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This paper presents the design and development of a silicon-based three-axial force sensor to be used in a flexible smart interfac
hanical measurements. Normal and shear forces are detected by combining responses from four piezoresistors obtained by ion
n a high aspect-ratio cross-shape flexible element equipped with a 525�m high silicon mesa. The mesa is obtained by a subtractiv
tching process of the whole handle layer of an SOI wafer. Piezoresistor size ranges between 6 and 10�m in width, and between 30 a
0�m in length. The sensor configuration follows a hybrid integration approach for interconnection and for future electronic circuitr

ntegration. The sensor ability to measure both normal and shear forces with high linearity (∼=99%) and low hysteresis is demonstrated
eans of tests performed by applying forces from 0 to 2 N. In this paper the packaging design is also presented and materials

ensor array preliminary assembly are described.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Silicon-based sensors perform quantitative measurements
ith high reliability and they can be an attractive solution

or biomechanical measurements when coupled with suitable
nd reliable packaging solutions. Miniature three-axial force
ensors can be successfully used for biomechanical measure-
ents in the field of prosthetics. In fact, it is well known that
ne of the main causes of failure of a prosthesis for lower limb
bove-knee (AK) amputees, is the bad fitting of the socket to

he stump. The prosthesis comfort is highly conditioned by
ormal and shear forces that arise at the interface between

he socket surface and the stump[1,2]. Hence, it is of funda-

∗ Corresponding author. Tel.: +39 050 883 419; fax: +39 050 883 497.
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mental importance to measure the entity and distributio
such forces during user locomotion in order to evaluate
fitting degree of the socket and to optimize its shape, thu
ducing the entity of the skin damage. In order to addres
problem of performing such biomechanical measurem
in real time, when the user is wearing the prosthetic de
it is necessary to develop miniature sensors appropria
be incorporated in the socket without impairing normal
comfortable motion control.

In this paper we present the design and fabrication o
silicon microsensor that we have developed for the spe
prosthetic purpose but that can be applied in other me
applications where the keyword requirements are three-
force measurement and miniaturization. The device has
designed in order to develop a flexible smart interface t
used to detect the forces to which the stump skin tissue is

924-4247/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2005.01.007
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jected while in contact with the socket worn by AK amputees.
In addition, the mechanical characteristics of the sensor have
also been assessed as appropriate for the sensory system of
artificial hands[3–7].

Concerning the state of the art of three-axial or shear force
silicon-based sensors, they have been developed mainly us-
ing the piezoresistive and capacitive principles. Yao et al.
[8] developed a three-axial force sensor integrating eight
piezoresistors in a silicon bossed-diaphragm structure. Chu
et al. [9] reported a three-axial tactile sensor based on the
differential capacitive principle. Wang and Beebe[10] devel-
oped a normal and shear force sensitive device by integrating
four piezoresistors in a silicon square diaphragm equipped
with an EPON SU-8 mesa and using them as independent
strain gauges. B̈utefisch et al.[11] built a square boss silicon
membrane with 24 embedded piezoresistors and a stylus for
mechanical characterisation of micromaterials. Kane et al.
[12] reported a shear-stress sensor array (64× 64 elements)
capable of high-resolution imaging. The sensors are devel-
oped with a fully CMOS compatible fabrication process and
consist of a shuttle plate suspended over an etched pit by
four beams in which polysilicon piezoresistors are integrated.
Bartsch et al.[13] adapted the tactile microsensor reported
by Kane et al. to a millimetre-scale silicon micromachined
force sensor to measure the ground reaction microforces pro-
duced by a cockroach in order to obtain useful parameters
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tegrated silicon mesa used for the transmission of the force
to a flexible tethered structure. It is obtained by a subtractive
etching process of the whole wafer; thus, additional bond-
ing or attaching steps, using additional materials between the
mesa and the flexible structure, are not necessary.

Four piezoresistors are used independently in order to
measure the three components of applied forces through a
resistance change, and the sensor cross-shape guarantees the
mechanical decoupling of the shear components of the ap-
plied load. Verification of sensor response is presented in this
paper as a preliminary result of device characterization. The
sensor design follows a hybrid approach[19,20], allowing
the possibility of future smart sensor implementation at low-
cost since sensor design and fabrication process can remain
unaltered.

