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Abstract. In recent years, the field of tactile sensors has seen remarkable advancements, 
particularly in bio-tactile sensors, known for their high performance, cost-effectiveness, ease of 
manufacturing, and rapid response times. These advancements have made bio-tactile sensors 
increasingly essential in various aspects of daily life, especially in human-interactive systems, 
wearable technologies, and minimally invasive surgical procedures. In biomedical engineering, 
research into bio-tactile sensors has become a critical component, significantly enhancing medical 
care and everyday convenience. Their applications, though already diverse, continue to expand. 
This technology is under continuous development, set to play an even more prominent role in the 
future technological landscape. The ongoing evolution of bio-tactile sensors underscores their 
growing potential in enhancing human-machine interfaces, contributing to medical diagnostics and 
treatment, and enabling more responsive, adaptive technologies across a wide range of applications. 
This paradigm shift indicates a growing recognition of the importance of integrating sensitive, 
responsive touch-based technologies in various fields, from robotics to healthcare. 
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1. Introduction 

The evolution of tactile sensors has revolutionized the field of haptic technology. Initially 

developed to transform mechanical stimulation into an electrical signal capable of sensing and 

quantifying such stimuli, these sensors have undergone significant advancements [1]. The integration 

of diverse signal sensor systems within tactile sensors enables the simultaneous detection of varied 

external stimuli. This multifaceted approach has notably propelled progress in medical applications. 

Since their inception in 1974, haptic sensors have been at the forefront of technological innovation, 

finding utility in a range of applications. Concurrently, there has been an exploration and 

incorporation of emerging materials in the construction of these sensors. This strategic selection of 

materials is critical for optimizing the functionality and efficiency of haptic sensors. The 

advancements in materials science have played a pivotal role in enhancing the performance of these 

sensors, thereby fulfilling the objectives set for bio-haptic technologies. This multidisciplinary 

endeavor, encompassing materials science, engineering, and sensory technology, marks a significant 

stride in the quest to develop more sophisticated and responsive haptic systems. 

2. Relevant theories 

2.1. Piezoresistive sensor 

In response to deformation, the device exhibits a variation in resistance, which concurrently leads 

to an alteration in the output current, as documented in prior studies [2, 3]. This phenomenon, a 

fundamental aspect of the device's operational mechanism, underscores the direct correlation between 

mechanical deformation and electrical response, providing a critical insight into its functionality and 

potential applications in various technological domains. 

∆R = (1 + 2σ + Mi) × Rχ                                                     (1) 

Mijkl = πijkl × Y                                                             (2) 

πijkl = ∆ρ/(ρT)                                                              (3)  
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and Y = T/χ                                                               (4) 

This innovative design incorporates a dual-function module for quantifying grasping strength and 

material hardness, comprising an integrated grasper and a sophisticated sensing device located at the 

laparoscope's tip. Concurrently, advanced biocompatible coating techniques, as detailed in references 

[4, 5], have been employed to enhance device compatibility and performance. 

2.2. Piezocapacitive 

The principle of piezocapacitive effect is when the physical structure change of the dielectric 

causing by an external force changes, the output capacitance will change. (Figure 1b) [6]. The 

equation of working mechanism is as follows:  

C = ε × A/d                                                              (5) 

∆C/C = ∆ε/ε0 + ∆A/A − ∆d/d0                                               (6) 

2.3. Piezoelectric 

The equation of working mechanism as following: 

S = SE × T + d × E                                                          (7) 

D = d × t + εT × E                                                           (8) 

This technology is apt for incorporation into slender minimally invasive surgery (MIS) robots, 

offering immediate tissue hardness feedback, enhancing diagnostic and manipulative capabilities 

during MIS. Such an approach significantly improves surgical precision. The exclusive reliance on 

electrical impedance measurements simplifies instrument operation [7], streamlining the surgical 

process and potentially reducing procedural complexities [8]. This method, rooted in advanced 

bioengineering principles, represents a substantial leap in surgical robotics, merging ease of use with 

enhanced functionality in critical medical procedures. 

2.4. Triboelectric 

In the phenomenon known as the triboelectric effect (Figure 1d), a configuration involving two 

sheets bearing triboelectric charges of opposite polarities is observed to periodically generate a 

potential difference across their inner surfaces. This effect, characterized by the transfer of electrons 

between two contacting or separating materials, leads to an accumulation of electrical charges, 

resulting in a measurable potential difference. This interplay of charges, inherent in the triboelectric 

process, plays a pivotal role in the generation of electrical energy from mechanical movements. 

