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Active Touch Sensing by Multi-axial Force Measurement Using
High-Resolution Tactile Sensor with Microcantilevers
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A tactile sensing system that measures normal and shear (triaxial) forces has been developed, and its characteristics
such as linearity and crosstalk have been evaluated. Triaxial forces are estimated from the resistance changes of NiCr
thin film strain gauge attached to three microcantilevers. The output voltage of the Wheatstone bridge that comprises
a gauge film and three reference resistances is acquired using an A/D converter after amplification. Triaxial forces
are calculated from the output voltages of three microcantilevers by simple matrix multiplication. Nonlinearity and
crosstalk are less than 4% when the normal force applied is up to 1 N and less than 10% when the shear force applied
is up to 0.2 N. Active touch sensing was demonstrated using an object having a striped profile measuring 0.1 mm in
height and 1 mm in width.
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1. Introduction

In recent years, the relative increase in the aged population
and reduction in the working population have become a seri-
ous concern in many countries. Therefore, making care avail-
able for the aged and automation of manufacturing are impor-
tant steps for solving these problems. Consequently, human-
support robots with skillful performance have attracted con-
siderable attention(1) (2). These robots require tactile sensing
abilities similar those of humans. For instance, by active
touch, human finger tips can detect both normal and shear
forces with a spatial resolution of 1–2 mm and identify the
textures of objects measuring as small as tens ofµm (3) (4).

Previously, aiming at mimicking human tactile ability, tac-
tile sensors that can detect forces in arbitrary directions(5)∼(8)

and high-density tactile sensor arrays with high spatial res-
olution (9) (10) have been proposed. Moreover, tactile sensors
that can discriminate between gratings having heights of hun-
dreds ofµm have been proposed(11). However, texture identi-
fication similar to humans is difficult using these tactile sen-
sors.
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We have previously developed a tactile sensor using three
microcantilevers with attached strain gauge films. This was
fabricated on an Si wafer by microelectromechanical system
(MEMS) technologies. This tactile sensor can detect normal
and shear forces simultaneously(12)∼(16) and has a small sensing
PDMS probe molded with a size of 1–2 mm, and it can detect
a roughness of 20µm at least(17) (18). These values are similar
to those of human tactile ability mentioned previously, thus a
robot finger with this tactile sensor is suitable for active touch
sensing. However, active touch sensing using a robotic hand
requires further investigation. One aspect to be considered
is the real-time acquisition and processing of sensor output
using a computer. Another is the quantitative evaluation of
sensor output from three cantilevers. In our previous work,
active touch was evaluated using only one cantilever, so the
direction of force could not be obtained(17) (18).

In this work, active touch sensing by measuring multi-axial
forces from the outputs of three cantilevers has been realized,
and its performance has been evaluated. As a demonstra-
tion of active touch sensing, multi-axial force measurement
was carried out with the tactile sensor being slipped on the
object surface for identifying the surface profile of said ob-
ject. Moreover, the performance of the developed sensor is
compared with those of other tactile sensors, and the rela-
tionship between the advantages of the proposed sensor and
active touch sensing ability have been discussed.

2. Detection Principle and Fabrication Process

Figure 1 shows the cross-sectional structure of the micro-
cantilever used herein. The cantilever has a shape inclined by
residual stress in Cr thin films and is thus deformed both per-
pendicularly and horizontally to the sensor surface(12). There-
fore, normal and shear forces can be detected as resistance
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Fig. 1. Cross section of microcantilever.

change of the NiCr thin film strain gauge set up on the can-
tilever. The microcantilever was fabricated by the surface
micromachining process using a silicon-on-insulator (SOI)
wafer. A Si3N4 thin film was firstly deposited on the SOI
wafer as an insulating layer by the low-pressure chemical va-
por deposition (LPCVD) method. Then, a NiCr alloy thin
film was deposited by sputtering. The Cr ratio in the target is
55 wt%, and the NiCr film shows a low temperature coeffi-
cient of resistance, which induces a small disturbance in the
sensitivity due to the temperature rise during touching(14). In
addition, an Au layer was formed as the electrode by sput-
tering, and a Cr film was deposited by electron beam (EB)
evaporation. The cantilever structure was formed by sacrifi-
cial etching of the buried oxide layer in buffered hydrofluoric
acid (BHF) solution (NH4HF2: 20% ) for 5 h, followed by
drying in vacuum after rinsing in ultrapure water and then in
ethanol. The end height of the microcantilevers is 20–30µm.

