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Abstract—The surface texture of various materials has been
characterized by tactile sensor with a micro-cantilever embedded
in the PDMS elastomer. The maximum output (resistance of strain
gauge on the cantilever) change of the sensor by indentation of
the object on the sensor surface depends on the hardness or
thickness of the object. Moreover, output change is asymmetric
in a back-and-forth indentation test because of relaxation of
deformation. On the other hand, the output increases rapidly at
beginning of stepwise sliding of the sensor at the object surface
because of static friction, and changes periodically corresponding
to stick-slip oscillation or surface roughness after slipping. It is
demonstrated that about 30 materials of papers, clothes, leathers,
and plastic sheets, have been classified into 5 clusters by the
principal component analysis using feature quantities extracted
from the sensor outputs.

I. INTRODUCTION

Recently, robots with skillful performance comparable with
human in nursing care of aged and automation in manufactur-
ing, agriculture, etc. have attracted much attention [1], [2].
To ensure safety and workability for these applications, robots
should recognize the work objects by detecting surface texture,
including friction, roughness, hardness, and so on. However,
current conventional sensors such as optical, sonic and pressure
sensors remain insufficient for this purpose [3].

We have proposed a miniature multi-axial tactile sensor
which can simultaneously detect normal and shear forces, and
measurement method identifying surface texture of the objects
by indentation and scanning of the tactile sensor like human
active touching [4], [5]. It has been demonstrated that papers
with various surface textures such as glossy, smooth, rough,
or soft surface, can be classified in 5 clusters by the principal
component analysis using the feature quantities extracted from
the output of the tactile sensor [6]–[8]. In this work, new
categories of the object such as clothes, leathers, and plastics
have been added and analyzed by some additional feature
quantities.

II. TACTILE SENSOR FOR SURFACE TEXTURE
MEASUREMENT

A. Structure of the Sensor

Fig. 1 shows a schematic illustration of the tactile sensor
with micro-cantilevers for the texture measurement. The micro-
cantilever can be deflected by application of both normal and

Fig. 1. A schematic illustration of the tactile sensor with the micro-cantilever.

shear forces because of its inclined shape. The deflection of
the micro-cantilever is detected as a resistance change of the
NiCr strain gauge film. The micro-cantilever is embedded in
the elastomer (polydimethylsiloxane; PDMS) for protection of
fragile structures and flexibility of a contact site. The elastomer
is formed hemispherical shape to reduce the contact area.

B. Fabrication Process

The micro-cantilever was fabricated by the surface micro-
machining process. 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.
At 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 a Au layer (thickness: 100 nm)
as an electrode were deposited successively by sputtering
method. NiCr (Ni:Cr=5:5) thin-film strain gauge has the low
temperature coefficient so that the output of the sensor is
thermally stable [4]. After wire patterning by photolithography,
a Cytop (Asahi Glass) film (thickness: 6 µm) was spin-coated
and cured at 200◦C for 1 hour in order to bend the cantilever
structure upward. After forming etching window by reactive
ion etching (RIE), 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 a 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. The micro-cantilevers were overlaid with
PDMS thick film (thickness: tens of µm) by spin-coating, and



Fig. 2. (a) A photograph of the fabricated tactile sensor with hemispherical
PDMS elastomer on a printed circuit board, (b) a microscopic image of 3
cantilevers, and (c) SEM image of a micro-cantilever.

then covered with hemispherical PDMS projection (diameter:
about 2.1 mm). The PDMS film and projection were cured
at 90◦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. Fig. 2(a) shows a photograph of the
fabricated tactile sensor mounted on a printed circuit board.
The micro-cantilever has an inclined shape as designed, as
shown in Figs. 2 (b) and (c).

