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In this paper, we describe the design, fabrication and calibration results of a 6-degree of 
freedom force-moment micro sensing chip utilizing the piezoresistance effect in silicon. 

The sensing chip is designed to be able to simultaneously detect three components of force 
and three components of moment in three orthogonal directions. Conventional p-type and 
four-terminal p-type piezoresistors have been combined in this single sensing chip in the 
( 111) plane of silicon. The total number of piezoresistors is 18, much fewer than the
previous piezoresistance-based 6-component force moment sensors known to the authors.
Calibration results show linear output responses (the maximum nonlinearity is 2% F.S.),
and small crosstalk (the maximum crosstalk is less than 4%). The immediate purpose of

the sensing chip development is to measure the forces and moments acting on boundary

particles in a turbulent liquid flow. The configuration of the turbulent flow sensor and the
preliminary results of an experiment in a water channel are presented.

1. Introduction

Recently, the demands for micro force sensors in engineering applications are increas
ing. There have been substantial research and fabrication efforts for micro force sensors. 
Some examples of these are the three-component force sensors,C1,2l normal force sensor,C3l
shear force sensor,<4l and three-dimensional tactile sensors.<5·6l While much work has dealt 
with three-component force sensors, studies on six force-moment components micro 
sensors are rare. The three-component sensors are adequate for the tasks involving feature 

identification, or determining object location. However, for certain applications, they are 
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inadequate.C7l Examples of such applications include measuring external forces on par
ticles in liquid flows, and grasping and manipulation by a robot hand. There have been 
several approaches to the design and fabrication of full six-component force sensors, 
Sinden and Boie<8l introduced some theoretical designs of a planar capacitive force sensor
with six degrees of freedom (6-DOF). However, these designs are more complex than 
those of piezoresistance sensors and not economical to fabricate with MEMS in terms of 
fabrication accuracy, reproducibility, and sensor dimension. Some centimeter-scale con
ventional 6-DOF force sensors have also been presented,c9, ioJ in which the metallic strain 
gauges were fixed on a spatial structure. Kim et al. <11J designed and fabricated a six
component force moment sensor, which used a crossbeam combined with eight other 
surrounding beams for measuring Fx, Fy, Fz, Mx, My and Mz. Twenty-four strain gages 
were bonded on the surfaces of the beams. These sensors are large and structurally 
complicated. Grabnm invented a triaxial normal and shear force sensor, which used the 
ultrasonic technique as the detecting principle. Okada02J also reported a planar six-axis 
force sensor based on the silicon piezoresistance effect. Fortieight piezoresistors are 
formed at twenty-four locations on the upper smface of beams. This structure, then, was 
bonded on the surface of a strain generative body. Large numbers of piezoresistors on 
beams make the electrical circuit complicated, and result in high power dissipation, wide 
beams, and consequently, high structural stiffness. Maximum crosstalk of about 24% was 
reported. Jin and Mote<13l developed a six-component silicon micro force sensor. Lorentz 
forces were used to calibrate the sensor. However, eight Wheatstone bridges were 
arranged on the four diaphragms increasing the size of the sensing area, or in other words, 
increasing the structural stiffness. Furthermore, the assembling .of three components made 
the sensor sophisticated and larger in overall size. Crosstalk above 10% was reported. 

In this research, a piezoresistance-based micro sensing chip with 6-DOF using only 16 
conventional and two four-terminal piezoresistors is described. The sensing chip pre
sented in this paper was designed for application to the measurement of turbulent flow, and 
design ranges of force and moment were based on the estimated fluid forces.<14, t5J Unlike 
other flow sensors, which typically measure just one component of wall shear stress,<16

·
17l 

the proposed sensor can independently detect six components of force and moment on a 
test particle in a turbulent flow. The structural analysis was carried out by FEM to optimize 
the dimensions and to locate the optimal positions for the piezoresistors. Then, the sensing 
chip was fabricated by micromachining processes. Finally, the sensing chip was calibrated 
using a computer-controlled ultra-small load indenter. A specific configuration of the 
sensor to measure forces and moments acting on a test particle in turbulent liquid flows, as 
well as preliminary experimental results are also briefly presented. 

Although the design of the sensing chip is illustrated hereafter referring to a turbulent 
flow sensor, extension to other integrated force-based micro devices, such as tactile 
sensors, and micro multi-axis accelerometers is straightforward. 

