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ABSTRACT 
We have fabricated the multi-axial tactile sensor 

which has micro-cantilevers with strain gauge film on Si 

embedded in hemispherical elastomer, and various kinds of 

papers have been identified by active touch. Transient 

responses of the resistance change have been obtained 

when the sensor was pushed and moved on various kinds 

of blank papers successively.  Some features are extracted 

from the response by a principal component analysis and 

the papers are classified in several clusters. 
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INTRODUCTION 

 In recent years, decreasing birthrate and aging 

population has progressed rapidly, especially in advanced 

countries. Then, increasing workload and decreasing labor 

force have been serious problems. Therefore, 

human-supporting robots for nursing care or dexterous job 

in manufacturing gather much attention [1-2]. These robots 

need superior function as a tactile sense on a human 

fingertip so that they can do skillful work such as care and 

handling of the flexible objects [3]. The features of 

human’s fingertip are soft skin, detection ability of both 

normal and shear forces of which spatial resolution is 1-2 

mm, and identification ability of µm order texture of 

objects by active touch [4]. 

  Many kinds of tactile sensors have already been 

proposed [5-9], however conventional tactile sensors can 

not detect normal and shear forces simultaneously using 

one element. So, they are not satisfactory for the 

human-supporting robots as they do not show good 

functions like the feature of fingertip. We have developed 

the tactile sensor using the micro-cantilevers with strain 

gauge film fabricated by surface micromachining 

techniques and embedded in elastomer 

(polydimethylsiloxane: PDMS), which can detect normal 

and shear forces simultaneously [10-13].  

In this paper, we have improved the elastomer surface 

and measured surface texture of objects by using the tactile 

sensor. 

 

STRUCTURE AND FABRICATION 

PROCESS 
 Figure 1(a) shows an element structure of the 

proposed tactile sensor. One tactile sensor element is 

composed of three micro-cantilevers embedded in 

elastomer. The cantilever has an inclined shape caused by 

residual stresses in thin films formed on Si cantilever so 

that it can deform both perpendicularly and horizontally to 

the surface. The thin-film strain gauge is set up on the 

cantilever. 
Figure 1(b) shows a cross-sectional structure of the 

micro-cantilever. The micro-cantilever was fabricated by 

the surface micromachining process using a 

silicon-on-insulator (SOI) wafer and has an inclined shape 

because of large shrinkage in the Cytop
TM

 (Amorphous 

Fluoropolymer, Asahi Glass Co., Ltd) layer. Applied force 

is detected as the resistance change of NiCr thin-film strain 

gauge deposited on the micro-cantilever by rf-sputtering. 

When normal and shear forces are applied on the surface of 

the elastomer, the micro-cantilever is deformed downward 

or upward. Once tri-axial sensitivities are obtained, normal 

and shear forces can be calculated by using three 

cantilever’s resistance changes [13].  
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Figure1: (a) a schematic view of the proposed tactile 

sensor and (b) a cross-sectional view of the 

micro-cantilever. 

 
A silicon-on-insulator (SOI) wafer was used as a 

substrate. Thicknesses of the Si substrate, buried oxide, 

and thin Si layers are 500, 1, and 2.5 µm, respectively. First, 

a Si3N4 thin film (thickness: 50 ~100 nm) as an insulating 

layer, a NiCr alloy thin film (thickness: 40 nm) as a 

detection layer, and an Au layer (thickness:100 nm) as an 

electrode were deposited successively by sputtering 

method. After wire patterning by photolithography, a 

Cytop film (thickness: 6 µm) was spin-coated and cured at 

200 
o
C for 1 hour in order to bend the cantilever structure 

upward. After forming etching window by reactive ion 

etching, the cantilever structure was formed by the 

sacrificial etching of the buried oxide layer in buffered 

hydrofluoric acid (BHF) solution (NH4HF2:20%) for about 

6 hours, and then dried in vacuum after rinsing in ultrapure 

water and then in ethanol. The Si3N4, NiCr, Au, and Cytop 

films have enough durability against BHF solution for 

about 6 hours. The etching time is controlled by using 

etching marker which is peeled off when the 

micro-cantilever is released from the substrate. Figure 2(a) 

shows an optical image of the tactile sensor element. 

