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Abstract

Athree-axial silicon based force sensor with a volume less than¥ developed for biomechanical measurements, has been characterized.
Results obtained with two different experimental test benches are reported in this paper. High linearity and low hysteresis during sensor normal
loading have been obtained by using a preliminary test bench. A second improved test bench, based on a six-components load cell, has beel
employed to perform a reliable sensor calibration. A sensitivity matrix has been evaluated from experimental data and an estimation of force
accuracy has been determined. The experimental sensitivity in the shear directions is3.86d Ik the normal direction is 0.026 N A
method for comparing the device characteristics with similar state of the art three-axial force sensors has been provided.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In this paper the characterization of the three-axial silicon
based force sensor is presented. Particular attention has been
A novel hybrid silicon three-axial force sensor has been devoted to methods used in literature to approach the same
developed for biomechanical measurements in the field of problem. Multi-component and shear force sensors have been
prosthetics, in particular in order to address the problem of developed in silicon and in other materials including alu-
the bad fitting of the socket to the stump in lower limb above- minum and steel, mainly using the piezoresistive transduc-
knee (AK) amputee§l—-3]. The device has been designed tion. The main features of a selection of multi-component
in order to develop a flexible smart interface to be used to miniaturized force sensors and the characterization methods
detect the entity and distribution of normal and shear forces used are summarized Trable 1
that arise, during user locomotion, at the interface between Concerning the calibration methods, mostly a mono-axial
the socket surface and the stump. This measurement can bé#ad cell is the core component of the calibration system,
used to evaluate the fitting degree of the socket and to opti-despite of the low accuracy for a multi-axial calibration.
mize its shape, thus reducing the skin damage. In addition,An alternative solution, reported if15], is to use a sys-
the mechanical characteristics of the sensor have also beettem of weights suspended from the tip of the sensor, but
assessed as appropriate for the sensory system of artificiathis is unsuitable if the sensors dimensions become smaller
handdq4,5]. than few centimeters. IfiL7] a solution for planar multi-
component, microforce sensor calibration is proposed: an
aluminum cross-beam is suspended over and connected to
* Corresponding author. the sensor structure at the beams’ centers. During calibra-
E-mail address: pietro@sssup.it (P. Valdastri). tion, the sensor is placed in a magnetic field and current is
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Table 1
Comparisons on principal multi-component miniaturized force sensors
Device Descriptions Fabrication No. of  Size (mm) Sensitivity Force range Characterization
technology axes method
Mei et al.[6] Array of 4x 8 CMOS process, 3 4x4x15 13mVN1lin  50NinZ, Three
individual sensing silicon bulk Z,23mVN?! 10NinXand components
elements, piezoresistive micromachining, in X andY Y load cell
principle epoxy assembling
Jin and Motg7] Planar cross shape Silicon bulk 6 4.5x45x1.2 18.8mV N1 n.a. Purposely
structure, without force  micromachining, in Z28, developed three
concentrating structure, Si—Au eutectic 2.41mvV N1 components test
piezoresistive principle  bonding in X2, bench[17]
2.01mv N1
in Y2
Dao et al[8] Planar structure, Silicon 6 3x3x4 1.15VNtin  na Mono-axial
piezoresistive principle  micromachining Z,011VN1 load cell
by DRIE in X andY
Wang and Beebf]  SUS8 square mesa, Silicon bulk 3 Diaphragm: 1.57N1in 3N Mono-axial
piezoresistive principle micromachining, 1.9x 1.9x 0.05, Z°, shear load cell
soft lithography mesa: H 0.6 sensitivity
varies with
loading
conditions
Butefisch et al[10] Stylus fixed by epoxy Silicon bulk 3 5x5x0.36 0.36N1tin n.a. Mono-axial
resin, piezoresistive micromachining 7€, 132Nt load cell
principle in X andY®
Hsieh et al[11] Sensitive to shear forces Silicon bulk 2 3x3x0.3 0.13mV (mA MPa4 N Mono-axial
(SIO; flange), micromachining in X andY load cell
piezoresistive principle
Kane et al[12] Array of 64x 64 CMOS process, 3 Array: 1.59mVkPal 35kPainz, Purposely
individual sensing silicon bulk 19.2x 19.2 inZ, 60 kPa inX developed
elements with planar micromachining 0.32mVkPal andy set-up, with a
structure, piezoresistive in X andY mono-axial load
principle celland a
differential
pressure sensor
Chu et al[13] Array of 3x 3 Silicon 3 Array: 0.13pFglin 1g Mono-axial
individual sensing micromachining 10mmx 10mm  Z 0.32pFg? load cell
elements, capacitive by electrochemical in X andY
principle etching, glass
etching, anodic
bonding,
elastomeric
packaging
Chi and Shid414] Multifunctional sensing n.a. 3 ¢ 15mm, H 0.18uHN™?! 49NinZ, Mono-axial
technique 40 mm in Z, shear 11.76 N inX load cell
force: andY
5.1mVN1
(amplitude),
0.002 pF/
(angle)
Berkelman et al[15] Stainless steel structure Wire EDM, 3 ©12.5mm, H 14.12VN? +1N Weight system
with commercial silicon manual assembly 15mm in z9,
strain gauges 16.92V N1
in x9,
17.13VN?

