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Abstract

This paper provides an overview of the development of haptic texture reproduction technology, focusing on
methods such as vibration, ultrasound, and electrostatic systems. It also explores how artificial intelligence (Al)
and deep learning contribute to enhancing the adaptability and personalization of tactile feedback. The paper
emphasizes the importance of understanding tactile perception mechanisms, particularly the role of Piezo proteins
and the interaction between receptors and their microenvironment, in improving feedback system accuracy.
Despite technological advancements, the accurate reproduction of fine textures and high-frequency vibrations
remains a challenge. The review underscores that interdisciplinary research, including neuroscience, materials
science, and Al, is crucial for future advancements in haptic systems.

Keywords: Haptic texture reproduction technology, virtual reality, medical rehabilitation, artificial intelligence,
feedback systems

1. INTRODUCTION

Haptic texture reproduction technology has developed rapidly and is now widely applied in fields such as
virtual reality (VR), medical rehabilitation, and industrial inspection. Haptic interfaces are capable of
generating a variety of sensations, including force, vibration, and temperature, thereby successfully
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simulating fundamental tactile experiences. However, accurately reproducing textures - such as surface
roughness, smoothness, and fine tactile details - remains a central challenge in haptic reproduction. This
challenge is particularly evident in the simulation of high-frequency vibrations and complex surface
textures. Overcoming these obstacles requires a deeper understanding of the mechanisms underlying tactile
perception, which is essential for advancing current technologies.

The core of haptic texture reproduction is the ability to mimic surface textures through physical feedback
systems, allowing users to feel and interact with virtual or remote objects. This innovation greatly enhances
user immersion by providing more realistic and varied tactile sensations. The significance of texture
perception is evident across multiple fields - ranging from enriching entertainment experiences, such as
gaming and VR, to aiding rehabilitation therapies and ensuring accurate industrial inspections. However,
reliably replicating a broad spectrum of textures - whether smooth, soft, rough, or abrasive - remains one of
the greatest challenges for haptic systems.

Currently, haptic texture replication is achieved through techniques such as pulse feedback, electrostatic
methods, and ultrasonic technologies. However, these approaches often fall short of capturing the finer
texture details and high-frequency vibrations essential for a truly immersive tactile experience. Recent
advancements in integrating artificial intelligence (AI) and deep learning algorithms show promise in
overcoming these limitations, making contact experiences more personalized and adaptable to various types
of textures. Nonetheless, these methodologies remain in the experimental stage, and their full potential has
yet to be realized.

This paper provides a comprehensive evaluation of the current state of haptic texture reproduction
technology, examining existing strategies, emerging trends, and research gaps that need to be addressed in
future studies. It highlights the shift toward smarter, more personalized systems designed to enhance the
realism and accuracy of haptic feedback in texture reproduction, thereby pushing the boundaries of
immersive tactile experiences.

2. BIBLIOMETRIC ANALYSIS

Haptic texture reproduction technology has rapidly evolved, with significant contributions from
neuroscience, materials science, and computer vision'". A recent bibliometric analysis of the Web of Science
(2010-2024) reveals that AT and deep learning have become pivotal in the development of intelligent,
personalized haptic texture reproduction systems, as shown in Figure 1. This marks a shift from traditional
mechanical models. Figure 1 illustrates the key interdisciplinary trends in haptic texture reproduction from
2010 to 2024, emphasizing the growing role of Al and deep learning in the development of personalized
haptic systems. The integration of neuroscience, materials science, and computer vision has accelerated
advancements in tactile sensor technologies and feedback systems, resulting in smarter, more adaptive
haptic texture devices. These technologies enhance adaptability, making tactile experiences more responsive
to texture perception and individual needs".

To more clearly demonstrate the significance of Al and deep learning in the development of haptic
perception systems, Figure 2 illustrates trends in the application of Al and deep learning in haptic texture
reproduction technology from 2016 to 2024. The chart highlights the increasing number of publications on
AT and deep learning, underscoring the growing role of these technologies in enhancing the effectiveness
and adaptability of haptic feedback systems. The data reflects the surge in interest and research in these
areas, showcasing their pivotal contribution to advancing more personalized and intelligent haptic
technologies.
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Figure 1. Knowledge graph of interdisciplinary research trends in haptic technology (2010-2024).
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Figure 2. Growth of Al and deep learning in haptic texture reproduction (2016-2024). Al: Artificial intelligence.

The integration of neuroscience has advanced the mechanistic understanding of tactile perception, while
developments in materials science, such as nanomaterials and flexible sensors, have significantly enhanced
device performance. The fusion of computer vision and haptic technology is also facilitating more
immersive multisensory interactions in applications such as virtual and augmented reality.

Edward Adelson’s classification of academic schools of thought highlights that research in haptic technology
can be divided into three major factions: the mechanics faction, the perception faction, and the
computational faction. The mechanics faction focuses on force sensing and hardware device development,
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the perception faction emphasizes the modeling and analysis of tactile perception mechanisms, and the
computational faction is dedicated to optimizing algorithms and models to enhance the precision and
complexity of haptic reproduction. Analyzing highly cited authors reveals the evolving relationships and
developments among the major factions in haptic technology research'.