  The micro-cantilevers were overlaid with PDMS 

thick film (thickness: tens of µm) by spin-coating, and then 

covered with hemispherical PDMS projection (diameter: 

about 2.1 mm) in order to imitate the surface of finger pulp, 
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spherical surface. The PDMS film and projection were 

cured at 90
 o
C for 30 min. After mounting the sensor chip 

on the printed circuit board, they were electrically 

connected using Au wires. Finally, the Au wire was 

protected mechanically by using potting resin. Figure 2(b) 

shows a photograph of fabricated tactile sensor on a printed 

circuit board. 

(a)                                            (b) 

 

 

 

 

 

Figure2: (a) an optical image of a tactile sensor element 

(b) a photograph of fabricated tactile sensor with 

hemispherical PDMS elastomer on a printed circuit board. 

 

CHARACTERISTICS OF FABRICATED 

TACTLE SENSOR 
Figures 3(a) and (b) show relative resistance changes 

of one micro-cantilever, ΔR/R when normal and shear 

forces were applied to the surface of hemispherical 

elastomer, respectively. The relative resistance change is 

almost proportional to both normal and shear forces, and so 

fabricated tactile sensor has good linearity. 
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Figure3: Relative resistance change of the sensor as a 

function of (a) normal and (b) shear forces. Fz shows 

applied normal force 

 

SYSTEM OF TEXTURE MEASUREMENT 
The tactile sensor was fixed on the X-Y stage, and 

6-axis force sensor on a jig was fixed under the Z-stage. 

Figure 4 shows texture measurement procedure. First, 

measured objects such as surface roughness scale and 

various kinds of papers were sticked on the tip of the jig by 

adhesive tape. Second, measured objects were vertically 

pushed to the sensor. Then, after normal force, Fz was 

adjusted using 6-axis force sensor, the tactile sensor was 

moved laterally, stopped, returned, and stopped. Sensor 

outputs were measured as the resistance change of strain 

gauge by using a digital multi-meter. 

 

 

 

 

 

 

 

 

Figure4: Texture measurement procedure (pushing, 

adjusting, moving, stopping, returning, and stopping). 

SURFACE TEXTURE MEASUREMENT 

OF OBJECTS 
Solid ink-printed paper and copy paper 

 We measured surface texture of objects by using one 

cantilever’s resistance change that includes information 

about reaction, restoring, and friction forces. We have tried 

to measure not only surface roughness but also slipperiness, 

hardness, and so on. We selected papers as an example 

because they have many kinds of textures with the same 

quality of material. Figure 5 shows transient signals of 

relative resistance changes when normal force was 

adjusted to 20 gf and the sensor was moved laterally at 0.5 

mm/sec on the solid ink-printed paper and copy paper. It is 

found that the maximum resistance change induced by 

shear force increase from stopping state to start of moving 

is different between two sheets of paper because 

coefficients of static friction are different mainly. In 

addition, the resistance changed periodically when the 

sensor moved on solid ink-printed paper. The surface of 

solid ink-printed paper is almost flat and so we consider 

that stick-slip phenomenon is found on the solid 

ink-printed paper. 
 

 

 

 

 

 

 

 

 

 

Figure5: Transient signals of relative resistance change. 

The sensor was moved laterally on the solid ink-printed 

paper and copy paper. 

 

Identification of various kinds of paper 
Extraction of feature quantities from sensor outputs 

Next, we tried to identify various kinds of papers. 

Figure 6 shows transient signal of relative resistance 

change of the tactile sensor moved on the surface of a 

tissue paper. First, the paper was vertically pushed to the 

sensor in 200 µm from the position where normal force is 3 

gf (we defined this position as contact point), and relative 

resistance change induced by applied normal force was 

defined as the first feature quantity (A). The signal was 

slightly dropping down with time because the cantilever 

gradually deformed upward and its resistance decreased 

with increase of applied normal force. Second, normal 

force was adjusted to 20 gf, and the sensor was moved 

laterally at 0.5 mm/sec. We defined the maximum 

resistance change induced by shear force increase from 

stopping state to start of moving as the second feature 

quantity (B), and standard deviation of the resistance 

change of the sensor moving on the paper surface as the 

third feature quantity (C). Next, decrement (relaxation) of 

resistance after stopping of the sensor was defined as the 

fourth feature quantity (D). Then, when the sensor started 

to return, maximum resistance change is defined as the 

fifth feature quantity (E). Finally, standard deviation of 

resistance change of sensor returning on the paper is 

defined as sixth feature quantity (F).  
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 Figure 7 shows the relative resistance change of the 

