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Abstract. With the rapid development of wearable robots, their interaction with humans is being
applied in various fields, such as medical rehabilitation training, daily life assistance, or as a haptic
enhancement device. Simultaneous wearable robotic rehabilitation training can effectively maintain
patients' motivation and interest in treating upper or lower limb injuries. As VR technology advances,
customizable games or their combinations have been introduced, helping robotic therapy retain or
increase patient interest so they continue exercising. This review focuses on the interaction of
wearable robots based on VR technology in a VR environment, summarizing their interaction
methods and modalities. These interaction methods include visual interaction, haptic feedback, and
auditory interaction. The review covers both wearable robots and multimodal interactions involving
wearable robots based on VR technology. Furthermore, the literature related to interaction methods
and modalities is analyzed in detail. By integrating multiple sensory channels, this interaction method
can provide a more immersive experience, helping users to perform complex tasks more accurately,
while also stimulating neural responses and promoting functional recovery. In addition, multimodal
interaction methods can compensate for the shortcomings of single interaction modes, improving
the accuracy and safety of operations. Future research could explore further integration applications
of these interaction methods with VR.
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1. Introduction

In recent years, the combination of VR and wearable robots has made significant progress in
various fields. Virtual Reality (VR) is the virtual presentation of real objects, environments, or entities.
According to Schultheis et al. [1], VR can be regarded as an enhanced version of Human-Computer
Interaction (HCI), allowing users to interact with 3D interfaces and immerse themselves in virtual
environments composed of digital objects. Various devices, such as headsets and Head-Mounted
Displays (HMD), are used to achieve this technology. VR has gradually been widely applied in
scientific research, music, education and training, and medical fields. In the medical field, VR
combined with wearable robot training systems has been used for the rehabilitation training of stroke
and other motor disorder patients. Some clinical trials have shown that this training method can
significantly improve patient rehabilitation outcomes. For example, Katz et al. demonstrated the
effectiveness of VR in their street plan for treating post-stroke patients. In this study [2], patients had
unilateral spatial neglect (USN), usually caused by right hemisphere stroke. In addition, VR can tailor
training according to the interests of the patient, which can not only enhance their motivation to
continue training but also enhance their attention during training, both of which are key factors for
effective rehabilitation [3].

Moreover, the interaction methods between VR and wearable robots are constantly evolving,
including real-time feedback, simulated training scenarios, and data monitoring and analysis [4].
Through the VR system, the user's movements are captured and data exchanged with the wearable
robot to achieve precise movement feedback. At the same time, VR can create various training
scenarios, and when the user operates in the VR environment, the wearable robot provides necessary
support to help them adapt to different movement requirements [5]. Furthermore, the VR system can
record user performance data during training, analyze their movement patterns and progress, and
combine sensor data from the wearable robot to provide comprehensive feedback [6]. Since there is
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currently no literature review on VR and wearable robots, this article will provide some summaries
on this topic.

In conclusion, this review aims to determine the possible interactions between wearable robots and
VR. Therefore, this study begins an exploratory review of the field of wearable robots, examining the
topic from an additional technical perspective. This paper reviews the interaction between VR and
wearable robots based on recent publications and data, focusing on: (1) human-computer interaction
methods; (2) interaction modalities and architecture; (3) interaction methods and modalities of VR.

2. Human-Computer Interaction Methods

Human-Computer Interaction (HCI) involves the exchange and processing of information between
humans and computers. Traditional HCI methods include interactions based on input devices such as
keyboards, mice, and touch screens [7]. The development of HCI has also involved voice interaction,
image recognition, augmented reality (AR), virtual reality (VR), and the recent popular body-sensing
interaction technologies. For voice interaction, the entire interaction system begins by accessing the
user's input information, including voice, facial expressions, and multimodal emotion-related data.
This input information can be understood by the dialog system, and later, an output can be generated
through this dialog component. Finally, the text can also be displayed through speech synthesis. The
most crucial parts are the voice input and the dialog system, which constitute the entire process of
voice interaction was shown in the Figure 1 [8].
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Fig. 1 Human-computer voice interaction process [8].

Human gesture recognition is also an important part of human-computer interaction, which falls
under the category of image recognition. It can be applied in various fields, such as robot control,
human-computer interaction, home automation, and medical applications. In computer vision, human
pose estimation is a challenging task. It involves the process of inferring a pose from an image, aiming
to determine the positions or spatial locations of key points on a person's body from a given image or
video.lt was shown in the Figure 2 [8].
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Fig. 2 Principle of human posture estimation [8]

3. Human-computer Interaction Modalities and Architecture

Interaction modalities refer to ways of interaction through different sensory channels, such as
visual, auditory, tactile, and voice. Multimodal interaction enhances flexibility and user experience
by combining different modalities [9]. In recent years, with the advancement of deep learning and
computer vision technologies, multimodal interaction systems have become more intelligent and
efficient [10]. A typical multimodal interaction architecture usually includes perception, processing,
and feedback modules, where the perception module receives user input, the processing module
performs data analysis, and the feedback module generates corresponding system responses [11].