One tactile sensor element is composed of three micro-
cantilevers embedded in poly(dimethylsiloxane) (PDMS), as
shown in Fig. 2. The microcantilevers were covered with
hemispherical or cylindrical PDMS (Silpot184; Toray Dow
Corning) after a PDMS film was coated on them. At first, a
PDMS film with a thickness of about 40µm was spin-coated
on the entire wafer for improving the robustness of the tac-
tile sensor(13). Then, the cantilevers were covered with hemi-
spherical (diameter: 2.1 mm) or cylindrical (height: 1.5 mm,
diameter: 1.6 mm) PDMS using a plastic mold. PDMS was
degassed in a vacuum desiccator after spin-coating and plas-
tic molding. The PDMS is cured at 90◦C for 0.5 h. This
PDMS process yields good reproducibility without cantilever
breakage. Figures 2(b) and (c) show tactile sensors embed-
ded in hemispherical and cylindrical PDMS, respectively.

Figure 3 shows the developed sensing system for the multi-
axial force measurement in real time. Resistance changes of
the cantilevers,∆R/R, are detected as the output voltages of
a Wheatstone bridges, which is supplied with a source volt-
age,Vs, of 9 V from a dry-cell battery. The output voltage
is converted to digital signal by an A/D converter (National
Instruments; NI9215) after amplification by an instrumenta-
tion amplifier (Analog Devices; AD623) and noise reduction
by an RC low-pass filter. Amplifier gainG and time constant
of filter are 1000 and 100 ms, respectively. As the resistance
change is extremely small, the output voltage change of one
cantilever,∆V, is expressed by the following equation:

∆V =
1
4
∆R
R

VsG, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1)

(a) 3 inclined cantilevers fabricated on a SOI wafer.

(b) Hemispherical PDMS. (c) Cylindrical PDMS.

Fig. 2. Proposed tactile sensors.

Fig. 3. Schematic diagram of tactile sensing system for
multi-axial force measurement.

and is considered to be expressed by a linear combination of
normal and shear forces as

∆V = kxFx + kyFy + kzFz, · · · · · · · · · · · · · · · · · · · · · · · (2)

wherekx, ky, andkz are coefficients showing the sensitivities
of the cantilever to the forces,Fx, Fy, andFz, respectively(15).

The outputs obtained from three differently directed can-
tilevers,∆Vm (m = 1,2,3), ∆V have different sensitivities to
force along each axis and are expressed using a sensitivity
matrixK and forceF ∆V1

∆V2

∆V3

 =
 k1x k1y k1z

k2x k2y k2z

k3x k3y k3z


 Fx

Fy
Fz

 or ∆V = K F. · · · (3)

Thus, once the coefficientskmx, kmy, andkmz (m= 1,2,3) are
obtained in a test measurement, the normal and shear forces,
F, can be calculated by solving simultaneous equations with
the three output voltage changes,∆V.

F = K−1∆V. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)
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(a) 3 cantilevers. (b) Overview.

Fig. 4. Optical images of (a) fabricated cantilevers and
(b) tactile sensor embedded in hemispherical PDMS.

K−1 is considered to be obtained for sure, as any force deliv-
ers different outputs to the three cantilevers. Triaxial forces
are calculated by a computer program written in LabVIEW
(National Instruments) from the output voltages of the three
cantilevers. The maximum sampling frequency of the pro-
posed system is 500 Hz.

3. Experimental Results and Discussion

3.1 Sensitivity to Normal and Shear Forces Optical
images of the fabricated tactile sensor are shown in Fig. 4.
Figure 4(a) shows the optical image of three differently di-
rected cantilevers, which are embedded in PDMS, as shown
in Fig. 4(b). It is considered that the sensitivity of the tactile
sensor differs depending on the PDMS shape(16). The sen-
sitivity of the tactile sensor was evaluated in both the hemi-
spherical and cylindrical cases. Normal and shear forces were
applied to the surface of the fabricated tactile sensor by push-
ing and shifting under a small normal force with an acrylic
rod. The applied forces were measured using a conventional
six-axis force sensor (Nitta; UFS 2012A-05). The maxi-
mum normal and shear forces were 1 and 0.2 N, respectively.
The output voltage changes were measured by the developed
sensing system, shown in Fig. 3. Dependencies of the out-
put voltage changes on both the normal and shear forces were
linear, and sensitivity matrices were obtained as follows:

Kh =

 0.62 −0.51 0.58
−0.70 −0.45 0.33
0.039 0.60 0.32

 [V/N] · · · · · · · · · · (5)

and

K c =

 0.47 −0.46 0.060
−0.47 −0.39 0.050
0.050 0.39 0.11

 [V/N] · · · · · · · · · (6)

whereKh andK c are the sensitivity matrices of tactile sen-
sors with hemispherical and cylindrical PDMS, respectively.
Sensitivity to shear force (kmx, kmy) (m = 1,2, 3) and nonlin-
earity of sensitivity with the hemispherical PDMS are almost
the same as those with cylindrical PDMS. In contrast, sensi-
tivities to normal force (kmz) in hemispherical PDMS is much
larger than those in cylindrical PDMS. In the case of hemi-
sphere, normal stress is concentrated close to apex of PDMS
hemisphere where cantilevers are located, and this is consid-
ered to be the factor of sensitivity difference.