3. FOUNDATIONAL THEORY

The bibliometric analysis underscores the growing significance of Al in haptic technology. This transition
has opened new avenues in the theoretical modeling of tactile perception, which will be discussed in the
next section.

Research on haptic texture reproduction involves interdisciplinary collaboration across fields such as
perception science, neuroscience, engineering, and materials science. Achieving accurate haptic texture
reproduction requires a deep understanding of the fundamental mechanisms of tactile perception and their
models, as well as an exploration of the physical and cross-modal factors influencing texture reproduction.
This chapter will focus on reviewing models of tactile texture perception, the physical mechanisms of haptic

texture reproduction, and recent advancements in cross-modal integration research*”.

3.1. Tactile perception mechanism

Tactile perception begins when mechanical stimuli interact with the skin, which consists of multiple layers,
including the epidermis and dermis. These layers help transmit and distribute mechanical forces. The skin’s
texture, elasticity, and biomechanical properties influence the perception of pressure, vibration, and other
stimulation"”. Mostafavi Yazdi et al. reviewed the skin’s biomechanical properties, highlighting that its non-
linearity, viscoelasticity, and anisotropy make its friction behavior complex. These characteristics not only

affect the transmission of mechanical stimuli but also determine how the skin responds to various contact
conditions, such as compression, bending, and stretching!.

In driving principles for haptic systems, understanding the biomechanical properties of the skin is essential,
especially its anisotropic nature. The skin’s structure, consisting of the epidermis, dermis, and subcutaneous
layers, shows varying stiffness, elasticity, and friction depending on the direction and location of the applied
force. Many traditional models of haptic feedback assume the skin behaves isotropically, indicating its
mechanical properties are the same in all directions. However, recent biomechanical studies have revealed
that the skin’s response to force is direction-dependent, implying the skin is anisotropic""”. This suggests
that the stiffness, elasticity, and friction of the skin vary according to the direction and location of the
applied force, directly affecting tactile perception. The anisotropy of the skin is a crucial factor in force

feedback models, influencing the accuracy of tactile sensations and the realism of simulated textures.

Additionally, the friction between the skin and the object being touched varies across different areas of the
skin, further complicating force feedback models. These biological factors must be carefully considered
when designing haptic systems intended to replicate real-world tactile sensations, ensuring the feedback
models are as accurate and responsive as possible!"'’.

Tactile receptors, such as Merkel cells, Meissner’s corpuscles, and Pacinian corpuscles, detect specific types
of mechanical stimuli. Merkel cells are sensitive to light touch, while Pacinian corpuscles respond to
vibration. These receptors convert mechanical energy into neural signals, which are processed by the brain.
The efficiency of signal transmission is influenced by the coupling between the receptors and their

surrounding microenvironment, including the extracellular matrix and cell membrane dynamics'™?.
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The discovery of Piezo proteins has significantly advanced our understanding of tactile perception. These
mechanosensitive ion channels open in response to mechanical forces, allowing ions to flow into cells and
generating action potentials. This process is crucial for transmitting tactile information to the brain.
Understanding how these elements interact within the skin’s microstructure is essential for designing

13]

realistic haptic systems that replicate human tactile sensations'

3.2. Tactile perception modeling
Tactile texture perception models aim to explain how individuals experience surface textures through skin
contact. Classical models, such as the Weber-Fechner law, describe the relationship between stimulus
intensity and tactile perception; however, they struggle to account for the perception of complex textures,
particularly at high frequencies’*.

Dynamic system models, including recurrent neural networks (RNNs), have been introduced to address the
limitations of classical theories"". These models emphasize the role of tactile memory, allowing for a more
accurate representation of temporal changes in perception. Additionally, debates between spectral and
spatiotemporal theories highlight the significance of both vibration frequency and the spatial-temporal
distribution of stimuli in texture perception"*'”.

3.3. Physical mechanisms of haptic texture feedback

The physical mechanisms of haptic texture reproduction are crucial in determining whether the technology
can accurately transmit subtle texture perceptions. Currently, vibration haptic technology, ultrasonic haptic
technology, and electrostatic haptic technology are the three most widely studied methods for physical
texture reproduction in the research field.

3.3.1. Vibration haptic technology

The mechanical wave interference model of vibration haptics has become one of the most widely adopted
physical mechanisms in haptic texture reproduction devices. According to this model, when tactile stimuli
are transmitted from the device to the skin, the mechanical waves generated interact with the skin,
producing different texture perceptions"®. This theory effectively explains the tactile sensations transmitted
by vibration array devices, such as vibration motor arrays, which can simulate various surface textures.
Among haptic feedback technologies, electro-vibration devices are commonly used. However, with
advancements in technology, the use of linear motors has gradually gained attention. Compared to
traditional devices, linear motors excel at precisely controlling vibration amplitude and frequency, making
them particularly well-suited for simulating fine surface textures and enhancing tactile texture feedback.

Figure 3 shows several different cutaneous and kinesthetic feedback devices currently being developed. Both
kinesthetic and cutaneous feedback devices have their unique functions in haptic systems. Understanding
their strengths and limitations will facilitate the advancement of new technologies.

