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Design Method of a Smart Rehabilitation
Product Service System Based on
Virtual Scenarios: A Case Study

Lei Zhao , Yufei Zhao, Lingguo Bu , Haoran Sun , Wanzhi Tang, Kun Li,
Wei Zhang, Weizhong Tang, and Yu Zhang

Abstract— The development of artificial intelligence and
virtual reality technology has enabled rehabilitation service
systems based on virtual scenarios to provide patients with
a multi-sensory simulation experience. However, the design
methods of most rehabilitation service systems rarely con-
sider the physician–manufacturer synergy in the patient
rehabilitation process, as well as the problem of inaccurate
quantitative evaluation of rehabilitation efficacy. Thus, this
study proposes a design method for a smart rehabilita-
tion product service system based on virtual scenarios.
This method is important for upgrading the rehabilita-
tion service system. First, the efficacy of rehabilitation for
patients is quantitatively assessed using multimodal data.
Then, an optimization mechanism for virtual training sce-
narios based on rehabilitation efficacy and a rehabilitation
plan based on a knowledge graph are established. Finally,
a design framework for a full-stage service system that
meets user needs and enables physician–manufacturer col-
laboration is developed by adopting a “cloud-end-human”
architecture. This study uses virtual driving for autistic chil-
dren as a case study to validate the proposed framework
and method. Experimental results show that the service
system based on the proposed methods can construct
an optimal virtual driving system and its rehabilitation
program based on the evaluation results of patients’ reha-
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bilitation efficacy at the current stage. It also provides
guidance for improving rehabilitation efficacy in the sub-
sequent stages of rehabilitation services.

Index Terms— Rehabilitation service system, virtual
scenarios, smart rehabilitation products, multimodal
data-driven.

I. INTRODUCTION

THE advent of the Industry 4.0 era has promoted intelligent
products and innovative services [1]. Smart rehabilitation

products (SRPs), as a category of intelligent products, have
innovatively developed in intelligent manufacturing, product
optimization, and information digitization [2]. SRP plays a
crucial role in helping special groups (e.g., autism, stroke,
and Parkinson’s disease) to recover, compensate, or rebuild
their maximum possible function for achieving the best func-
tional state. It aims to utilize the interconnection of three
core elements, namely, physical parts, intelligent parts, and
connecting parts, for circulating information among product
manufacturers, users, and other permitted data access parties
to strengthen their rehabilitation service functions. SRP has
the potential to break through the limitations of physical
devices, meet additional external scene requirements, and
make rehabilitation services more comprehensive [3], [4]. For
example, using the rehabilitation method based on virtual
scenes enhances the rehabilitation effect and shortens the
rehabilitation process [5]. Meanwhile, adding virtual scenarios
to replace real ones allows users to meet their rehabilitation
needs in virtual scenarios [6]. Virtual scenarios are closely
related to technology and the product of the mobile Internet
era [7]. In the virtual scene, not only can the real world
environment be simulated, but also processes and perspectives
that may not be achievable in the real world can be provided.
In addition, the data collected by SRP based on virtual scenes
can be used to create innovative services that add important
value to improving the rehabilitation effect [8].

At present, the service direction of rehabilitation products is
developing toward innovative service modes based on digital
transformation. Intelligent wearable devices [9], biosensors
[10], and interactive service platforms [11] generate data
to ensure reliable operation and implementation of extensi-
bility for rehabilitation products. The integration of digital
information and Internet technology drives the upgrading of
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the rehabilitation service system. Service innovation in the
Internet era provides the foundation for the reorganization
and distribution of resources [12]. Information technology
increases customer stickiness, enhances customer experience,
and provides a platform for data collection. Eventually, new
service designs are iterated through the application of big data
[13]. As a result, intelligent innovative services are created,
which provide better rehabilitation services for patients and
a brand new, ultra personalized rehabilitation experience by
harnessing the power of data and digital technology.

Although existing intelligent rehabilitation product innova-
tive services have greatly progressed, the rehabilitation service
model is not comprehensive, and some challenges still exist.

1) Virtual scenario-based services are widely used. How-
ever, existing services based on virtual scenarios are
primarily applied in industrial products [14] and educa-
tional platforms [15], with rare application in the field
of rehabilitation products. Therefore, the design of SRP
service systems based on virtual scenarios is necessary.

2) In some novel research approaches at present, the ser-
vice performance evaluation method incorporates user
feedback information [16], [17]. However, the source
of user data acquisition is limited, and the user data are
relatively simple and susceptible to human factors, envi-
ronment influences, and other variables. This limitation
reduces the objectivity of the method. Consequently, the
evaluation results may be prone to errors. Therefore, user
scenario interaction data, user physiological data, and
user behavior data need to be considered from multiple
perspectives to improve the accuracy of quantitative
rehabilitation efficacy evaluation.