3.2 Characteristics of Tactile Sensor In order to
evaluate the performance of the developed sensing system,
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Fig. 5. Normal and shear components of sensor output
under normal force application.

linearity, crosstalk and the other parameters have been eval-
uated in the case of hemispherical PDMS, which has larger
sensitivity to normal force than cylindrical PDMS.

3.2.1 Linearity and Crosstalk Figure 5 shows the
relationship between applied force measured by six-axis
force sensor and calculated triaxial forces by using Eq. (4)
when the normal force is applied from 0 to 2 N. Nonlinearity,
Ni , is evaluated by the following equation:

Ni = max
0≤ fi≤ fiMax

∣∣∣∣∣Fi( fi) − fi
fiMax

∣∣∣∣∣ × 100 [%] (i = x, y, z) · · (7)

where i, Fi( fi), fi and fiMax are direction of applied force,
sensor output, applied force, and maximum rating of applied
force, respectively. NonlinearityNz is calculated to be less
than 4% (40 mN) when normal force is applied up to 1 N
( fzMax= 1 [N]). On the other hand, in the case of shear force
application up to 0.2 N (fxMax, fyMax = 0.2 [N]), nonlinearity
Nx andNy are calculated to be less than 10% (20 mN).

Next, crosstalk of developed system has also been evalu-
ated. Crosstalk,Ci j , is evaluated as follows:

Ci j = max
0≤ fi≤ fiMax

∣∣∣∣∣∣F j( fi)

f jMax

∣∣∣∣∣∣ × 100 [%]

(i, j = x, y, z i , j) · · · · · · · · · · · · · · · · · (8)

wherei and j are directions of applied force and sensor out-
put, F j( fi) and f jMax are sensor output and maximum rating
of sensor output, respectively. CrosstalkCz j is less than 4%
when normal force is applied up to 1 N. On the other hand, in
the case of shear force application up to 0.2 N, crosstalkCx j

andCy j are less than 10%. From the experimental results of
nonlinearity and crosstalk, it was found that high force reso-
lution is obtained in both the cases that normal force of 0 – 1
N is applied and shear force of 0 – 0.2 N is applied.

3.2.2 Robustness of Tactile Sensor Durability of
the fabricated tactile sensor has been evaluated, and the sen-
sor is not broken after instantaneous force application of 5 N
normal force and 0.5 N shear force. Cycling life of the tactile
sensor is also evaluated as shown in Fig. 6. After the force
application of 2000 times, the sensor is not broken and output

3 IEEJ Trans. SM, Vol.xxx, No.xx, 201x



Active Touch Sensing by Multi-axial Force Measurement (Hokuto Yokoyamaet al.)

Repeat Count of Force Application
0 500 1000 1500 2000

S
en

so
r 

O
ut

pu
t (

N
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fx

Fy

Fz

Fig. 6. Sensor output after repeating force application.
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Fig. 7. Sensor output changes as a function of
temperature.

is still stable. The force-application cycle consists of a pair
of force application and relaxation.

3.2.3 Temperature Dependence Figure 7 shows the
sensor output changes as a function of temperature without
force application. Sensor output changes are caused by re-
sistivity change of NiCr thin film and expansion/contraction
effects which are decreased by embedding in PDMS(14). Sen-
sor output has linear relation to temperature change and tem-
perature coefficient of each axis is 6.0, 3.7 and -36 mN/oC
for Fx, Fy and Fz, respectively. In the case of shear force,
positive and negative sensitivities are obtained depending on
the direction of cantilever as shown in Eq. (5) and (6), so
the sensor output change is canceled and has weak temper-
ature dependence. In contrast, all cantilevers have positive
sensitivities in the case of normal force, so the sensor output
change is not canceled. Therefore, temperature coefficients
for shear force are smaller than that for normal force. Sensor
output changes are less than output error obtained from non-
linearity in the case that temperature change is within 1.1oC
in normal force and 3.3oC in shear force. If the temperature
change is controlled within these values, temperature depen-
dence of sensor output can be ignored almost.

3.3 Active Touch Sensing by Multi-axial Force Mea-
surement As an application of developed sensing sys-
tem, multi-axial force measurement has been performed
when the tactile sensor is slipped on the metal plate, that is,
a surface roughness scale shown in left side of Fig. 8(a).
Right side of Fig. 8(a) shows a bird’s eye view of the surface
roughness scale which has triangularly striped structure. Fig-

(a) Overview and bird's eye views of surface roughness scale.