sensor when various kinds of papers were pushed normally 

to the sensor in 200 µm. It is found that the resistance 

change (A) is different among various kinds of papers 

because hardness and thickness are different mainly, and 

applied normal forces are different. Figure 8 shows 

transient signals of relative resistance change when normal 

force was adjusted to 20 gf, and the sensor moved laterally 

at 0.5 mm/sec from 5 second. It is found that all the 

resistance changes, the decrement and the standard 

deviations ((B)-(F)) are different among various kinds of 

papers. The maximum resistance changes from stopping 

state to start of moving (B) and (E) may be caused by 

coefficients of static friction. Standard deviations of 

resistance change during moving (C) and (F) may be 

caused by surface conditions (roughness, static friction, 

and so on). In addition, decrement of the resistance after 

stopping of the sensor (D) may be mainly caused by 

horizontal deformation of the paper surface. 

 

 

 

 

 

 

 

 

 

 

Figure6: Transient signal of relative resistance change of 

the tactile sensor moved on a tissue paper.  

 

 

 

 

 

 

 

 

 

 

Figure7: Relative resistance change as a function of 

pushing depth. The sensor was pushed to the sensor. 

 

 

 

 

 

 

 

 

 

 

Figure8: Transient signals of relative resistance changes. 

The sensor moved laterally, stopping, returned, and 

stopping. 

 

We measured porosity of various kinds of papers in 

order to confirm that the feature quantity (D) is caused by 

the deformation of paper and elastomer surface. Figure 9 

shows SEM images of (a) pure paper, (b) gloss paper, (c) 

tissue paper, and (d) paper towel. It is found that the 

density of fiber of tissue paper and paper towel is smaller 

than that of pure and gloss paper. We calculated porosity of 

papers using SEM images. Figure 10 shows correlation 

between feature quantity (D) and the porosity of sample 

papers. It is found that feature quantity (D) increases with 

increasing porosity of papers. Therefore, we consider that 

feature quantity (D) is caused mainly by the restoring force 

after horizontal deformation of the fiber of paper surface 

and hemispherical elastomer surface. 

 

(a)                                          (b)  

 

 

 

 

 

(c)                                          (d)  

 

 

 

 

 

Figure9: SEM images of (a) pure paper, (b) gloss paper, 

(c) tissue paper, and (d) paper towel. 

 

 

 

 

 

 

 

 

 

 

Figure10: A correlation between feature quantity (D) and 

the porosity of sample papers.  

 

Principal Component Analysis 

From measured results, obtained feature quantities 

depend on composite properties of the paper including 

hardness, friction coefficient, surface roughness, and so on. 

Then, we have performed the principal component analysis 

with correlation coefficient matrix among measured 

feature quantities of various kinds of papers.  First, we 

calculated correlations between feature quantities, and the 

correlation coefficient matrix was obtained. Next, 

eigenvalue analysis of the matrix was performed, and the 

eigenvalues and eigenvectors were obtained. Figures 11 

and 12 show the principal component mapping obtained 

from correlation coefficient matrix among feature 

quantities of various kinds of papers. Papers can be 

classified in five clusters by the hierarchical clustering 

analysis using Ward’s method [14]. Kinds of papers 

belonging to each cluster have similar surface texture, for 

example, paper cloth a and b, paper towel a and b. It seems 

that the first principal component may include information 

about hardness, and roughness mainly. On the other hand, 

it is considered that the second principal component may 

include information about slipperiness, and smoothness 

mainly. In addition, the third principal component may 

mainly include information about porosity or stretchiness 

of fiber of the paper surface.  
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Figure11: Principal component mapping obtained from 

feature quantities of various kinds of papers for first and 

second principal components. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure12: Principal component mapping obtained from 

feature quantities of various kinds of paper for first and 

third principal components. 

 

CONCLUSION 
We fabricated the multi-axial tactile sensor with 

micro-cantilevers embedded in hemispherical elastomer. 

Surface roughness, hardness, static friction, etc. of various 

kinds of papers were measured by pushing and moving 

measurement. From the sensor outputs, six feature 

quantities were extracted, and the principal component 

analysis was performed by using them. From the results of 

the principal component analysis, it is found that various 

kinds of papers can be classified in five clusters, and 

several kinds of papers in the same cluster have similar 

surface texture. In future, we will apply the sensor to wood, 

cloth, metal and so on. In addition, we will increase feature 

quantities by using frequency characteristics of resistance 

change or using several tactile sensor elements. Finally, we 

will develop the more detailed quantitative identification 

method of textures. 
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