Pt(t) = Vab(t) × I(t) = R × I2(t) + LI(t) × (dI(t)/dt)                      (9) 



Highlights in Science, Engineering and Technology BEHDP 2024 

Volume 102 (2024)  

 

438 

 

Fig 1. Mechanism of action of different tactile sensors: (a) piezoresistive effect; (b) piezocapacitive 

effect; (c) piezoelectric effect; (d) triboelectric effect [9]. 

2.5. Optical-based 

In the realm of bio-tactile sensor technology, pivotal to advancements in modern medicine and 

human health, a class of sensors gaining prominence is optical-based sensors. These are categorized 

into three distinct types: intensity modulation, wavelength modulation, and phase modulation sensors. 

Unlike the previously discussed electrical sensors, optical-based sensors offer several technical 

advantages in specific applications, marking a significant evolution in sensor technology. Figure 2 

provides a comprehensive illustration of these advancements, highlighting the comparative benefits 

and the underlying mechanisms that differentiate optical sensors from their electrical counterparts. 

This delineation underscores a pivotal shift in sensor design, emphasizing the diverse methodologies 

employed in the enhancement of tactile sensing capabilities within biomedical fields. 

 

Fig 2. Minimally invasive surgery bio-tactile sensor classification (Photo/Picture credit: Original). 

3. Application research 

Haptic sensors, distinguished by their continually broadening spectrum of applications, elevated 

sensitivity and precision, and remarkable capacity to emulate human skin, have seen extensive 

development and deployment in a variety of domains. These areas include human-interactive systems, 
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wearable technology, and minimally invasive surgical procedures, where their adaptability is 

particularly advantageous. Their multifaceted functionality is underpinned by the integration of 

advanced materials and sophisticated data processing algorithms, enhancing their responsiveness and 

reliability. This has facilitated a transformative impact on the interface between technology and 

human experience. Furthermore, the integration of these sensors with emerging technologies such as 

artificial intelligence and IoT systems has opened new horizons in human-machine interaction, 

contributing significantly to advancements in fields such as robotics and healthcare diagnostics. As a 

testament to their evolving nature, haptic sensors continue to revolutionize user experiences, offering 

tactile feedback mechanisms that are increasingly nuanced and life-like [10]. 

3.1. Wearable devices 

Wearable technologies have revolutionized the way information is gathered throughout a user's 

day, enabling dynamic and intelligent data analysis. These devices offer a holistic view of an 

individual's health parameters, transforming passive approaches to disease management into 

proactive health monitoring strategies. The integration of advanced sensors and algorithms in 

wearables facilitates continuous tracking of vital signs and physiological metrics, thereby providing 

insights that are both comprehensive and personalized. This evolution marks a significant shift from 

traditional healthcare models towards more preemptive and patient-centric frameworks. Furthermore, 

the data accumulated by wearables, when combined with machine learning techniques, can uncover 

subtle health trends and predictive indicators, enhancing the ability to anticipate and address potential 

health issues before they escalate. This paradigm shift, evidenced by numerous studies [11-14], 

underscores the potential of wearable technology in reshaping healthcare delivery, emphasizing 

prevention and early intervention rather than reactive treatment.  

3.2. Human-Interactive systems 

Artificial electronic skin has emerged as a pivotal topic in the advancement of science and 

technology. Equipping prosthetics with skin-like sensing capabilities enables individuals with limb 

loss or damaged skin to regain essential sensory interactions with their environment. Carbon 

Nanotube/Polyurethane (CNT/PU) composites form the basis of this electronic skin. An LCR meter 

captures signals from normal and tangential forces, directing subsequent arm movements through a 

robotic controller [15]. A key principle in replicating biological signal processing and learning 

behavior, crucial for developing an artificial nervous system, involves sensory neurons generating 

action potentials upon external stimulus detection. These potentials are processed through a network 

of synapses and nerve fibers. Mimicking this functionality requires a tactile stimuli receiver, 

electronic circuits for signal encoding, and a transmission mechanism. The incorporation of resistive 

pressure sensors in Carbon Nanotube/Polydimethylsiloxane (CNT/PDMS) composites facilitates the 

development of an artificial sensory neuron. This system's operational mechanism is depicted in 

Figure 3. 
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Fig 3. Human perceptual learning mimicked by artificial sensory neurons [16]. 

The realm of Control Interfaces has witnessed remarkable advancements, characterized by the 

integration of diverse modalities including machines, keyboards, and touch panels. These interfaces 

are not just multifaceted in their operational mechanisms but are also progressively aligned with 

advanced computational techniques. This evolution signifies a pivotal shift in how user inputs are 

processed and interpreted, heralding a new era of interaction paradigms. Particularly noteworthy is 

the development of a sophisticated program that facilitates the seamless transfer of information to 

control interfaces specifically designed for virtual shooting games, as illustrated in Figure 4.   

