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ABSTRACT

Force sensor (or pressure sensor) has gained increasing interest among the researchers. Using the
Microelectromechanical Systems or MEMS technology, the size of the force sensor can be miniaturized
and this ignites more possible application in the field of biomedical and robotic applications. Recent
researches show the application of force sensor on the prosthetic hand, an artificial limb connected to an
amputated person. This paper presents on simulating the sensitivity of the thick film force sensor using
IntelliSuite software. The force sensor is realized by using the piezoresistive material on the cantilever
structure.There are three force sensor designs are simulated. Two of the designs are simulated using glass
as substrate, and while the remaining one is of alumina substrate. The sensitivity simulated is much smaller
compared to the estimations made using equations. The simulations show that the glass sensor fares better
than the alumina sensor. If the substrate is the same, the sensor with the bigger dimension has better
sensitivity.
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1. INTRODUCTION to be made prior to fabrication. Examples of such

software are ANSYS, CAEMEMS and IntelliSuite
[51-[7].

Most of simulations on thick film force sensor

Miniature force sensor isa popular topicin the
Microelectromechanical Systems (MEMS). The
miniaturisation of the size of the force sensorallows

applicationssuch as in robotic prosthetics hand [1]-
[2], fuel-cell performance diagnosis [3] and in the
field of medical [4]-[5].A miniature force sensor
can be classified as microelectromechanical system
(MEMS) since the device is small and its operation
involves  both  electrical and  mechanical
principlesthat makes prototyping very difficult.
Therefore, the software has been developed to
allow the design and simulation of MEMS device

were done using ANSYS software [1],[6]. Whereas
a lot of research has been focused on the
development of force sensorthat cover a wide range
of industrial and hospital application such as
automotive and medical respectively.it is noticed
thatthere is still some rooms for improvement,
particularly in the aspect of sensitivity. Hence,
These research is to study and comparethe
sensitivity of force sensor using other material as
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substrate via simulation approach using the
IntelliSuite simulation software.

Previous research on the application of static
force sensor in the prosthetic hand application
showed the sensitivity of about 150uV per IN
applied [1].Low voltage is hard to be detected by
measurement equipment such as voltmeter unless
the equipment is of very high quality. Besides that,
low output voltage would also susceptible to
background noise which will affect the
measurement of the voltage.This research aims to
find out whether using glass substrate with low
Young’s modulus could improve the sensitivity of
the device at the expense of lower sustainable
forces of the sensor.

There are various kind of tactile sensing
technology, such as strain gauge, capacitive,
piezoresistive, and optical force sensors [8]. A
piezoresistive force sensor can beconstructed using
piezoresistors on a cantilever which arearrangedin a
Wheatstone bridge configuration. A piezoresistive
material changes its resistivity when its structure
undergoes deformation. A force exerted on the
sensor will temporary bend the piezoresistive
material of the cantilever. The change in resistance
is proportional to the amount of force being
exerted. An input voltage passed along the resistive
materials could detect the change in resistance by
measuring its final output voltage. The advantage
of a Wheatstone bridge configuration is that it can
compensate the temperature effect (piezoresistors
are temperature sensitive) by changing all the
resistance in the bridge with the same percentage

[9].

This paper is mainly about simulating the
resistivity performance of threestatic force sensors
using piezoresistive materials, two made of glass
substrate, another of alumina substrate. The
simulation is carried outusing IntelliSuite software.
The design of the force sensorsare based on the
static force sensor design by Cranny et al. [1], but
the substrate material and the dimensions of the
device are altered.This research intends to find out
how the sizing of the sensor affects sensitivity.
Besides that, this research also intends to find out
what would be the sensitivity achievable by using
glass substrate.The sensitivity refers to the amount
of output voltage change per unit Newton. Even
though glass substrate is not very feasible in thick
film device due to the low melting point, however
glass has low Young’s modulus, which is supposed
to give better sensitivity. Thus, this paper

contributes in terms of methodology where some
researches may use different method, design,
simulation, specification, process technology and
even different materials. The simulation carried out
and conclusion made on how sizing affect the
sensitivity needed to improve the implementation
of current practice and to speed up improvements in
the device performances, mainly the sensitivity.

