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Abstract

This paper describes a design methodology of a tri-axial silicon-based force sensor with
square membrane by using micromachining technology (MEMS). The sensor has a
maximum force range of 5 N and a minimum force range of 0.1 N in the three-axis directions.
A simple beam theory was adopted to design the shape of the micro-force sensor. Also the
optimal positions of piezoresistors were determined by the strain distribution obtained from
the commercial finite element analysis program, ANSYS. The Wheatstone bridge circuits
were designed to consider the sensitivity of the force sensor and its temperature
compensation. Finally the process for microfabrication was designed using micromachining

technology.
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1. Introduction

Until now many force sensors(load cell) based
on strain gage have been used to monitor the
durability of bridges, buildings from the
viewpoint of safety, and control material test
machine and industry robot, and so on.
However as some systems are now small and
need high sensitivity and accuracy, a new force
sensor with small size and high sensitivity, not
some conventional load cells, is required to
control small force precisely.

On the other hand, recently micromaching
technology(MEMS: micro electro mechanical
system), combining integrated circuit
fabrication and micromaching fabrication,
shows the possibility of development of micro
force sensor similar to pressure sensor.
Especially, some researchers have tried to
develop a tactile sensor comprised of some
force sensors for tele-operational manipulators,

intelligent robots, and haptic interfaces.
These tactile sensors can detect normal
forces applied on the tactile pixels for
gripping force control and generate tactile
images for gripping positioning and object
recognition. However, in addition to
acquiring tactile images and normal forces,
knowledge of tangential forces is also
critical for force control, and thus, three-
component tactile sensors are needed.

Kane et al.[1] and Mei et al[2] have
fabricated a tactile sensor composed of
some three-component force sensors with
square membrane type using
micromachining technology to show the
possibility of realization of tactile sensor. Its
fabrication is, however, not easy because
of complexity of process and shape of the
sensing element. Meanwhile, Wang and
Beebe[3] also manufactured a micro shear
force sensor with square-membrane type.



The fabrication process of sensor is simple, but
the sensitivity and temperature compensation
of the sensor was not considered. On the other
hand, most researchers have used finite
element analysis to design a sensing element
with finite square-type membrane. In case of a
sensing element with a circular membrane,
generally, its deflection can be obtained
theoretically by elasticity and thin plate
theory[4], but for a finite square-type element,
it is not easy to use a theoretical approach.

Thus this paper described a design
methodology for three-component micro force
sensor with finite square-type sensing element
based on an approximate simple beam theory.
Additionally the designed sensing element was
verified by commercial finite element analysis
software, ANSYS ver. 5.5[5]. The optimal
locations of piezoresistors in membrane was
determined by considering sensitivity and
temperature compensation. Finally we have
performed the design process for sensing
element of micro force sensor based on the
silicon micromachining technique.

2. Design of sensing element for micro
force sensor

2.1 Design based on beam theory

Figure.1 shows a square-type sensing element
of force sensor with which can measure three-
component F,, F, F,. The sensing element
consists of loading block and side block.
Additionally the overload protection block is
attached to the sensing element for protecting
the force sensor, in case of subjecting to
overload.

In order to obtain the deflection of membrane
and its strain distribution necessary to shape
design of sensing element, the square
membrane, as shown in Figure.2, is assumed
as four trapezoidal beam A, B, C and D. The
beam length is L, the length and height of
loading block being d, h; and the thickness of
membrane being h, and the height of the
overload protection block being h,. The loading
block is assumed as a rigid body due to thick
thickness against membrane of sensing

element.
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Fig'ure.2 Schematic diagram of the

trapezoidal beam model.

On the other hand, the cross beam model
shown in Figure. 3 was set up to compare
with the deflection and strain distribution of
the trapezoidal beam model.

Figure.3 Schematic diagram of the cross
beam model.

