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ABSTRACT 

In the present paper, we propose a novel 3D force 
sensor design using a silicon strain gauge bonded on a metal 
diaphragm. The fabrication process and glass frit bonding 
process of the ultra-thin silicon strain gauges having a 
thickness of 50 μm were established; afterward, 
performance of the silicon strain gauge bonded on the 
stainless steel cantilever beam was evaluated at the various 
conditions. In results, resistance linearly increased with 
deformation by tensile stress, and gauge factor representing 
the sensitivity of the strain gauge was 33.77. Nonlinearity 
and hysteresis were respectively 0.21%FS and 0.17%FS. 
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INTRODUCTION 

A sensor is a device that measures a physical, chemical 
and biological quantity, and converts it into an electric 
signal which can be read by an observer or by an 
instrument. Force sensors, pressure sensors and 
accelerometer sensors using strain gauges are 
representative physical sensors [1]. Recently, advances in 
micromachining technology permit the design and 
fabrication of MEMS force sensors which have larger 
sensitivity and several orders of magnitude smaller size 
than conventional ones. Metal foil strain gauges are used in 
a typical force sensor design. Comparing with silicon 
strain gauges, metal foil strain gauges have about 10~20 
times lower sensitivity. Silicon strain gauges are formed 
on the diaphragm in a typical force sensor design. The 
conventional diaphragm material of the silicon force 
sensor is also silicon which is fabricated by a silicon wet 
etching process [2-6]. However, it is difficult to make the 
silicon diaphragms having various size and structures due 
to the limitation of the MEMS fabrication process. In 
contrast, the metal diaphragms having various size and 
structures are easily and inexpensively realized since the 
processing of a metal is simple and well-known. Moreover, 
metal membrane has isotropic elastic constants, while the 
silicon membrane has anisotropic elastic constants.  

Thus, we designed the 3D force sensor using the 
ultra-thin silicon strain gauges bonded on metal diaphragms. 
To realize this concept, we established the fabrication 
process of the silicon strain gauge and the bonding process 
between the metal diaphragm and the silicon strain gauge. 
Afterward, Performance of the silicon strain gauge bonded  
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Figure 1: (a) Schematic of proposed 3D force sensor, (b) 
mechanism of operation of 3D force sensor 
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Figure 2: Fabrication process for ultra-thin strain gauge 
 
on stainless still cantilever beam was evaluated. 
 
DESIGN AND FABRICATION 

 
Design of 3D force sensor 

Fig. 1 (a), (b) shows the schematic and operating 
mechanism of the 3D force sensor respectively. Four set of 
gauges are bonded on metal diaphragms using glass frit; 
each set of gauges comprises two strain gauges (Fig. 3 (a)). 
Fz applying to the sensor, two gauges of each set have 
opposite stress. In contrast, the application of Fx causes 
same stress on the two gauges while each set of gauges has 
opposite stress. Resistance of silicon strain gauge is varied 
by the stress. Force applied to the 3D force sensor can be 
calculated by measuring the resistance. 

 
Fabrication of silicon strain gauge 

The fabrication process for the ultra-thin silicon strain 
gauge is presented in Fig. 2. SiO2 with thickness of 2.5 μm 
was deposited on silicon wafer using LPCVD (Low 
Pressure Chemical Vapor Seposition). A thin poly-silicon 
layer was deposited using LPCVD at 620℃. The average 
poly-silicon thickness was 1 μm. A boron ion with 
concentration of 1 × 1015 cm-3 implanted onto the 
poly-silicon; the poly-silicon layer was annealed at 1100℃ 
for 10 second in N2 environment. Then aluminum was 
sputtered and patterned to form the electrode. Afterward, 
the poly-silicon layer and silicon oxide layer were patterned 
into individual strain gauges using RIE (Reactive Ion 
Etching). Then, about 46 μm of silicon substrate was etched  
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Figure 3: Fabricated ultra-thin silicon strain gauge. (a) strain 
gauge detached from silicon frame, (b) side view of silicon strain 
gauge  

 
to form an overall gauge thickness of 48 to 50 μm. After 
front side etching, the wafer back-side was polished and 
chemically etched until the patterns of gauges were visible.  

Fig. 3 (a), (b) show the fabricated ultra-thin silicon 
strain gauge and side view of the silicon strain gauge. The 
silicon strain gauges were fabricated with connecting to a 
silicon wafer using a bridge structures because of small 
size. The silicon strain gauges were easily separated from 
the frame by pushing the connecting parts. Thickness of the 
silicon strain gauge was about 50 μm, and width and height 
were 2.19 mm and 0.86 mm respectively. The fabricated 
silicon strain gauge was comprised of four piezoresistor; 
width and height of each piezoresistor were 400 μm and 80 
μm respectively.  