2. MODELLING OF CANTILEVER FORCE
SENSOR

The piezoresistive effect allows a thick-film
resistor to change its resistance proportional to the
strain experienced. Such resistor is said to exhibits
a gauge factor, G, which is defined as the unit
change in resistance per unit of strain applied. The
gauge factor of the thick film resistor is given by
the equation [1]:

_ AR1 .
= R (1)

The AR represents the change in resistance

value, while R and = represents the original
resistance value and the strain experienced
respectively.

The Vout represents the output voltage,G is the
gauge factor of the piezoresistors, E is the Young’s
modulus of the substrate. The output of the force
sensor can be measured by probing a multimeter
between V+ and V-.For more details on the static
force sensor modeling, one can refers to the paper
done by Cranny et al. [1].

Assume thatESL 3414 paste (G=14) is used for
the piezoresistors,when alumina (E=415 GPa) is
used as the substrate, the force measurement
sensitivity attainable for Size Bsensor according to
equation (2)will be about 37uVVN™. If aninput
voltage of Vin =5V is supplied, the
measurement sensitivity will be about 185uVN™,

Similarly, when pyrex glass (E=55 GPa) is used,
the theoretical force measurement sensitivity
attainable for both Size A and Size B sensors is
about 280pVV'N™ If an input voltage of
Vin =5V is supplied, the measurement
sensitivity will be about 1.4mVN™.
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3. METHODOLOGY
3D Builder

The force sensor model was drawn using the 3D
Builder module of the IntelliSuite. The level 0 is
drawn with the cantilever structure which represent
the substrate, while level 1 and level 2 is drawn for
the interconnect material and the piezoresistors
respectively.  Each  piezoresistor  size s
2mm X 0.5mm for Size A and 4mmX1mm for Size
B. After the drawings are validated that there is no
overlapping and illegal elements, the design is
exported to analysis module. The height of level 0
is modified to be 3mm. Assume that ESL 9912-K
FL (silver base) is used for the interconnect and
ESL 3414 is used for the piezoresistor, the height of
level 2 and level 3 is set to 12.5um and 1lum
respectively.

ThermoElectroMechanical (TEM) Analysis

The 3D model is as shown in the Figure 2. The
faces pointed by the red arrows are set as fixed
boundary, while the faces pointed by the green
arrows are set as

XY-fixed boundary. This is to limit the
movement of the cantilever to be in the z-direction
only during the analysis. Next, the pyrex glass
parameters is imported to entity 1. Since parameters
of silver is not available in the TEM library, the
parameters of entity 2 is edited manually to match
that of the silver’s. The resistivity of the TEM is set
in volume resistivity (Q-cm), but the datasheet of
the thick film paste only mention sheet resistivity
(Q/1). The sheet resistivity, , is given by the
equation below[10]:

R
=— (3)

5

Similarly, the volume resistivity, , is:

RWt )
Pr = ()

where R is the resistance, W is the width, t is the
thickness and L is the length of the resistor.

Thus, the volume resistivity can be calculated
based on the thickness and sheet resistivity using
equation:

B = pst (3]

w

As for the entity 3, which is the piezoresistor,
only the volume resistivity was edited with other
parameters left as default. The default parameters
for the entity in TEM module is silicon bulk.

Next, the entity 3 in defined as the piezoresistor
by setting the piezoresistive coefficients =,..=
and = Since only gauge factor is mentioned in
the datasheet for the ESL 3414 series, the
piezocoefficients are set using estimation. The
piezoresistors lie on the same axis with the
cantilever, with is in the <111> direction [11].
According to Chang Liu [9], the longitudinal gauge
factor can be found by multiplying the Young’s

modulus with = Since it is a linear
equation, each piezoresistive coefficient can be
estimated using equation

, Gzsz 6

= L':g; T o)
The & is the longitudinal gauge factor of the
ESL 3414, 1 is the gauge factor for a p-type

silicon which is about 115, is the original
piezoresistive coefficient, and is the current
piezoresistive  coefficient estimated for the
ESL3414.

