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Abstract 

Tactile sensors mimicking the sense of touch of the human have been studied gradually and various technologies 

sensing an external stimulus have been suggested as well. The human detects some external physical stimuli and 

generates psychological feeling such as roughness, softness or pain through the touch. Since people have different 

criteria for the psychological feelings, there are a lot of issues as to which components are most informative for 

perceiving the parameters. To give these psychological feelings to artificial system as like android robot or smart 

phone, sensing a surface texture is one of the most informative perception among various physical parameters. 

Sensing a surface texture also has many issues since many kinds of factors such as vibration, strain and friction 

should be considered to detect the surface texture. Robotic fingers applied a contact point analysis, feedback loop 

and flow chart are used for a surface texture detection in robot field. However, those methods should need complex 

algorithm and programming to analyze data concerning a surface texture from the robotic fingers. In this paper, a 

piezoelectric type array sensor structure was demonstrated with sliding mechanism to restore a surface texture 

precisely as like human. The suggested array sensor design with excellent dynamic response of piezoelectric 

material gave a higher spatial resolution detection than the resolution of sensor system and detected sliding 

velocity, essential parameter to restore surface texture from electrical signal, as well. The sensor could calculate 

various sliding velocities from 10mm/s to 70mm/s accurately by simple electrical signal analysis produced from 

sensor arrays. A soft material was applied for the sensor to enhance surface detection ability and it allowed that 

the array sensor could distinguish between a spike type and a doom type shape. Signal processing was optimized 

and simplified for a surface texture restoration. Restored surface textures had high accuracy compared with real 

texture structures and color mapping skill was applied for the restored textures images to express the pattern of 

texture. The capabilities of velocity detecting and texture restoration allow the sensor can be utilized to electro-

mechanical systems as the physical and the psychological tactile sensor.  

 

Keywords: Piezoelectric, Array structure, Psychological, PVDF-TrFE, Surface texture, Tactile sensor;  
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I. INTRODUCTION 

 

 

1.1 Overview 

The five senses of human have been an interesting study from long time ago. Studies 

about sight and hearing have been studied, but the sense of touch has still a lot of issues 

relatively compared with sight and hearing. The sense of touch is quite related with 

various external stimuli such as pressure, temperature, vibration, tension, shear force and 

so on. Many kinds of tactile receptors are responded respectively to the external stimuli 

and then make an electrical signal called the action potential [1]. The tactile perceptions 

are performed by various kinds of receptors interacting with the human nervous system 

[2]. The electrical signals are sent to the human nervous system, so that human is able to 

percept the sense of touch finally [56]. Recently, some groups have been studying about 

sensors mimicking the tactile receptors. For example, capacitive [3] [4] [5], piezoelectric 

Fig 1.1.1. Schematic of sensing process. Tactile receptors generate electrical signals which is called 

the action potential due to external stimuli 

Physical & Thermal 
Stimuli 

Receptors 

Electrical signals 
(Action Potential) 
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[6] [7] [8], piezoresitive [9] [10] and pyroelectric [11] [12] type sensors have been 

studied to detect pressure and temperature and these types of sensors are able to conduct 

as the mechanoreceptors and thermoreceptors. Various sensor structures are also 

considered for sensitivity, high resolution, multi touch as well as flexibility and 

stretchability. However, artificial tactile sensors cannot perfectly cover the sense of 

human touch yet because the human feels not only external physical stimuli such as 

pressure and temperature but also psychological parameters such as roughness, hardness, 

softness and pain through the touch. Among these psychological feeling, a roughness 

and a softness are one of the most difficult mimicking functions, since people have 

different criteria for sensing the psychological parameters and there are a lot of issues as 

to which physical components are most informative for perceiving the parameters. 

However, it is an indisputable factor that sensing a surface texture is starting point to 

percept those ‘roughness and softness feeling’. Unfortunately, it is rare to find a studying 

results of tactile sensor related with a surface texture detection in comparison with 

pressure and temperature detection. One of reasons is that there is no consensus as to 

which mechanism of strain is most informative for texture sensing[13]. Normally, human 

can feel the surface texture by sliding finger on a surface of object. At that time, shear 

force, friction, vibration and contact area are changed continuously depending on the 

morphology of the surface texture during the sliding. So many kinds of factors should be 

considered to detect the surface texture compared with pressure and temperature[13]. A 

robotic finger applied contact point analysis[14], feedback loop[15] [16], flow chart[17], 

Gaussian statistics[18] method have been proposed for a surface texture detection in 

robot field. However, the methods should need complex algorithm and programming for 

measuring surface information from the robotic finger. Also most robotic finger consists 

of a unit sensor, so that coefficient and constant factors should be known in advance for 
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analyzing surface textures. A piezophotonic and optical sensors are sometimes used for 

a surface texture sensing but the sensors should require a light source and additional 

optical equipment[19] [20] [21]. 

 

1.2 Motivation 

There are two methods for a surface texture detection typically, that are touch and 

sliding[22]. A rough surface can be sensed when a finger was pressed by a sand paper. If a 

finger pressed a paper, we can detect a flat surface, as well. In touch case, morphology of the 

surface is sensed through the magnitude of a pressure, pressure distributions, contact areas and 

etc. For example, in a grating structure, a finger can detect ridge and furrow of the surface 

texture so that, we can feel that it is uneven surface. Thus, human can perceive surface 

characteristics by detecting changes of those parameters. However, the touch method has 

limitations such as resolution and surface shape detection problems. 

Another method for surface texture sensing is sliding[23]. Normally, human can feel 

surface characteristics by sliding more easily than touch. Because many parameters such as 

vibration, friction, roughness and strains are changed continuously during sliding and then the 

changing parameters are sensed consistently by tactile receptors. So, sliding is more effective 

and sensitive method for surface texture sensing. Sensing technologies measuring surface 

texture have many issues, because various parameter should be considered as well as, the 

parameters have a unique physical characteristic. In robotic field, a robot finger integrated 

various sensors has been developed for sensing pressure, temperature, vibration and roughness 

simultaneously[24], but the robot finger should need complex technologies and has cross-talk 

problem due to unwanted external stimuli. The thesis was focused on an array sensor which 

can detect surface textures by sliding mechanism. 
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1.3 Thesis Overview 

The thesis demonstrates an array sensor for surface texture detection and consists of 

backgrounds, experimental details, results and discussion and conclusion. The human tactile 

system and previous works regarding to a texture sensing are introduced in Chapter 2. A 

concept of the sensor array is introduced and additional idea about the array sensor are 

motivated from the Chapter 2 as well. After that, fabrication, structure and experimental setup 

are presented in Chapter 3. In Chapter4, sensing results about pressure and sliding, velocity 

calculation, texture restoration and signal processing are introduced. Lastly, the thesis 

conclusion and the development possibility and implication of the sensor array for both 

psychological and physical sensors in the future are presented in Chapter 5. 

 

 

  

(a) Touch                               (b) Sliding 
 

Fig 1.2.1 Images of touch and sliding sensing method. The human can feel a surface texture by 

both touch and sliding methods. It is generally easy to sense the surface texture under sliding 

method, because more many parameters are changed and detected by tactile receptors during 

sliding
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II. BACKGROUNDS 

 

 

2.1 Human Tactile System 

To develop a tactile sensor, it is important to understand and investigate the human tactile 

system first. Also, understanding the human tactile system is helpful and bring up new ideas 

about the sensor concept. In Chapter 2, the human tactile system and previous works regarding 

to a texture sensing are presented. 