4. Implementation Forms of Interaction between VR and Wearable Robots

4.1. Visual Interaction

Visual interaction is the most critical bridge when combining VR with wearable robots. Using
virtual reality devices (such as Head-Mounted Displays, HMD), users can receive immersive visual
feedback in a virtual environment, simulating potential real-world scenarios.

According to the research of Zhichuan Tang et al., wearable robots in VR environments use Ml
Electroencephalography (EEG) recognition models with Convolutional Neural Networks (CNN) and
Squeeze Excitation (SE) blocks to capture the motor intentions of patients and control the exoskeleton
during rehabilitation training was shown in the Figure 3. In visual interaction, VR scenes are used to
provide movement cues to patients, enhancing their sense of immersion and promoting brain
plasticity changes and functional reorganization by activating the mirror neuron system [12]. This
visual feedback compensates for the shortcomings of traditional MI-BCI rehabilitation strategies,
such as single-use scenarios, poor individual adaptability, and high susceptibility to external
interference. Additionally, it provides a virtual scene to simulate and develop solutions for potential
situations when wearing a wearable robot. It also enhances users' spatial awareness. According to
research by Zheyuan Zhang, virtual visual feedback using HMD can significantly improve user
performance in complex tasks, such as remote operations and precision control [13]. This can be
applied to virtual component assembly in wearable robots. Furthermore, according to the study by
Sang Hoon Chae et al., visual interaction can provide real-time feedback, ensuring operational
accuracy during operations, which is particularly important in rehabilitation training, especially for
upper limb function recovery [14].
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4.2. Haptic Feedback

Haptic feedback plays a crucial role in the interaction between VR and wearable robots. Through
sensors and actuators installed on the robot or the user, the system can simulate physical tactile
sensations, allowing users to feel contact with virtual objects or environments.

This haptic feedback is usually implemented in the form of force feedback or vibration feedback.
Force feedback devices can simulate the hardness, texture, and resistance of objects, allowing users
to feel real physical contact in the virtual environment. For example, in rehabilitation training, force
feedback provided by wearable exoskeleton devices enables users to perceive the force changes while
performing specific actions, thereby more effectively engaging in motor learning and muscle
rehabilitation [15].

The combination of haptic feedback with VR can also help users better perceive danger or warning
information in virtual environments. For example, in virtual reality games or training, when users
approach a dangerous area, wearable devices can alert them through vibrations [16]. This multi-
sensory feedback not only enhances user immersion but also improves the intuitiveness and safety of
interactions.

Research on haptic feedback in VR and wearable robot interaction also involves how to enhance
its realism and user experience. For instance, researchers have explored using multipoint haptic
feedback to simulate more complex tactile experiences. According to the study by Seung-Won Kim
et al., an improved wearable VR interaction device can provide diverse thermal tactile feedback,
enhancing user immersion and realism was shown in the Figure 4, especially in the correlation
between the color and temperature of virtual objects [16]. This study demonstrates the great potential
of haptic feedback in enhancing VR interaction experiences.
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Fig. 4 Thermal display glove for interacting with virtual reality[16]
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4.3. Auditory Interaction

Auditory interaction is another important modality, mainly playing a supporting role, and is often
combined with other interactions to provide a convenient control method. Users can control the
movements of wearable robots or interact with virtual environments through voice commands. This
contactless interaction method is particularly suitable for scenarios where both hands are required for
other operations, such as surgical training or complex mechanical operations [17]. According to the
research by Smith J et al., voice interaction can simplify operations, reduce users' cognitive load, and
improve task completion efficiency [18].

Additionally, auditory interaction can be combined with other modalities, such as haptic feedback,
to provide synchronous information through voice prompts and vibration cues when a user performs
a specific operation, thereby improving accuracy and safety.

5. Interaction Modalities of Wearable Robots

5.1. Multimodal Human-computer Interaction

Multimodal interaction for wearable robots primarily refers to the interaction between human-
worn devices (such as exoskeletons, prostheses, etc.) and robotic or computer systems through
multiple sensory and control methods. It mainly collects human intentions and state information
through various sensors, such as electromyography (EMG), electroencephalography (EEG),
acceleration, posture, and force feedback. The comprehensive processing of these signals provides
the robot with more information to recognize human actions and intentions, mostly applied in medical
rehabilitation to enhance user capability and assistive technologies.

According to Park et al., multimodal control methods combine EMG signals, finger bend sensors,
and contact pressure sensors to more accurately infer user intentions. When EMG signals are
insufficient, finger bend or pressure sensors provide supplementary information, better adapting to
different injury patterns in stroke patients, and enhancing control precision and applicability of hand
orthoses in rehabilitation scenarios [19].

Similarly, according to the research by Xueshan Gao et al., a motion intensity perception model
based on multimodal information fusion, combining acceleration signals with heart rate signals, is
applied in the trajectory planning and control of upper limb rehabilitation exoskeleton robots. The
proposed motion intensity perception model can improve the effectiveness of rehabilitation training
and human-computer interaction performance, and can thus be applied to upper limb rehabilitation
exoskeleton robots [20].