3.3.2. Electrostatic haptic technology

Electrostatic haptic technology generates tactile feedback through the interaction between an electric field
and the skin. This technology offers the advantage of non-contact, enabling the simulation of delicate tactile
textures without direct skin contact™. However, the applicability of electrostatic technology is limited by
impedance differences across individual skin types. Particularly in high-precision texture reproduction,
optimizing the electrostatic control algorithm to improve stability and accuracy remains a key challenge.
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Figure 3. An example of both cutaneous and kinesthetic feedback devices"’.(A) hRing, which utilizes skin stretch to provide feedback;
(B) TacTiles, which apply pressure using electromagnetic brakes; (C) LucidVR, which uses string-based actuators for tactile sensations;
and (D) ExoTen, which employs McKibben-based artificial muscles for kinesthetic feedback"™”.

Figure 4 illustrates how tactile sensors fixed on a prosthesis detect touch and pain responses in amputees.
The device shown in the figure demonstrates how the tactile sensors perform under different sensory
conditions: on the left, the “touch” state shows that the prosthetic sensor detects contact with an external
object; in the middle, the “hold” state indicates that the prosthesis maintains its grip on the object via the
sensor; on the right, the “pain” state reveals that when the prosthetic sensor detects stimuli resembling pain,
the system triggers a “pain reflex” response. The integration of these tactile sensors is essential for
enhancing the interactivity and adaptability of prostheses, allowing amputees to more intuitively perceive
the characteristics of external objects, better perform tasks, and perceive changes in pain or pressure.

3.3.3. Ultrasonic haptic technology

Ultrasonic haptic technology generates tactile feedback in the air by focusing ultrasonic waves, enabling
non-contact texture reproduction, as shown in Figure 5. This figure illustrates the haptic interface device
designed by the team from Southeast University”'. The advancement of ultrasonic modulation methods is
crucial for improving both tactile resolution and penetration, as discussed in the article. The main
advantage of ultrasonic haptic technology lies in its deep penetration and multi-point synchronous
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Figure 5. The setup of haptic interface device. (A) The structure of system; (B) Ultrasonic phased array; (C) Actuator™".

excitation capabilities””. However, certain limitations remain in the penetration depth and precision of
ultrasound, especially in reproducing high-frequency textures, where the effective penetration depth is still
influenced by skin impedance and surface structure. A key challenge in advancing this technology is how to
enhance tactile resolution while maintaining sufficient depth penetration.

3.4. Cross-modal integration in tactile systems

Haptic texture reproduction is not only a singular process of tactile perception but also involves the
integration of multisensory information. Research on cross-modal integration has revealed the interaction
between visual, auditory, and tactile information, particularly in applications within VR and augmented
reality.

In virtual environments, visual information often exerts a strong interference effect on tactile perception.
Studies have shown that conflicts between tactile and visual information can lead to distortions in tactile
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perception™. In recent years, to address this issue, researchers such as Boban have proposed optimizing the
spatiotemporal synchronization of haptic feedback and the coordination of visual stimuli. For example,
through visual-tactile synergistic enhancement technology, the sense of immersion for users in VR has been
significantly improved®".

The phase synchronization mechanism between touch and sound remains an unsolved challenge. Although
several electroencephalogram (EEG) studies suggest that coupling tactile and auditory information can
enhance texture perception”, achieving effective integration of touch and sound in dynamic environments
remains a key focus for future research. Researchers are exploring emerging technologies, such as
neuromorphic computing, to better integrate touch and sound, further enhancing the accuracy and
naturalness of tactile feedback".

Figure 6 illustrates a bio-inspired crossmodal in-sensor computing system designed for human-machine
interaction. Figure 6A depicts the biological network where the sensory and motor cortices are involved in
processing sensory feedback through spikes. Figure 6B shows the flexible VO2 memristor-based crossmodal
spiking sensory neuron (CSSN) system, which encodes temperature and pressure stimuli into neuronal
spikes, enabling real-time haptic feedback and dynamic object recognition”.

4. TECHNICAL METHODOLOGIES

Haptic texture reproduction technology encompasses interdisciplinary research across various fields,
including hardware design, driving principles, and signal generation algorithms. Despite continuous
advancements in related technologies, significant debates persist in the academic community regarding the
effectiveness and feasibility of different technical approaches. This chapter will provide a detailed analysis
from three perspectives: device morphology, driving principles, and signal generation algorithms, while also
addressing the controversies within the academic community surrounding these methods.

4.1. Device morphology: rigid, flexible, and non-contact technologies

Haptic texture reproduction devices can be classified based on their physical morphology into rigid haptic
interfaces, flexible haptic devices, and non-contact technologies. Each device type performs differently in
terms of application scenarios, texture perception, and user experience. Different academic perspectives
have offered various opinions on the advantages and disadvantages of these devices™*.