3) Currently, the rehabilitation service usually follows a
single-service model and lacks a service strategy that
fosters physician–manufacturer synergy [3], [18]. At the
same time, existing medical services are not compre-
hensive, with limited rehabilitation efficacy assessment
services for special groups [19]. Therefore, improving
the smart rehabilitation service model is necessary.

This study proposes a design method for the SRP service
system based on virtual scenarios to address the abovemen-
tioned problems and challenges. The working logic of the
proposed method can be described as follows. First, the
efficacy of rehabilitation for patients is quantitatively assessed
using multimodal data. Then, an optimization mechanism for
virtual training scenarios based on rehabilitation efficacy and a
rehabilitation plan based on a knowledge graph are established.
Finally, a design framework for a full-stage service system
that meets user needs and enables physician–manufacturer
collaboration is developed by adopting a “cloud-end-human”
architecture. This study utilizes a virtual driving rehabilitation
system for autistic children as a case study to verify the
effectiveness of the proposed framework and method through
experiments. The experimental results of rehabilitation efficacy
evaluation show that the virtual driving system can effectively
improve the cognitive and behavioral functions of autistic
children. Based on the evaluation results at the current stage,
the service system designed using the proposed method can
optimize the virtual driving scenarios and their rehabilitation
program, guide the subsequent stages of rehabilitation ser-
vices, and enhance rehabilitation efficacy. The contributions

of this study are as follows: 1) an overall design framework
for the SRP service system based on virtual scenarios, which
advances the upgrading of rehabilitation services to better
align with user needs; 2) a multisource data-driven quantitative
evaluation method of rehabilitation efficacy to address issues
of inaccurate evaluation; 3) a rehabilitation service method
based on the synergistic collaboration between physicians and
manufacturers, which promotes the optimization of medical
services and products through synergy; and 4) a case study
involving a virtual driving system for a special population,
which helps in accelerating the rehabilitation process.

The rest of the article is structured as follows. Section II
provides a literature review. Section III introduces the overall
architecture of the design method for the SRP service system
based on virtual scenarios. Section IV presents a case study
of a virtual driving system for autistic children. Sections V
and VI provide the discussion and conclusion, respectively.

II. LITERATURE REVIEW

A. SRP Development
Most rehabilitation products at present focus on the devel-

opment of intelligent rehabilitation robots. The two main cate-
gories of rehabilitation robots are end-effector and exoskeleton
robots [20], [21]. The wearable exoskeleton robot, which is
designed in accordance with ergonomics and bionic principles,
is the current research hotspot in the field of intelligent
rehabilitation robots. The exoskeleton robot is attached to the
patient’s limbs, and its movement can be synchronized with
those of the patient’s limbs to improve the effectiveness of
rehabilitation training.

Current research is focused on developing wearable
exoskeletons that can help individuals with lower limb paral-
ysis in regaining the ability to walk. The ReWalk ReStore
is a rehabilitation product that provides a new method for
assisting patients with lower limb walking difficulties in
clinical recovery, which allows them to walk more easily
[22]. The Lokomat is a rehabilitation training robot that can
adjust the gait of patients with neurological diseases, such as
stroke, stroke, traumatic brain injury, and multiple sclerosis
[23]. Recent developments in wearable exoskeletons have
prompted researchers to investigate the use of exoskeleton
robots with high flexibility to address issues related to inflex-
ibility and discomfort [24]. Yang et al. studied soft wearable
rehabilitation gloves and found that they can improve muscle
function in patients’ hands while being lightweight [25].
Small and portable intelligent rehabilitation instruments are
gaining popularity as mobile healthcare continues to evolve.
Su et al. designed a rehabilitation training instrument that aids
in the recovery of lower limb motor coordination [26]. This
portable rehabilitation product not only improves patients’
enthusiasm for rehabilitation but also reduces the workload
of rehabilitation therapists, which allows patients to actively
participate in their treatment.

In the era of Industry 4.0, virtual reality technology is
rapidly advancing; it is increasingly used in the field of
rehabilitation, and its combination with rehabilitation robots
has achieved enhanced rehabilitation outcomes [27]. Jahn et al.
reviewed the potential of virtual reality in cognitive rehabili-
tation and found that it can assist patients in their cognitive
rehabilitation journey [28]. Patsadu et al. found that autistic
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children expressed high satisfaction with virtual reality games
[29]. Bartalucci et al. used a virtual reality-based exoskeleton
design method and found that the equipment can provide
an immersive experience of human interaction with virtual
environment, which promotes patient rehabilitation [30]. These
SRPs have rapidly developed and have been applied in reha-
bilitation training. However, rehabilitation products based on
virtual technology are relatively few. Therefore, the untapped
potential of rehabilitation products based on virtual scenarios
must be further explored.

