
fundamental factors is 23, 27, and 31. HF realism has a mini-
mum value of 2.07 and a maximum of 3.86. The MID’s range of
realism and versatility is expressed, with realism and versatility
having a maximum value of four. The MID has a median value
of (2.07, 3) for realism and versatility (Figure S3b, Supporting In-
formation). Note that the haptic fidelity was compared regarding
the existing protocol, “Haptic fidelity framework,” defining the
factors of realistic haptic feedback for virtual reality.[**]

3.9. Support Vector Machine (SVM)-Based Data Analysis for
Subtle Movement Variations

Figure 6 illustrates the results of classification using the SVM
method. Figure 6a represents the appearance of the f1 score val-
ues for the training and test data as a function of the ¢ value.
As the ¢ value increases, the accuracy of the training data im-
proves, while the test data exhibits an increasing pattern before
decreasing. Furthermore, Figure 6b shows the test data’s accu-
racy depending on both ¢ and gamma values. During this phase,
it was observed that the accuracy was higher when using a poly
kernel, and the highest accuracy was attained when ¢ was five
and gamma was 0.25. At this point, the f1 score for the train-
ing data was 0.8375, and the test data was 0.85, indicating high
accuracy and a suitable model was formed using these variable
values. Figure 6¢ depicts the distribution of instantaneous bend-
ing angles and time data for one cycle performed by the initial
five participants. The 20 consecutive bending-stretching move-
ments provided repetitive data, enabling the diagnosis of the par-
ticipant’s condition through the distribution pattern.

Additionally, the right side of Figure 6¢ presents a confu-
sion matrix for evaluating the classification model’s prediction
results, revealing accurate classification through an average {1
score value of 0.95. These results facilitated accurately classifying
participants with similar muscle strength and movement. The
method of learning and prediction through participant data is
anticipated to establish standards and diagnostics and potentially
optimize MR/VR routines for rehabilitation or muscle strength
measurement. Note that the context and the specifics of “bend-
ing and stretching” experiments and the meaning of “distribution
pattern of participants” were inferred from the given text. Adjust-
ments might be necessary if the context differs.

4, Conclusion

This study highlights the need for a hybrid anatomical digi-
tal twin incorporated wearable interface with high-dimensional

Adv. Mater. Technol. 2024, 9, 2301404
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input/output capabilities to implement metaverse environmen-
tal interactions and their real-time feedback. We also present a
novel design of an upper limb exoskeleton as a proof-of-concept
demonstration that can perform tangible torque feedback be-
tween real-world and metaverse environments for remote health-
care monitoring applications. Several experiments have demon-
strated that the motion-interactive actuator’s response character-
istics are good and that mechanical feedback is well reflected.
Furthermore, we showed that this approach has superior human-
informed model guidance to other VR devices through haptic fi-
delity criteria. This approach can be potentially helpful in provid-
ing a new way for healthcare professionals to monitor and assist
patients under a hybrid metaverse-XR environment in the post-
pandemic era.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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