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Abstract

A tactile sensor consisting of microcantilevers has been fabricated using the

NiCr-thin-film strain gauge with low noise by surface micromachining and

the slippage has been detected by using the fabricated tactile sensor array.

The NiCr alloy thin film of Cr: 75wt% has very low temperature coefficient

of resistance (TCR) and is employed to suppress the temperature noise and

drift. The fabricated tactile sensor with the NiCr thin film (Cr: 75wt%)

has linear dependencies of the resistance on normal and shear forces, and

shows lower noise and temperature drift than that with conventional NiCr

(Cr: 20wt%) film. Normal and shear forces measured by fabricated sensor

well coincide with applied forces with errors of 3–3.5 kPa. Moreover, the

gripping status of the robotic hand was detected by using fabricated tactile
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sensor array, and the slipping condition can be judged at the rate of 76.5%.
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1. Introduction

Recently, human-support robots for the nursing care in an aging society

gather much attentions [1]. Additionally, industrial robots with dexterous

manipulation skills have been expected for use in assembly factories instead

of humans [2, 3]. To achieve the dexterous action of these robots, precise

detection of objects is required, however, current conventional sensors such

as optical, sonic, and pressure sensors remain insufficient [4, 5]. Thus, high-

density tactile sensors with detection ability for normal and shear forces and

with soft surfaces like the human hand are required. Human beings can detect

normal and shear forces by tactile organs on finger tips [5]. Moreover, the

tactile sense of human beings has wide range of the sensitivity from tens Pa

to hundreds kPa and spacial resolution of 2 mm at finger tips. Many kinds

of tactile sensors have already been proposed [4, 5, 6, 7, 8, 9, 10, 11, 12].

However, high-density tactile sensor arrays that can simultaneously detect

normal and shear forces using one sensor element have not been realized yet.

We have proposed a tactile sensor with micro-cantilevers embedded in the

elastomer (polydimethylsiloxane; PDMS) for these robots and fabricated by

microelectromechanical systems (MEMS) technologies. It is demonstrated

that the fabricated tactile sensors can detect normal and shear forces simul-

taneously, in the previous works [13, 14, 15, 16, 17]. Although temperature
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drift or noise is a serious problem, these can be reduced by using a NiCr thin

film as reported in [18]. However, it is expected that the Ni:Cr ratio in the

NiCr thin film and fabrication of the microcantilever structure influence the

temperature property of fabricated sensors.

In this work, we have investigated a temperature dependence of the re-

sistance of sputtered NiCr thin films and fabricated the tactile sensor array

using the NiCr film with weak temperature dependence. Moreover, a fabri-

cated tactile sensor array has been applied to slippage detection in holding

the object by robot hands.

2. The structure and detection principle of the tactile sensor ele-

ment

Figure 1 (a) shows an element structure of the proposed tactile sensor.

One tactile sensor element is composed of three microcantilevers embedded

in an elastomer. The cantilever has an inclined shape caused by residual

stress in thin films formed on it so that it can deform both perpendicularly

and horizontally to the sensor surface. The thin-film strain gauge is set up

on the cantilever.

Figure 1 (b) shows a cross-sectional structure of the microcantilever with

length of 300 µm. The microcantilever was fabricated by the surface mi-

cromachining process using a silicon-on-insulator (SOI) wafer and has an in-

clined shape because of residual tensile stress in the Cr or Cytop (Asahi Glass

Co., Ltd.) layer. A tactile sensor element is composed of three cantilevers

and is embedded in the PDMS. Applied force is detected as the resistance

change of NiCr-thin-film strain gauge deposited by rf-sputtering and pat-
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terned on the microcantilever. When normal force is applied at the surface

of the PDMS, the microcantilever is deformed downward, so the resistance

of the strain gauge changes. On the other hand, when shear force is applied

from right to left in Fig. 1 (b), the microcantilever is deformed upward, so the

resistance decreases. In contrast, the microcantilever is deformed downward

by shear force applied from left to right in Fig. 1 (b). Thus, the amplitude

and direction of applied force can be obtained from the resistance change.