 

  2.1.1 Tactile Receptors 

Tactile receptors are part of the human somatosensory system and also called 

sensory receptors as well. The tactile receptors make electrical signals when external stimuli 

were applied and then the electrical signals were sent to the brain though nervous system. So, 

the tactile receptors act as a transducer [57]. The receptors are located in the end of the 

peripheral nerve system and respond to specific stimuli such as physical, thermal and chemical 

stimuli. The tactile receptors are subdividing into mechanoreceptors for pressure and vibration, 

thermoreceptors for temperature and nociceptors for pain and damage [25]. Especially, 

mechanoreceptors that responds to pressure or distortion are intimately related with surface 

texture sensing because the surface texture is a physical stimulation. There are four main 

mechanoreceptors such as Pacinian corpuscles, Meissner's corpuscles, Merkel's discs, and 

Ruffini endings and each receptor responds to different physical stimuli [56]. Due to the 

physical stimuli, the receptor’s shapes are deformed and as a result, the action potential was 

generated. 
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Fig 2.1.1.1. Characteristics and stimulus responses of mechanoreceptors. [26] Pacinian corpuscles, 

Meissner's corpuscles, Merkel's discs, and Ruffini endings are typical mechanoreceptors. Each 

mechanoreceptor has unique characteristics and respond to specific stimuli due to its unique 

performances.  

Pacinian corpuscles determine total amount of pressure and distinguish rough and 

soft materials. Pacinian reacts in quick action potentials to sudden stimuli, especially to 

vibrations around 250 Hz so that, they are the most sensitive to vibrations. 

Meissner’s corpuscles react to moderate vibration (10–50 Hz) and light touch. They 

are primarily located in fingertips and lips due to their reactivity. They respond in quick action 

potentials and are responsible for the ability to feel gentle stimuli.  

Merkel nerve endings react to low vibrations (5–15 Hz) and deep static touch such 

as shapes and edges. Due to a small receptive field, they are used in areas like fingertips the 

most and respond to pressures over long periods. 
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Ruffini corpuscles respond to sustained skin stretch. They are responsible for the 

feeling of object slippage and play a major role in the kinesthetic sense and control of finger 

position and movement.  

 

2.1.2 Nervous System of Touch 

In case of contact with a certain object, tactile receptors detect surface information 

of the object through the deformation of mechanoreceptors. Each mechanoreceptor measures 

a small portion of the surface texture and encodes the tactile information as a train of action 

potentials. This encoding process is similar to digitizing and coding analog signals by an 

analog-to-digital (A/D) convertor [27]. The action potential is transmitted to the central nervous 

system(CNS) for higher level processing and interpretation via multiple nerves up to the spinal 

cord and via two major pathways: spinothalamic and dorsal-column-medial-lemniscal 

(DCML). The DCML quickly conveys information related with pressure and vibration to the 

brain and helps in spatial and temporal comparisons of the stimuli [25].  

 

Fig 2.1.2.1 The dorsal column-medial lemniscal pathway. 
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2.2 Surface Textures 

A surface texture is one of the important factors related with friction, adhesion, transfer 

and surface properties. Especially, surface information such as friction, roughness and 

vibration are related with the surface texture [59]. So, researches about surface textures have 

been studied for a long time in various fields. Surface texture is typically defined by texture 

shape, texture’s pattern, roughness and etc. To measure the surface characteristics, various 

measurement technologies have been developed. AFM(Atomic Force Microscope) is a kind of 

technology scanning surface texture. Small tip contacts with a surface during scanning on the 

x-axis and height of the tip is changed due to the surface texture such as pattern and shape at 

the same time. Laser beam detects a small amount of tip’s height changes and indicates surface 

information containing both x and z-axis images. 

            Fig 2.2.1 AFM mechanism and scanning image 

The AFM can get a 3D image of surface and also measure several surface information. 

The mechanism of the AFM is very useful for surface sensing. The advantages of AFM arise 

from not only scanning method but also tip’s height changes. Basically the tip is moved on x 

and y-axis by an actuator during scanning a surface. Simultaneously the tip also gets z-axis 

information of the surface’s ridge and furrow through contacting with the surface. Thanks to 

the mechanism, x and y-axis information can be collected by scanning method and z-axis 
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information can be measured by tip’s position changes. Thus surface features such as texture’s 

shape, pattern and relief can be measured by analyzing the position changes. 

 

 

2.3 Previous Works for Sensing Surface Textures  

Humans are very proficient in recognizing surface properties based on the sense of 

touch, but there are many issues how a robot can recognize the surface properties [28]. Studies 

related with perceiving and recognizing surface textures also have been developed to mimic 

the human tactile receptors in haptic and robotic field. As well as, many engineering researches 

have been conducted to measure the surface properties through the robotic finger. Some robotic 

researches have been approaching to collect surface properties such as friction, vibration, 

roughness etc. by sliding or gripping mechanism. In the robotic field, because gripping and slip 

prevention are important issues, robotic fingers applied feedback loop or complex algorithm 

have been developed to perceive surface textures[29] [30] [31]. However, it is hard to find 

studies about tactile sensors which detect surface textures relatively. Only some optical and 

piezophotonic sensors were proposed as a surface detection sensor [19]. 

 

 

    2.3.1 Friction  

Friction measurement is one of the widely used method to measure surface 

textures because it has intimately relationship with surface texture. Various researches 

concerning friction and friction coefficient have been proposed to measure surface texture. 

Normally, friction was measured by a friction measurement system through a sliding 

experiment and then the measured friction values was classified according to surface properties 
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such as shape, pitch etc. Kawasegi et al. demonstrated that fluctuation of the friction 

coefficients was related to the sticky and uneven sensations. They were emphasized that the 

magnitude of the coefficient of friction, surface roughness and deflection were not strongly 

affected by the texture, as well as, the texture pitch was the most significant factor determining 

the surface pattern and tactile sensory [32]. Xiaojing et al. proposed a new surface classification 

based on the frictional properties of the surfaces by using the quasi-static LuGre model and 

Newtonn-Raphson method. The experiment results showed a high accuracy in surface 

classification [33]. Gee et al. [34] developed a friction device for measuring dynamic friction 

coefficients between finger and surface of various materials such as rubber, steel and glass in 

order to accurately mimic sensory perception.  

 

2.3.2 Roughness 

Because roughness is one of the important parameters determining surface 

properties, roughness detection technologies such as contact stylus type, optical probing type 

and interferometer type have been developed so far. The stylus type method analyses roughness 

information by scanning the material surface in a contact measurement but it can be damaged 

from the surface or damage to the surface. Another method is non-contact measurement; this 

method obtains roughness information by analyzing the reflected light source from material 

surface. Yang et al. [35] proposed a method of roughness estimation with Mueller matrix. Much 

information of roughness can be contained in elements of the Mueller matrix, so that 

experimental results showed efficiency of roughness detection and precision improvement. 

Nemoto et al. [36] developed a roughness measurement standard with irregular surface 

topography for improving 3D surface texture measurement. They got roughness data by using 

the 2D A-R model and then restored a 3D surface roughness based on the measured data. 
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2.3.3 Vibration  

Measuring vibration for surface texture detection is also widely used in sliding 

mechanism as like friction measurement. Humans can easily feel a vibration through the 

Pacinian corpuscles which is one of the mechanoreceptors, so many vibration sensors 

mimicking the receptor’s vibration detecting mechanism have been introduced [37]. Jamali et 

al. [38] classified surface textures based on the frequencies and amplitudes of the vibrations 

occurred from the sliding contact. They developed an artificial finger embedded strain gauges 

and PVDFs and then slid the finger with various surfaces. Embedded PVDF sensors generated 

frequency responses according to the surface texture and then an applied algorithm calculated 

the frequency results to classify different textures. A nanogenerator type tactile sensor 

translating texture information into sequence of electric pulses was proposed in [39]. The 

texture information is conveyed by the amplitude of current and frequency of the electric pulses. 

