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bstract

Most reported MEMS tactile sensors are fabricated by silicon micromachining process. Presently, the cost of the silicon-based MEMS fabrication
s still relatively high, thus alternative process should be developed for low cost applications. In this work, we develop a low-cost non-silicon-based
rocess for MEMS tactile sensor fabrication. The MEMS tactile sensor with a trampoline membrane structure has been fabricated by successive

puttering of Cr, Al, AlN, indium tin oxide (ITO), and Au layers through electroplated Ni micro-shadow masks over an 8 �m-thick photoresist
acrificial layer on a glass substrate. In addition, the sensitivity of the sensor has been optimized by controlling sputtering parameters including
xygen flow rate and film thickness of the ITO piezoresistive layer. The fabricated tactile sensor has been tested for displacement and force sensing
y a Dektak surface profiler. The fabricated sensor is capable of small force sensing in �N ranges with good linear sensitivity of 0.2 mV/�N.

2006 Elsevier B.V. All rights reserved.
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. Introduction

MEMS tactile sensor is typically used to sense contact force
egarding touch with objects for robotic end effectors. Other
otential applications of this sensor include the sensing of
rganic tissue on a small scale at the end of catheter or on the
ngers of an endoscopic-surgery telemanipulator. MEMS tac-

ile sensors offer several advantages over conventional sensors,
ncluding compact size, high sensitivity, and multi-dimension
unctionality [1–11]. A wide variety of MEMS tactile sensors
ostly based on silicon micromachining have been demon-

trated [1–8]. Tactile sensors are generally classified based on
ensing mechanisms. These include piezoreistive [1–5], capac-
tive [6–8], piezoelectric [9–11], and optical tactile sensors
12]. Among them, piezoresistive tactile sensor is widely used
ecause of low cost fabrication process, good sensitivity, and
imple electronic interface.

While the cost of the silicon based MEMS devices is still rel-
tively high, alternative process should be developed for low

ost applications. In this work, we develop a low-cost non-
ilicon-based process for MEMS tactile sensor fabrication by
he combination of electroplating, standard photolithography,
nd physical vapor deposition.

∗ Corresponding author. Tel.: +662 564 6900; fax: +662 564 6771.
E-mail address: anurat.wisitsoraat@nectec.or.th (A. Wisitsoraat).
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. Experimental

.1. Device design and simulation

The MEMS tactile sensor structure as seen in Fig. 1 con-
ists of a multi-layer AlN/Al/Cr square shuttle plate (200 �m ×
00 �m) with four arms on which four piezoresistors are placed.
n addition, contacts of each piezoresistor are coated with Cr/Au.
he indium tin oxide (ITO) is a piezoresistive material. When
n external force is applied, it changes electrical resistance due
o induced strain. The gold layer is used as the electrode and
onding pad of the piezoresistor. The AlN layer is acted as an
nsulator providing isolation between the Cr/Al membrane and
he piezoresistor. The Cr layer is used as an adhesive film and
hick Al layer is used to increase flexibility and rigidity of the

embrane structure.
When an object applies force on the membrane, the struc-

ure is deformed and strain is induced on the piezoresistor. For
mall deformation, the relationship between applied force and
isplacement is linear:

= Kmd (1)
here F is the applied force, d the membrane displacement, and
m the equivalent spring stiffness constant of the membrane. The

arger Km will results in smaller displacement at a given applied
orce and the lower sensitivity of tactile sensor. Km depends on

mailto:anurat.wisitsoraat@nectec.or.th
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piezoresistive current change as a function of applied force. The
boundary conditions for MEMPZR is constant applied potential
of 5 V at electrode contacts equally applied on all piezoresistors.
The output 3D displacement and piezoresistive current density
Fig. 1. Structure of MEMS tactile sensor.

he geometry and mechanic material property of the membrane.
or circular thin membrane structure, Km is given by [13]:

m = 16πE

3(1 − ν2)

(
h3

r2

)
(2)

here E, ν, h, r are Young’s modulus, Poisson’s ratio, height,
nd radius of the membrane, respectively. The equation suggests
hat E and h should be decreased while r should be increased to
ncrease the sensitivity of tactile sensor. In this work, the mem-
rane is square and consists of multiple layers. The analytical
orm of spring stiffness for this relatively complex structure is
ot available. However, a square multi-layer membrane may be
oughly estimated by a single layer circular membrane with com-
osite material parameters. Thus, the spring stiffness equation of
circular membrane may be used for the first order design while

he design refinement can be achieved by numerical simulation
f the actual membrane structure.