We used a SOl(silicon on insulator) wafer
as shown in Figure. 4, which 45 um silicon
is deposited on {100} wafer with 500 pum
thickness. The size of the membrane has
2404 mm x 2.404 mm, and its thickness
being 45 um. The capacity of each loading



is 0.1 N ~ 5 N, which is force range necessary
to feeling of texture when human object touch
on surface[6]. In case of {100} wafer, the
supporting block of sensing element has
54.74° slope when an anisotropic wet etching
using KOH solution is conducted[7]. When
three loadings is applied to loading block, the
maximum deflection of the trapezoidal beam
model was 25.342 um. Thus the height of the
overload protection block, hy, is 474 um to
consider the damage of the sensing element.
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Figure.4 Schematic diagram of the dimension
for the designed force sensor(unit : um).

2.2 Finite element analysis

In order to verify the design of sensing element
shown in Figure.4 using trapezoidal beam
model, the commercial finite element program,
ANSYS ver. 5.7, was used[5]. Figure. 5 shows
the finite element model of the sensing
element with eight nodes and four degrees.
The supporting block of the sensing element
was fixed at bottom and the each loading was
assumed as concentrated force.

Figure.5 Finite element model of sensing
element subjected to Fy, F, and F, loadings

On the other hand, the material properties of
the silicon wafer is anisotropic. In case of {100}
wafer, the components of compliance are
S11=7.68 x 10°/GPa, S1,=-2.14 x 10°/GPa and

S.=12.6 x 10°%GPa, when rectangular
coordinate is coincided with the principle
axis[8]. Thus the new material properties
for coordinate shown in Figure. 5 were
obtained from Ting’s method[9].
Additionally the analysis assumed as
isotropic material has performed to
compare with the result of anisotropic
assumption. The properties of elastic
modulus, Poisson’s ratio, are 190 GPa,
0.17, respectively[7].

In case of the sensing element subjected to
each loading, the strain distributions of the
trapezoidal beam model were similar to
those of the finite element analysis when
comparing with the cross beam model[10].
On the other hand, the strain distribution of
model assumed as isotropic material
showed the difference of 10% compared
with model assumed as anisotropic
material[10]. Thus the model assumed as
isotropic material could be used sufficiently,
instead of anisotropic assumption, to
design the sensing element made of silicon
wafer.

Meanwhile Table 1 shows the comparison
of maximum deflection obtained from beam
theory and finite element method in case of
the sensing element subjected to 5 N
loading. The trapezoidal beam model was
also similar to the finite element analysis
against the cross beam model.

Table 1 Comparison of maximum deflection
obtained from beam theory and finite
element analysis under F,, F, and F,
loadings of 5 N.

Beam theory(um)

Loading Trapezoidal Cross FEM(um)
F, 13.910 29.726 13.803
Fx -5.716 -2.392 -4.649
Fy 0.000 0.000  0.000
3. Design of full bridge circuit for
sensitivity

The location of the piezoresistor, like strain
gage, is very important from the standpoint



of sensitivity and temperature compensation of
micro force sensor. Thus the optimal location
of the piezoresistor was determined by the
strain distribution obtained from finite element
analysis. In case of square-type membrane,
when the F, or F, loading is applied, the
location of maximum strain distribution is
centerline of the membrane. The location of
the F, loading is also centerline of the
membrane. Thus the piezoresistors for Fy
loading were away 60 um from the centerline.

Figure.9 shows the Ilocations of the
piezoresistors corresponding to F,, F, and F,
loadings. Four resistors, R;1, Ry, Rz, Ry are
related to F, loading, and in case of F, loading,
Rxt, Rx2, Rxs, Ry @nd in case of F, loading, Ry+,
Ry2, Rys, Rys are needed. The width of
piezoresistor was 18 [J due to margin of the
metal line.
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Figure.9 Location of piezoresistors for

measuring F,, Fy and F, loadings.

In order to increase the sensitivity of the
sensor and decrease the environmental
temperature and coupling effects of the three-
component, it is very important to set up an
optimal full bridge circuit comprised of four
piezoresistors. The evaluation of output
voltages of three full bridge circuits
corresponding to three-component loading is
needed to obtain an optimal arrangement of
piezoresistor within full bridge circuit to

decrease the coupling effect.