Research attention has been paid in overcoming prob-
lems as silicon fragility and providing durable sensor systems
[15,18,21]. In this work the design of the proposed three-axial
force sensor has been performed simultaneously to the design
of its packaging with the aim of developing a flexible smart
interface for biomechanical measurements. The implemented
hybrid silicon microsystem allows the assembling of an array
of devices in a flexible substrate. The flexible array is embed-
ded in skin like materials that act as a mechanical interface
between the sensor array and the external world.

2

t chip
b

the
s l in-
t the
e side
o chip
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or biomimetic robot design. Jin and Mote[14] integrated
2 piezoresistors in a polysilicon cross-beam to implem
three-component microforce sensor. Jiang et al.[15] fab-

icated a shear stress sensor skin to perform 2D profilin
erodynamics, and Xu et al.[16] recently reported improve
ents of this technology for the application in unman
erial vehicles. Moreover, a shear-stress type sensor ha
eported[17] for the AK prosthesis application. It consists

3 mm× 3 mm× 300�m square diaphragm, built by bu
icromachining, with two implanted piezoresistors an
.2 mm× 1.2 mm× 3�m silicon dioxide protuberance.

Ideally, in order to be used for human interface meas
ent, sensors should satisfy requirements as: linearity
ysteresis, low creep; low temperature sensitivity; flexibi
mall thickness; large range of measurement; repeata
durability); be unobtrusive, easy to use and cost effe
18]. Even if they hold considerable promise, the exis
ypes of three-axial force silicon sensors are not likely to
sfy all requirements. Furthermore, from the technolog
oint of view, they are generally equipped with a dom
mesa built with various techniques and materials. In

ral wet bulk micromachining is the preferred technolog
reate silicon bosses on flexible structures[8,11], but also ad
itive processes (like SU-8 deposition) have been empl

o create vertical structures[10]. Previously microfabricate
omponents (silicon and not-silicon) have also been bo
9] or attached[11] to sensors.

In the three-axial force sensor presented in this pape
abrication technology and materials used allow the im

entation of a silicon high aspect-ratio structure with an
n

. Sensor design

The sensor consists of two parts as illustrated inFig. 1,
he sensing chip and the carrier chip, connected by flip-
onding.

The design choice of using a support chip bonded to
ensing element is related to the fact that the physica
eraction with the outer world occurs at one side, while
lectrical connections must be performed at the opposite
f the sensible structure. The combination of a carrier
nd the flip-chip technology allows to have horizontal ele

Fig. 1. Sensor structure.
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cal connections and low total thickness, which is a major re-
quirement for flexible skin implementation. The carrier chip
provides a rigid support for the sensor and flat back surface
for easy positioning.

The hybrid sensor configuration is highly flexible since it
is possible to integrate signal processing electronics that can
be changed at any time just by replacing the support chip, thus
allowing easy customization for different applications. In this
way, it is possible to obtain a smart sensor just by means of
an assembling step, with no need to change its design nor its
fabrication process.

2.1. Mechanical structure

The sensor consists of a flexible sensing structure with
four tethers whose axes are perpendicular to each other in
a cross-shape, and a cylindrical mesa, located at the cross
center, that transmits the force.

An external force applied to the sensor can be resolved into
its three componentsFn, Fx, Fy as shown inFig. 2. Ideally,
thanks to the sensor cross-shape,Fn induces symmetrically
distributed stresses in the four tethers whileFx andFy induce
stresses in the tethers exclusively along their direction of ap-
plication. Thus, the shear components of the applied load are
mechanically decoupled. In order to be able to transfer the
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whereσ l andσt are the longitudinal and the transversal stress
components induced in the resistorR, andπl andπt are the
longitudinal and transversal piezoresistance coefficients. The
methodology consisted in designing a preliminary mechani-
cal structure, simulating the mechanical stresses in the silicon
device by means of finite element analysis (FEA) simulation
tools (ANSYS® 5.7) in order to obtain a numerical value of
�R/R∼= 3% that fulfills low power dissipation requirements
of the device.