Ratio of the resistance change, ∆R/R, is expressed by the summation of a

linear combination of normal and shear forces as

∆R/R = kxFx + kyFy + kzFz, (1)

where kx, ky, and kz are the sensitivities of the cantilever to Fx, Fy, and

Fz, respectively [19]. The ratio obtained from three differently directed can-

tilevers, which have different sensitivities to force in each axis, are shown

as 
∆R1/R1

∆R2/R2

∆R3/R3

 =


k1x k1y k1z

k2x k2y k2z

k3x k3y k3z




Fx

Fy

Fz

 . (2)

Thus, once the sensitivities kx, ky, and kz are obtained in advance, the normal

and shear forces can be calculated by solving simultaneous equations with

three unknown resistance changes:
Fx

Fy

Fz

 =


k1x k1y k1z

k2x k2y k2z

k3x k3y k3z


−1

∆R1/R1

∆R2/R2

∆R3/R3

 . (3)
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3. Fabrication Process

A silicon-on-insulator (SOI) wafer was used as a substrate. The thick-

nesses of the Si substrate, buried oxide, and thin Si layers are 500, 1, and

2.5 µm, respectively. Firstly, a Si3N4 thin film (thickness: 300 nm) was de-

posited as an insulating layer by the low-pressure chemical vapor deposition

(LPCVD) method. Then, a NiCr alloy thin film (thickness: 50 nm) was

deposited by the sputtering method. Percentage of the Cr in the target is

10–100wt%. A Au/Cr layer (thickness: 200/40 nm) was also formed as the

electrode by the sputtering method. A Cr or a Cytop thin film was used

to bend the cantilever structure upward. The Cr film (thickness: 200 nm)

was deposited by electron beam (EB) evaporation. On the other hand, the

Cytop film (thickness: 6 µm) was spin-coated and cured at 200◦C for 1 hour.

Finally, the cantilever structure was formed by the sacrificial etching of the

buried oxide layer in buffered hydrofluoric acid (BHF) solution (NH4HF2:

20%) for 5 hours, and then dried in vacuum after rinsing in ultrapure water

and then in ethanol. The Si3N4, NiCr, Au, Cr, and Cytop films have enough

durability against BHF solution for 5 hours. The etching time is controlled by

using etching marker which is peeled off when the microcantilever is released

from the substrate.

The microcantilevers were covered with PDMS (Silpot184; Toray Dow

Corning) using a plastic mold form. Curing temperature and time of PDMS

are 120◦C and 2 hours, respectively. The height of the PDMS were 1 mm.

An optical and electronic microscopic images of the fabricated tactile sensor

is shown in Fig. 2. The tip height of the microcantilevers are 30–40 µm. The

size of the sensor chip is 3× 4 mm.
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4. Temperature dependence of resistance in NiCr thin film

The resistance of the NiCr thin film was measured by a digital multi-

meter in the thermostatic oven at 40–80◦C. The resistance change is almost

propotional to the temperature. Temperature coefficient of resistance (TCR)

can be obtained as gradient of the fitted line. Figure 3 shows TCR of the

NiCr thin film (thickness: 50 nm) deposited by rf-magnetron sputtering as

a function of Cr weight concentration of the sputtering target before (cross)

and after (open circle) releasing the cantilever from the substrate. The error

bar in Fig. 3 shows standard deviation of data. It is found that TCR heavily

depends on the Ni:Cr ratio. TCR of NiCr thin film has small value from Cr:

40wt% to 75wt% and has the least value around Cr: 75wt%. Moreover, TCR

of the NiCr thin film increases at 30 ppm/K on average after releasing of the

cantilever independently of Cr concentration. It is considered that TCR of

the NiCr film increases after release of the cantilever because the resistance

increases with increasing tensile strain induced by the bimetallic effect.

Considering the bimetallic structure model as shown Fig. 4, the change

of curvature radius, ρ, of the microcantilever induced by bimetallic effect at

temperature change ∆T can be calculated by a following equation [20],

ρ =
hK

6 (α1 − α2)∆T
, (4)

where α1 and α2 are coefficients of thermal expansion of the top and bottom

layers, respectively, h is the total thickness and K is a parameter:

K = 3 + s21 + s22 +
ωs22
s1

+
s31
ωs2

, (5)

s1 =
h1

h
, s2 =

h2

h
, ω =

E2

E1

, (6)
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where h1 and h2 are thicknesses of the top and bottom layers, and E1 and