5.2. Multimodal Interaction based on VR Technology for Wearable Robots

Multimodal interaction combines visual, auditory, tactile, and other sensory channels to provide
users with a richer and more comprehensive VR interaction experience. Research shows that visual
feedback is most considered helpful in reinforcing behavior [21]. In multimodal interaction, users can
simultaneously perceive virtual environments through multiple senses and control wearable robots,
greatly improving operational accuracy and efficiency. Additionally, MI therapy may also be used to
reinforce knowledge learned in VR [22].

In the multimodal interaction between VR and wearable robots, wearable robots are mainly
divided into upper limb exoskeleton rehabilitation robots and lower limb exoskeleton rehabilitation
robots. For example, in the lower limb exoskeleton rehabilitation robot studied by Chih-Jer Lin et al.,
a combination of Virtual Reality (VR) glasses and Motor Imagery (MI) Brain-Computer Interface
(BCI) algorithms is used to control the Lower-Limb Rehabilitation Exoskeleton Robot (LLRER). The
VR-enhanced MI-BCI system allows users to simultaneously receive visual, motor imagery, and EEG
signal feedback was shown in the Figure 5. In other words, VR provides a first-person perspective of
exoskeleton walking videos, enhancing user immersion and motor imagery effects, thereby
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improving the accuracy of the BCI model [23]. This method helps to more effectively stimulate neural
responses and promote motor function recovery in rehabilitation training.
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Fig. 5 Lower-limb neurorehabilitation treadmill gait trainer architecture [23]

The combination of auditory interaction with other modalities also shows great potential for
application. For example, in remote medical operations, doctors can visually observe the patient's
virtual model while tactilely perceiving the feedback of surgical instruments and adjusting the
operation through voice commands. This multimodal interaction method improves operation
accuracy and reduces error rates [24]. However, the characteristics of these applications have not yet
been systematically studied in combination with VR.

6. Discussion

From the above literature, the most well-known interaction methods for VR are visual, haptic, and
auditory interactions. Visual interaction serves as a bridge, haptic feedback plays a dominant role,
while auditory interaction mainly serves as an auxiliary and is often combined with the first two
interaction methods. In interactions with wearable robots, VR can create a virtual environment that
allows users to immerse themselves, see real-time interactions between their body and the wearable
robot, and make adjustments and simulations. Haptic feedback is most common in the interaction
between VR and wearable robots, allowing the user to have realistic tactile feedback in the virtual
reality constructed by the VR environment. Although haptic feedback can significantly enhance
immersion, improvements are still needed in terms of accuracy and delay. To solve this problem,
more precise and fast-responding haptic sensors and actuators could be developed to improve the
resolution and real-time nature of haptic feedback. For example, high-precision micro-actuators could
be used to generate more delicate tactile sensations. In terms of algorithm optimization, improving
signal processing and data transmission algorithms could reduce system delay and enhance real-time
haptic feedback. Prediction algorithms or compression algorithms could be used to accelerate data
transmission and processing. Auditory interaction, which plays an auxiliary role, can make the
interaction between VR and wearable robots more convenient by allowing voice control. The
interaction modality between VR and wearable robots is an interaction through these sensory channels
combined with the user, which is multimodal interaction. Multimodal interaction also has its
advantages and disadvantages. It combines visual, auditory, tactile, and other sensory channels to
provide a rich VR experience. Research shows that visual feedback most reinforces behavior, while
the combination of VR and wearable robots' multimodal interaction can effectively improve
rehabilitation outcomes. Combining VR technology with BCI systems can enhance user immersion
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and rehabilitation effects. However, multimodal interaction also has obvious drawbacks, such as
complex design, difficulty in learning, and significant consumption of time and energy. To solve this
problem, various tutorials could be recorded to help people get started better. Beginners could also
be guided step-by-step to familiarize themselves with each function, reducing the difficulty of
learning. Additionally, Al could be used to analyze users' operating habits and behaviors,
automatically optimize interaction methods, and provide personalized suggestions and assistance,
reducing users' learning burdens.

7. Conclusion

In summary, this review summarizes the interaction methods and modalities of VR and wearable
robots and analyzes and discusses them one by one. It explains the three interaction methods: visual
interaction, haptic feedback, and auditory interaction, as well as the two types of multimodal
interactions: wearable robots and wearable robots based on VR technology. In the future, the
combination of VR and wearable robots can significantly improve the immersion of human-computer
interaction, allowing users to interact more naturally with VR and wearable robots. However, VR and
wearable robots also face many challenges, such as response speed and data transmission delay in
VR and wearable robot interactions, as well as the comfort of wearing VR and wearable robots. These
are challenges for VR and wearable robots in the future. | believe that in the future, wearable robots
will be combined with the newly emerging Extended Reality (XR) technology, allowing wearable
robots to not only be limited to Virtual Reality (VR) but also be used in XR, enabling wearable robots
to switch freely between virtual and real worlds.
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