in yd
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Table 1 Continued)

Device Descriptions Fabrication No. of  Size (mm) Sensitivity Force range Characterization
technology axes method
Diddens et al[16]  Aluminum structure Standard 3 ¢ 12mm, H 8.2mVNlin  100MPa n.a.
with commercial silicon  aluminum 20mm ,
strain gauges mechanical 7.2mVN-tin
drilling, manual x4,
gluing of strain 7.8mVN-tin
gauges yd

Symbols: H, height®, diameter.

@ Values extracted using definitions (5)—(7) from the transformed sensitivity mati}.in

b The normal sensitivity is given as the ratio of fractional resistance variation to the corresponding force. The indicated value is the highesianeyq as
from [9].

¢ The sensitivities normalized to the full range voltage value ffb@j.

d Highest values extracted using definitions (5)—(7) by the authors from the transformed sensitivity matrix, evaluated applyinéyttéal® instruction
(that computes the Moore-Penrose pseudoinverse) to the sensitivity matri¥1Bpend[16] without permission.

driven through the aluminum beams to produce a Lorentz sensing
force. By selecting the magnetic field and the current, elec- @h'p
tromagnetic forces with known magnitudes and directions ﬂ
are generated. This calibration system was used to calibrate a v
six-component silicon microforce sensor, as reportddjin

Major limitations of this technique rely on the planar structure L
of the calibration device, thus it does not appear to be suitable \é/
to force sensors that have an out of plane force concentrating

structure. 2 05

The three-axial force sensor characterized consists of two %
parts: a sensing chip and a carrier chip, connected together ~
by flip-chip bonding. The sensing part, representdeiin 1, carrier
. . . . . . . chip
is a silicon high aspect-ratio structure with an integrated sil-
icon mesa used for the transmission of the force to a flexible
tethered structure. Four bar shaped p-type piezoresistors, in-
tegrated at the tether roots are used independently in order to
measure the three components of an applied force through aype SOI wafef3]. The p-type piezoresistors are obtained
resistance change. by ion implantation in the device layer.

Fabrication of the sensor has been carried out througha9-  The sensor is bonded with conductive glue to a carrier
mask process by applying Advanced Silicon Etching (ASE) chip, as illustrated iffig. 2 The final sensor dimensions are
technology to both device and handle layers of a (100) n- 2.3 mmx 2.3 mmx 1.3 mm. Skin-like layers are considered
for the packaging to ensure a suitable interface between the
sensor and the human bof8}.

In this work we present the sensor characterization results
obtained by two types of systems: one including a mono-axial
load cell, described in Sectidhl, and one including a six-
components load cell described in Sectbf Experimental
results obtained by means of both systems are reported in
Section3 and discussed in Secti@dn

Fig. 2. Sensor assembly by flip-chip technique.