B. Development of Rehabilitation Product Service
System

The continuous integration of science and technology and
rehabilitation medicine in today’s world has empowered SRP
and services with enduring innovation potential [31]. The big
data generated by the Internet of Things, artificial intelligence,
and mobile rehabilitation contribute to the iterative refinement
of the design of rehabilitation products and services, partic-
ularly within hospital, community, and family settings [32],
[33], [34]. The user is the key element of the service system,
with the design centered on meeting the service expectations of
users; the existence of the rehabilitation needs of users drives
the emergence of other factors [35], [36].

User-centric services driven by multimodal data fusion are a
research hotspot at present. The core challenge in developing
data-driven intelligent medical product service systems lies in
efficiently utilizing the multitype data generated by various
factors to play an important role in the medical domain [37].
Bu et al. proposed a data-based service innovation method that
collects user-related multimodal data to inform services, which
generated effective results [3]. Shihundla et al. developed an
integrated product service system that incorporates data-driven
services, including product self-maintenance, product infor-
mation collection, and product health evaluation [38]. Negash
et al. explored the application of digital health services in SRP
and proposed a solution involving continuous digitization of
products and services to improve resource utilization efficiency
through data management between physicians and patients
[39]. Izonin et al. introduced a data-driven approach that
solves the challenge of medical professionals accurately and
quickly diagnosing patients [18]. The intelligent rehabilitation
service system is designed to provide flexible and efficient
rehabilitation treatment. Chang et al. examined the role of
rehabilitation service systems in medication management and
reported that they serve as valuable aids [17]. Chae et al.
investigated the upper limb rehabilitation system and discov-
ered that the system effectively promotes patient rehabilitation
while reducing rehabilitation costs [40].

The development of science and technology has facilitated
the extensive study and application of virtual reality tech-
nology in rehabilitation services. Beani et al. used virtual
reality technology to evaluate postural control in children and
conducted tests through a postural control platform. The results
showed that the virtual reality rehabilitation system is effective
[41]. ?uk et al. estimated lower limb kinematic parameters
through virtual reality technology, and the research results
showed that this technology can realize low-cost evaluation
[42]. Maggio et al. reviewed the application of virtual scenes

in rehabilitation and found that they positively affect the reha-
bilitation treatment of patients [43]. Maggio et al. studied the
effects of virtual scene-based rehabilitation, and their results
showed that virtual technology is a valuable rehabilitation
method [44]. However, the current rehabilitation service model
lacks comprehensiveness. Therefore, the rehabilitation service
system based on virtual scenarios should be improved to
provide better services for patients.

C. Knowledge Gaps
As mentioned in Sections II-A and II-B, SRPs have rapidly

developed through innovation with modern technology. How-
ever, the service innovation aspect of SRP is not fully
developed, and intelligent rehabilitation services based on
virtual scenarios, as well as services for special groups, are less
common. Moreover, the upgrading of rehabilitation service
systems rarely considers the synergistic collaboration between
physicians and manufacturers in the rehabilitation process of
patients and results in inaccurate evaluations of rehabilitation
efficacy.

Therefore, this study proposes a design method for the SRP
service system based on virtual scenarios. This method is cru-
cial for upgrading the rehabilitation service system. First, the
efficacy of rehabilitation for patients is quantitatively assessed
using multimodal data. Then, an optimization mechanism for
virtual training scenarios based on rehabilitation efficacy and a
rehabilitation plan based on a knowledge graph are established.
Finally, on the basis of the abovementioned components,
a design framework for a full-stage service system that meets
user needs and enables physician–manufacturer collaboration
is developed by adopting a “cloud-end-human” architecture.

III. OVERALL ARCHITECTURE FOR SRP
SERVICE SYSTEM

This study proposes an overall framework for the SRP
service system design method based on virtual scenarios,
as shown in Fig. 1. The design method and the process of
the service system are introduced in detail, including virtual
scene construction, interactive data collection based on virtual
scenarios, cloud data analysis, and collaborative rehabilitation
services between physicians and manufacturers.

A. Virtual Scenes Construction
Virtual scene construction involves configuring hardware

and virtual technology, which is the foundation for creating
service value. This study focuses on virtual scene modeling,
with an emphasis on improving the user experience. Key
areas of focus include technologies such as haptic feedback,
voice prompts, motion capture, and direction tracking, all of
which contribute to providing an authentic and immersive user
experience. Meanwhile, by aligning the design requirements
of rehabilitation games with the context of rehabilitation
applications, the scenes are constructed to meet the training
needs while ensuring compatibility with the rehabilitation
goals and environment [45]. In addition, the design incor-
porates attractive and enjoyable elements to stimulate user
interest and engagement. Sensing devices, such as the steering
wheel, display, and handle of the virtual driving system, are
the medium for users to interact with the virtual scene and
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Fig. 1. Overall structure of the SRP service system based on virtual scenarios.

are configured within the physical environment. Peripheral
sensors, such as fNIRS and behavior capture devices, are
important tools for increasing data sources and effectively
assisting users in the implementation of rehabilitation services.