The displacement and corresponding strain causes the
eizoresistors to change their resistance, which can be mea-
ured by external electronic circuit. The resistance change of
iezoresistor is given by

�R

R0
= GFεd (3)

here R0, GF, εd are the strain-free resistance, gauge factor,
nd strain of the piezoresistor, respectively. The large GF means
he higher sensitivity for piezoresistor. GF depends on geometry
nd piezoresistive coefficients of the piezoresistive material. For
ingle crystal piezoresitive materials, it can be determined from
heory or experiment. While polycrystal and amorphous thin
lm materials, it is usually measured from experiment. Typical
alues for GF of common materials are widely varied between

and 1000.
The sensor was first designed by the above analytical

pproach to sense typical contact force in the range of 100 �N
ith a given membrane dimension of 200 �m × 200 �m and

F
t
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aximum vertical displacement of 8 �m. The membrane dis-
lacement can be approximated to be 0.64 �m from the
ythagorean triangle law. The required spring stiffness can then
e calculated to be 156.5 N/m. Assuming the nominal average
oung modulus of 10 GPa and the average Poisson’s ratio of 0.3,
he suitable membrane thickness estimated by Eq. (2) is ∼2 �m.

hile the Gauge factor of sputtered ITO thin film is not yet
nown and will be measured experimentally in this work, it is
ssumed that GF is on the order of 100. From the first order
esign, it can be deduced that the total membrane thickness
hould be a few microns, which is in accordance with experi-
ental capability.
For more accurate analysis, CoventorWareTM, commer-

ial MEMS simulation software, is then used to simulate the
echanical-piezoresistive behaviors of the device to determine

he relationship between applied force, mechanical deflection,
nd piezoresistive current. In this simulation, two modules,
emsMech and MEMPZR, are successively used to simulate for
echanical and piezoresistive characteristics. From the actual

ayout and defined processes, three-dimension model is gener-
ted. In this structure, the thickness of Al/Cr shuttle plate, AlN
nsulation, ITO piezoresistor, Cr/Au electrode, and air-gap lay-
rs, are 1.5, 1, 0.5, 0.3, and 8 �m, respectively. The extruded
rick mesh is applied to the solid model. The whole structure is
eshed with lateral element size of 100 �m and vertical element

ize between 1 and 0.25 �m depending on the thickness of each
ayer. Material properties used in the simulation are obtained
rom standard table and related literature data.

The meshed structure has been simulated by MemsMech
odule for mechanical displacement, stress, and strain. The

oundary conditions consist of fixed displacement at the four
nchors and uniform applied force on the square shuttle plate
ith varying applied forces. The mechanical output from
emsMech is then input into MEMPZR module to simulate for
ig. 2. Typical simulated piezoresistive current density distribution of MEMS
actile sensor.
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istributions for an optimum design are shown in Fig. 2. From
he figure, it can be seen that the current density is uniform with
verage value of ∼1 × 107 pA/(�m)2 except those in the cor-
ers. The displacement of 8 �m is obtained at an applied force
f 250 �N and the piezoresistive sensitivity of ∼76 m�/�N is
ound from the simulation. It can be seen that the simulated
esults is considerably different from the first order design. The
imulated results should be more accurate than the first order
alculation because standard material properties and detailed
tructure are used. The simulated displacement versus applied
orce is subsequently shown in Fig. 8 to compare with experi-
ental data.