The mechanical structure of the sensor has been defined
following an iterative process. A file batch has been gener-
ated in which the main dimensional parameters, the elastic
orthotropic characteristics of the silicon material and the Eq.
(1) have been inserted. The FEA outcome when a working
load is applied is shown inFig. 3.

The main mechanical features of the sensor have the di-
mensions shown inFig. 4. The mesa is 525�m high and
emerges of 200�m from the rest of the structure. A fillet ra-
dius and a step both at the tethers roots and at the base of the
cylindrical mesa have been introduced, in order both to re-
duce the concentration of the stresses at sharp corners and to
have a tethers cross-section gradual change, thus preventing
fractures of the structure.

The tethers thickness has been chosen so that the sensor
ultimate load (7 N) is close to the maximum load that has been
considered for the design of tactile sensors to be applied in
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he structure.

.1.1. Dimensioning
The dimensions of the sensor have been define

he basis of the estimation of the contact forces arisin
he stump/socket interface during the amputee’s locom
hase. The maximum pressure applied locally at the s
as been estimated asP= 0.329 MPa that corresponds to
ormal loadFnormal= 0.26 N when considering a contact c
ular area of 1 mm diameter. With an average friction co
ient between stump and socketµ ∼= 0.8, the maximum she
tress that is applied locally isτ =µP= 0.26 MPa correspon
ng to a shear loadFshear= 0.21 N.

The sensor is based on the piezoresistive effect an
ractional change in resistance is given by[22]

�R

R
= πlσl + πtσt (1)

ig. 2. Mechanical structure of the sensor where the applied forces ar
ated withFn for the normal force, whileFx andFy are the two componen
f the shear load.
f
rtificial hands[3–7]; this turns out from the load at the han
ngertips during precision grip in humans[23].

The mechanical strength of the sensor has been eva
y progressively varying the three components of the re

ng force applied on top of the mesa up to the maxim
cceptable values of the adopted strength criteria. FEM
sis with a force of 7 N applied at different angles respe
he sensor axis has been performed. With such force valu
ensor is loaded to the maximum strength that is evaluat
onsidering the silicon yield strength (2.8–7 GPa)[24] thus
he calculated safety factor of the design is approximatel

.2. Piezoresistors

In order to obtain maximum sensitivity, regions of h
tress have been identified and piezoresistors dimension
osition have been determined accordingly.

Four bar shape p-type piezoresistors are integrated
ethers oriented in the〈1 1 0〉direction since the piezoresisti
oefficient has a maximum in that direction, thus the long
inal and transversal stresses,σ l andσt of each piezoresisto
re the stresses along the parallel and perpendicular dir

o the tether axis, respectively.
It results from FEA that the stresses have a maximum a

ethers roots. A higher maximum is at the base of the me
hown inFig. 3, but it is not reliable for design since such h
tress area is next to the mesa sharp edge, that is a sing
egion to be modeled since a fillet radius cannot be introd
or technological constraints. The piezoresistors placem
ptimal for any applied load arbitrarily oriented respect to
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Fig. 3. FEA performed by means of ANSYS® 5.7 with an applied load of 0.329 MPa.
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Fig. 4. Detail drawing of the sensor with dimensions.

sensor, since the areas of maximum stress remain the same
due to the sensor cross shape.

Considering a resistorRhaving areaAR, the piezoresistive
sensitivity is given by�R/Rper unit of applied force[25]

SF = �R

R

∣∣∣∣
unit force

= 1

AR

AR∫

0

(πlσl + πtσt) δA (2)

where�Rcorresponds to the resistance change for an applied
force.