4.1.1. Rigid haptic interfaces

Rigid haptic interfaces, particularly those based on vibration arrays, are widely used in haptic texture
reproduction. Studies have shown that when the density of the vibration array is reduced to below 5 mm,
the accuracy of texture perception can be significantly improved. However, there is ongoing debate within
the academic community regarding the optimal array density. Biswas and Visell suggest that excessively
high array densities may lead to increased power consumption and response delays"™, while Pestell and
Lepora believe that optimizing the array density can overcome current precision limits”'. The output force
in this context can be defined by

_ NIBA

e (1)

where F represents the output force, N is the number of turns of the coil, I is the current intensity, B is the
magnetic field strength, A is the area of the coil, and [ is the length of the conductor. This equation
demonstrates the relationship between the output force of the electromagnetic drive and several factors®™.
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Figure 6. Bio-inspired crossmodal in-sensor computing system. (A) Schematic diagram of the multisensory processing in biological
proprioceptive system; (B) Schematic illustration of the spiking crossmodal in-sensor computing system™””.

In rigid haptic interfaces, particularly those using vibration arrays, the response time typically ranges from 1
to 5 ms, making them suitable for applications requiring rapid feedback, such as in mobile devices or
wearables. These systems offer an accuracy of 80%-90%, making them effective for simulating simpler
textures but less accurate for reproducing fine details. Their power consumption is relatively low, usually
around 0.5-2 watts, which makes them energy-efficient for smaller devices™. However, their scalability is
limited, and they are generally more suitable for small-area applications such as mobile phones and
wearables.

With the advancement of haptic feedback technology, pen-type devices and fingertip-based texture haptic
feedback devices have emerged as prominent research hotspots. These devices not only simulate surface
textures through vibration but also adjust vibration parameters based on the characteristics of different
textures, allowing for more precise reproduction of diverse tactile experiences. For example, Figure 7
illustrates a rigid haptic interface design featuring a three-degree-of-freedom (DOF) mechanism that
provides feedback in the linear, yaw, and pitch directions. Figure 7A shows the overall structure of the
device, while Figure 7B highlights the specific motions and axes controlled by the mechanism. This device,
commonly used in rigid haptic interfaces, enables precise force feedback by simulating complex movements
in a controlled environment. It is designed to enhance the user experience in VR and robotics by providing
realistic tactile sensations. The system’s ability to simulate both linear and rotational movements makes it
particularly useful for applications requiring high precision, such as object manipulation or surgery

[34]

simulation

4.1.2. Flexible haptic devices
The advantage of flexible haptic devices lies in their excellent adaptability and comfort, making them highly
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Figure 7. The planar linear haptic interface with modular actuators proposed by the Jeonbuk National University team: (A) the haptic
interface and (B) the modular actuators™*.

35,36

applicable in fields such as wearable devices and bionic prosthetics®*. Recent advancements in bionic-
inspired flexible strain sensors, such as the bionic stretchable strain sensor (BSSS) inspired by fishbone and
nettle fiber structures, have shown promising results in wearable electronics. These sensors, utilizing multi-
walled carbon nanotubes and graphene, exhibit exceptional sensitivity, response time, and durability, which
are crucial for enhancing the performance of wearable haptic devices””. However, the resolution and
accuracy of flexible electrodes remain limited in high-frequency texture reproduction. The academic debate
centers on the material’s Young’s modulus matching theory. To enhance their response accuracy,

researchers have proposed constitutive models to describe the relationship between stress and strain:
c=E-¢ (2)

where o represents stress, E is the Young’s modulus, and ¢ is the strain. One of the main controversies

currently centers on how to optimize the material’s rigidity to enhance resolution while maintaining

flexibility.

Flexible haptic devices generally have a response time of 10-15 ms, making them suitable for larger-scale
applications such as interactive touchscreens and tablet devices. The accuracy of these devices ranges from
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90%-95%, offering a more detailed and precise tactile experience. Their power consumption is higher
compared to rigid systems, typically ranging from 2-4 watts. However, they excel in scalability, as they are
well-suited for large interactive surfaces™.

Figure 8 illustrates a closed-loop human-machine interface system that provides tactile feedback through a
series of actuators. Figure 8A outlines the interaction between the machine, human control, and the tactile
feedback system. Figure 8B displays images of an actuator with and without pressure-amplification
structures under applied voltage. Figure 8C shows an actuator attached to a finger. Figure 8D illustrates the
actuator array integrated with fabric, with close-ups highlighting the actuator’s pressure-amplification
structure. Figure 8E demonstrates the actuator’s performance under bending, twisting, and stretching
without applied voltage. This system enhances haptic feedback for wearable devices by simulating realistic

38]

mechanical deformations!

4.1.3. Non-contact technologies

Non-contact technology has been a research hotspot in recent years, with ultrasonic haptic technology
being the primary focus. By utilizing the focusing effect of ultrasonic beams, non-contact devices can create
tactile perceptions in mid-air. By adjusting the frequency, amplitude, and waveform of the ultrasonic waves,
researchers are able to achieve more precise tactile feedback. Notably, different ultrasonic modulation
methods provide additional possibilities for tactile reproduction>*,

Non-contact ultrasonic systems generally have a response time of 20-30 ms, which is slower than that of
vibration or flexible systems due to the complexity involved in generating and controlling ultrasonic waves.
However, they offer high accuracy, achieving around 95% in larger surface applications. Their power
consumption is higher, typically ranging from 4-6 watts, and they face scalability limitations due to the
difficulty of scaling up ultrasonic feedback for larger areas'™.