Unlike previous sensors, this NG tactile sensor can not only indicate a fine texture but also 

figured out an acceleration of sliding motion by using a simple analyze due to its piezoelectric 

property [40]. 

 

2.3.4 Optical Sensor  

  Tactile sensors based on optical equipment detect a surface texture from changes of 

the light intensity [41]. There are three types optical sensor; opto-mechanocal, fiber-

optic,internal reflection. Those kinds of sensors have good sensitivity and reactivity in case of 

the slip detection especially, but additional equipment such as light source, light guide, photo-

detector etc. should need to measure the changes of the light intensity. Tanie et al. proposed 

optical sensor based on frustrated internal reflection. When the sensor contact with certain 

surface, light loss arises at the contact point because of scattering. As a result, internal light 
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intensity was frustrated and shadow appeared at the contact area. In opto-mechanical type, 

optical shutter is acted to modulate light transmission between a light emitting diode and a 

photo-detector depending on applied external pressure.   

  

2.3.5 Piezophotonic Sensor  

       Piezophotonicity is the ability to convert a pressure into a light. Maheshwari et al. [19] 

demonstrated a thin film device to sense texture by touch. The sensor showed a pattern of 

surface texture or contact area by emitting light. The light intensity increased proportional to 

applied normal pressure. A nanowire based sensor array imaging of pressure distribution was 

proposed in Pan et al [42]. Zinc oxide nanowire was used as light emitting diode and the sensor 

has high resolution due to high density of ZnO nanowires. Those piezophotonic sensors also 

have a self-biasing characteristic. 
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III. EXPERIMENTAL DETAILS 

 

 

3.1 Piezo Sensor Array 

In the thesis, a tactile sensor used piezoelectric material and array structure was  

introduced for surface texture sensing. Because the piezo sensor array has a similarity with the 

human tactile receptors. Also, flexible substrate and soft materials were used to the array sensor 

to imitate human skin. 

Sensors applied piezoelectric materials have been developed in various fields. Jang et 

al. [6] demonstrated a piezoelectric sensor for pressure detection and Chun et al [43] introduced 

a tactile sensor that can detect surface texture and sliding information. There are various types 

of piezoelectric materials such as ceramic, crystals and polymer, so that it is possible to use 

various fabrication processes and obtain a variety of piezoelectric properties depending on the 

materials. In addition, the ability of piezoelectricity is very similar with tactile receptors which 

translate external stimuli into electrical signals. The electrical signals arise from piezoelectric 

materials have high sensitivity and fast response characteristics, so that piezoelectric sensor is 

more suitable for a dynamic movement detection than state movement [44]. PVDF-

TrFe(poly[(vinylidenefluoride-co-trifluoroethylene]) which is one of the popular piezoelectric 

copolymers was used for the piezo sensor array suggested in this paper. The material has high 

sensitivity due to its high piezoelectric coefficient and fast response time. Also, the copolymer 

allowed easy-fabrication process and flexibility characteristics, as well [45]. A PZT (lead 

zirconate titanate) ceramic which has very high piezoelectric coefficient is now used to tactile 

sensors to have very high sensitivity. However, those sensors applied the PZT have complex 

fabrication process and non-flexibility problem, because PZT is ceramic [45]. Thus, it is 
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important to use appropriate piezoelectric materials depending on purpose of sensors, structure 

of the sensor, and fabrication process. 

 A structure of sensor is also important factor to determine a sensing ability. Many 

research groups have introduced a variety of sensor structures so far. A pressure sensor having 

double ZnO nanowire layers was introduced to enhance the sensor performance [46]. Thanh-

Vinh [9] et al. proposed a pizeo-resistive sensor for pressure and shear force sensing. It consists 

of piezoresistvie cantilevers and PDMS cap. The PDMS cap induces deformation of cantilevers 

when external strain was applied and then resistance of cantilevers was changed as a result of 

its deformation. A flexible sensor having TFT array was proposed for simultaneous sensing of 

pressure and temperature [12]. A tactile sensor array applied PDMS bump layer was introduced 

for three-axis force and slip detection as well [5]. The piezo sensor array introduced in the 

thesis also has an array structure for detecting surface textures and the array structure allowed 

that the sensor is able to have high resolution and pressure distribution detection. 

 

3.1.1 Principles of Piezoelectricity 
Piezoelectricity is linear interaction between mechanical and electrical systems in 

non-centric crystals or asymmetry structure materials [45]. This phenomenon produces the 

electric charge accumulation in certain materials in response to applied mechanical stress [59]. 

It is commonly defined as the direct piezoelectric effect which generates the electric 

polarization proportional to the external stress. The stress leads to dielectric displacement and 

the displaced dielectric manifests an internal electric polarization [47]. The converse 

piezoelectric effect is a phenomenon that the internal stress appears, when an external electric 

field is applied. It should be noted that the piezoelectric effect depends on the asymmetry of 

the crystal.  
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Fig 3.1.1.1 The piezoelectric effect mechanism. 

A material having central symmetry is hard to have piezoelectricity. So, 

mechanical and electrical properties of the piezoelectric materials are coupled with linear 

relationship between applied stress and internal electric polarization. The resulting charge 

density ܦ௜ induced by the applied stress is defined as [47]  

௜ܦ  ൌ ݀௜௠ߪ௠                         (3.1) 

where	 ݀௜௠is a direct piezoelectric coefficients and ߪ௠ is the components of the stress tensor. 

Conversely, the other abilities of piezoelectric materials consist to contract or expand when an 

external electric field is applied. This strain is described as follow 

௠ݔ ൌ ݀௞௠ܧ௞                         (3.2) 

where	 ݀௞௠is an inverse piezoelectric coefficients and ܧ௞ is the components of the electric 

field. 

To fully understand the piezoelectric material coefficients, following equations derived 

from the coupling of elastic and dielectric properties is necessary 

௜ܦ ൌ ௞ܧ௜௞ߝ ൅ ݀௜௠ߪ௠                         (3.3) 
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௡ݔ ൌ ݀௞௡ܧ௞ ൅  ௠                         (3.4)ߪ௡௠ݏ

௞ܧ ൌ ௜ܦ௜௞ߚ െ ݃௞௠ߪ௠                         (3.5) 

௡ݔ ൌ ݃௜௡ܦ௜ ൅  ௠                         (3.6)ߪ௡௠ݏ

௜ܦ ൌ ௞ܧ௜௞ߝ ൅ ݁௜௡ݔ௡                         (3.7) 

௠ߪ ൌ െ݁௞௠ܧ௞ ൅ ܿ௡௠ݔ௡                         (3.8) 

௞ܧ ൌ ௜ܦ௜௞ߚ ൅ ݄௞௠ݔ௡                         (3.9) 

௠ߪ ൌ െ݄௜௠ܦ௜ ൅ ܿ௡௠ݔ௡                        (3.10) 

 

where ܿ௡௠ and ݏ௡௠ are elastic stiffness and elastic compliance tensor, ߝ௜௞ is the dielectric 

permittivity, ߚ௜௞ is the dielectric impermittivity and ݀௜௠ ,	 ݃௜௠, ݄௜௠ , ݁௜௠  are piezoelectric 

coefficients. Equations of state (3.3), (3.4), (3.5) and (3.6), belong to the description of direct 

piezoelectric effect. On the other hand, equations of state (3.7), (3.8), (3.9) and (3.10), belong 

to the description of inverse piezoelectric effect [47]. 