The mesh resistor is extracted and temperature
load of 27°C correspond to the room temperature on
equator is defined onto the resistors. The auto-mesh
function is used to further display the resistors in
the smaller mesh. Next, the resistor is flipped as
shown in Figure 3. A voltage load of 5V is defined
onto the node Band OV load is defined onto the
node E pointed by the red arrows. Negative current
loads are defined onto nodes A and C while
positive current loads onto nodes D and F.

Static analysis is performed and the resultant
potentials at node A, C, D and F are tabulated as
VR2, VR1, VR4 and VR3 respectively. An
example of the resultant potential is shown in
Figure 4. The circled part of the “Messages”
window is the node potential at VRA4.

Without any force applied, the output voltage is
0V. Next, a nodal pressure load of 10N is defined at
the transducer level, directly at the center tip of the
cantilever. Static analysis is run and again the
resultant potentials at the resistor level is taken and
tabulated. The pressure load at the transducer level
is varied and the results are tabulated. The analysis
at transducer level can display the z-displacement
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after the pressure load is placed as shown in Figure
5.

All current loads are of the same value which is
72.2pA. Static analysis is performed and the
resultant potentials at node A, C, D and F are
tabulated as VR2, VR1, VR4 and VR3 respectively.
The following equations are used to calculate the
output.

) VR1 + VR4

V= ——— (7)

p-_ VR2EVR3 .
= > (8)

Vout = V¥ -V~ (9)

After finish analyzing for the pyrex glass design,
the alumina Al,O; parameters is imported for the
entity 1and the same procedure is repeated to obtain
the data for the alumina design.

4. RESULTS AND DISCUSSION

The simulation results for the Size A glass
substrate force sensor is tabulated in Table I and its
graph is plotted as shown in Figure 6, while for
Size B glass substrate force sensor, the results are
tabulated in Table Il and plotted as in Figure 7.
Similarly, the alumina force sensor simulation
result is shown in Table Il and its graph is shown in
Figure 8.

The simulated sensitivity is very small compared
with the estimated value calculated using equation
2. For the Size A glass based sensor, the sensitivity
obtained is just 3.1uVN™ as opposed to 1.4mVN™.
Meanwhile, the Size B glass sensor has the
sensitivity of about 4.3uVN™. The bigger sizing
gives better sensitivity possibly because it has
longer piezoresistors. (On the other hand) Shorter
resistor gives lower gauge factor [10]. Moreover, its
length to thickness ratio is also greater.

As for the alumina based sensor, the simulation
cannot detect any applied forces less than 20N. The
response is not entirely linear and the sensitivity is
also too low as compared with the theoretical
sensitivity calculated using equation (2), with
sensitivity of about 4.3uVN™.

Cranny’s research [1] reported that the actual
fabricated model has sensitivity of about 8 times

e
905

lower than the calculated value using equation (2).
However, the simulation results in this report
showed not as good as reported. This means the
simulations  obtained for the thick film
piezoresistive force sensor obtained is inaccurate
(This means the result obtained from this
simulations is considerably inaccurate). One
possible cause of the incorrect result is possibly
because the methodology is not properly
formulated. The parameters for entity 3 during the
TEM analysis are just assumed to be p-type silicon
where as the real composition of the piezoresistive
paste is not taken into consideration. The TEM
module also lacked the selection of thick film
material in its library of material parameters.

5. CONCLUSION

The simulations for both the glass and alumina
force sensors showed very low sensitivity. It is
observed that the performance using alumina
substrate is much worse than the glass substrate
design in term of the sensitivity.However, for the
same substrate material,the sensitivity is much
better when using bigger sizes.