 
Glass frit bonding   

Strain gauges are usually bonded with resin adhesives. 
Bonding between various kinds of metals and silicon 
devices can be realized with resin adhesives since the 
curing temperature of resin adhesives is lower than that of 
the glass frit bonders. Resin adhesives have, however, low 
durability and reliability. Moreover, resin adhesives exhibit 
plastic behavior causing hysteresis at high temperature [7]. 
Therefore, glass frit paste was used to bond the silicon 
strain gauge onto a metal cantilever beam. It is difficult to 
bond silicon strain gauge onto the metal plate using glass 
frit because a high temperature aging process in glass 
bonding causes crack due to the CTE (Coefficient of 
Thermal Expansion) mismatch between the silicon gauge 
and metal. We can solve the CTE mismatch problem by  
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Figure 4: (a) Metal mask for screen printing of glass frit past, 
(b) silicon gauge bonded on stainless still cantilever beam using 
glass frit 

 

 
Figure 5: Experimental setup to evaluate performance of silicon 
gauge 

 
using the ultra-thin silicon strain gauge which is more 
expandable than the thick silicon strain gauge. The final 
thickness of the silicon strain gauge was about 50 μm. 

The cantilever beam was made of SUS630 stainless 
steel having high yield point and small CTE. Yield point 
and CTE of SUS630 stainless steel are 1000 MPa and 11.6 
μm/m/℃ respectively. Glass frit bonding is carried out in 
four main steps: the pre-treatment of the surface of the 
cantilever beam, the deposition of the glass frit paste using 
print screen method, elimination of a solvent and an organic 
binder material, bonding between the silicon strain gauge 
and the metal cantilever beam. Organic materials on the 
metal cantilever beam were eliminated in a solution of 5% 
hydrochloric acid for 10 minutes; cantilever beam was 
cleaned with DI water. Then the glass frit paste was 
screen-printed with a metal mask (Fig. 4 (a)). The height of  

 
Figure 6: Normalized resistance as a function of strain 

 
Figure 7: Nonlinearity as a function of strain 

 
Figure 8: Hysteresis as a function of strain 

 
the printed glass frit paste was about 150 μm. The glass frit 
paste is comprised of solvent, organic binders and glass frit. 
The solvent and organic binders should be eliminated 
before bonding step. The solvent can be eliminated at 
100 ℃, and the organic binders can be burned out at 350 ℃. 
Afterward, the silicon strain gauge was placed; bonding 
step was carried out at 505 ℃. Final thickness of glass frit 
layer was about 100 μm since the solvent and organic 
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binders were eliminated. Fig. 4 (b) shows the glass-bonded 
gauge on metal cantilever beam.  
 
RESULT AND DISCUSSION 

Performance of the silicon strain gauge was evaluated 
at the various conditions. Fig. 5 shows the experimental 
setup. The endpoint deflection of the cantilever beam was 
measured by the IR displacement sensor (Z4M-W40, 
OMRON). Then the strain of the silicon strain gauge, xε , 
can be calculated with equation (1): 

3
3( )

2x
L x h

L
ε δ−= ×                                              (1) 

where L , h  and δ  represent the length, thickness and 
endpoint deflection of the cantilever beam respectively. 
The length and the thickness of the cantilever beam were 
200 mm and 3 mm.  

Fig. 6 shows normalized resistance changes as a 
function of strain. Resistance linearly increased when the 
gauge was deformed by tensile stress. Gauge factor which 
represent the sensitivity of the sensor can be calculated 
with equation (2): 

0 0( ( ) ) /R R RGF ε
ε

−
=                                   (2) 

where ( )R ε  and 0R  express resistance of the silicon strain 
gauge at strain ε  and zero strain respectively. Gauge 
factor of the silicon strain gauge was 33.77 which was 
about 10~20 times larger than gauge factor of the metal 
foil strain gauge. Comparing with previous study, gauge 
factor is higher [5]. Fig. 7 shows nonlinearity as a function 
of strain at room temperature. Nonlinearity means the 
maximum deviation of the actual value from a straight line 
positioned to coincide with the actual upper and lower 
range values. Maximum value of nonlinearity was 
0.21%FS. Fig. 8 shows hysteresis as a function of strain at 
room temperature. Hysteresis is a measure of the 
repeatability of resistance of the strain gauge over the 
operating force range after one or more cycles. Maximum 
value of hysteresis was 0.17%FS. Nonlinearity and 
hysteresis were lower than those of Cu-Ni alloy strain 
gauge [8]. 
 
CONCLUSION 

In the present paper, the novel 3D force sensor design 
using the ultra-thin silicon strain gauge bonded on a metal 
diaphragm is proposed. To realize this concept, the 
fabrication process and glass frit bonding process of the 
ultra-thin silicon strain gauges having a thickness of 50 μm 
were established. Performance of the silicon strain gauge 
bonded on the stainless steel cantilever beam was 
evaluated. In results, resistance linearly increased with 
tensile stress while decreased with compressible stress. 
Gauge factor representing the sensitivity of the strain gauge 
was about 33.77 that was much larger than that of 
conventional metal foil strain gauges. Nonlinearity and 

hysteresis were respectively 0.21%FS and 0.17%FS which 
were lower than those of the Cu-Ni metal alloy strain 
gauges. 
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