Fig 3.1.1.2 Relations among electrical and mechanical quantities [47]. 
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Piezoelectric effect is described by four different material coefficients according 

to the choice of independent variables. Relationship of piezoelectric materials coefficients 

between mechanical and electrical quantities were represented in the Fig 3.1.1.2. Arrows 

pointing from mechanical to electrical quantity represent direct piezoelectric effect. On the 

contrary, arrows pointing from electrical to mechanical quantity represent the inverse 

piezoelectric effect.  

In the paper, basic piezoelectric property which transfer pressure into the voltage 

was used as the main mechanism of the piezo sensor array.  

 

3.1.2 Piezoelectric Materials 

          Nowadays a variety of piezoelectric materials such as crystals, ceramics, polymers 

and composites are applied in the sensor field [48]. 

Quartz, lithium niobate(LiNbOଷሻ and lithium tantalate(LiTaOଷሻare the typical 

piezoelectric crystals. The piezoelectric crystals are used in various field, and also utilized as 

oscillators and surface acoustic devices. Quartz is also the most popular single crystal 

piezoelectric material and it is used for low loss transducers because of its high mechanical 

quality factor. Lithium niobate(LiNb Oଷሻ  and lithium tantalate(LiTa Oଷሻ  have high 

electromechanical coupling coefficients for surface acoustic wave as well, so that those 

materials are used for SAW devices [45]. 

Barium titanate(BaTiOଷሻ and PZT are most popular piezoelectric ceramics. 

Especially, PZT ceramics have been widely used in a variety of applications for a long time. 

The PZT has excellent piezoelectric properties that can be designed to meet specific purposes 

by doping and also has high electromechanical coupling coefficients(k) and piezoelectric 

coefficient(d). Thus PZT ceramics are suitable for high power transducers and sensor [48]. 
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Piezo-composites comprising piezoelectric ceramic and polymer phases are 

promising materials because of their excellent properties. The advantages of the composites 

are high coupling factors, low acoustic impedance, good matching to human tissue, mechanical 

flexibility and broad bandwidth property. So, the piezoelectric composite materials are 

especially useful for underwater sonar and medical diagnostic, ultrasonic transducer 

applications [48]. 

Piezoelectric polymers have a lower piezoelectric coefficient compared with the 

piezoelectric ceramics. However, the low value of permittivity of the polymers leads to high 

values of voltage constant. Also they have advantages such as flexibility, low density, 

lightweight and low cost as well. PVDF(polyvinylidene difluoride) was first discovered as 

piezoelectric polymer by Kaway[47]. Although the PVDF has different mechanism of 

amorphous and semicrystalline piezoelectric materials, it can also have piezoelectricity. 

Because the PVDF has certain alignment of molecules, the alignment has an ability to make 

internal polarization when stress is applied. The molecular structure of PVDF is simple; the 

monomer consists of two vinyl atoms of carbon with one of them bringing two fluorine atoms. 

The PVDF has different phases depending on the reciprocal orientation of the C-Fଶ dipoles 

and the phases have different piezoelectric properties. The most important phase is β-PVDF 

phase, because it shows ferroelectric behavior. In this phase, the dipoles CFଶ are all oriented 

in the same direction. Recently, PVDF polymer is used with copolymers to enhance the 

piezoelectric properties. The addition enhancement procedure increase a β-phase crystallinity 

of the polymer up to 90% so, PVDF-TrFE(polyvinylidene difluoride trifluoroethylene) has 

much stronger piezoelectric property then a normal PVDF [47]. 

   The PVDF-TrFE copolymer was also applied to the piezo sensor array introduced in the 

thesis due to its flexibility, high sensitivity, easy-fabrication process and capacity of dynamic 

movement sensing.  
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3.1.3 Array Structure 
         Array structure consists of a systematic arrangement of similar pattern in rows and 

columns [60]. Many kinds of sensors are applied to the array structure to have a variety of 

advantages such as high resolution, slip detection and ability of pressure distribution sensing  

[49]. The array structure was also applied to the piezo sensor array, because many cells 

constituting the array structure plays a role in the human receptors. The human receptors are 

very densely placed in human skin. If the receptors are not distributed densely, it is hard to feel 

external stimuli well. Thus, a sensor having a high resolution is essential to mimic the human 

touch system, so that an array structure is the best candidate to achieve the high resolution 

characteristic. However, the array structure also has problems concerning with too many 

electrodes, cross-talk, size effect and etc. Matrix structure was proposed to reduce the many 

electrode problems but, cross-talk and confusion under multi-touch condition also are occurred 

as well [50] [51]. 

 

3.1.4 Soft Material 
The human can feel surface textures through a deformed skin. For example, the 

amount of a skin deformation is different depending on an applied pressure so, human can 

distinguish between spike shape and dome shape due to the pressure difference. Thus, we 

thought that mimicking the human skin should be a key to sense surface textures. A soft 

material was particularly applied to the bottom of the sensor to induce a sensor deformation to 

mimic the human skin. We applied soft materials such as sponge and PMDS to the sensor and 

then optimized. Some papers demonstrated sensors embedded in soft material like PDMS to 

sense shear force [52] [53]. However, it was rare to apply a sponge to the sensor so, it was a 

unique characteristic of the piezo sensor array introduced in the thesis.  
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3.2 Fabrication and Structure of Piezo Sensor Array 

The piezo sensor array consists of bottom layer for a common electrode and top layer 

for an array structure. Fig 3.2.1 shows a fabrication process of the top layer. First, a polyimide 

film was cleaned by acetone and IPA to remove organic residues and particles by using 

ultrasonic cleaner. The polyimide film substrate was taped on a glass to fix the film during spin 

coating process. Then, negative photoresist (AZ nLOF-2035) was spin-coated with 3000 rpm. 

The thickness of the photoresist depends on the revolution per minute(rpm) of the spin-speed. 

In the case, the negative photoresist had the 3 um thick under 3000 rpm condition. The reason 

negative photoresist was chosen is that it can make a clean sidewall pattern than positive 

photoresist after UV-expose and lift-off process. After coating the photoresist, the coated 

polyimide substrate was put in a hot-plate at 130Ԩ  for 1 minutes to bake the negative 

photoresist. After baking, the photoresist was exposed by ultraviolet (UV) ray to form an array 

pattern. After UV expose process, exposed photoresistive was baked again at 130Ԩ  for a 

minutes and a half. The process is called as hard baking. Hard-baked samples were dipping in 

AZ-300 developer for 1 minute and 30 seconds to remove photoresist residues and develop the 

array pattern. Developed samples were rinsed by deionized (DI) water for 1 minute and dried 

by blowing N2 gas. After photolithography process, 50 nm thick Chrome (Cr) and the 100 nm 

thick Au were deposited by using a radio frequency (RF) magnetron sputtering system at an 

input power of 200 W to make a metal layer of the array patten. The Cr layer was added to 

enhance the adhesion between the polyimide substrate and the Au layer. After Cr/Au electrodes 

were deposited, the electrode array patterns were obtained through the lift-off process, which 

photoresist residues were removed by dipping in acetone and rinsing in isopropyl alcohol (IPA). 

The array patterns consist of 36 cells and each cell has 1mmଶ  size with 2mm pitch. The 

PVDF-TrFE 15% solution was made by mixing PVDF power with 2-butanone solution. The 

mixed solution was stirred to solve the PVDF power entirely. Then the PVDF-TrFE solution 
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Polyimide film substrate was taped on a glass 

Negative photoresist was coated on the film substrate 

The negative photoresist was baked at 130Ԩ for 1 minutes  

The photoresist was patterned by exposing UV 

The negative photoresist was baked at 130Ԩ for a minutes and a half again. 

Exposed photoresist was removed	during development process. 