The wearable breeze-sense feedback system shown in Figure 9 utilizes thin, flexible breeze-sense generators
that generate a gentle, non-contact breeze, mimicking a natural air flow. The system consists of a sandwich-
structured device incorporating polytetrafluoroethylene (PTFE) and silver electrodes, which, when
activated, produce airflow pressure up to 163 Pa. The breeze generated by these devices stimulates tactile
receptors and hair follicle receptors in the skin, providing a realistic non-contact tactile sensation. This
system, integrated into wearable devices, offers continuous or sudden breeze feedback for users in VR
environments, enhancing immersion and interaction by adding a new layer of haptic feedback'.

A 2022 study proposed that the force resolution of acoustic tweezers has overcome previous technological
bottlenecks, achieving higher precision in tactile reproduction®”. However, a fundamental contradiction
exists between the penetration depth and accuracy of ultrasound. Some studies argue that the effective
penetration depth of ultrasound cannot be reconciled with tactile precision. To improve penetration power,
researchers such as Suzuki have proposed solutions to optimize ultrasonic focusing technology, but whether
this approach can overcome the current technical limitations remains a key focus of academic discussion'.

To summarize the performance of the different haptic technologies:

» Rigid haptic interfaces offer fast response times (1-5 ms) and are energy-efficient (0.5-2 watts) but have
limited scalability.

» Flexible devices provide higher accuracy (90%-95%) and better scalability, but their response times (10-
15 ms) and power consumption (2-4 watts) are higher.

- Non-contact ultrasonic systems provide excellent accuracy (95%) and larger-scale applications, but their
response time (20-30 ms) and power consumption (4-6 watts) are comparatively higher.
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Figure 8. A closed-loop human-machine interface with flexible haptic actuators for wearable devices™.(A) lllustration of the closed-
loop interface, connecting machine sensing, human control, and haptic feedback; (B) An actuator without pressure-amplification
structures shown before (OFF) and after (ON) voltage application; (C) Front and side views of the actuator mounted on a finger; (D)
An actuator array integrated with fabric, showing top (left) and bottom (right) views, with inserts detailing the array layout and
pressure-amplification structure; (E) The actuator demonstrating mechanical robustness under bending, twisting, and stretching
without applied voltage. Scale bars: 2 mm (B), 10 mm (C), T mm (D, insert), 3 mm (E).

Table 1 provides a quantitative comparison of these haptic technologies.
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Table 1. Comparison of haptic technologies based on quantitative metrics

Technology Response time (ms) Accuracy (%) Power consumption (W) Scalability
Vibration-based 1-5 80-90 0.5-2 Limited
Flexible devices 10-15 90-95 2-4 High
Non-contact (ultrasonic) 20-30 95 4-6 Moderate
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Figure 9. Schematic illustrating a wearable breeze-sense feedback system

4.2. Driving principles: electromagnetic, electroactive, and triboelectric technologies

Haptic texture reproduction relies on various driving principles, including electromagnetic, electroactive
polymer, and triboelectric nanogenerator technologies. These driving methods directly influence the
precision and diversity of texture feedback'****. Electromagnetic drives are widely used due to their high
response speed and precise vibration control. However, they are energy-intensive and may not be suitable
for applications requiring low power consumption. In contrast, electroactive polymers offer flexibility but
face challenges in response accuracy. Triboelectric nanogenerators are low-power but have limited output
energy, restricting their use in large-scale systems. Electroactive polymer drives offer flexibility and
adaptability, often used in wearable devices, though challenges remain regarding response accuracy.
Triboelectric nanogenerators, while low-power, provide less energy output, limiting their application in
large-scale tactile feedback systems!***. Table 2 outlines the core driving principles behind three key
technologies - electromagnetic drive, electroactive drive, and triboelectric drive. It highlights the
fundamental working mechanisms, advantages, and common applications of each drive, providing a clear
overview of how these principles are applied in various fields such as robotics, wearable devices, and haptic
feedback systems.

The choice of driving method significantly influences texture reproduction, particularly in simulating high-
frequency vibrations and complex textures. The combination and optimization of these technologies
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Table 2. Overview of driving principles

Driving principle Working principle Advantages Typical applications

Electromagnetic Magnetic field generated by electrical Fast response, high precision ~ Robotics, precision machinery, magnetic

drive current levitation

Electroactive drive  Electrical signals deform electroactive High flexibility, ideal for Wearable devices, smart skin, bionic robots
materials wearables

Triboelectric drive  Electric charge generated by friction Non-contact, low power Haptic feedback, sensors, micro-robots

enhance the realism and fine-grained detail of tactile feedback, pushing the field toward higher precision
and more complex texture representations.

4.3. Signal generation algorithms: from fourier synthesis to neural ODE

Signal generation algorithms are at the core of haptic texture reproduction technology. Traditional Fourier
synthesis methods encounter spectral distortion issues when handling complex textures, while recent data-
driven generation algorithms, such as haptic generative adversarial networks (Haptic GAN) and neural
ordinary differential equations (Neural ODE), have gradually become mainstream. The academic
community has extensively discussed the advantages and disadvantages of these algorithms'*. Table 3
compares three signal generation algorithms - Fourier synthesis methods, Haptic GAN, and Neural ODE -
highlighting their core principles, data requirements, control methods, and complexity. It provides a quick
overview of each algorithm’s strengths and suitability for different haptic texture rendering applications.