2. Characterization methods

The sensor has been tested with a preliminary experimen-
tal test bench, whose core component is a mono-axial load
cell. Such a system allows to test the linearity of response
and sensor hysteresis, nevertheless it does not allow to obtain
a reliable sensitivity matrix since loading force vector can
be acquired only for one of its three directions. Therefore a
Fig. 1. Focused ion beam (FIB) view of the mechanical sensor structure. second measurement system has been purposely developed
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Considering a balanced bridge whery =Ry =R3=
R4 =R, the output of the circuit is

AR AR

VouT=A(VT =V )= AViN————— =~ AVjn— (1
ouT ( ) N IR 2AR IN R (1)

ouT
Thus the resistance variation can be obtained from the output

voltage. The four amplified signals from the sensor piezore-
sistors are acquired with a DAQ (Data Acquisition) Card (NI
6062E, from National Instruments, Austin, TX, USA). 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,
Austin, TX, USA), can apply a translation to the nanometric
2.1. Preliminary test bench description slider, and thus load the sensor while sampling the four sensor

channels and the load cell output.

The preliminary characterization apparatus, sketched in
Fig. 3 consists of a loading structure, a double vision system » > - giyaf test bench description
for indenter-sensor alignment, signal conditioning electronic
circuitry, data acquisition, and a PC workstation fordataanal-  The main difference between the preliminary and the cur-
ysIS. _ _ rent characterization system is related to the loading station.

The load is applied to the sensor by a needle shaped endy has been designed in order both to improve the stability
effector, screwed to the final part of a subminiature load of the sensor mounting, while applying the normal and shear
cell, Model 11 (full scale of 1 kg) from Sensotec (Columbus, forces, and to measure magnitude and direction of the applied
OH, USA). This loading structure is mounted on a Servo- |oads with a six-components load cell. This loading station
controlled nanometric translation stage, with a dc servomo- ¢onsists of two sub-modules, as illustrate€ig. 4: the load-

tor (111-1DG, P, Karlsruhe, Germany), thatimposes a force jng system, with the rough and the fine positioning units, and
on the sensor mesa, with a user defined speed. The dc motofye sensor support.

is equipped with a high resolution encoder featuring a reso-  The |oading system exploits three micrometric translation
lution of 7nm per step and is connected to a controller (Pl stages with crossed roller bearing (A) (M-105.10, PI, Karl-
Mercury C-860.10) that is interfaced to the PC workstation. gryhe, Germany), that allow a rough positioning of the load-

~ The nanometric slider is fixed ary— manual micromet-  jng structure close to the sensor under test. Contact between
ric translation stage (M-105.10, PI, Karlsruhe, Germany), for

rough positioning. This loading system is suitable for both
normal and tangential load, just by changing the orientation
of the nanometric stage on the rough positioning system.

The sensor device iswire-bonded to a purposely developed
steel support, which possesses an air suction system in order
to keep the sensor in a stable position during loading tests.

The alignment between the loading structure and the sen-
sor mesa is performed using two fiber optic microscopes:
VH5901 with 50x magnification from Keyence (Woodcliff
Lake, NJ, USA) for alignment in direction, and KH2700
with 50x magnification from Hirox (Tokyo, Japan) for align-
ment iny direction.

The conditioning electronics have been designed in order
to have an outputvoltage proportional to the fractional change
inresistanc@R/R. Eachresistorf = 1 k2) is independently
conditioned, using a quarter Wheatstone bridge configuration
with two precision 1 R resistors and one trimmer, in order to
adjust the initial offset level. The bridge output signal is then
connected to an instrumentation amplifier (AD620, Analog
Devices, Norwood, MA, USA). The amplifier gain A can be
adjusted from 1 to 1000. The input voltage of the Wheatstone
bridge is set toVy =3.3V in order to obtain stable output
signals without overheating the strain gauges. Fig. 4. Global view of the loading station.

f ooy

DAQ
|

LT_I—

SIGNAL CONDITIONING

Fig. 3. Schematic diagram of the preliminary test bench.

which exploits a six-components load cell for the complete
characterization of the sensor.
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the lateral surface of the cylindrical mesa, thus a contact along
a line is obtained.