Polyimide film 

Glass

Negative PR 

Soft baked negative PR

Hard baked negative PR

Cr/Au electrode layer 

PVDF-TrFE 

Annealed PVDF-TrFE

PVDF-TrFE(15%) was coated on the film by spin-coating process 

Cr/Au(10nm/100nm) were deposited by sputter 

Reminded photoresist was removed by lift-off 

PVDF-TrFE(15%) was annealed for 2hours at 130Ԩ  

Fig 3.2.1 Schematic of the top layer fabrication process of piezo sensor array 
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was coated with 3000rpm upon the array patterns. After PVDF-TrFE was coated on the film 

substrate, the sample was annealed at 130Ԩ  for 2hours. On the other hand, bottom layer 

fabrication process is much easier than the top layer case. Because the bottom layer was used 

as a common electrode, Cr/Au layers (100 nm thick Cr and the 100 nm thick Au) were deposited 

on all over a polyimide substrate (Fig3.2.2). 

To set-up the piezo sensor array, the bottom layer was placed on a floor first and then the 

top layer was overturned to make PVDF-TrFE layer meet the electrode layer of the bottom 

layer. After that, both layers were taped to fix them (Fig.3.2.3).  

  

1. Polyimide film was cleaned by acetone and IPA  

2. Cr/Au(10nm/100nm) were deposited by sputtering system 

Fig 3.2.2 Schematic of the bottom layer fabrication process of piezo sensor array 

Polyimide film 

Cr/Au electrode layer 
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PVDF-TrFE layer 

Polyimide substrate 

Array structure 

Polyimide film

Cr/Au electrode layer 

Annealed PVDF-TrFE 

1. Place the bottom layer on a floor 

2. Overturn the top layer 

3. Combine both layers 

Top layer

Bottom layer

Fig 3.2.3 Schematic of the piezo sensor array set-up

Fig 3.2.4 Optical images of the top layer of piezo sensor array 
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3.3 Design of Textures 

In the paper, three different textures were 3D modeled and used for surface texture 

sensing. The textures having bump, spike and dome shapes were fabricated by a 3D printer. 

The textures had successive patterns having bump, spike and dome shapes with 3mm pitch in 

common. The bump texture had a 1mm width and intervals of the bump patterns was 2mm. In 

the spike case, spike shape had around 0.15mm width because of a resolution limit of the 3D 

printer. All textures are designed as a detachable form for various texture sensing experiments.  

 

Fig 3.3.1 Enlarged textures designs of the bump, spike and dome shapes. All textures had 3mm 

pitch. 
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Fig 3.3.2 Optical image of the three different textures. The textures were designed to be removable 

and the textures were mounted on a linear stage for sliding experiments 

 

3.4 Experimental Setup 

In section 1.2, touch and sliding methods were mentioned for a surface texture sensing. 

In the paper, basically touch experiment and sliding experiment were proceeded respectively 

to compare which method is more suitable for texture detection. A 200g weight was used to the 

touch and sliding experiment for same experimental condition. The piezo sensor array was 

pressed by the different textures in the touch experiment. An occurred piezoelectric signals 

were analyzed, whether the result signals have texture information or not. In the sliding 

experiment, a linear stage (X-LHM100A, Zaber) was used to slide the three textures. The linear 

stage controls such as sliding velocity, move distance, acceleration could be set through a Zaber 

software. The texture stage was mounted on the weight container and each texture was mounted 

on the texture stage. In sliding experiment, sliding velocity was set to 30mm/s as uniform 

velocity normally. Besides, the sliding experiment was proceeded twice under soft material and 

non-soft material condition. To measure the electrical signals of the piezo sensor array, mixed 

signal oscilloscope (MSO-X 2024A) was used. 
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Fig 3.4.2 Mounted the bump texture to the texture stage.  

 

 

 

Fig 3.4.1 Experimental set-up image of linear stage with weight container and texture stage.

Texture stage

Linear stage Weight container 
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IV. RESULTS AND DISCUSSION 
 

 

4.1 Characteristics of Piezo Sensor Array 

Touch and sliding experiment were proceeded to measure a characteristic of piezo sensor 

array in this chapter. We analyzed that result piezoelectric signals arisen from the array sensor. 

The results of touch and sliding experiments were different and had unique characteristics. The 

results were similar with an assumption which is a surface texture can be sensed more easily 

under sliding condition than touch case. Also, the piezo sensor array had a high resolution 

characteristic as expected due to its array structure. 

 

4.1.1 Touch Experiment 

We checked that the sensor array can measure a pressure basically. The sensor array was 

pressed by the three different textures having bump, spike, and dome shapes. A 200g weight 

was used for the same experiment conditions. An occurred voltage was expressed by the color 

mapping in Fig 4.1.1.1 b.c.d. In spite of same 200g weight condition, applied pressures were 

different depending on shapes of texture. A 0.4V was occurred in the bump texture due to its 

large contact area (Fig 4.1.1.1.b). On the other hand, a 0.6V was occurred under the spike 

texture, because a normal pressure was strongly applied (Fig 4.1.1.1.c). We confirmed that 

there were only voltage changes depending on texture shapes in the touch experiment. From 

this results, the sensor could not detect all textures position and distinguish texture shapes due 

to its resolution limit. It should be a big problem because if the sensor was pressed strongly by 

the bump texture, the sensor cannot distinguish whether it is bump or spike. Therefore, the 

array sensor could not perfectly detect surface texture through the touch experiment. 
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4.1.2 Sliding Experiment 

Sliding is another method for surface texture detection. Three different textures were slid 

on the sensor for the sliding experiment. The 200g weight was also used for the same 

experimental condition. The textures and weight were mounted on a linear stage (X-LHM100A, 

Zaber) and then moved at 30mm/s. In the experiment, we found that result signals of pressure 

and sliding experiment were different. A piezoelectric signal induced by pressure had a very 

high slope and high output voltage normally. However, piezoelectric signals induced by sliding 

Fig 4.1.1.1 The results of touch experiment with various textures. (a) Images of three different 

textures with the array sensor. (b),(c),(d) The pressure mapping images of bump, spike and dome 

textures respectively. The output voltage increased corresponding to the pressure. 
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had a gradual slope and low voltage than the pressure like Fig 4.1.2.2. The lowest voltage 

appeared in the bump texture and a twice voltage was occurred in spike and dome textures. 

Apart from the voltage, each sliding signal wave form was a little bit different depending on 

the textures. A sliding signal of the bump texture was broad and had a gradual slope rather than 

 

Fig 4.1.2.1. Image of sliding experimental setup with leaner stage (ZABER, X-LHM100A). The 

block bottom layer is a sponge. Weight is put into the white container and textures were mounted 

on the block texture stage. 

Fig 4.1.2.2. A sliding signals of the different textures from the sensor array. The sliding signal 

of bump texture shows a low voltage than other texture’s signal. Also The signal shape is more 

broad and slope of signal is gentle than other signals. (b), (c) Both sliding signals shows a similar 

output voltage, slope and signal shape as well. The bump signal can be distinguished from spike 

and dome, but there are some problems to distinguish the spike and dome signal. 



 

 - 30 - 

other signals (Fig 4.1.2.1.a). On the other hand, the signals of spike and dome textures were 

narrow and had a sharp slope than bump (Fig 4.1.2.1.b.c). So, it was able to distinguish a bump 

texture from spike and dome textures by comparing the signal wave forms. However, there was 

a limitation to distinguish between spike and dome textures because of their similar output 

voltage and signal wave forms. 

We compared the result signals of three different textures by a signal processing called 

the correlation method. Correlations are useful because they can indicate a statistical 

relationship between two random variables [54] [61]. A correlation coefficient is a number that 

quantifies correlation and dependence and meaning statistical relationships between two 

observed data values. 