The piezoresistors dimensions have been chosen much
smaller than the tethers dimensions so that stresses can be
considered constant in the piezoresistors. A low doping con-
centration is used in order to achieve a high piezoresistive
coefficient. Being for p-type piezoresistorsπl =πt ∼=π44/2
whereπ44 = 138× 10−11 Pa for low doping levels[26,27];
SF becomes

SF = π44

2
(σl − σt)|unit force (3)

A higher sensitivity is achieved whenσt is minimized. It
has been verified with FEA thatσt is one order of magnitude
smaller thanσ l and the piezoresistors have been designed
with a width smaller than their length so that it can be assumed
t
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3. Sensor fabrication

The fabrication process has been carried out at the Institute
of Microtechnology in Mainz, Germany. The sensing element
has been built with an SOI wafer and applying the Advanced
Silicon Etching (ASETM) technology. This deep dry process
etches anisotropically the silicon substrate on both sides con-
ferring the device its particular 3D mechanical configuration
equipped with a silicon cylinder mesa at its center.

The SOI wafer is n-type and with a (1 0 0) surface orienta-
tion. It has a device layer and a handle layer with a thickness
of 100 and 525�m, respectively, and separated by a 500 nm
thick buried oxide layer. The ASETM tool used is the mul-
tiplex inductively coupled plasma etching system from Sur-
face Technology Systems (Newport, UK). The method uses
the time/gas switched Bosch process[28] with a high density
fluorine plasma chemistry. The silicon is etched preferentially
in vertical direction thus resulting in an anisotropic etch pro-
file. The etch rates and switching times strongly depend on
the depth of silicon that is removed; in order to optimize the
side wall profile and the edge quality of the silicon structures,
switching times and gas flows have been varied.

The nine-mask fabrication process is divided in two main
sequences for the processing of the wafer device layer and
handle layer, respectively. The main fabrication steps are
shown inFig. 5.
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F = π44σl

2F
(4)

hereF is the applied force.
Different configurations of piezoresistors have been

igned. Width and length range from 6 to 10�m and from
0 to 50�m, respectively. The sensitivity to the applied lo
nd the mechanical decoupling effect of the sensor dep
n the longitudinal and transversal position of each piez
istor. The technological process parameters have been
rder to obtain a thin piezoresistor. As a thinner piezores
as a higher electrical resistance, it is desirable to obtain

hickness and short length in order to increase sensitivity
o obtain low power consumption.
At first the device layer is processed after thermal
ation of the wafer and resist is used to protect the l
f thermal oxide on the handle layer. The p-type piezor

ors are obtained by ion implantation of Boron with a d
f 1.5× 1015 cm−3, energy of 40 kV and a subsequent
ctivation process at 900◦C of 30 min in an atmosphere

ig. 5. Schematization of the sensor main fabrication steps. (a) Device
rocess: after implantation of the piezoresistors, fabrication of Al inte
ections and Au pads electrochemical growth, 100�m thick tethers are fab
icated by advanced silicon etch (ASETM). (b) Handle layer process: a silic
tep of 325�m (1) and one of 200�m (2) are fabricated with the doub
evel ASETM process that yields the 525�m high cylindrical mesa emergin
00�m from the rest of the structure.
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oxygen and nitrogen. The diffusion time is set short in or-
der to achieve a shallow doping profile. After contacts and
Al lines are implemented, the Au pads are grown with an
electrochemical process. The latter starts from an aluminum
layer of 1�m that undergoes a zincating process, electroless
deposition of nickel and final immersion into gold for elec-
trochemical growth. The distance between the pads and their
dimensions must have been defined based on the flip-chip
packaging requirements.

The tethers of the sensor flexible structure are then real-
ized as a result of an ASETM step that removes the 100�m
thickness of the SOI device layer (called “shallow process”
[29]).

Resist and the buried oxide layer are used as mask and
etch stop materials, respectively. After the device layer has
been processed the surface of the wafer presents a topography
with a silicon step of 100�m corresponding to the thickness
of the tethers (seeFig. 6).

The processing of the handle layer of the wafer is per-
formed (three mask process) by applying a double level
ASETM to obtain the double level pattern of the sensor. A
first ASETM removes 325�m of silicon and AZ resist is used
as a mask, while timing is used to stop the etch. Then the
resist is removed with a dry etch, and a second ASETM re-
moves 200�m of silicon using a thermal oxide mask of about
1.5�m and the buried oxide layer as etch stop. Both ASETM
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Fig. 7. SEM picture of the sensor structure.