All the above results are observed within the
capability of IntelliSuite software. It is developed to
simulate the performance of thick film MEMS
devices.The simulation results at this point is yet to
find the convincing result for a thick film device
may not be accurate. Future research is proposed to
fabricate out the force sensors so that experiment
can be done to compare the actual sensitivity with
the simulated result.
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Figure 1 : Force Sensor Structure
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Figure 2 : 3D Model of the Force Sensor
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Figure 3 : Extracted Resistor Mesh (flipped)
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Figure 4 : Example of Static Analysis Result (glass size A at 10N)

Figure 5 : Resultant z-Displacement of The Force Sensor (glass size A at 10N)

Direction of force

k1_sl

Table 1 : Simulation Results for Size A Glass Force Sensor

FORCE VR1 VR2 VR3 VR4 Vout
0 249796 2.49796 2.50204 2.50204 0
1 249796 2.49797 2.50204 2.50203 1E-05
2 249798 2.49797 250202 2.50201 0
3 2.49796 2.498 2.50203 2.502 3.5E-05
4 2.49799 2.498 250201 250201 0.5E-05
5 2.49799 2.498 250201 2.50201  0.5E-05
10 249801 2.49806 2.50198 2.50194  4.5E-05
20 249811 2.49814 25019 2.50187 3E-05
30 249814 2.49825 250185 2.50175 0.000105
40 249819 249831 250182 250169 0.000125
50 249827 2.49842 250174 250158 0.000155
60 249834 249853 250166 2.50148 0.000185
70 24984 249861 250161 250139 0.000215
80 249847 249871 250152 250128  0.00024
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Table 2 : Simulation Results for Size B Glass Force Sensor

Force VR1 VR2 VR3 VR4 Vout

0 249985 249985 250015 250015 0

1 249985 249986 250015 250014  1.00E-05
2 249986 249986 2.50014 250014 0

3 250018 2.49987 250014 250013 -1.50E-04
4 249986 249988 250014 250011  2.50E-05
5 249987 249987 250013 250012  0.50E-05
10 249987 24999 250012 250007 0.50E-04
20 2.4999 249995 250009 2.49999  0.75E-04
30 2.49993 25 250005 2.49992  1.00E-04
40 249997 250021 250001 2.49984  2.05E-04
50 249999 250028 249998 249977  2.50E-04
60 250002 2.50035 2.49995 249969  2.95E-04
70 250005 2.50039 24999 249961  3.15E-04
80 250032 250103 2.49952 249874  7.45E-04

Table 3 : Simulation Results for Size B Alumina Force Sensor

Force VR1 VR2 VR3 VR4 Vout
0 2.49985 2.49985 250015 2.50015 0
1 249985 2.49985 250015 2.50015 0
2 249985 249985 2.50015 2.50015 0
3 2.49985 2.49985 250015 2.50015 0
4 249985 2.49985 250015 2.50015 0
5 249985 249985 2.50015 2.50015 0
10 249985 249985 2.50015 2.50015 0
20 2.49986 2.49986 2.50014 2.50014 0
30 249986 2.49987 250014 2.50013 1.00E-05
40 249986 2.49988 2.50013 2.50011 3.00E-05
50 2.49987 2.49987 250013 2.50011 1.00E-05
60 249988 249989 250013 2.5001  2.00E-05
70 249988 249989 250012 25001  1.50E-05
80 2.49988 2.49989 2.50012 2.50 2.00E-05
x 10
o]
o 2 a
Sto L 1 L L L 1 |
10 20 30 a0 50 60 70 80

Figure 6 : Output Voltage Versus Force for Size A glass Based Force Sensor

Force [N]
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Figure 7 : Output Voltage Versus Force for Size B Glass Based Force Sensor
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Figure 8 : Output Voltage Versus Force for Size B Alumina Based Force Sensor
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