B. Data Collection and Analysis Based on Virtual
Scenarios

Data collection and analysis based on virtual scenarios are
critical to the success of ultimate rehabilitation service. The
collected virtual scene interaction data include user scenario
interaction data, user physiological data, and user behavior
data. User scenario interaction data, such as social guidance
data, direction guidance data, and car speed in the scene,
are read and saved by the built-in program of the virtual
scene platform. User physiological data, such as cerebral
oxygen signal and EEG signal, as well as user behavioral data,
including facial expression, head posture, and body posture,
can be collected through neuroimaging and visual sensors
integrated into the virtual scene platform. The collected data
are uploaded to the cloud for comprehensive data analysis,
which includes brain science analysis technology and behav-
ioral analysis methods. These techniques enhance the quality

of virtual scene data. For example, brain science analysis
uses methods such as high- and low-pass filtering, as well
as first-order linear correction, to improve signal quality. Data
analysis also employs the feature fusion method to study the
internal rules between different types of features. For example,
it integrates and analyzes brain science data and behavioral
data to uncover the internal connections.

C. Rehabilitation Service Based on Virtual Scenarios
Full-stage rehabilitation service is a long-term, continuous,

cyclical, and spiraling process of a comprehensive range of
services. Evaluation of the effects and adjustments to inter-
vention measures are necessary after their implementation.
Data-enabled services can reflect the service of SRP through-
out its entire life cycle [46]. Scenario-based interactive data
services can better reflect users’ needs in real-time dynamic
interaction, which improves the rehabilitation effect. In this
study, the full-stage rehabilitation service based on virtual sce-
narios comprises four key stages: 1) The rehabilitation effects
of patients at the current stage are evaluated, which yields
objective evaluation results based on multidimensional virtual
scenario interactive data. Feedback is provided to physicians
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and manufacturers. 2) Physicians use the knowledge graph
method for scientific management and formulate the subse-
quent steps of a health management program. 3) Manufacturers
formulate the next steps of product optimization parameters,
optimize the design, upload the upgrade package to the cloud,
and use Over-The-Air (OTA) technology to update the scenario
scheme. 4) Collaborative optimization between physicians and
manufacturers forms the basis for continuous optimization
and upgrades from the current stage to the next stage, which
achieves a comprehensive rehabilitation service throughout the
entire stage.

IV. CASE STUDY

In this section, a virtual driving system is developed to
better illustrate the proposed architecture and method. The
virtual driving environment is used as a complex multitask
motivation source to organically combine the brain system and
human movement control. The system effectively maintains
the sustained attention of children by incorporating engag-
ing cartoon-like virtual scenes. Simultaneously, the scene is
designed to include social guidance, sound stimulation, and
cognitive tasks to support the rehabilitation of children. The
system collects user scene interaction data, user physiological
data, and user behavior data. The high-quality information
obtained through in-depth analysis of data is then used to guide
subsequent rehabilitation services.

A. Construction of a Virtual Driving System
The advantages of modern virtual reality technology should

be leveraged in constructing virtual scenes to ensure the rela-
tive authenticity of scene production, which enhances the user
experience [7]. The virtual scene system needs to meet several
requirements, such as realistic modeling and environment, the
incorporation of manipulation modes that conform to reality,
and the display of real effects within the scene. As shown in
Fig. 2, the virtual driving system in this study is developed
with these essential requirements in mind. The environment
necessary for building the virtual driving system is completed
through the environment plug-in in Unity3d. The primary
environment components include terrain, vegetation, roads,
cartoon-like buildings, decorations, and vehicles. For the driv-
ing scenarios, terrain is the foundation upon which various
environments are constructed. The initial focus is on terrain
design, following the design idea of an intuitive, concise,
and cartoon-like terrain, which aligns with the characteristics
and style of the driving scene while meeting the needs of
young users. Surrounding buildings, car models, road signs,
and other elements are then constructed. These models are
arranged successively based on the scene use wizard to ensure
the reliability and appeal of the scene.

This virtual driving system integrates rehabilitation training
functionality and data acquisition capabilities. As shown in
Fig. 3, the system simulates a real driving scene, which
enables users to complete rehabilitation training in an engaging
manner. The system then uses a built-in program capable
of reading and storing user scene interaction data, such as
the angle of the steering wheel. Visual sensors and brain
signal collectors are integrated into the system. The collected
data, including scene interaction data, visual information, and

Fig. 2. Virtual scene construction to meet the needs of autistic children.