III. MEASUREMENT METHOD

For texture measurement, the tactile sensor and the object
were fixed on the xy horizontal stage and z vertical stage,
respectively. The applied force to the sensor surface was moni-
tored by 6-axis force sensor (Nitta, UFS 2012A-05) installed in
z stage. Fig. 3 shows the procedures for texture measurement.
In the first procedure, as shown in Fig. 3 (a), the object is
indented on the sensor surface (top of the PDMS hemispherical
projection) to a certain depth (0.2 mm), and then pulled up.
In the second procedure, as shown in Fig. 3 (b), the object is
contacted to the sensor surface at a constant force, and then
slid to the longitudinal direction of the cantilever. The second
procedure is a similar measurement to the second one, but the
object is slid along the transverse direction to the cantilever, as
shown in Fig. 3 (c). The resistance change of the strain gauge
on the micro-cantilever during these procedures was measured
by the precise digital multimeter (ADMCT, R6581).

IV. RESULTS AND DISCUSSION

A. Indentation Measurement

Fig. 4 shows relative resistance changes of the tactile
sensor as a function of time by indention and pull-up, as
shown in Fig. 3 (a). After adjusting touch force to 5 gf, the
object was indented on the sensor surface to 0.2 mm at a
speed of 0.5 mm/s, then it was pulled up to initial position
at the same speed. The resistance of the strain gauge on the
cantilever decreases with indentation and increases with pull-
up, respectively, because of the reaction force of the object.

Fig. 3. Texture measurement procedures for active touch sensing, (a)
indentation and pull-up, (b) slide, and (c) slide in the transverse direction
to the cantilever, respectively.

Fig. 4. Relative resistance changes of the tactile sensor as a function of time
when the objects are indented on the sensor and then pulled up.

The maximum resistance change (indentation depth: 0.2 mm
at 100 s) in Fig. 4 depends on the hardness or thickness of
the object. In the case of soft and thick materials such as
denim fabric and leather, the maximum resistance change is
small because of the small reaction force, by contrast, it is
large because of large reaction force in the case of hard and
thin materials such as papers and plastic sheets. Moreover,
resistance change is asymmetric in indentation and pull-up
tests because of relaxation of deformation. As a result, it
is found that the maximum resistance change by indentation
reflects the hardness and thickness of the object, and time to
the initial resistance value reflects the relaxation time of the
deformation of the object.

B. Sliding Measurement

Fig. 5 shows relative resistance changes as a function of
time when the sensor is slid on the object surface as shown
in Fig. 3 (b). After adjusting the normal force to 20 gf,
the object was horizontally slid on the sensor surface to the
longitudinal direction of the cantilever at 0.05 mm/s after
5 s. The resistance increases drastically after 5 s because of



Fig. 5. Relative resistance changes of tactile sensor as a function of time
when the sensor is slid on the objects.

Fig. 6. Frequency spectra of resistance change for denim fabric and PET
sheet.

increase of static friction force, and then the object slips on
the sensor surface and the resistance changes periodically or
gradually caused by surface roughness of the object when shear
force exceeds the maximum friction force. For gloss paper and
polyethylene terephthalate (PET), the resistances after slipping
change short-periodically. Fig. 6 shows frequency spectra of
the resistance change for denim fabric and PET sheet obtained
by the fast Fourier transformation (FFT) technique. In the case
of denim fabric, only one peak appears at 0.05 Hz. Time period
corresponding to this peak is 20 s, so that spatial period is
1 mm because of a speed of 0.05 mm/s, which well agrees
with distance between the yarns of denim fabric observed with
a microscope. By contrast, in the case of PET sheet, there are
a fundamental peak at 2.1 Hz with high-order peaks at integral
multiples of the fundamental frequency. It is considered that
the resistance change for PET sheet is a sawtooth waveform
typically caused by stick-slip oscillation [9].

On the other hand, for sliding in the transverse direction as
shown if Fig. 3 (c), only long-periodic changes corresponding
to surface roughness are observed as shown in Fig 7, because
the micro-cantilever is hardly deflected in lateral direction.
As a result, it is found that the resistance increase before
slipping reflects the static friction coefficient of the object, and
amplitude and period of the resistance change after slipping

Fig. 7. Relative resistance changes of tactile sensor as a function of time
when the sensor is slid on the objects in transverse direction.