E2 are Young’s moduli of the top and bottom layers, respectively. Increase

of tensile strain, ∆ε, is expressed as a following equation [21],

∆ε =
t

ρ
=

6(α1 − α2)t

hK
∆T, (7)

where t is distance from neutral plane of the microcantilever. Therefore,

using the gauge factor k of the strain gauge (∼ 2), the resistance change by

the bimetallic effect can be calculated as follows,

∆R

R
= k∆ε =

6k(α1 − α2)t

hK
∆T . (8)

Although an actual structure of the cantilever is shown in Fig. 1 (b), the Si3N4

and the NiCr layers can be negligible because its thickness is much thinner

than other layers. Table 1 shows the material parameters of Cytop and Si to

calculate eq. 8. The apparent increase of the resistance per unit temperature

is calculated as 31 ppm/K using the values in Table 1. This value is almost

same to measured one, so it is clear that increase of resistance after releasing

the microcantilever is caused by the bimetallic effect.

Figure 5 shows TCR of the NiCr thin film (Cr: 75wt%) before and after

releasing the cantilever from the substrate, and that after embedded in the

PDMS. After embedding the microcantilever in PDMS, TCR decreases to

pretty low level again; however increase of TCR is remain (residual increase)

because of thermal expansion of the PDMS. Therefore, it is considered that

the elastomer material which has low coefficient of thermal expansion plays

a adequate role to improve temperature characteristics furthermore.
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5. Results and discussion

5.1. Force measurements by fabricated tactile sensors

Normal force was applied to the surface of the fabricated tactile sensor by

the metal rod attached to z-axis stage. Shear force was applied by moving of

x- and y-axis stages. Applied forces were measured by a conventional 6-axis

force sensor (Nitta; UFS 2A-05). The resistance change was measured by a

precision digital multimeter (Advantest; R6581). Figures 6 (a) and (b) show

rates of the resistance change of the tactile sensors using the NiCr thin films

(Cr: 20wt% and 75wt%) as a function of applied normal and shear forces,

respectively. Force was increased from 0 to the maximum value, and then

decreased from the maximum value to 0. The measurement was repeated

3 times. Initial resistances of the Cr: 20wt% and Cr: 75wt% films without

applying force is about 1.4 kΩ and 2.5 kΩ, respectively. Linear dependencies

of the resistance on both normal and shear forces are obtained. However, the

tactile sensor using the NiCr (Cr: 20wt%) film has large temperature noise

and drift than that of Cr: 75wt% film. TCR of the NiCr (Cr: 75wt%) film

(4 ppm/K) is lower than that of the NiCr (Cr: 20wt%) film (140 ppm/K),

so it is showed that the signal noise caused by temperature fluctuation can

be drastically reduced by using NiCr (Cr: 75wt%) film instead of the NiCr

(Cr: 20wt%) film.

Figures 7 (a) and (b) show comparisons between applied and measured

normal and shear forces in fabricated tactile sensor with the NiCr thin film

of Cr: 20wt% (in the previous work [19]) and 75wt%, respectively. For

the tactile sensor using the NiCr (Cr: 20wt%), the average values of error

between applied and measured forces are 5.9 kPa for Fx, 4.7 kPa for Fy,
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and 32 kPa for Fz, respectively. On the other hand, for the tactile sensor

using the NiCr of Cr: 75wt%, the average values of error between applied

and measured forces are 3.0 kPa for Fx, 3.1 kPa for Fy, and 3.5 kPa for Fz,

respectively. Thus, the error of measured force vector can be also reduced

by using NiCr (Cr: 75wt%) film instead of the NiCr (Cr: 20wt%) film, and

it is confirmed that normal and shear forces can be simultaneously detected

with errors of 3–3.5 kPa.