Fig. 3. System architecture of virtual driving system.

TABLE I
THE RELEVANT ASSESSMENT DATA OF PARTICIPANTS

brain signals, are processed, analyzed, and used as a basis for
delivering innovative services.

B. Data Processing and Analysis
Data from 12 autistic children were collected in this

experiment, and the details are provided in TABLE I. The
experiment was conducted at the Weizhong Children’s Reha-
bilitation Center in Jinan, Shandong Province. Participants
were required to undergo the Autism Behavior Check-
list, and their diagnosis was determined based on a score
called ASD (or ASD tendency). All participants satisfied
the following criteria: (a) no history of seizures, (b) normal
limb motor function, (c). no abnormalities in brain function
attributable to external factors, and (d) no mental retarda-
tion or other neurological disorders. Prior to the experiment,
a therapist guided each child for 5 min according to the
rules of virtual driving operations. All guardians granted
their consent for participation and signed informed consent
forms.

In this study, the virtual scene interactive data were collected
and output through a combination of fNIRS, vision sensors,
and Logitech G29 devices integrated with the virtual driving
scene platform. The visual sensor collected head pose data,
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Fig. 4. Virtual driving system operation scene display.

Fig. 5. Configuration of the measurement channels.

fNIRS collects brain oxygen data, and G29 recorded steering
wheel operation information and target position during driving.

The experiment was divided into two states: the resting state
(10 min) and the task state (5 min). During the experiment,
the participants wore portable 46-channel near-infrared devices
provided by Danyang Huichuang Medical Equipment Co.,
Ltd. The layout of the channels is shown in Fig. 5. Previous
studies have demonstrated the reliability of this device [47],
[48]. In the resting state, the participants remained stationary,
and only brain oxygen data were collected. The task state
was realized using a self-developed virtual driving training
feedback system, with data collection including brain and
behavioral data were collected. Participants controlled the
target within the scene by controlling the steering wheel and
completed cognitive tasks guided by spoken instructions. The
task state consisted of two phases: the first phase, which
lasted approximately 3 min, involved a simple cognitive task;
the second phase, which lasted approximately 3 min, was a
cognitive judgment task.

Voice prompts were provided to the participants throughout
the task. In the first phase, participants encountered two
different situations: car collisions with a cartoon image and car
collisions with a 3D graphic. The second phase involved both
images appearing simultaneously. Fig. 4 shows scene diagrams
depicting the cognitive tasks in the first stage and the cognitive
judgment tasks in the second stage.

The processing fNIRS data involved several steps. 1) Mean-
ingless signals were removed using the Exclude function,
which is a method for removing apparently abnormal fNIRS
signals. 2) Gaussian noise was removed using the Motion
function, which is a method based on moving standard devi-
ation and spline interpolation [47]. 3) Machine noise and
human breathing were filtered out using a high-pass signal

of 0.01 Hz and a low-pass signal of 0.2 Hz. 4) Optical density
values were converted to hemoglobin values. According to the
modified Beer–Lambert law, the converted HbO (oxygenated
hemoglobin) and HbR (deoxygenated hemoglobin) signals are
as follows:

O Dλi = ln
IOi

II
=

(
ε
λi
HboCHbO + ε

λi
HbRCHbR

)
× r × D P Fλi i = 1, 2, 3 (1)

1O Dλi =

(
ε
λi
HbO1CHbO + ε

λi
HbR1CHbR

)
× r × D P Fλi i = 1, 2, 3 (2)

(
1CHbO

1CHbR

)
=


ε
λ1
HbOε

λ1
HbR

ε
λ2
HbOε

λ2
HbR

ε
λ3
HbOε

λ3
HbR


−1 1O Dλ1

/
(r×D P Fλ1 )

1O Dλ2
/
(r×D P Fλ2 )

1O Dλ3
/
(r × D P Fλ3)


(3)

In the formula, 1O D, r , ε, and DPF are the amount
of change in light absorption, the linear distance between
probes, the wavelength dependent extinction coefficient, and
the effective length from the light source to the detector,
respectively. 1CHbO is the relative concentration change of
HbO. 1CHbR is the relative concentration change of HbR.

IBM SPSS was used for the feature fusion method. Through
a correlation analysis of different movement characteristics
and different brain regions, we could express the functional
characteristics of brain-related regions when the human body
is moving. The Pearson correlation coefficient was selected to
analyze the correlation between brain science and behavioral
data. The two variables are correlated if p < 0.05.