If two observed data values have N scalar observation, then the correlation coefficient is 

defined as [54] 

ρሺA, Bሻ ൌ 	
1

ܰ െ 1
෍൬

௜ܣ െ ஺ߤ
஺ߪ

൰

ே

௜ୀଵ

൬
௜ܤ െ ஻ߤ
஻ߪ

൰,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ1ሻ 

where ߤ஺ and ߪ஺ are mean and standard deviation of A, respectively, and ߤ஻ and ߪ஻ are 

also the mean and standard deviation of B. The correlation coefficient can be defined in terms 

of the covariance of A and B: 

ρሺA, Bሻ ൌ
,ܣሺݒ݋ܿ ሻܤ
஻ߪ஺ߪ

,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ2ሻ 

The correlation coefficient matrix of two data is the matrix of correlation coefficients for each 

pairwise variable combination, 

R ൌ ൬
ρሺA, Aሻ ρሺA, Bሻ
ρሺB, Aሻ ρሺB, Bሻ

൰.	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ3ሻ 

Since A and B are directly correlated to themselves, the diagonal entries are just 1, that is, 

R ൌ ൬
1 ρሺA, Bሻ

ρሺB, Aሻ 1
൰	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ4ሻ 
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By using the correlation coefficient method, signal relationships between bump, spike and 

dome(ρሺA, Bሻ, ρሺA, Cሻ, ρሺB, Cሻ) were calculated as 0.0413 0.1605 and 0.6661 respectively. 

The results also proved that sliding signal of bump was different compared with spike and 

dome signals, as well as sliding signals of spike and dome had similar signal wave form and 

output voltage. It means that it is hard to distinguish between spike and dome signals. 

 

Correlation between different signals Matching  

Correlation with bump(A) and spike(B) 4% 

Correlation between bump(A) with dome(C) 16% 

Correlation between spike(B) with dome(C) 67% 

 

Table 4.1.2.1. Correlation coefficients between bump, spike and dome signals. 

Fig 4.1.2.3. A signal matching graph applied correlation signal processing. 
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4.2 Characteristics of Sliding Signals 

     We identified that sliding signals were different depending on texture shapes, so it was 

necessary to analyze a mechanism of the signal difference. Here, mechanism of sliding signals 

was demonstrated and characteristics of sliding signal were explained. In the previous 

experiments, sliding velocity and weight were constant as 30mm/s and 200g respectively but, 

sliding signals with various sliding velocity and weight conditions were measured in the section. 

 

4.2.1 Signal Difference depending on Texture Shapes 

       Piezoelectricity is a property generating a voltage in response to external strains. In 

touch case, a piezoelectric signal normally has high positive peak and negative peak having a 

high slope, because a pressure was applied suddenly in a short time. However, an applied 

pressure is changed according as contact area and contact time under a sliding case. So, the 

piezoelectric signal of pressure and sliding should be different. Magnified sliding signals and 

a schematic expressing the sliding mechanism were indicated in the Fig 4.2.1.1. We divided 

the sliding signals as three parts to explain the mechanism. When a texture was moved forward 

a cell, the texture started to press the cell and a positive slope appeared as the result (Fig 

4.2.1.1.a). After that, a positive peak appeared, when a texture is located in the center of the 

cell because the highest pressure was applied in this time (Fig 4.2.1.1.b). The applied pressure 

decreased, since the texture was away from the center of the cell and an occurred voltage also 

decreased according to the reduced pressure. After the texture passed the cell entirely, negative 

peak appeared to return to the neutral states (Fig 4.2.1.1.c). We found that the time interval 

between positive and negative peaks was different depending on textures. This difference was 

caused by a contact area of textures [55]. In a bump texture, the time interval was longest as 
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0.3684s because of its large contact area. However, spike texture had the shortest time interval 

as 0.0087s due to its small contact area. The dome texture had a middle time interval value as 

0.1486s. We also could distinguish between bump and spike textures quantitatively as using 

this method, not by using signal wave form. However, it is hard to define texture’s shape 

through the time interval differences because the interval values were related with texture’s 

width. 

 

Fig 4.2.1.1. Sliding signal analysis in 30mm/s condition. (a) The cells were pressed when the 

texture was approached to the cell. In this moment, positive slope was occurred. (b) The highest 

pressure was applied to the cell, when the texture was located in the center of the cell. A positive 

peak appeared in this time. After that, as the texture was away from the cell, the applied pressure 

applied decreased. When the texture was get out of the cell entirely, a negative peak appeared. The 

difference of three sliding signals is the time interval between positive and negative peaks. The 

difference was derived from a contact area.  
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4.2.2 Signal Difference depending on Weights 

The 200g weight was used for the experiment so far. We also measured the sliding 

signal changes depending on the weight as 500g and 700g with the bump texture. The 

piezoelectricity makes a voltage corresponding to an applied pressure so, it generates more 

voltage under a heavy weight. The results also showed voltage increases in accordance with 

the heavy weights (Fig4.2.2.1.a). However, signal wave form was distorted as the weight 

increased. Also when heavy weight was used, the calculated velocity had some errors. Thus, 

the optimization is necessary for sliding experiments. 

 

4.2.3 Signal Difference depending on Velocity 

Here, we identified that there was a voltage difference according to velocity changes. The dome 

texture was used for this experiment. Piezoelectric voltage is related to a by 

௣ܸ ൌ
݀ଷଷ	 ݐ
݁ଷଷ	 ܣ

∙ 	ܨ ; 	 	 	 ܨ ൌ ݉
ݒ݀
ݐ݀
.	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ5ሻ 

where ݀ଷଷand ݁ଷଷ are piezoelectric constants, t is thickness of piezoelectric material, A is an 

electrode area. The ݀ଷଷ,	 ݁ଷଷ, t and A are constants determined by material property and sensor 

design. Also applied weight was fixed as 200g, m is constant as well. However, the 
ௗ௩

ௗ௧
 value 

in 70mm/s condition is much higher than 10mm/s condition, so high ௣ܸ appeared relatively. 

(Fig4.2.2.1.b). Sliding signals in slow velocity condition had low voltages and many noise as 

well as the signal wave form was ambiguous. Sliding signals of high velocity condition had 

clean signal form, but signals were also distorted as the velocity increased. Thus, it was 

necessary to optimize a velocity condition then, 30mm/s was chosen for the optimization.  
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4.3 Sliding velocity & Texture’s Pitch Calculation 

We confirmed that it is possible to distinguish between bump and spike textures through the 

previous experiment results. Here, we check whether the sensor can measure a sliding velocity. 

Fig 4.3.1.a. indicates a successive sliding signals appeared in B and C cells and a schematic 

corresponding with the sliding condition. The sliding signal arisen from the B cell first and 

 

Fig 4.2.2.1. Sliding signal changes according to weight and velocity. (a) The output voltage 
increased according to weight in same velocity condition. (b) The output voltage increased 
according to weight in same s velocity condition.  