The wafers for the carrier chips were again processed at
the Institute of Microtechnology in Mainz, Germany. A lift-
off process has been used to obtain Au pads with a layout
corresponding to the pads layout on the sensing chip. Al lines
connect these pads to the Au pads positioned at the edges of
the chip, to ensure the electrical connection with the outer
world.

3.1. System assembly

Once the fabrication process is completed and the chips
have been diced, the released carrier chip and the sens-
ing element are assembled. The final sensor dimensions are
2.3 mm× 2.3 mm× 1.3 mm.

The sensing and the carrier chips have been designed in
order to be bonded via flip-chip. A conductive polymeric glue
(H37MP, Epotek Technology, Billerica, MA, USA) is used
to perform the bond between the corresponding pads of the
two chips; a robotic station devoted to dispense the glue and
to manipulate and to precisely position the chips has been
set-up.

The spacing between the sensing element and the silicon
substrate is constrained by the polymer bond, and it must be
tches are “deep processes”[29].
Before performing the second etch step a protection r

ayer has been deposited on the wafer device layer in
o prevent the contamination of the plasma gas during
SETM handle layer etching with the He cooling gas from
evice layer of the wafer. In addition since the last etch ca

he breakage of the buried oxide layer the resulting suspe
tructure is subjected to high stress and a protection la
eeded for its mechanical stabilization.Fig. 7 illustrates a
EM image of the fabricated sensor while inFig. 8the double

evel structure of the sensor is shown through a cross-se
f the same.

ig. 6. SEM picture of structures at the wafer front-side presenting a s
tep of 100�m.
 Fig. 8. Cross-section at one tether after the last ASETM step.
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constant for the sensor to properly detect the three compo-
nents of applied forces.

Although the glue is dispensed in fixed amounts with an
automatic, reliable system, curing of the glue may cause the
sensing chip to be not perfectly parallel to the support chip.
After curing, however, the gap has been measured and it has
been verified that no significant error has been introduced
in the parallelism of the chips. The spacing guarantees the
mobility of the suspended tethers.

4. Preliminary characterization methods

In order to demonstrate and investigate the ability of the
sensor to measure both normal and shear forces, prelimi-
nary characterization experiments have been performed us-
ing a purposely developed characterization workstation. The
tests have been performed on sensors with 6�m× 30�m
implanted piezoresistors and they consist of normal and tan-
gential compression tests on the top of the cylindrical mesa
and in the registration of the variation in resistance of each
of the four piezoresistors.

4.1. Read out electronics

rder
t ange
i y
c with
t to
a hen
l es,
N ted
f
T ne
p

o

V

Fig. 9. Diagram of the signal conditioning circuit.

Thus, the resistance variation can be obtained from the
output voltage. The power consumption obtained using the
signal conditioning circuit shown above, is about 10–11 mW
per one sensor. A more sophisticated circuitry can be de-
signed in order to further decrease the power consumption of
the sensor.

4.2. Experimental set-up

The characterization apparatus is shown inFig. 10 and
consists of a loading structure, a double vision system for
probe-sensor alignment, signal conditioning electronic cir-
cuitry, data acquisition, and a PC workstation for data analy-
sis.

The load is applied to the sensor by a needle shaped end-
effector, screwed to the final part of a subminiature load cell,
Model 11 (full scale of 1000 g) from Sensotec (Columbus,
OH, USA). This loading structure is mounted on a servo-
controlled nanometric translation stage, with a DC servomo-
tor (111-1DG from PI, Karlsruhe, Germany), that imposes a
force on the sensor mesa, with a user defined speed. The dc
motor is equipped with a high resolution encoder featuring a

n of the
The conditioning electronics have been designed in o
o have an output voltage proportional to the fractional ch
n resistance�R/R. Each resistor (R∼= 1 k�) is independentl
onditioned, using a Wheatstone bridge configuration
wo precision 1 k� resistors and one trimmer, in order
djust the initial offset level. The bridge output signal is t

ed to an instrumentation amplifier (AD620, Analog Devic
orwood, MA, USA). The amplifier gain A can be adjus

rom 1 to 1000. The input voltage of the circuit isVIN = 3.3 V.
he block diagram of the signal conditioning circuit for o
iezoresistor is shown inFig. 9.