.2. Device fabrication
The fabrication process as shown in Fig. 3 is started from
atterning an 8 �m-thick photoresist sacrificial layer on a glass
ubstrate by standard photolithography. Next, Cr, Al, and AlN
ayers are successively deposited by reactive dc magnetron sput-

ig. 3. The fabrication process of thin film based piezoresistive MEMS tactile
ensor.
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ering through the first electroplated Ni micro-shadow mask
ith square shuttle patterns. Before sputtering, the substrate is

leaned by 100 W rf-plasma for 5 min. The sputtering is con-
ucted in argon (Ar) gas at 3 × 10−3 mbar. For the first sputtered
ayer, the low plasma power of 100–150 W is used in order to

inimize photoresist etching or removal by the plasma. For sub-
equent layers, higher plasma power of 200–250 W is then used.
or AlN sputtering, nitrogen is mixed with Ar gas by the flow
atio of 4:1 (N2:Ar) to perform reactive dc magnetron sputtering.

A indium tin oxide (ITO) layer is then reactively sputtered
hrough the second micro-shadow mask with 100 �m u-shape
esistor patterns. For the critical sensing layer, the ITO films are
puttered with different oxygen addition and film thickness in
rder to determine the condition for an optimum gauge factor of
he piezoresistor. For gauge factor evaluation, the ITO film single
ine pattern was simultaneously deposited on a cantilever beam
est structure Next, Cr and Au layers are successively deposited
hrough the last micro-shadow contact mask. The sensor is then
ut and gold wire bonded to a standard package. The photoresist
acrificial layer is finally released by dissolving in acetone and
xygen plasma. The oxygen plasma is done in the final etching
tage in order to avoid sticking problem.

It can be seen that the sensor structure and fabrication process
re relatively low cost when compared to silicon micromachined
actile sensors. The substrate is conventional glass slide which
s much cheaper than silicon wafer and the structural layers are
lso made of low cost materials. In addition, the structure is made
hrough near-room-temperature processes, including sputtering
nd electroplating of micro-shadow mask. Furthermore, only
ne photoresist step, which is sacrificial layer, is used, thus the
ost of photolithography is minimized. It should be noted that
he photolithography is also used to make micro-shadow masks
ut it is used only once before the sensor fabrication.

.3. Tactile sensor testing

The sensor testing consist of two parts. First, the gauge factor
f the ITO thin film is determined by measuring the resistance
hange of the test straight-line piezoresistor on cantilever beam
tructure with a controlled displacement using the Dektak probe
tation. The scanning electron micrograph (SEM) of an array
f ITO coated cantilever beam test structure is shown in Fig. 4.
he Si3N4/PolySi cantilever beam is 50 �m wide, 200 �m long,
nd 2 �m thick, suspended 2.5 �m above Si3N4/Si substrate.
he thickness of ITO film on this cantilever beam is approxi-
ately 0.2 �m. The vertical displacement of cantilever beam is

ontrolled to be between 0.5 and 1.5 �m for gauge factor mea-
urement. The gauge factor is calculated from the ratio between
esistance change and the known strain, which is computed from
he controlled displacement. The average gauge factor is then
etermined from measurements with different controlled verti-
al displacement of the cantilever beam.

Next, the displacements of the tactile sensor under different

pplied forces are then measured by a Dektak surface profiler.
he force-sensing experiment is conducted by the use of the sur-

ace profiler with static press at the center of the shuttle plate as
hown in Fig. 5. A Wheatstone bridge circuit is used to measure
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Fig. 4. SEM image of the cantilever beam test structure.
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behavior may be that the oxygen ion addition during sputtering
reduces oxygen vacancies and increases the bandgap [14]. As a
result, the electron density that can respond to bandgap change
Fig. 5. The setup for force-sensing experiment.

he small change in the resistivity of piezoresistors and provides
emperature compensation. The four piezoresistors are serially
onnected as one arm in the Wheatstone bridge circuit while the
ther three balancing resistors are ITO resistors on the glass sub-
trate. The output voltage from the bridge circuit is continuously
easured and recorded with multimeter. Labview computer sys-

em is used to acquire the data from the multimeter.