(a) (b) 
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then appeared in C cell in sequence, while the texture was moved. We could calculate a sliding 

velocity reversely by using the simple equation as  

ݒ ൌ
ܮ
ܶ
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ6ሻ 

where T is a time interval of the sliding signals occurred from B and C cells and L is a distance 

between the two cells. L is fixed as 2mm and T is measured as 0.06644s (Fig 4.3.1.a). The 

calculated velocity was 30.1mm/s and the value was very close to a real sliding velocity of the 

linear stage. The reason the sensor could take a sliding velocity was that the sensor had the 

array structure. A unit sensor like a robotic finger is difficult to measure a sliding velocity by 

itself. In the robot filed, sliding velocity should be normally measured by adding a gyroscope 

or external circuit to the unit sensor. However, the sensor array consists of many cells and the 

distance between cells is always constant as 2mm. Thus, sliding velocity can be easily 

calculated in spite of an unknown velocity condition. So, the sensor array had a unique 

characteristic which can take a sliding velocity by itself without any additional equipment. We 

experimented the sliding velocity calculation in various conditions additionally. The sliding 

velocity of the linear stage was set as 10mm/s and 70mm/s respectively, and then we analyzed 

the occurred sliding signals to measure a sliding velocity reversely (Fig 4.3.1.b.c). The time 

intervals were 0.1826s and 0.02876s in 10mm/s and 70mm/s conditions respectively, and the 

calculated velocities were 10.95mm/s and 69.54mm/s by using (5). The result indicated that 

the sensor array can measure various sliding conditions. In addition, voltage differences were 

founded depending on velocity difference. Fig 4.3.1.d shows that the sensor could get a random 

velocity as well. In random velocity experiment, a texture was slid by the human instead of the 

linear stage so a sliding velocity was not constant but random. The time intervals were changed 

continuously from 0.05065s to 0.02870s corresponding to the random velocity. The calculated 

velocities were 40mm/s, 51mm/s, 57.5mm/s and 70mm/s respectively, so the sensor could even 
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measure changing velocity. The ability allowed that the sensor can get acceleration as well. 

Furthermore, the sensor could also take a texture’s pitch.  

Fig 4.3.1.e is enlarged image of Fig 4.3.1.a and has a schematic corresponding with the bump 

texture sliding. The first bump texture passed B cell and then a second texture also passed the 

B cell during a sliding, so that the sliding signal appeared sequentially in the B cell. Thus, the 

time interval of the two sliding signals generated in the B cell was related with the texture’s 

Fig 4.3.1. Velocity and pitch calculation processes using sliding signals. Sliding velocity could 
be calculated from consecutive sliding signals. (a) The mechanism of the velocity calculation. The 
time interval of sliding signals from B and C cells and distance between the two cells are used for 
the following equation (velocity=distance/time) and the calculated velocity is 
30mm/s(0.06644s/2mm). (b), (c) The sensor array could measure the slow (10mm/s) and fast 
(70mm/s) conditions as well. (d) The sensor array could calculate a random velocity by using same 
calculation mechanism. (e) The pitch of texture calculation processes. The time interval of two 
sliding signals arisen from same cell and the calculated velocity were used for the following 
equation(distance=velocity*time) and the calculated distance was 3mm(30mm/s*0.9926s). 
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pitch. We used the following equation to calculate the texture’s pitch.  

S ൌ v ൈ T	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ሺ7ሻ 

The sliding velocity was set as 30mm/s as like before and a time interval of two signals 

was measured as 0.9926s. Texture’s pitch could be calculated by multiplying velocity by time. 

The calculated pitch was 2.98mm. It was very close to an actual texture’s pitch; 3mm. So, the 

sensor could measure both a sliding velocity and texture’s pitch by itself. 

 

4.4 Texture Restoration 

We discussed the width of textures in the sliding signal mechanism section (Fig 4.2.1.1) 

and texture’s pitch in sliding velocity calculation section (Fig 4.3.1) as well. Now, we will 

restore the texture structure by using the previous results. As we already mentioned, the time 

interval between positive and negative peaks is related with a contact area, that is, texture’s 

width. First, row sliding signals changed to the absolute values to get the time interval more 

easily (Fig 4.4.1.) and then measured the time interval between two positive peaks. In bump 

texture, the time intervals were 0.3684s and 0.3813s. By using (7), texture’s width also could 

be calculated as 1.1mm by multiplying 0.3684s by 30mm/s. The real width of bump texture is 

1mm, so that the calculated bump width was very close to the actual width. The spike texture 

had the lowest time interval as 0.01s and 0.009s due to its small contact area and a calculated 

texture width was 0.3mm by using (7). However, a real texture width of spike texture was 

0.15mm in spike texture so that there were some errors. A calculated width of the dome texture 

was 0.4mm by using (7). Originally, the dome texture should have small contact area because 

of its curved surface. However, 3D printed dome texture could not have perfect curved surface 

due to resolution problem of the 3D printer. The 3D printed dome texture had 0.4mm contact 

width in real and the contact width was close to the calculated texture width of the dome texture. 

We identified that texture widths of three different shapes can be calculated by using (7) and 
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the calculated results were very closed to the actual width. The color mapping was applied to 

express texture’s pattern as the red and blue color. Pressure and non-pressure areas were 

expressed by the red and blue color respectively. However, this calculation method could not 

deal with z-axis information because it is only related with contact areas. Thus, it should be 

confused to distinguish between 0.4mm bump texture with dome texture and there was still 

error problem in spike texture. 

 

 

 

Fig 4.4.1. Texture restoration of the three different textures. The width of textures could be 

calculated by multiplying the time interval between positive and negative peaks and sliding velocity. 

The row sliding signal data changed to the absolute value for extracting time interval(dt) easily. The 

calculated width had good accuracy compared with real width. Texture’s patterns were expressed as 

the color mapping. However, there are no information about z-axis information of the textures, so 

that it is hard to distinguish between a narrow bump and spike textures. 
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4.5 Resolution of the Piezo Sensor Array 

We used textures having a 3mm pitch in common for pervious experiments so far. It 

was easy to measure the sliding signals from the sensor array, because the sensor had a high 

resolution than textures. So, the results of previous experiments are probably natural. Here, we 

will discuss about the sensor resolution. A spike texture having a 0.5mm pitch to 3mm at 

intervals of 0.5mm was slid on the sensor at 35mm/s. The result showed that an interval of the 

signals increased with the texture’s pitch (Fig 4.5.1). It meant that the sensor could measure a 

high resolution condition than itself such as 0.5mm, 1mm and 1,5mm pitch conditions. The 

time intervals under higher resolution conditions were measured as 0.01564s, 0.03165s and 

0.04609s and we analyzed that the results by multiplying a 35mm/s velocity. The calculated 

pitches were 0.54mm, 0.95mm and 1.54mm and it was close to actual texture’s pitch accurately. 

So, we also checked that the sensor had a higher resolution characteristic than the sensor system. 

  

 

Fig 4.5.1. Sliding signal of random pitch in 35mm/s condition. The sensor could measure sliding 

signals having 0.5mm, 1mm and 1.5mm pitch although the sensor had 2mm pitch. The array sensor 

had a higher resolution than sensor system.  
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4.6 Characteristics of Piezo Sensor array applied Soft Material 

Until now, we demonstrated how to measure sliding velocity, texture’s pitch and width 

from analyzing the sliding signals. The sliding velocity and texture’s pitch could be measured 

regardless of texture shapes. However, there were some errors to take the texture’s width and 

distinguish between spike and dome textures. We thought that mimicking the human skin 

should be a key to solve this problem because the human distinguishes textures from their 

deformed skin. For example, the amount of a skin deformation is different depending on an 

Fig 4.6.1.1. A deformation mechanism and signal changes after applying a soft material to the 

sensor. (a) Deformation differences depending on texture shapes at a skin and sponge. (b) In hard 

materials condition, sensor could not be deformed sufficiently. Contact areas and magnitude of 

deformation were changed corresponding with the textures in soft materials condition. The 

deformation induced changes of sliding signals wave form and output voltage. (c) Characteristics of 

sliding signals after applying a sponge layer. After sponge layer was applied the sensor array, each 

sliding signal could have a unique characteristic. Bump signal had a small noise between positive 

and negative peaks. Spike signal had very high slope and voltage. Dome signal had gradual slope 

due to smooth side.  



 

 - 42 - 

applied pressure so, the human can distinguish between the spike and dome textures due to the 

pressure difference.  