Considering a balanced bridge whereR1 =R2 =R3 =R the
utput of the circuit is

OUT = A(V+ − V−) = AVIN
�R

4R + 2�R
≈ AVIN

�R

4R
(5)

Fig. 10. A schematizatio
 characterization apparatus.
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Fig. 11. Loading response of the sensor.

resolution of 7 nm per count and is connected to a controller
(PI Mercury C-860.10) that is interfaced to the PC worksta-
tion.

The nanometric slider is fixed onx–y–zmanual micromet-
ric translation stage (PI M105), for rough positioning. This
loading system is suitable for both normal and tangential load,
just changing the orientation of the nanometric stage on the
rough positioning system.

The sensor device is wire-bonded to a purposely devel-
oped steel support, which has air suction capabilities, in or-
der to maintain the sensor in a fixed position during loading
tests.

The four amplified signals from the sensor piezoresis-
tors and the load cell output are acquired with a data
acquisition (DAQ) card (AT-MIO-16E-10 from National
Instruments, Austin, TX, USA), using a sample rate of
50 Hz. The instrumentation amplifier gain of each channel
is selected in order to fit the input dynamic of the DAQ
card.

The operator, through a graphical user interface purposely
developed using LabView 7 Express (National Instruments),
can impose a translation to the nanometric slider, and thus
applies a load to the sensor while sampling the four sensor
channels and the load cell output.

The alignment between the loading structure and the sen-
sor mesa is performed using two fibre optic microscopes,
V iff
L 0
w n-
m

5. Experimental results and discussion

5.1. Normal load tests

These tests have been performed imposing a typical hys-
teresis cycle, obtained when an applied force is increasing
from 0 to 2 N and decreasing back to zero at a translational
constant speed of 1�m/s along thez-direction. Each mea-
surement was repeated five times to prove the reliability of
the system.

Typical sensor outputs, in terms of fractional change in
resistance�R/R versus loading force, in response to load-
ing and unloading are plotted inFigs. 11 and 12, respec-
tively. Fig. 13represents the typical hysteresis cycle for one
piezoresistor and it shows that hysteresis is negligible. The
slope of the curves were extracted using a linear regression
technique and represents the sensitivitySF = �R/R

F
, as pre-

viously defined in Eq.(2). The resulting average sensitiv-
ity of the four piezoresistors that belong to the same sensor
is 0.032± 0.001 N−1. The coefficient of determination, that
quantifies the linearity of the curve as it is close to one, is
found of 0.997 for all the piezoresistors outputs.

5.2. Shear load tests

Preliminary tangential tests have been carried out chang-
i sely
d . Ac-
q ted in
F

H5901 with 50× magnification from Keyence (Woodcl
ake, NJ, USA) for alignment inx-direction, and KH270
ith 50× magnification from Hirox (Tokyo, Japan) for alig
ent iny-direction.
ng the orientation of the nanotranslator and using a purpo
esigned end effector screwed on the load cell terminal
uired data for the tangential compression tests are plot
ig. 14.
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Fig. 12. Unloading response of the sensor.

F
h

ig. 13. Typical hysteresis cycle for one piezoresistor. The linear fitting an
ysteresis cycle. The two linear graphs show very close slopes.
d the relative equations are shown for the loading and unloading phases of the
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Fig. 14. Tangential loading response of the sensor.

The force was applied along theR2–R4 direction, so that,
during the loading phase,R4 andR2 are stressed and com-
pressed, respectively. The different behaviour of these two
piezoresistors can be observed from experimental results, that
also confirm thatR1 andR3 are not significantly influenced.
The shear sensitivity ofR2 was 0.0323 N−1 and the coeffi-
cient of determination was 0.9811, showing a high linearity
of the sensor response.