5.2. Slippage detection using fabricated tactile sensors

Detection of slippage condition in the case of gripping of an acrylic object

by the robotic hand was performed by using the fabricated tactile sensor

array. Figure 8 shows a test system for slippage detection. The fabricated

tactile sensor array is attached to the robotic hand ((a) in Fig. 8). A camera is

set in the acrylic object ((b) in Fig. 8) to monitor the gripping state through

a mirror ((c) in Fig. 8). The reference force is monitored by a conventional

force sensor ((d) in Fig. 8). The robotic hand grips and holds up an acrylic

object, and then grip of the hand is loosened so that the object slips by

gravity force. The weight of the acrylic object was about 300 g. The sensor

output was precisely measured by using the Wheatstone bridge circuit as

shown in Fig. 9. Reference resistances were also formed on wafer. As the

resistance change is extremely small, the output voltage Vo is expressed by a

following equation [22],

Vo =
1

4

∆R

R0

Vi, (9)

where Vi, ∆R, and R0 is source voltage supplied to the Wheatstone bridge

circuit, the change of resistance by external force application, and resistance
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without force, respectively. The output voltage from the Wheatstone bridge

was amplified by LSI amplifiers (ATC-LSI; AT-1051). The detection rate

of the output is 100 Hz. Number of the sampling data is 11,000 and the

measurement time is 110 sec.

The amplified output voltage of the fabricated tactile sensor changes de-

pending on the gripping state as shown in Fig. 10. The gripping state were

monitored by a camera set in the acrylic object. The sensor output changes

depending on change of the gripping state. In particular, an attention should

be paid to the fact that the sensor output oscillates in the slipping state. It is

considered that this oscillation of the sensor output is caused by the stick-slip

phenomena.

The gripping status was classified by the outputs of two sensor elements

by using the k-Nearest Neighbor method [23, 24]. The detection rate of the

gripping status was 98.8% for the non-contact state, 33.3% for the gripping

state (with pressing), 96.0% for the griping state (in stable), and 76.5% for the

slipping state, respectively. The no-contact and stable gripping states can be

discriminated almost perfectly. Moreover, the slipping state can be detected

with a relatively high accuracy. On the other hand, the precision rate for

detection of the gripping state with pressing is quite lower than that of other

states. It is considered that the surface of the tactile sensor on the robotic

hand partially contacts with the object so that it needs the information

from more points of the tactile sensor to detect this state. Nevertheless,

it is demonstrated that the fabricated tactile sensor array can be used the

slippage detection.
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6. Conclusion

We have fabricated a tactile sensor using the microcantilever with the

NiCr thin film embedded in the PDMS. The NiCr (Cr: 75wt%) thin film has

quite low temperature coefficient of resistance so that temperature noise and

drift can be decreased by using it. The output of the tactile sensor using the

NiCr (Cr: 75wt%) film has good linearity and low noise so that resolution

of forces are improved to 3.0 kPa for Fx, 3.1 kPa for Fy, and 3.5 kPa for Fz,

respectively. Moreover, detection of slippage between the robotic hand and

an acrylic object was performed by using fabricated tactile sensor array, and

slipping condition can be detected at the rate of 76.5%.
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Figure Captions

Fig. 1: The basic concept of the proposed tactile sensor, (a) a schematic

view of structure of the tactile sensor, and (b) a cross-sectional struc-

ture of the microcantilever.

Fig. 2: An optical and a electron microscopic images of a tactile sensor

element.

Fig. 3: Temperature coefficient of resistance of the NiCr thin film as a func-

tion of Cr weight concentration.

Fig. 4: The bimetallic structure model for calculation.

Fig. 5: Temperature coefficient of resistance of the NiCr thin film (Cr: 75wt%)

before and after releasing the cantilever from the substrate, and that

after embedded in the PDMS.

Fig. 6: Resistance changes of the tactile sensors with NiCr film of Cr: 20wt%

and 75wt% as a function of (a) normal force and (b) shear force applied

repeatedly.

Fig. 7: Comparison between applied forces in x, y, z axes and those mea-

sured by fabricated sensors with (a) the NiCr (Cr: 20wt%) and (b)

NiCr (Cr: 75wt%) films.

Fig. 8: A schematic view and a photograph of the experimental system of

slippage detection using fabricated tactile sensor array in the case of

gripping of an acrylic object by the robotic hand.
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Fig. 9: TheWheatstone birige circuit for detection of the gripping condition,

(a) a schemitic circuit diagram, and (b) a photograph of the fabricated

microcantilevers with reference resistances.

Fig. 10: Relationship between the output of the fabricated tactile sensor

and gripping states of the robotic hand.
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Table Captions

Table 1: Mechanical constants for calculation of the bimetallic effect.
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