TABLE I. DEFINITION OF FEATURE QUANTITIES

Feature quantity Definition
A The maximum resistance change by indentation (Fig. 4)
B Relaxation time to initial resistance value (Fig. 4)
C Resistance change before slipping (Fig. 5)
D Standard deviation of resistance change after slipping (Fig. 5)
E Fundamental frequency of periodically resistance change (Fig. 6)
F Resistance change after stopping [7], [8]
G Standard deviation of resistance change after slipping (transverse

direction) (Fig. 7)

reflect surface roughness or stick-slip oscillation.

C. Principal Component Analysis

We have extracted 7 feature quantities (listed up in Table I)
of the resistance change as shown in Figs. 4–7, such as the
maximum change by indentation, frequency of periodically
change at slipping. The feature quantities have been analyzed
by the principal component analysis (PCA). PCA is one of
the multivariate analyses to convert a set of observations of
correlated variables into a set of values of linearly uncorrelated
variables called principal components. Table II shows the
correlation matrix among feature quantities for 32 materials,
including papers, cloths, leathers, plastics, and so on. The
principal scores are obtained from the eigenvalue and eigenvec-
tor of the correlation matrix. Figs. 8–10 show principal score
mappings, where the cumulative contribution ratio of from the
first to third principal components is 80%. The objects can be
classified in 5 clusters which have a similar surface texture by
the hierarchical clustering analysis using Ward’s method [10],
as shown by circles in Fig. 10. It seems that the first principal
component may include information of “bulky (vs. sleasy)
feeling” because its score is positive value for wipes and
clothes (paper towel, polystyrene foam, denim fabric, etc.) and
negative value for standard (thin) papers and plastics (PET,
PVC, etc.). On the other hand, the second and third principal
components seem to indicate “inelastic (vs. elastic) feeling”
and “slippery (vs. grippy) feeling”, respectively.

V. CONCLUSION

The tactile sensor with micro-cantilevers embedded in the
hemispherical elastomer has been fabricated and characterized



TABLE II. CORRELATION MATRIX AMONG FEATURE QUANTITIES

A B C D E F G
A 1 0.93 0.41 −0.37 0.24 −0.08 −0.41
B 0.93 1 0.39 −0.22 0.25 0.11 −0.23
C 0.41 0.39 1 0.32 −0.06 −0.03 0.03
D −0.37 −0.22 0.32 1 −0.31 0.51 0.66
E 0.24 0.25 −0.06 −0.31 1 −0.3 −0.3
F −0.08 0.11 −0.03 0.51 −0.3 1 0.52
G −0.41 −0.23 0.03 0.66 −0.3 0.52 1

Fig. 8. Principal component mapping of various objects for the first and
second principal components.

Fig. 9. Principal component mapping of various objects for the first and third
principal components.

in indentation and sliding tests for detection of surface texture
of the object. Sensor output (resistance change of strain gauge
on the micro-cantilever) reflecting surface texture such as hard-
ness, friction, roughness, etc., can be measured by indentation
and sliding of the object on the tactile sensor surface. From
the sensor outputs, 7 feature quantities have been extracted,
and the principal component analysis has been performed by
using feature quantities. Consequently, it is found that the
first, second, and third principle component obtained by PCA
indicate “bulky”, “inelastic”, and “slippery” feelings of the
object, respectively. The 32 objects can be classified in 5
clusters by the hierarchical clustering analysis of PCA score

Fig. 10. 3-dimensional principal component mapping of various objects.

obtained from output of the fabricated tactile sensor. Therefore,
it is expected that quantitative data of complex surface texture
of work objects obtained from the proposed tactile sensor
allows for exquisite control of robots.
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