. Experimental results

The physical structure of the fabricated sensor is examined
y scanning electron microscope (SEM) as shown in Fig. 6.
t demonstrates floating trampoline released membrane struc-
ure over a glass substrate with surrounding Wheatstone bridge

esistors and electrodes. It can be seen that the membrane is
lightly bowing downward, indicating tensile residual stress of
he composite layer structure. The residual stress of the thin film
tructure is difficult to be predicted because it depends on sev-

F
t

Fig. 6. SEM image of the fabricated tactile sensor.

ral process parameters including deposition rate, power, source
o target distance, layer interface, defects, etc. In this work, the
rocess has not yet been optimized for minimum residual stress
f this structure.

The gauge factor of the ITO piezoresistive material on can-
ilever beam test structure is measured as a function of sputtering
arameter including oxygen flow rate and film thickness to
ptimize the sensitivity of the sensor. The gauge factors ver-
us oxygen flow rate for ITO sensing layer with different ITO
hickness are shown in Fig. 7. The measurement errors due to
he statistical variation of fabrication parameters, applied testing
onditions, and electrical measurements are found to be within
0% of the average values. It can be seen that the gauge factor
f ITO thin film decreases nonlinearly as the oxygen flow dur-
ng sputtering process increases. A possible explanation of this
ig. 7. Gauge factor vs. oxygen flow rate of the ITO piezoresistor with different
hicknesses.
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ig. 8. Vertical displacement vs. applied force of the fabricated tactile sensor.

ue to strain is reduced. In addition, the gauge factor is increased
s the ITO film thickness increases from 0.1 to 0.4 �m. From
ur results, it can be seen that the 0.4 �m-thick ITO film with no
xygen flow provides an optimum piezoresistive gauge factor of
650.
The measured vertical displacement versus applied force

haracteristic of the tactile sensor along with simulation result
re shown in Fig. 8. It demonstrates linear characteristic with
pplied force up to 200 �N and the displacement begins to slowly
nd nonlinearly increase as the applied force increase further.
his unexpected nonlinear behavior may be resulted from the

ensile residual stress in the structure. Comparing to the simula-
ion result, the measured displacement is considerably different
rom the simulated one. The large discrepancy is mainly due to
nknown residual stress, unknown exact mechanical parameters

ncluding Young’s modulus, Poisson’s ratio of the thin film, and
ther nonlinear effects. It is known that mechanical properties
f the thin film can be significantly different from those of bulk

ig. 9. Measured output voltage vs. applied force characteristic of the fabricated
actile sensor.
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aterials and they are depending on various process parameters.
n our future work, the mechanical parameters such as Young’s
odulus, residual stress, and dimensions of the structural layers
ill be accurately measured in order to improve the simulation
odel. The output voltage of Wheatstone bridge circuit versus

pplied force characteristics is shown in Fig. 9. It also shows
pproximately linear behavior over the applied force ranging
rom 0 and 200 �N. The sensitivity of the tactile sensor in the
inear region is ∼0.1–0.2 mV/�N. The sensitivity of 0.2 mV/�N
s considered good compared to some reported silicon micro-

achined tactile sensors [3]. When the applied force exceeds
00 �N, the output voltage begins to increase nonlinearly. This
onlinear output should be due to the nonlinear displacement
haracteristics.

. Conclusion

In conclusion, we have developed a low-cost non-silicon-
ased process for MEMS tactile sensor fabrication by the com-
ination of standard photolithography and physical vapor depo-
ition. The tactile sensor is designed and simulated by Coven-
orWareTM, commercial MEMS simulation software before the
evice fabrication. The sensor has been successfully fabricated
nd tested. In addition, the sensitivity of the sensor has been
ptimized by controlling sputtering parameters including oxy-
en flow rate and film thickness of the ITO piezoresistive layer.
he fabricated sensor has demonstrated ability to sense small

orce in �N ranges with good sensitivity.
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