Fourier synthesis, one of the earliest methods for generating haptic signals, breaks the signal down into
different frequency components to produce haptic feedback. However, this method tends to generate
spectral distortion when reproducing complex textures with high precision'®. The debate in the academic
community centers on whether Fourier synthesis can effectively address the multidimensional nature of
complex textures and provide sufficiently fine-grained tactile perception.

Haptic GAN, as a data-driven signal generation method, produces higher-quality haptic signals through an
adversarial generation process. However, this method faces the problem of mode collapse, where the
generated signals lack diversity, resulting in unnatural haptic feedback. There are differing opinions in the
academic literature regarding its stability and diversity. Some studies argue that optimizing the training
process can resolve the mode collapse issue, while others suggest that the algorithm’s application remains
limited™*?.

Neural ODE is a signal generation method that combines neural networks with ordinary differential
equations, capable of simulating dynamically changing haptic signals'®’. Research indicates that Neural
ODE offers significant advantages in dynamic modeling and continuous signal generation. However,
Docquier pointed out that its training process is complex, and the computational cost is high, which may
make it difficult to apply in real-time haptic feedback systems"*”. The central academic debate focuses on
whether the neural network structure and training methods can be optimized to reduce computational costs
while maintaining high signal generation accuracy”>*.

5. APPLIED RESEARCH

Research on haptic texture reproduction technology continues to advance across various application fields,
particularly in VR, medical rehabilitation, and industrial inspection, where significant progress has been
made. Despite the immense potential of these technologies, their practical implementation and real-world
effectiveness remain subjects of ongoing academic debate. This chapter will focus on the three main areas of
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Table 3. Comparison of signal generation algorithms for haptic texture rendering

Feature Fourier synthesis methods Haptic GAN Neural ODE

Core principle Magnetic field generated by electrical Fast response, high precision Robotics, precision machinery, magnetic
current levitation

Data Low High (large datasets) Moderate (time-series/dynamic data)

requirement

Generation Periodic/simple Highly realistic and diverse Smooth and continuous

Control Direct (frequency, amplitude) Indirect (latent space) Fine-grained (initial conditions, dynamics)

Complexity Low (real-time) High (training), moderate High (training), moderate (inference)

(inference)

Haptic GAN: Haptic generative adversarial networks; Neural ODE: neural ordinary differential equations.

VR, medical rehabilitation, and industrial inspection, offering an in-depth analysis of the technological
challenges and academic controversies within these fields.

5.1. VR: immersive interaction and latency challenges

VR has seen significant advancements in haptic texture reproduction, particularly in enhancing user
immersion through haptic feedback. One major challenge remains compensating for haptic delays, which
can disrupt the user experience. Techniques such as Kalman filtering and long short-term memory (LSTM)
models have been explored to mitigate these delays, though both methods have limitations in real-time
applications™*”,

Furthermore, the balance between active touch, where users control interactions, and passive feedback,
which reduces cognitive load, is critical for improving VR experiences. Active touch requires more physical
effort from the user, which can increase cognitive load, especially in complex virtual environments. In
contrast, passive feedback, which involves tactile sensations automatically generated by the system, can
reduce user effort. However, it may not provide the comprehensive and immersive interaction required for

58-60]

specific applications, such as tactile exploration or precise manipulation!

Figure 10 illustrates a VR simulator designed for remote control of machines, as seen in Figure 10A on the
left, where a user is interacting with the simulator wearing a VR headset, and Figure 10B shows the real-
world scenario of a truck with a crane lifting logs. This setup highlights the impact of latency on the quality
of experience in VR, particularly in applications requiring real-time control of machinery. The comparison
between the simulated interaction in VR and the physical machine operation emphasizes how latency
affects the user’s ability to control and perceive actions accurately'".

5.2. Medical rehabilitation: prosthetic feedback and neuroadaptive mechanisms

In the field of medical rehabilitation, haptic texture reproduction technology is widely applied in prosthetic
haptic feedback, transcutaneous electrical nerve stimulation (TENS), and other technologies, with
significant progress made in research on neuroadaptive mechanisms'*”. However, considerable debate exists
in the academic community regarding the effectiveness and applicability of these technologies. Research on
prosthetic haptic feedback has focused on how tactile signals can promote the neuroplasticity of individuals
with disabilities, although different studies have yielded inconsistent results. Pasluosta suggests that haptic
feedback significantly improves the control accuracy and comfort of prostheses®, while D] Weber, in his
experiments, pointed out that long-term use of prosthetic feedback might lead to neuroadaptive fatigue,
reducing the patient’s sensitivity to tactile feedback®". Figure 11 shows a schematic diagram of a prosthesis
system equipped with tactile sensors, enabling users to perceive touch and pain responses through feedback,
which enhances their ability to interact with external objects and perform tasks more effectively™’.
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Figure 10. Photo of VR-goggle based crane operation from a remote location. (A) Operator with a VR headset and two joysticks.
Operator's view is shown on the adjacent display; (B) The remotely operated crane'®". VR: Virtual reality.
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Figure 11. Schematic diagram of the prosthesis system™”’