6. Sensor packaging: design and preliminary results

A flexible packaging has been designed in order to ob-
tain a smart interface for biomechanical measurements. Each
sensor is considered as an element of an array positioned on
a flexible substrate with printed circuits. The packaging must
be robust and ensure protection to the silicon structure. At the
same time, the packaging should not impair sensor operation

Fig. 15. Packaging design. A smart flexible interface (a) is obtained by assembling the sensor in different layers of polymeric materials and flexible connections
(
b). A section of the packaged sensor is shown in (c).
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Fig. 16. A flexible circuit housing a 2× 2 array of sensors.

while minimizing hysteresis and non-linearity effects. The
design of the packaging is shown inFig. 15.

Materials have been chosen and preliminary testing has
been performed. Flexible Kapton (DuPont, Wilmington, DE,
USA) circuits have been fabricated. Squared windows in the
Kapton film are opened by laser cutting, large enough for the
sensing element but not for the carrier chip. The sensor is
then inserted into the film, positioned so that the copper lines
of the circuit can contact the pads of the carrier chip while
the sensing element protrudes from the Kapton film itself. A
conductive glue produces the electrical connection.

A flexible circuit housing a 2× 2 array of sensors has
been fabricated (Fig. 16), in order to obtain a thin, flexible
structure, capable of measuring interfacial loads. The array
dimensions are 1 cm× 1 cm× 3 mm, thus obtaining a spatial
resolution of 3.5 mm.

Preliminary investigations have been carried out in order
to develop a skin-like layer that protects the upper part of
the sensor and that also encapsulates the whole system. Th
materials to be used as encapsulant must be not toxic, but
high biocompatibility is not required as the system will not
be implanted. The cover layer must be soft and flexible. It
must be thin enough in order to reduce mechanical filtering
of the applied load and at the same time it must be able to
withstand the cyclic mechanical action of the silicon cylinder
sharp upper edge profile.
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chanical measurements. The advanced silicon etch process
has allowed the implementation of a high aspect-ratio struc-
ture with an integrated silicon mesa used for the transmission
of the force to a flexible tethered structure. The sensor has a
hybrid configuration since it is equipped with a carrier chip
in which conditioning and elaboration electronics can be in-
tegrated without changing the sensor fabrication process.

In order to verify sensor function, preliminary characteri-
zation tests have been performed by means of an experimental
test bench encompassing a mono-axial load cell as core com-
ponent. The piezoresistive based sensor has been tested by ap-
plying normal and tangential forces through the one-axis load
cell. For an applied normal force between 0 and 2 N, the aver-
age sensitivitySF of each piezoresistor is 0.032± 0.001 N−1

with a linearity of 99.7%. Preliminary tangential tests show
a shear sensitivity of 0.0323 N−1 with a linearity of 98.1%.

Future characterization tests will be performed with a
three-axial load cell, in order to acquire the three components
of the loading force and relate them to the sensor output by a
calibration matrix, thus obtaining a complete characterization
of the sensor.

Moreover, future work will consist in the optimization of
the packaging method in order to develop a durable flexible
smart interface according to the preliminary design shown in
Fig. 15. The packaged sensor prototypes will be subjected
to normal and shear load tests in order to compare the ex-
p bare
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Polyurethane has been used as encapsulant, as it e
set of favorable characteristics, such as excellent te

trength properties, and it offers excellent chemical and
ion resistance. Two kinds of polyurethane material have
sed to perform preliminary packaging tests in order to v
aterial compatibility. MP1870Nat Polyurethane film fr
tevens Urethane (Easthampton, MA, USA), having a th
ess of 50.8�m, has been used as a cover layer, while

E35A polyurethane from Innovative Polymers (St. Joh
I, USA) as material to embed the sensor array strip.

iminary tests show good adhesion between materials
igh flexibility of the array strip.

. Conclusions

A silicon three-axial force microsensor has been desi
nd fabricated. The device and its packaging have bee
igned in order to develop a flexible smart interface for bio
e

erimental results to the characterization results of the
ilicon sensors and verify that the packaging design and m
ials do not introduce significant hysteresis and non-line
ffects.
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