2. Design of Sensing Chip

The sensing chip is a single crystalline silicon crossbeam with two-terminal (conven
tional type) and four-terminal piezoresistors diffused on the surface of the four suspended
beams. Forces and moments applied to the sensing chip, shown in Fig. 1, deform the four 
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Fig. 1. FEM model of sensing chip (unit: µm). 

115 

suspended-beams and change the resistance of the piezoresistors, which leads to a change 
in output of corresponding measurement circuits. The beam's size, piezoresistance 
coefficients and the positions of piezoresistors on the sensing chip are the main factors 
determining the sensitivity of the sensor. This section discusses how crystallographic 
orientations and piezoresistor arrangement were specified in order to obtain large sensitiy
ity while satisfying the constraint that the sensor can detect six components of force and 
moment independently. 

2.1 Piezoresistance effect-selection of crystallographic orientations 
The piezoresistance effect is a phenomenon in which the electrical resistivity of a 

material changes due to applied stress. In semiconductors, strain-induced distortions of the 
energy band structure affect the mobility of the electrons and holes, and also redistribute 
the electron and hole concentrations. These changes in tum lead to the change of electrical 
resistivity p of the semiconductor. Substantial calculations of piezoresistance coefficients 
in single crystal silicon have been performed here recently,0 8

•
19l valuable results have been 

obtained. In this research, forces and moments are measured by two-terminal (conven
tional type) and four-terminal piezoresistors. The piezoresistance effect of conventional 
piezoresi-stors can be expressed asc2oJ 

(1) 

where R is the relative change of resistance due to the normal stresses CY; (i = 1, 2, 3), and

shear stresses T_j (j = 4, 5, 6). The primed quantities n;
k
, (k = 1, 2, 3, 4, 5 and 6), are the 

piezoresistance coefficients referred to arbitrarily oriented axes, or to a Cartesian system: 

l', 2', and 3'. These coefficients n;
k
, being derived from fourth-rank tensor, originally 

have four subscripts, of which the first refers to the electrical field direction, the second to 
the current density direction, and the last two to the stress component involved. In eq. (1), 

each subscript of n;
j 

has been substituted for two of the original four subscripts according 
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to the subscript-transformation scheme: 11�1, 22�2, 33�3, 23 = 32�4, 31 = 13�5, 12 
= 21 �6. Here, the first subscript of n;k equals 1, because in the case of a two-terminal 
piezoresistor, the electrical current and electrical field are in the same direction, which is 
conventionally aligned with axis l'. Each subscript of CY; (i= 1, 2, 3), � (j = 4, 5, 6), and the 
second subscript of n;k , (k=l, 2, 3, 4, 5, 6) have been substituted for two original 
subscripts, which represent the two indices of the stress tensor, by the same subscript
transformation scheme mentioned above. In eq. (1), the resistance change due to the 
effects of dimensional changes (usually two orders smaller than the resistance change due 
to resistivity changeC2ll) was ignored. The piezoresistance coefficients depend on material, 
temperature, and orientation. The piezoresistance coefficients n;

1 
can be expressed as 

functions of the orientations and the fundamental piezoresistance coefficients of the cubic 
single crystalline silicon, i.e., n1i, n:12, n44, asc2oJ 

n{1 =nu -2(n11 -n12 -lr44 )[([1m1)2 +(n1m1)2 +(l1n1 /],

n;2 = n12 +(n:11 -n12 -lr44 )[(l1l2)2 +(m1m2)2 +(n1n2 /],

n;3 = n12 + Cn11 -n12 -n44 )[U1l3 )2 + (m1m3)2 + (n1n3)2], 

n;4 = 2(n11 - n-12 -n44 )(l(Z2l3 + m(m2m3 + n(n
2n3

), 

n{5 =2(nu -n12 -n44)(�\ +mfm3 +ntn3 ), 

n:;6 =2(n11 -n12 -n44 )(l?l2 +m;m2 +n;n2
). 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

That is, the l'-axis has the direction cosines l i, m1, ni, the 2'-axis has the direction cosines 
12, m2, n2, and the 3' -axis has the direction cosines !3, m3 , n3 with respect to the principal 
crystallographic axes 1, 2 and 3, respectively. These direction cosines can be calculated 
through Euler's angles in the transformation of the coordinate system from principal 
crystallographic axes to the considered directions. n11, n-12 and n-44 are the fundamental 
piezoresistance coefficients of the cubic single crystal. For a bulk p-type piezoresistor with 
a resistivity of 7.8 Q cm, these coefficients are n11 = 6.6 x 10-11 Pa- 1, n:12 = -1. 1 x 10-11 Pa-1
and n-44 = 138.1 x 10-11 Pa- 1• c22J In fact, the piezoresistance coefficients of the diffused layer 
depend on impurity concentration and are much smaller than these bulk values. With an 
impurity concentration of about 5 x 10 19 cm-3 ( typical of out process), n-11 = 1.5 x 10- 11 Pa-1, 
n:44 = 85 x 10-11 Pa- 1 .<23i 