TENS, a common rehabilitation technique, simulates haptic feedback by applying electrical currents to the
skin. While this technology has yielded positive results in some patients, the primary controversy centers
around the control of pain thresholds. The control of current intensity in transcutaneous electrical
stimulation presents a challenge: excessive current can cause pain, while insufficient current may not
provide adequate tactile feedback. To address this issue, the academic community has proposed several

formulas to describe the relationship between current intensity and tactile perception, where the perceptual
effect of skin electrical currents can be estimated using

]sﬁm =a- (Ktim )ﬁ (3)
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where I

stim

represents the current intensity, V,,,, represents the voltage, and « and f are experimental fitting
parameters that describe the nonlinear relationship between current and voltage*”. The precise adjustment
of current intensity and frequency to provide effective and comfortable tactile feedback remains a
significant challenge in this field.

Clinical efficacy research is essential for the widespread adoption of haptic feedback technology in the
medical field. In recent years, several studies have employed meta-analysis methods to evaluate the clinical
efficacy of haptic feedback in prosthetic rehabilitation. However, despite some statistical evidence
supporting the positive effects of haptic feedback, many studies have small sample sizes and lack long-term
follow-up data, raising concerns about the broader clinical applicability of these technologies'*".
Additionally, these studies often lack high-quality control groups and randomized experimental designs,
limiting the generalizability of the research findings.

5.3. Industrial inspection: surface roughness and micro-force control

Haptic technology in industrial inspection is primarily used for surface roughness detection and micro-
force control”. Haptic sensors, particularly those using piezoelectric materials, offer high accuracy in
surface texture detection, though their performance can be influenced by complex surface geometries.
Thermosensitive sensors are also being explored to enhance accuracy, although their reliability in extreme
environments remains a concern'®.

Micro-Newton-level force control algorithms are widely used to ensure precise feedback in industrial
settings, but challenges such as error accumulation during repeated tests persist. The effectiveness of multi-
finger coordination in improving inspection efficiency, particularly for complex objects, remains a topic of
debate and warrants further validation through experimentation™”"..

6. METHODOLOGICAL CRITIQUE

In the research of haptic texture reproduction, the choice of methodology is critical to the reliability of
research outcomes and conclusions. Despite significant progress in haptic reproduction technologies, there
remain numerous controversies in areas such as experimental design, theoretical modeling, and emerging
research paradigms. This chapter will explore the academic debates within the current field from three
perspectives: the crisis of repeatability in experimental design, the limitations of theoretical modeling, and
emerging research paradigms. Additionally, the chapter will analyze the potential impact of these debates on
future research directions.

6.1. Reproducibility crisis in experimental design

In haptic texture reproduction experiments, the repeatability of experimental design is a key concern due to
the complexity of conditions. Skin moisture, which directly affects tactile perception thresholds, plays a
critical role. Variations in moisture can lead to deviations in results, yet many studies overlook this factor,
affecting the comparability of outcomes*”". The relationship between skin moisture and tactile thresholds
is determined by

e~

(4)
where T), represents the tactile threshold, H is the skin moisture, and « and p are fitting parameters that
describe the exponential relationship between moisture and the threshold. Therefore, in haptic perception
research, establishing a standardized moisture control mechanism becomes a key factor in improving the
repeatability of experiments.
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The reproducibility of experimental results is a key challenge in the field of haptic technology research.
Given the complexity and ongoing debates surrounding the effectiveness of various haptic technologies,
ensuring consistent and reproducible outcomes is crucial for advancing this field. Environmental factors,
such as temperature, humidity, and skin moisture, significantly influence tactile perception and impact the
performance of haptic systems””. For example, studies have demonstrated that temperature variations of
+2 °C can lead to noticeable changes in skin sensitivity, which in turn affects force perception during haptic
interactions. Similarly, fluctuations in humidity, especially those within a +5% range, can alter the skin’s
frictional properties, thus impacting the accuracy of texture reproduction. Skin moisture, which naturally
fluctuates but can be maintained within a standardized range of 45%-60% relative humidity, plays a pivotal
role in modulating tactile sensitivity. Therefore, controlling these environmental variables is essential for
ensuring reproducibility across studies, minimizing external influences on haptic feedback systems. Recent
research underscores the importance of precisely monitoring these variables to enhance the reliability of
experimental results, particularly when comparing the effectiveness of different haptic technologies™'.

A major challenge in haptic texture reproduction experiments is the lack of standardized device calibration,
particularly regarding vibration frequency, amplitude, and force perception. This variability in calibration
methods across studies affects the comparability of results. The NIST haptic benchmark proposal seeks to
establish unified standards to improve the reliability and accuracy of haptic devices”™ . Additionally,
participant selection bias is prevalent, as many studies rely on convenience sampling, leading to variations
in skin type, age, and gender, all of which influence tactile perception. These individual differences can limit
the generalizability of experimental outcomes, particularly in texture perception””.