In order to measure and record both magnitude and direc-
tion of the force applied to the microsensor, a six-components
load cell (D) (ATI NANO 17 F/T, Apex, NC, USA) is placed
at the interface between the loading structure and the nano-
metric translation stage. The use of a multi-component load
cell is a key issue in the design of a test bench for the char-
acterization of a multi-dimensional sensor, in order to record
also the undesired force components introduced by the non-
perfect alignment between the loading structure and the sen-
sor that is unavoidable in a real set-up. Moreover, by using
all these information it would be possible to evaluate the sen-
sitivity matrix without the approximations needed if a mono-

Fig. 5. Schematic drawing of normal (A) and tangential (B) loading. dimensional load cell was used.

Regarding the sensor support, the silicon device is placed
in an aluminum housingH) that has been fabricated using
this part and the sensor is obtained by a servo-controlleda 5-axis CNC machining centre, in order to ensure a stable
nanometric translation stage (B) (M-105.10, PI, Karlsruhe, and high precision positioning of the silicon chip. The sen-
Germany), in order to finely control the testing cycle. The sor is placed on a planar surface bounded by two reference
loading structure (C) is composed by a normal and a tangen-points located at two adjacent sides of the chip. To avoid
tial loading ends. The normal probe is used to load the sensorsensor lifting while a shear load is applied, air suction is per-
in normal direction, as iifrig. 5A, and it consists of a high ~ formed through a hole with a diameter of 1 mm connected
precision sphere (diameter of 1 mm), fixed by an epoxy glue to a vacuum pump. Four nylon cables (0.08 mm in diameter)
to a support. This is mechanically coupled with the tangential are inserted through four holes and are used to fix the sensor
probing unit, which exploits two lateral plane appendixes in at its corners, as shown Fig. 6. Every cable is screwed to
order to apply a shear force to the sensor, as represented iprovide correct tensioning. In this way the cable is positioned
Fig. 5B. All the components of the probe system are made of between the sensor pads, leaving enough space to allow wire
aluminum. bonding to two bondable terminals strips, glued on the sup-

An important design issue that has been considered wasport, for the signal connection to the data acquisition system.
to guarantee a point contact between the loading end andin order to further block the sensor, a conical PVC wedge is
the sensor mesa, in order to avoid unwanted misalignments placed by insertion in a cavity obtained by drilling at one of
When a normal force is applied, the contact occurs betweenthe chip free corners.
the sphere and the mesa upper surface, which is flat, thus The sensor support is placed over a goniometer (F) and
achieving the punctual loading. Moreover when a shear force rotation stage (G). The goniometer allows the alignment of
is applied, the flat lateral end of the loading structure touchesthe indenter axis with the one of the sensor. All the supporting

PVC Wedge
Sensor

Cables
(B)

Fig. 6. Top view (A) and schematic lateral view (B) of the sensor fixed to the support.
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system has been designed in order to align the upper side of 0,07 4
sensor to the goniometer rotation center. The rotation stage
allows to rotate the sensor in order to apply shear loads from  0.06 4 y = 0.0331x
different angles during the calibration tests. R? = 09974
0,05
3. Experimental results < 0.4
<

In order to evaluate the hysteresis and the linearity of the HEEn "+ Loading AR/R 1
sensor, normal loading tests have been performed using the o - Unloading AR/R 1
preliminary test bench. ’ — Linear ARIR

Atypical hysteresis cycle, obtained when an applied force R
increases up to 2N, considered as a safe load range, ant
decreases back to zero at a translational constant speed c ‘
1ums ! along thez direction, has been imposed. Each mea- g 4 0.4 09 14 19 24
surement has been repeated five times to test the reliability Force (N)
of the system.

Typical sensor outputs, in terms of fractional change in Fig. 8. AR/R vs. normal force in a hysteresis cycle.
resistanceAR/R versus loading force are plotted kig. 7.
Fig. 8shows the absence of hysteresis during a typical loading i, nsformatiork between them in
cycle for one piezoresistor. The coefficient of determination,
which quantifies the linearity of the curve as it is close to 1, Fo Kﬂ @)
is found to be 0.997 for all the piezoresistors outputs. R

A calibration procedure is needed to evaluate a linear ma- be determined b luating the M P least
trix transform between the piezoresistors bridge signals ang®an be de ermlnTz " y teva ua 'Sgt € o(;)re-t eprose t_eas i
the three-component force load vector. To obtain reliable sen-Squares error sofution o over determined Set of equations.