 

Fig 4. Multimodal fibre-based sensor applications through waterproofing and smart glove for 

wearable gaming interface controller [17]. 

In their study, Huang et al. unveiled an innovative interaction system leveraging the versatility of 

flexible haptic sensors, composed of various materials and designs. These sensors generate 

triboelectric signals in response to diverse external stimuli such as touch, push, and contact. The 
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generated signals activate LEDs, which in turn modulate a photoresistor connected to a 

Microcontroller Unit (MCU). This ingenious mechanism transforms mixed Triboelectric 

Nanogenerator (TENG) currents into standardized digital signals, enabling the manipulation of 

various devices. For instance, the system can adjust the brightness of a desk lamp or interact with 

software applications, as exemplified in Figure 5. Extending the functionality beyond traditional 

interfaces, the team developed hands-free systems, broadening the scope of human-electronic device 

interaction. Notably, wearable tactile sensors have been incorporated, capable of capturing signals 

from actions as subtle as blinking. This functionality presents profound implications, including the 

potential to monitor driving behavior or to control household appliances seamlessly, marking a 

significant advancement in the field of haptic technology. 

 

Fig 5. Textile-based, wearable, tactile interactive system that can be used to wirelessly control 

target devices [18]. 

Interactive Tactile Interfaces are increasingly prevalent in daily life. These interfaces, particularly 

Interactive Human-Machine Interfaces (HMIs), are gaining significant interest for their role in 

enhancing visual and audio modalities, thereby facilitating immersive experiences in Virtual Reality 

(VR) and Augmented Reality (AR). Among various feedback technologies, electrotactile and 

mechano-tactile displays are prominent. Electrotactile displays generate skin responses via current 

transmission through electrodes, whereas mechano-tactile displays activate mechanoreceptors 

through direct mechanical stimulation. The integration of tactile sensors with these displays allows 

for the development of sophisticated bidirectional interfaces. Key components in these interfaces are 

vibrating actuators, composed of copper coils and permanent magnets. These are seamlessly 

integrated with near-field communication antennas and advanced integrated circuits. The utility of 

such skin-mountable haptic interfaces is demonstrated in a range of applications, from providing 

virtual tactile feedback to remote users to replicating the sensation of impacts on game characters. 

This innovative approach signifies a leap in haptic technology, offering enhanced interactivity and a 

more nuanced sensory experience, bridging the gap between digital and physical realms. As shown 

in figure 6. 

 

Fig 6. Examples of applications of epidermal VR systems [19]. 
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3.3. Minimally invasive surgery 

Incorporating the Linear Induction Motor (LIM) principle, sensors present an economical and 

thermally robust solution. This affordability and insensitivity to temperature fluctuations make them 

particularly suitable for diverse applications. However, a noteworthy consideration in their 

deployment pertains to the processing of physical parameters, notably force and displacement. The 

accurate measurement of these elements necessitates sophisticated and often expensive equipment, a 

factor that must be weighed in the broader context of system design and implementation. This 

requirement for high-cost measurement tools can pose a significant barrier, particularly in scenarios 

where budget constraints are a primary concern. Furthermore, the integration of these sensors into 

larger systems demands meticulous attention to compatibility and calibration, ensuring that the high 

fidelity of data capture is not compromised by ancillary equipment limitations. It is also essential to 

consider the long-term operational costs and maintenance requirements associated with these high-

precision instruments. The trade-off between initial affordability and ongoing operational expenses 

is a critical aspect that warrants thorough investigation. Researchers and practitioners need to navigate 

this balance carefully, optimizing the cost-effectiveness of the entire system without undermining its 

operational efficacy [20]. 

4. Conclusion 

In this comprehensive review, the mechanisms underlying piezoresistive, piezocapacitive, 

piezoelectric, and triboelectric sensors are meticulously analyzed. This includes an exploration of 

various practical and material applications, as highlighted in notable examples. These sensors exhibit 

exceptional performance in areas such as medical care and clinical surgery, contributing significantly 

to advancements in wearable health devices, human-interactive technologies, and minimally invasive 

surgical procedures. This has rapidly broadened the scope of modern tactile sensors. The review 

further delves into an evaluation of new materials, offering an insightful comparison of the strengths 

and weaknesses inherent to biosensors founded on these diverse principles. The critical analysis not 

only underscores the potential of these technologies in transforming healthcare and interactive 

devices but also identifies key areas for future research and development. This approach ensures a 

balanced view, fostering a deeper understanding of the evolving landscape of biosensor technologies. 
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