6.2. Limitations of theoretical models: isotropy assumption and thermodynamic coupling

Despite significant progress in the theoretical models of haptic reproduction technology, existing models
still face numerous limitations in practical applications. Firstly, the failure of the isotropy assumption in real
skin modeling remains unresolved. Most haptic models assume the isotropic nature of the skin, meaning
they assume the skin’s response is consistent in all directions"™. However, Georges Limbert’s research
indicates that the physical properties of the skin exhibit clear directional characteristics, particularly in
different regions of the skin surface, where significant differences in elasticity and perceptual capacity
exist”. The failure of this assumption leads to considerable discrepancies in existing models when
simulating complex scenarios involving skin contact with objects.

Another unresolved issue is the neglect of thermodynamic coupling effects. Haptic perception is not only a
physical response triggered by tactile stimuli but also involves the interaction of factors such as temperature
and humidity. However, most current haptic models overlook the impact of temperature on tactile
perception, particularly in cases involving tactile stimuli with temperature changes (such as thermal touch),
where the predictive accuracy of existing models is low"™*. Therefore, incorporating thermodynamic
factors into haptic perception models will be crucial for improving simulation accuracy in future theoretical

modeling.

The quantification and modeling of individual differences is also a significant challenge in haptic research.
Although some studies have proposed statistical methods for modeling individual differences, these
approaches are often overly simplistic and fail to account for the complex psychological and physiological
variations among individuals. For example, there are considerable differences in tactile perception
thresholds, sensitivity, and preferences across various populations, meaning that haptic reproduction
technologies based on universal models often fail to meet individualized needs in practical applications'™**.
Future research must place greater emphasis on addressing these differences through personalized
modeling.



Chen et al. Intell. Robot. 2025, 5(3), 607-30 | https://dx.doi.org/10.20517/ir.2025.31 Page 625

6.3. Emerging paradigms: neuromorphic computing and quantum sensing

With the continuous development of haptic reproduction technology, emerging research paradigms are
beginning to take shape, holding the potential to become significant directions for future exploration. One
such emerging paradigm is haptic neuromorphic computing, which simulates tactile signals with low energy
consumption using Memristor-based technology. This approach shows great promise for real-time tactile
feedback systems, though its practical applications remain in the early stages of research. Based on
Memristor technology, it uses pulse coding to simulate the response process of haptic neurons"™. This
technology enables efficient tactile signal processing with low energy consumption and demonstrates strong
neural adaptability. By simulating the synaptic plasticity of neurons, haptic neuromorphic computing offers

a new theoretical foundation for the adaptive optimization of haptic perception systems””*".

The application prospects of quantum sensing technology are also noteworthy. Quantum sensors can
achieve higher precision, particularly in tactile sensing at the nanoscale. Current research suggests that
quantum sensing technology is likely to make breakthroughs in nano-tactile applications. For example,
quantum tactile sensors can detect smaller force and displacement changes than current technologies®**.
Although quantum haptic technology remains in the exploratory stage, its potential for high precision and
low noise characteristics makes it an exciting area for future research.

Another widely discussed area is the cross-modal potential of large language models (LLMs) for haptic
perception. Following the success of LLMs in natural language processing, researchers have begun exploring
their potential application in cross-modal perception. By integrating tactile signals with other sensory
inputs, such as vision and hearing, haptic LLMs can provide richer tactile experiences and even simulate
complex emotional tactile communication. This interdisciplinary research direction opens new pathways
for the future development of haptic reproduction technologies'™*".

7. FUTURE DIRECTIONS AND CONCLUSION

7.1. Future directions

Research on the neural adaptability of tactile perception mainly focuses on how short-term tactile stimuli
affect the nervous system. There is less focus on the long-term changes in the nervous system caused by
prolonged tactile exposure. Studies show that continuous tactile stimuli lead to changes in the nervous
system that affect tactile perception, including sensitivity and thresholds”**”’. However, most research
focuses on short-term experiments, and there is little exploration of how long-term use of haptic feedback
devices influences the nervous system. Haptic technology is not just limited to basic sensory feedback but
also includes emotional and psychological feedback. However, no clear framework exists to measure the
effectiveness of emotional transfer through haptic feedback!
clear and measurable way to evaluate this. As haptic technology becomes more common, especially in
medical rehabilitation and personalized services, there are rising concerns about data privacy and ethics.

93-95

I, Research on this should aim to develop a

These technologies collect and process sensitive data, so future work should focus on creating secure

96,97

systems to protect privacy and avoid unauthorized access to this data”**”".

7.2. Conclusions

This study reviews the development of haptic texture reproduction technology, focusing on key trends and
challenges in the field. Bibliometric analysis shows that the technology is shifting towards more intelligent
and personalized systems, with AI and deep learning enhancing haptic feedback systems. Traditional
mechanical models are being replaced by new methods based on vibration, ultrasound, and electrostatic
feedback, offering the potential for fine texture reproduction and high-frequency vibrations. Understanding
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tactile perception mechanisms, particularly the role of receptors such as Piezo proteins and their
surrounding microenvironment, is essential for improving feedback accuracy. However, accurately
replicating various surface textures remains a challenge, especially for high-frequency vibrations and fine
details.

The integration of neuroscience, materials science, and computer vision has been crucial in developing
better tactile sensors and feedback systems. Future research should address current issues with accuracy and
stability in the technology and explore how different senses can work together to improve applications in
VR and medical rehabilitation.
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