The visual sensor is used to collect head pose data, which
are read by running the program and positioning the sensor
above the display. In this study, the screen area is consid-
ered the key content of visual interaction data processing
because children can be susceptible to interferences from
other non-rehabilitation training systems during operation. The
display device has a size of 23.6 inches, with a transverse
dimension x of 52.3 cm and a longitudinal dimension y of
29.4 cm. Given that children maintain a level line of sight
with the display plane during operation, the head posture in
the direction of yaw is extracted as the focus of this visual
interaction processing. In the Unity3d system, the addition
of a camera to the vehicle ensures that the center point of
the vehicle consistently aligns with the center of the screen,
regardless of the game target’s position during gameplay.
During forward driving, the steering angle of the vehicle
is within the range of (0◦, 90◦). Consequently, a 45◦ angle
is taken to represent the average position of the vehicle.
In this 45◦ posture, the lateral length xc of the vehicle is
approximately 20 cm. Children with autism were positioned
horizontally in front of the screen while operating the virtual
driving rehabilitation training system, with a vertical distance
d of 50 cm. Considering the back-and-forth movement of the
head during the child’s operation, the line of sight of the screen
area (los) was estimated using the right triangle arctangent
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formula and the radian angle transformation formula.

los = ±arctan(
180x
2πd

) (4)

Children’s visual range in the screen area was calculated as
(−28◦, 28◦). Similarly, the line of sight directed toward the
car (losc) was estimated, which resulted in a focus area of
(−12◦, 12◦) for children when steering the vehicle.

losc = ±arctan(
180xc

2πd
) (5)

The SDK provided by the Logitech G29 device was
programmed to obtain real-time steering wheel angle and coor-
dinate position information while the vehicle is in motion. The
steering wheel can rotate in clockwise and counterclockwise
directions, with a maximum angle of 450◦ in each direction.
When converting these angles into standard units, the angle
conversion rate defined by the built-in SDK is 32,768. The
unit of output time is minutes. The rotation angle of the entire
steering wheel is [θ1, θ1, θ3. . . . . . θn], with corresponding times
denoted as [t1, t1, t3. . . . . . tn]. The formula for calculating the
steering wheel speed ωi (i = 1, 2, 3 . . . n) is as follows:

ωi =
θi − θi−1

60ti
×

32768
450

(6)

Therefore, the speed of the steering wheel throughout the
entire process is [ω1, ω2, ω3. . . . . . ωn], and the average velocity
ωm of the entire process is determined using the following
formula.

ωm =

∑n
1 ωi

n
(7)

The speed standard deviation ωstd is computed using the
following formula.

ωstd =

√∑n
1 (ωi − ωm)2

n − 1
(8)

C. Rehabilitation Service Based on Virtual Driving
Scenarios

1) Results of Rehabilitation Evaluation at the Current Phase:
The PERCLOS algorithm is extended to count the number
of frames in different lines of sight areas during virtual
driving. Children’s attention status can be obtained by setting
thresholds. The ratio of the total number of frames in the
target area of the car over a specific period to the total
number of frames within the screen area over the same period
was used to indicate a child’s level of concentration. Data
from 12 children were analyzed, as shown in Fig. 6. The
results show that the ratio is greater than 0.7 for 8 children.
Meanwhile, conversations with rehabilitation therapists reveal
that children with autism perform well when they spend more
than half their time on screens. Consequently, virtual driving
appears to capture the attention of children with autism.

The t-test was used to analyze the activation of brain
channels in the task and rest states. Under the condition
of colliding cartoon images in the first stage, channels 18
(t = 2.576, p = 0.026), 19 (t = −3.426, p = 0.006), 22
(t = −3.095, p = 0.010), 28 (t = −2.777, p = 0.018), 34
(t = −6.297, p = 0.000), and 44 (t = 2.702, p = 0.021)
are significantly activated. Under the condition of collision

Fig. 6. Concentration statistics of autism children.

Fig. 7. Activation diagram of brain channels.