sor calibration data, the final test bench has been used to IoaéJS'ng this mthod r_:md the data collepted durmg ca||bra_t|on,
the sensor from three different orientations: a set of Ioads,the final relationship between the piezoresistors fractional

increasing from 0.5 to 2.5N has been imposed in the nor- change in resistance and the applied forces becomes

mal Q|rect[onZ, and from 0.1 to 0.4 N in two shear Ioadlng 171 1565 -857 —16.70
configurationsX andY, each one along two sensor tether di-
rections, as shown iRig. 9. The loading force values were K=|-1675 283 1175 1497 | N ©)
selected considering the sensor’s design and the simulation 3.18 586 2078 3381
results, both reported i3]. ) . _

Given the vector of sensor piezoresistors fractional change The maximum errors of the sensor due to non-linearity when
in resistanceAR/R, oriented as shown iRig. 9, and the cor-  the least-squares transformatidinis applied are 7mN or

brated range (from 0 to 2.5N) and 10 mN or 2.5% for the

two shear components in the calibrated range (from 0 to
0,07 1 0.4 N).

0,06
0,05

& 0,04

-0,1 0,4 0,9 1,4 19 2.4 z

Force (N) \ 4

Fig. 7. ARIR vs. normal loading force. Fig. 9. Schematic design of the piezoresistors orientation.
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Moreover, the experimental sensitivity matig, which The sensitivity values reported in (8) and (9) were obtained
is the Moore-Penrose pseudoinverse of maktixs without considering the electronic amplification that can be
introduced during signal conditioning.

In order to make a comparison with the performances of

-1 most of the sensors reportedliable 1 in the sensitivity def-

Se = N 4) C T X . . . .
—0.0007 Q0077 Q0091 inition it is possible to consider the piezoresistors fractional
—0.0090 00005 Q0170 change in resistance rather than the voltage output variation.

Thus, we can defing,, that becomes as follows

Defining the sensitivity of the sensor as the largest in ampli-

) (10)

tude between the values obtained for the ratio of fractional ¢ V,-OUI
YT =14
and the same for the other force components. By substituting

0.0006 —0.0540 00260
0.0540 —-0.0011 00260

) - . ) = max
resistance variation to the corresponding force, acquired for i=1,..., Fy
each of the four channels, then

Fy=F,=0

S, = max ( (AI;/R)i ) (5) Eq.(1)into Eq.(10), itis possible to relaté, to S,, obtaining
=4 X F)V=FZ=O " AV
Sy = 4IN Sx (11)
AR/R);
Sy = max u (6) . L . e
i=1,..,4 F, F—F.—0 Thus, by using a low noise instrumentation amplifier, it is
T possible to increase up to 1000 times the sensitivity flgm
(AR/R); o S..
S = iﬂ?ﬂ 4 F, Fi_F.—0 () Moreover, since the signal source is a silicon p-type

piezoresistor, it is possible to predict a noise spectrum with
From the experimental sensitivity matrix reported in (4), we a 1f Hooge noise, which dominates at the low frequencies,
obtain and a flat spectrum, due to the Johnson’s or thermal noise,
1 for frequencies greater thah. f. is defined as the corner
Sy = Sy = 0.054N" (8) frequency, where the fLHooge noise equals the Johnson
S, = 0.026 N-L ) noise[l?»]. Therefore, i.n.order to minimize the signal noise,
thus to increase the minimum force component resolvable by
During the calibration, several tests have been performed inthe sensor, the four Wheatstone bridges could be fed with
order to assess the maximum loading force. The breakinga sinusoidal voltage supplyin, using a frequency greater
normal load is around 3 N and the breaking shear load rangeghanfc.
from 0.5t0 0.7 N.