 

4.6.1 Sliding Signal Changes 

In fig 4.6.1.1.a shows the deformation difference between spike and dome textures at a 

skin and sponge. Previous experiments were proceeded on hard materials like a desk. So the 

array sensor could not be deformed sufficiently. In hard material condition, both spike and dome 

textures had a small point contact with the sensor (Fig 4.6.1.1.b). That is, the reason the sliding 

signals of spike and dome textures were same was that both textures had small point contact 

with the array sensor, despite their real shapes were different. 

A soft material was applied to the bottom of the sensor to induce a sensor deformation. 

After applying the soft material, the sliding signals of the three different textures could have 

unique characteristics respectively because of the sensor deformation (Fig 4.6.1.1.c). Small 

noises were found continuously between positive and negative peaks in the bump texture. The 

noise arisen from the uneven surface of the bump texture, because the bump texture had line 

contact with sensor during a sliding. In the spike texture, sliding signal of the spike texture had 

a low noise and clean signal shape than before. Also, there was no noise between two peaks 

due to its small contact area. Especially, output voltage was same as before. On the other hand, 

voltage and signal wave form were changed in the dome texture. The side of the dome texture 

pressed to the sensor with line contact during a sliding. And it also had a point contact with the 

sensor in the center of the dome texture. It meant that the dome texture had both line and point 

contact with the sensor. This characteristic appeared in a sliding signal of the dome texture 

very well. A gradual slope having many noise (red arrow) was induced by an uneven side of 

the dome texture during line contacting. No-noise areas between the two peaks indicated that 

it has a point contact like the spike texture. Besides, decreased voltage also could be a proof 
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that the dome texture has a line contact. Now we could distinguish the three textures through 

their unique characteristics of the sliding signals. The characteristics came from a sensor 

deformation, so that applying a soft material could be an effective solution for the tactile 

sensors. 

 

4.6.2 Texture Restoration 

After applying a soft material to the sensor, we restored the structure of texture again. 

The sliding signals occurred by three different textures were analyzed to measure a width of a 

textures by using the same signal processing. The calculated widths of the three textures had 

more accuracy than before. The error of the spike texture was reduced 0.3mm to 0.2mm in 

particular and it was really close to a real width as 0.15mm (Fig 4.6.2.1). A calculated width of 

the bump texture also perfectly same with a real width as 1mm. There was a difference in a 

Fig 4.6.2.1. Texture restoration applied a soft material. The sliding signal data was changed to 

the absolute value for extracting time interval(dt) easily. The results were more accurate than non-

soft material condition. Especially the width error decreased in the spike texture. The color mapped 

images had a z-axis information due to the soft material. 
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color mapping as well. Especially, pressure arisen from the side of the dome texture could be 

expressed by the color mapping as to its gradual slope. Applying a soft material brought not 

only a low error rate than before but also z-axis information. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 - 45 - 

IV. CONCLUSION 

 

In summary, we proposed a tactile sensor which can take a normal pressure, sliding 

velocity, texture’s pitch and width and texture’s shapes by using simple signal processing 

through sliding experiments. In addition, the sensor had a higher resolution than sensor 

system. PVDF-TrFE which one of the popular piezoelectric copolymer was used for the 

piezo sensor array to measure a dynamic movement like a sliding because of its fast response 

and high sensitivity. The piezoelectric copolymer material allowed that the sensor could have 

a flexibility, easy-fabrication and self-bias characteristics. A soft material was applied the 

piezo sensor array for mimicking the human skin. The flexible substrate and soft material 

made the piezo sensor array deform while sliding experiments and those allowed that the 

sliding signal have unique characteristics. Because of the sensor deformation, each sliding 

signal corresponding with bump, spike and dome textures had different characteristics 

respectively. It allowed the sensor can distinguish texture’s shape and detect texture’s width 

accurately. The sliding velocity and texture’s pitch are obtained by analyzing the signals 

derive from array cells. A simple calculation and signal processing was used for calculating 

the velocity and pitch. Surface textures were restored by using the previously calculated 

velocity and pitch values. Restored surface textures had high accuracy compared with real 

texture structures and color mapping was applied the restored textures images to express the 

texture’s pattern. However, it was hard to restore a z-axis information. However, there were 

challenges for complex texture’s shape detection, because the array sensor could not measure 

z-axis information precisely. The capabilities of velocity detecting and texture restoration 

allow the sensor can be utilized to electro-mechanical systems as the physical and the 

psychological tactile sensor.  
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요 약 문 

표면 형태 감지를 위한 정신감각적 촉각 센서 구조 연구 

예전부터 사람의 오감은 매우 흥미로운 학문이었다. 특히 시각과 청각은 오래전부터 연구돼 왔

으며 그 결과로 사람의 시각을 모방한 카메라와 청각을 모방한 마이크가 개발됐다. 최근 들어

서는 사람의 촉각을 모방하는 기술이 많이 연구되고 있다. 대표적으로 다양한 물질을 사용하여 

압력, 온도, 진동을 감지하는 촉각감지 기술들이 많이 연구됐다. 또한 사람의 피부처럼 늘어나

고 구부러질 수 있는 플랙서블한 특성과 심지어 스티커처럼 특정 물체에 접착이 가능한 센서도 

개발되고 있다. 하지만 아직까지 촉각 센서들이 사람의 촉각을 완전하게 모방하지 못하고 있

다. 촉각은 온도 압력 진동 감지 외에도 거칠기, 부드러움, 딱딱함, 형태 구분 등 정신 감각적

인 파라미터들도 느끼기 때문이다. 실제로 사람의 촉각 시스템에는 여러 종류의 촉각기관들이 

존재하며, 이 많은 촉각 수용기들이 피부 속에 매우 밀집하게 존재하기 때문에 사람이 다양한 

촉각을 동시에 느낄 수 있다. 더군다나 정신 감각적인 요소들은 사람마다 기준이 다르므로 이

를 연구하기 위해서는 많은 이슈가 있고, 그래서 상대적으로 정신 감각적 요소 중 하나인 표면

의 형태를 구별해내는 센서는 많이 연구된 바가 없다. 로봇 분야에서 로봇 손가락에 피드백 루

프나 플로차트를 이용하여 표면의 거칠기와 물체의 모형을 알아내는 연구가 진행되고 있다. 하

지만 이런 로봇 손가락으로부터 표면 형태를 구하려면 로봇손가락을 위한 부수적인 장치와 복

잡한 알고리즘이 필수적이라는 단점이 있다. 그 외에도 또한 빛을 광학적 특성이나 

piezophotonic 물질을 이용하여 표면 형태를 감지하는 연구들이 있지만, 전원 및 광원 공급과 

부수적인 광학장비들의 필수라는 단점들이 있다. 이 논문에서는 압전물질과 부드러운 물질을 

적용한 센서로 압력을 구할 수 있을 뿐만 아니라 특정 형태와 센서를 슬라이딩함으로써 표면의 

형태를 복원하는 것을 다룰 것이다. 표면 형태 복원을 위하여 간단한 신호처리가 사용되었으

나, 로봇 분야와는 다르게 추가적인 장치 없이 센서 자체만으로 슬라이딩 속도를 역산해 낼 수 

있고, 형태를 복원할 수 있는 특징이 있다. 또한, 어레이 구조를 적용해 높은 해상도를 가지고 

있다. 이런 특징으로부터 촉각 센서가 압력과 온도 같은 정량적인 것을 측정할 수 있는 것에서 

벗어나, 정신 감각적인 분야에 좀 더 다가갈 수 있는 의미를 가질 수 있다. 또한, 센서 분야에

서도 단순 신호처리를 이용하여 표면의 특징을 잡아낼 수 있다는 의미가 있다. 
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