with stereogram in the first stage, channels 17 (t = 2.383,
p = 0.036), 18 (t = 2.433, p = 0.033), 19 (t = −4.195,
p = 0.001), 20 (t = 2.861, p = 0.015), 28 (t = −2.486,
p = 0.030), 34 (t = −9.371, p = 0.000), and 38 (t = 3.025,
p = 0.012) are significantly activated. In the second stage
judgment task, channels 18 (t = 4.643, p = 0.001), 19
(t = −2.512, p = 0.029), 28 (t = −2.469, p = 0.031), 34
(t = −5.397, p = 0.000), and 38 (t = 2.967, p = 0.013)
are significantly activated. Throughout the entire duration of
the task, channels 11 (t = 2.390, p = 0.036), 18 (t = 3.481,
p = 0.005), 19 (t = −3.273, p = 0.007), 20 (t = 2.602,
p = 0.025), 22 (t = −2.349, p = 0.039), and 34 (t = −5.726,
p = 0.000) are significantly activated. The visualization results
are presented in Fig. 7. Panel A compares the activation of
brain regions during task and resting states when colliding
with cartoon images in the first stage. Panel B compares the
activation of brain regions during the task and resting states
when colliding with stereograms in the first stage. Panel C
shows the comparison of brain region activation during the
task and resting states in the second stage of the judgment task.
Panel D presents the comparison between the activation in the
task and resting states in the entire task process. The results
show that the activated channels are primarily distributed in
(LPFC/RPFC) and (LMC/RMC). Among them, the highest
number of channels are activated under the condition of
colliding with stereograms in the first stage, which suggests
that stereograms are more effective in activating children’s
brain. In the second stage judgment task, channel activation
is lower, which implies that task difficulty affects children’s
brain activation.

The Pearson correlation analysis was used to examine the
relationship between the interactive data of the task scenario
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Fig. 8. Functional connectivity of brain regions.

(steering wheel speed ω and standard deviation ωstd) and
the activation of brain regions. The correlation results are
as follows: LMC-ω (r = −0.585, p = 0.046) and LMC-
ωstd (r = −0.660, p = 0.020). Brain activation is negatively
correlated with the steering wheel speed and speed standard
deviation, which suggests that a smaller steering wheel speed
and standard deviation result in a higher degree of brain region
activation. In simpler terms, smoother vehicle handling during
virtual driving corresponds to better brain region activation.
These findings show that interaction behavior in virtual scenes
has a strong correlation with brain activation, which indicates
that virtual scenes are conducive to brain activation.

Pearson correlation was utilized to analyze the relationship
between brain regions throughout the entire task. The brain
regions with strong correlations from the analysis are listed
as follows: RMC-LMC (r = 0.740, p = 0.006), RMC-RTL
(r = 0.806, p = 0.002), RMC-ROL (r = 0.794, p = 0.002),
and RTL-ROL (r = 0.633, p = 0.027). The visualization
results are shown in Fig. 8, where A represents the task state
and B represents the resting state. The results show that speech
cues systematically applied throughout the task enhance the
connections between the occipital and temporal lobes of the
brain and the motor cortex.

2) Optimization and Upgrading of Scenario Schemes: The
design variables of intelligent rehabilitation products directly
affect the efficacy of rehabilitation products. The mapping
relationship between the design variables of rehabilitation
products and their efficacy remains unclear. On the basis
of the evaluation results of rehabilitation efficacy, this study
provides scenario-related optimization schemes for key design
variables. These strategies bridge the information gap between
manufacturers and rehabilitation efficacy. Manufacturers then
optimize, enrich, and improve the scenario scheme based
on the evaluation results presented in Section C.1). Fig. 9
shows an example of the optimization design for rehabilitation
products intended for autistic children using the virtual driving
system. The refined rehabilitation needs of children with
autism, as per the evaluation results, provide manufacturers
with ideas for product design improvements. An upgrade
package for the scenario plan is designed and produced by
the manufacturer, which can be remotely upgraded through
OTA technology to better meet the comprehensive rehabilita-
tion needs of autistic children. Drawing from the evaluation
results presented in Section C.1), the following observations
are made. (1) In the first stage, a greater number of chan-
nels are activated during collisions with stereograms, which
indicates that stereograms are more favorable to activating
children’s brain. (2) In the second stage judgment task, channel

Fig. 9. The process of optimizing and upgrading scenario scheme.

activation is less, which implies that task difficulty affects
children’s brain activation. (3) Systematic voice cues applied
throughout the task enhance the connections between the
occipital and temporal lobes of the brain and the motor cortex.
Based on the abovementioned experimental results, the system
design requirements are mapped as follows: (1) In the virtual
driving scenario, more 3D graphics should be applied on
the roads when children with autism drive the car to find
the target. (2) When setting the task difficulty levels in the
scene, children’s ability should be considered and the difficulty
levels should be reasonably divided. (3) When autistic children
are driving, constant voice prompts should be provided and
directions on the road should be more intuitive.