5. Conclusions
4. Discussion
The objective of this work has been the characterization of

In the sensitivity matribXSg coefficientsSg21 andSg4; re- a miniature three-axial silicon based force sensor. A prelim-
late the variation of the piezoresistdts andR4 to a load in inary test bench has been developed, whose core component
theX direction. Results in (4) show that these two coefficients is a mono-axial load cell. Such a system allows to test the
are opposite in sign, thus when the sensor is loaded with aresponse linearity and sensor hysteresis, but it is not suit-
tangential load in th& direction,R; is stressed and thy is able for obtaining a reliable sensitivity matrix, since loading
compressed. Moreover, beifgz1 andSg4; larger thanSgs1 force vector can be acquired only for one of its three direc-
andSg3s, the applied load in th& direction has a low influ- tions. Therefore, the characterization has been addressed with
ence onR1 andR3. The same can be stated for the second a more accurate and dedicated measurement system that, by
column ofSg, when loading the sensor along thdirection. means of a six-component load cell, permits complete sensor
When a normal force is applied, all the four piezoresistors calibration through the application of arbitrary forces with
are stressed, thus the coefficients in third columspobre known magnitude and direction.
positive. In this case the values of the coefficients should be  The obtained results show a high linearity (99.7%) and
the same. Their differences in (4) are due to the tolerancesthe absence of hysteresis. The three components of the load-
of the various steps of both the sensor fabrication and as-ing force have been acquired and related to the sensor output
sembly processes. For example, the flip-chip assembly pro-by a calibration matrix. From experimental data a sensitiv-
cess may cause a non-perfect alignment between the sensdty matrix has been obtained and sensitivities inthe and
and the carrier chips. Nevertheless, through the calibrationz directions have been identified 8s=S,=0.054 N1 and
procedure and the evaluation of the linear matrix transform S, =0.026 N1. The maximum force errors of the sensor us-
between the piezoresistors signals and the force load vectorjng the calibration matrix are 7 mN for the normal compo-
any non-ideality due to the processes is encompassed. nent and 10 mN for the two shear components, both in the
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calibrated force ranges. Experimental tests have also beenii1] M. Hsieh, Y. Fang, M. Ju, G. Chen, J. Ho, C.H. Yang, P. Wu, G.S.
performed in order to assess the maximum loading force: Wu, T. Chen, A contact-type piezoresistive micro-shear stress sensor
preliminary results show a breaking normal and shear load for above-knee prosthesis application, IEEE J. Microelectromech.
faround 3N and from 0.5t0 0.7 N, r tively. Sensitivit Syst. 10 (2001) 121-127.

orarou a O ) O, ’ » Fespectively. e. S y 12] B.J. Kane, M.A. Cutkosky, G.T.A. Kovacs, A traction stress sensor
values are very satisfactory if compared to the devices that ~ array for use in high-resolution robotic tactile imaging, J. Microelec-
are found in literature (seBable J). tromech. Syst. 9 (2000) 425-434.

Future works will address the characterization of the same[13] Z. Chu, P.M. Sarro, S. Middelhoek, Silicon three-axial tactile sensor,
sensor complete with a flexible packaging suitable to imple- _ _ Sens- Actuators A 54 (1996) 505-510.

ment a flexible smart interf for biomechanical m r [14] Z. Chi, K. Shida, A new multifunctional tactile sensor for three-
ent a fiexible sma erface tor biomechanical measure- dimensional force measurement, Sens. Actuators A 111 (2004)

ments. 172-179.

[15] P.J. Berkelman, L.L. Whitcomb, R.H. Taylor, P. Jensen, A miniature
microsurgical instrument tip force sensor for enhanced force feed-
back during robot-assisted manipulation, IEEE Trans. Robot. Au-
tomat. 19 (2003) 917-921.

[16] D. Diddens, D. Reynaerts, H. Van Brussel, Design of a ring-shaped
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Commission’s “Improving Human Potential” (IHP) Program 225-232. o

in collaboration with the Institutifr Mikrotechnik Mainz ~ [17] W.L. Jin, C.D. Mote, Development and calibration of a sub-

. . millimeter three-component force sensor, Sens. Actuators A 65
(IMM), Germany. The authors wish to thank Mr. Carlo Fil- (1998) 89-94 P

ippeschifor his valuable technical support, and Dr. Ivano 12zo [1g] j.A. Harley, T.W. Kenny, 1/f noise considerations for the design
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tromech. Syst. 9 (2000) 226-235.
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