(b) Experimental setup.

Fig. 8. Setup for the active touch sensing using a metal
plate.
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Fig. 9. Results of active touch sensing during the scan-
ning in different angles, 0, 45 and 90o.

ure 8(b) shows the experimental setup for multi-axial force
measurement. As surface roughness scale has a striped struc-
ture, sensor output is considered to be changed depending on
the angleθ toward to stripes as shown in Fig. 8(b). Figure
9 shows the experimental results when the surface roughness
scale is slipped on the surface of tactile sensor embedded in
hemispherical PDMS. Angleθ is changed from 0 to 90o. At
first, normal force was set to be 0.5 N and then real-time mea-
surement of which sampling frequency is 10 Hz was started.
Next, tactile sensor started to move with the velocity of 1
mm/s after waiting for 1 s. Finally, sensor stopped moving
at 10 s after starting. In the case of Fig. 9(a), the direction
of stripe of surface roughness scale is perpendicular to that
of moving (Fy). Therefore, PDMS is deformed to the direc-
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Table 1. Comparison of characteristics between developed sensor and other tactile sensors.

Parameters (Direction of force) This work T. Liuet al.(6) J. H. Shanet al.(7) H. Takaoet al.(9) Nitta (19)

Maximum rating (Normal force) 1 N 100 N 2 N 0.176 N 4.4 N
Maximum rating (Shear force) 0.2 N 35 N 1 N — —
Nonlinearity (Normal force) < 4% < 5% — — < 1.5%
Nonlinearity (Shear force) < 10% < 5% — — —

Force resolution (Normal force) < 40 mN < 5000 mN — — < 66 mN
Force resolution (Shear force) < 20 mN < 1750 mN — — —

Sensing area 2.1 mmϕ 10 mmϕ 1× 1 mm2 0.42× 0.42 mm2 9.5 mmϕ
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Fig. 10. Frequency spectra of active touch sensing dur-
ing the scanning (1–7.3 s in Fig. 9) as a parameter of
θ.

tion of Fy cyclically with a period of 1 s. In the case of Fig.
9(b), PDMS is deformed not only in the direction ofFy, but
also that ofFx, and the period of cyclic force change is

√
2

s. On the other hand, in Fig. 9(c), the direction of stripe of
surface roughness scale is almost parallel to that of moving
(Fy), so cyclic force change was little obtained. In the case
of Fig. 9(a), peak-to-peak value of cyclic force change ofFy
is about 200 mN. On the other hand, shear force resolution
obtained from nonlinearity is 20 mN. On the assumption that
the force intensity is proportional to the roughness height,
proposed tactile sensor has an ability of identification of 10
µm roughness of object. This is close to value obtained in
our previous works(17) (18). Figures 10(a)–(c) show frequency
spectra obtained from sensitive parts of sensor output of Figs.
9(a)–(c), respectively. Period of 1 s in Fig. 9(a) and

√
2 s in

Fig. 9(b) correspond to the frequency of 1 Hz in Fig. 10(a)
and 1/

√
2 Hz in Fig. 10(b), respectively and peak frequency

in Fig. 10 is close to these values. The direction and distance
of striped profile are successfully detected by the active touch
sensing using the developed sensing system.

3.4 Comparison of Tactile Sensors Characteristics
of developed sensor are compared with those of tactile sen-
sors reported by other researchers and conventional force sen-
sor (Nitta; Flexi Force ELF System B201-L) as shown in Ta-
ble 1. Here, tactile sensor proposed in this work is compared
with that proposed in Ref. (6) as enough characteristics are

not given in the other sensors. Tactile sensor in Ref. (6)
can detect multi-axial force in wide range. In contrast, since
the nonlinearities of both tactile sensors are comparable each
other, proposed tactile sensor shows high force resolutions
obtained from these parameters. Moreover, proposed tac-
tile sensor has smaller sensing area than the other one. It
is considered that characterizations of high force resolution
and small sensing area enable surface profile identification of
object which hasµm order roughness.

4. Conclusions

An active touch sensing by multi-axial force measurement
has been carried out, and its characteristics have also been
evaluated such as linearity and crosstalk. Calculation of triax-
ial forces by the matrix multiplication is so simple that sam-
pling frequency is enough high (500 Hz at the maximum) to
the active touch sensing like human. Moreover, characteriza-
tions of high force resolution (40 mN in normal force, 20 mN
in shear force) and small sensing area (2.1 mmϕ) are suitable
for the active touch sensing.
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