In a four-terminal piezoresistor, on the other hand, normal and shear stresses can 
produce an electrical field that is perpendicular to the direction of current flow.c2o, z4J If one 
ignores extremely small effects of dimensional changes, the output transverse voltage 
between two voltage traps V

0u, of a four-terminal piezoresistor can be expressed as: 

(8)
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Here, V;n is the supply voltage, and the primed quantities n�; (i=l, 2, 3, 4, 5 and 6), are the 
piezoresistance coefficients corresponding to normal and shear stresses of a four-terminal 
piezoresistor in arbitrary orientations. The coefficients n�; are derived from a fourth-rank 
tensor by the transformation rule employed for n;; mentioned above. The first subscript is 
6 implying that the current density component and electrical field component are in 
perpendicular directions, i.e., 1' and 2'. n�; can be expressed in terms of direction cosines 
and fundamental piezoresistance coefficients n11, n12 and n44, as: 

n�1 = (n11 - n1 2  -n44 )(lf l 2 + m{m 2 + n;ni) , 

n� 2 = (nn -n12 -n44 )(l1li + m1m; + n1n�), 

n�3 = (nu ...,.0 n12 - lr44)(l1l2Zt + m1m2� + n1n 2ni) , 

n� = 2(n11 -n12 -

n44 )(l1l;l3 + m1m;m3 + n1nfnJ, 

lr�s = 2(nu -n12 -n44 )Cl1
2l 2l3 + mfm 2m3 + n;n2n

3
)'

n�6 = n44 + 2(nu -n12 -n44 )(l1
2Zf + mtm; + n:n;) · 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

The coefficients n;;, and n�; (i = 1, 2, 3, 4, 5, 6), can be made large or small by selecting 
suitable orientations, i.e., changing the direction cosines lj, mj, nj (j = 1, 2, 3) in eqs. (1)-(7) 

.and (9)-(14). For convenience, we will assume that the X-axis, Y-axis, Z-axis (Fig. 1) are 
aligned with 1', 2' and 3', respectively. 

In our research, the piezoresistors are formed by the mask-diffusion method, so the 
piezoresistors lie on the surface of the sensing beams, and are very thin in comparison with 
the thickness of the beams. $tress analysis on the surface of a sensing structure, which will 
be presented in section 2.2, sh-ows that the components cr1 (the tensile or compressive stress 
components parallel to direction 1' (X-axis) or 2' (Y-axis)) and r6 (the shear stress 
component in the plane containing axes 1' and 2', called in-plane shear stress") are found to 
be much larger than other components of stress, and become dominant for sensing 
purposes. For this reason, one of the criteria to select the crystallographic orientation is to 
make n;1 and n�

6 
as large as possible. Investigating various crystallographic orientations 

of single crystal silicon, the two crystallographic orientations, < 1 TO > and < 112 > of 
silicon (111 ), were chosen to be the in-plane principal axes of the piezoresistors, since 
these orientations meet the selection criteria mentioned above, and the silicon (111) wafers 
are widely available on the market. 

Substituting the direction cosines of these. directions ( < 1 TO >, < 112 > and < 111 >) 
with respect to the principal crystallographic orientations ( < 100 >, < O 10 > and < 001 >) 
into eqs. (1) -(7) and (9) -(14), we have: 
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Equations (1) and (8) can be rewritten as: 

(15) 

(16) 

Equation (15) implies that the two-terminal piezoresistors in these crystallographic 
orientation are not sensitive to in-plane shear stress, i.e., the component r6, while eq. (16) 
indicates that the four-terminal piezoresistors in these orientations are not sensitive to 
normal stress, i.e., the components O"i, o-2, o-3• Hence, the four-terminal piezoresistor is 
named shear stress piezoresistor, or shear piezoresistor. The complementary properties of 
these two types of piezoresistors form the basis of our sensing principle for independently 
detecting in-plane shear stress and normal stress. Equations (15) and (16) can be further 
shortened by considering the stress distributions on the surface layer of the crossbeam, 
which will be described in the next section. 