3) Rehabilitation Program Based on Knowledge Graph: The
knowledge graph method is used to develop rehabilitation
programs that utilize an abundant knowledge and data pool,
which provide a robust foundation for their development.
The virtual driving system for autistic children, an shown in
Fig. 10, serves as an example. A health management plan
for autistic children is developed based on the evaluation
results and rehabilitation knowledge. The evaluation results
in Section C.1) highlight brain functional connections mainly
distributed in RMC-LMC, RMC-RTL, RMC-ROL, and RTL-
ROL, the prevalence of brain activation channels in areas like
(LPFC/RPFC) and (LMC/RMC), and the capacity of virtual
driving to capture children’s attention. On the basis of these
findings, a health management graph is developed. This graph
centers around children and interconnects physicians and autis-
tic children. Physicians link diagnosis results, including brain
functional connections and brain region activation, with vir-
tual driving rehabilitation knowledge, guidance, consultation,
learning, and sharing. Children with autism are linked to vir-
tual driving rehabilitation training and healthy consciousness.
This scheme meets the needs of rehabilitation programs for
children with autism by utilizing evaluation results and health
knowledge. Knowledge graph-based rehabilitation programs
can provide health management and knowledge dissemination
for autistic children. For example, these programs can be
developed to increase training frequency based on brain func-
tional connections and brain region activation. Simultaneously,
they can guide subsequent phases of rehabilitative services to
enhance the efficacy of rehabilitation.
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Fig. 10. Rehabilitation program based on knowledge graph.

V. DISCUSSION

The SRP service system based on virtual scenarios prior-
itizes users and collects user scenario interaction data, user
physiological data, and user behavior data. These data sources
contribute to the establishment of comprehensive and reliable
evaluation standards for innovative services. The synergis-
tic collaboration between physicians and manufacturers in
the entire patient rehabilitation process jointly promotes the
rehabilitation journey of users and continuously improves the
quality of service. In the case study of the virtual driving
system, the results indicate that the designed service system
can construct the optimal virtual driving system and its reha-
bilitation program based on the evaluation of rehabilitation
efficacy at the current stage. Furthermore, it provides guidance
for the subsequent stages of rehabilitation services to improve
rehabilitation efficacy.

Compared with traditional methods, this method enables
physicians and manufacturers to create knowledge graph-based
rehabilitation plans and optimization schemes for virtual
scenario-based product designs based on the evaluation results
of patients’ rehabilitation efficacy. In addition, it offers guid-
ance for the subsequent stages of rehabilitation services. The
method promotes cooperation between medical institutions
and manufacturers, realizes the collaborative optimization of
medical services and products, and improves the effectiveness
of rehabilitation.

This study uses a data-driven approach to enhance rehabili-
tation services, but some limitations in the data collection and
analysis process remain. For example, obtaining a sufficient
quantity of data is difficult due to experimental constraints.
With a small sample size, the research method may lack the
extensive support of large datasets. In the fusion analysis of
brain and behavioral data, establishing effective correlations
between brain science and behavioral data is also a potential
challenge.

The following issues should be considered to continuously
improve the quality of rehabilitation services. The service
scope should be expanded to special user groups and be
integrated into their daily lives. The daily behavior monitoring
system should be improved also needs to be enhanced to
expand the range of data collection. In addition, advanced
multimodal data analysis methods could be explored to provide
high-quality health services and design more suitable rehabil-
itation products through in-depth data mining of user data and
a thorough understanding of user needs.

VI. CONCLUSION

The advent of Industry 4.0 has facilitated the widespread
deployment and utilization of intelligent terminals, sensors,
and other equipment for effectively collecting a large amount
of data resources. Compared with traditional rehabilitation ser-
vices, smart rehabilitation services offer objective, quantitative,
and efficient advantages. This study presents a design method
for an SRP service system based on virtual scenarios. This
method realizes the design of a data-driven service system
for SRP by collecting, processing, and analyzing multimodal
data to cater to the diverse health needs of users and promote
all-round healthy development. In this study, the SRP service
system based on virtual scenarios serves as the research
framework, and virtual driving for autistic children is chosen
as the research object. The main contributions of this study
are as follows:

1) This study proposes an overall design architecture for
the SRP service system based on virtual scenarios. It
integrates scene building, data collection, data analysis,
and innovative services. This way enhances the service
mode of SRP and promotes the intelligent development
of SRP services.

2) A multisource data-driven quantitative evaluation
method for rehabilitation efficacy is proposed.
This method improves the accuracy of quantitative
rehabilitation efficacy evaluation through comprehensive
multimodal data analysis.

3) A method of rehabilitation services based on the syn-
ergistic collaboration between physicians and manu-
facturers is proposed. This method helps physicians
and manufacturers create knowledge graph-based reha-
bilitation plans and optimization schemes for virtual
scenario-based product designs based on the evalua-
tion results of patients’ rehabilitation efficacy. It also
provides guidance for the subsequent stages of rehabil-
itation services.

4) A case study is conducted on a virtual driving system
for autistic children. Scene interaction data, physiolog-
ical data, and behavioral data of autistic children are
analyzed from multiple perspectives. The rehabilitation
effect of autistic children is evaluated, and the proposed
service system framework is verified.
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