The output volatage, change rate of
resistance, can be obtained simply by
1
AR o ™
R

, Where ¢ is axial strain, K is gage factor.
Generally, the gage factor, in case of strain
gage, is 2.0, and for single silicon, 90.0 and
for polysilicon, 30.0[11]. This paper has
used gaga factor, 90.0, due to single
silicon.

The change rate, 4R/R, could be calculated
easily by using strain distribution obtained
from finite element analysis and equation
(1). Figure.10 shows the change rate of
resistance of Zi-Z', Z,-Z)', Xi-X{', Xo-X5',
Y:+-Y+ and Y,-Y, axis, in case of the
sensing element subjecting to F, loading of
5 N. Figure.11 and Figure.12 represent the
change rate of resistor of Fy or F, loading.
On the other hand, Figure.13 shows the
change rate of resistor when the
temperature of the sensing element
increase10 °C.
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Figure.10 The rate of piezoresistors
change of under F; loading (5 N).
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Figure.11 The rate of piezoresistors change of
under Fy loading(5 N).
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Figure.12 The rate of piezoresistors change of
under F, loading(5 N).

The optimal full bridge circuits of the three-
component loading were obtained by the
change rate of resistors shown in Figures 10 to
12.

Figure. 13 shows the designed full bridge
circuits. In case of F, loading, the change rate
of resistor as shown in Figure. 10 is different
from those of F, and F, loadings. Thus, in the
bridge circuit of F, loading, the arrangement of
R,> and R, is different from resistors of F, and
Fy circuits.
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Figure. 13 Full

circuits  of
piezoresistor for measurement of three-

bridge

component force :
circuit; (c) Fy circuit.

(a) F, circuit; (b) Fy

Table 2 shows the output voltage obtained
from full bridge circuits. The coupling effect
of the thee-component was almost zero.

Additionally the output voltage of
environmental temperature effect (AT=10
) was 1/50% against the loading
condition.

Table 2 Comparison of full bridge circuit
output obtained from the designed force
sensor under Fy, Fy and F, loadings (5 N)

Loadi AV, AV, AV,
oadin

g V, K, V. R, V. F,
F,(5N) |-7.78E-1 -5.55E-17 -2.78E-17
Fx(5N) | 0.00E+0 5.41E-1 0.00E+0
F,(5N) [0.00E+0  0.000 5.44E-1
AT=10°C|-2.61E-4 -5.42E-20 -8.13E-20

4. Design process of sensing element
using micromaching technique

Figures.14 (a) to (e) represent the design
process using micromaching technique
(MEMS). The SOI wafer deposited 45 pum
silicon on wafer with thickness of 500 um is
cleaned as shown in Figure.14(a). Next, in
Figure. 14(b), the shape of piezoresistors



on the silicon wafer is patterned by
photolithography. Figure.14(c) shows the
piezoresistors created by thermal diffusion
process of phosphorous. On the other hand, as
shown in Figure.13, the full bridge circuits need
the metal lines for connection of piezoresistors.
Figure.14(d) represents the connection of
contact hole and metal line using
photolithography. Finally, Figure. 14(e) shows
the fabricated sensing element and loading
block using SU-8 photoresist and KOH

solution.
Using the design process based on
micromaching technique, the fabrication

process is now in progress.
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Figure. 14 Schematic diagram of micro-
fabrication for tri-axial force sensor.

5. Conclusion

The micro force sensor based on
micromaching technique was designed to
measure three-component loading. The
capacity of each loading was from 0.1 N to 5
N. In order to design the shape of the sensing
element easily, the sensing element of square
membrane type was simply assumed as four

trapezoidal beams. The verification using
finite element analysis showed that the
approximate beam theory using the
trapezoidal beam model could be used
efficiently in order to design the sensing
element of the square membrane type. On
the other hand, the optimal full bridge circuit
considering the sensitivity of the sensing
element, coupling effect and environmental
temperature effect was designed by
numerical evaluation. Finally, the design
process based on micromaching fabrication
was set up.
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