The selection of silicon (111) has turned out to have another advantage; :n:;
1 

and :n:�
6 

are 

constant in all directions in plane (111), so that the sensitivities to <Y1 and r6 are constant 
along all orientations in the plane ( 111). 

2.2 Structural analysis of the sensing chip and piezoresistor arrangement on 

the beams 

The structural analysis of the sensing chip consists of two steps. The first step deals with 
qualitative analysis by classical elasticity theory. The dimensions of the sensing chip were 
tentatively specified based on the specified ranges of force and moment acting on a test 
particle ( diameter of 10 mm) in water flow ,c14,15J and the desired sensitivity, the piezoresistance
effect of silicon, the non buckling condition, and the necessary width of beam for wiring. 

Next, this model was analyzed by a finite element method (FEM) to investigate more 
comprehensively the stress field in the structure, and to refine the specifications of the 
beam dimensions. Figure 1 shows the finite element model of the sensing chip for 
numerical analysis using MENTAT 3.1 software (MARC Research Corp.). The axes X, Y,

Z are aligned with directions < 1 To>, < 112 > and < 111 >, respectively. The dimen

sions of each suspended-beam of the crossbeam (length x width x thickness) are 500 x 120
x 40 µm3

• A total of 9772 hexahedral elements (MARC element class hex 8), with 13280
nodes are used to mesh the model. The model is densely meshed in the beams to better
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resolve the stress distribution there. The two lateral faces of each of the four pedestals at 
the outer ends of beams were fixed for the boundary condition. The anisotropic elasticity 
of silicon (111 ) is taken into account during FEM analysis to obtain more reliable 
simulation results. To calculate stiffness coefficients of silicon in the two directions 
< 1 IO > and < 112 > in plane ( 111 ), the transformation rule for the fourth-rank tensor 
described in section 2.1 has been used. Because of the symmetry, this fourth-rank stiffness 
tensor can be expressed by a 6 x 6 matrix notation [C], by applying the subscript 
transformation scheme mentioned above. The coefficients of matrix [C] have been 
calculated based on the three stiffness coefficients of principal crystallographic orienta
tions < 100 >, < 010 >, < 001 >: C11 = 1.657 x 105 MPa, C12 = 0.639 x 105 MPa, C44 = 
0.796 X 105 MPa.C25l 

c;1 C{2 C{3 C{4 C{s c;6 1.944 0.543 0.447 0.135 0.000 0.000 
c�2 C�3 C�4 C�s c�6 1.944 0.447 -0.135 0.000 0.000 

[ C'] = c;3 c;4 c;s c;6 2.039 0.000 0.000 0.000 
x105 MPa 

C' c;s c;6 0.605 0.000 0.000 
Symmetry 

44 
Symmetry 

c;s c;6 0.605 0.135 

c�6 0.700 

Figures 2 - 5 show the distributions of stress components along the central axes on the 
surface of X -oriented and Y-oriented beams due to the application of each force or moment 
applied to the central point O of the chip. The point O coincides with the center of the 
central plate and lies on the neutral surface of the beams. Stresses in the central plate are 
not indicated since this ai;ea is not used for sensing purposes. The stress component <Y1 is 
the normal stress component parallel to the longitudinal axis of a beam and also to the 
direction of current density and electrical field of the conventional piezoresistors placed on 
that beam. Hence, it is called longitudinal stress <J°L. The component <Y2 is the normal stress 
component perpendicular to the longitudinal axis of a beam and of the conventional 
piezoresistors placed on that beam. It is called transverse stress; <Y3 is the normal stress 
component perpendicular to <Y1 and <Y2; Component r6 is an in-plane shear stress component 
(i.e., the shear stress component in the plane of the four-terminal piezoresistor, in this case 
it is the plane (XOY)), and r4, -r5 are out-of-plane shear stress components. 

Figure 2(a) shows the stress distributions along the central axes on the surface of X

oriented beams due to the action of a moment My (around the Yaxis) applied to the central 
point O of the chip. From this figure, we can see that only the longitudinal stress 
component <Y1 is large, while other stress components (i.e., <Y2, <Y3, r4, r5, r6) are so small that 
they can be ignored. Hence, to measure a moment My, conventional piezoresistors RMyJ, 
RMy2, RMy3, RMy4 are placed where the stress components <Y1 are large, i.e. near the fixed ends 
of beams G) and (2), (Fig. 2(a)). The beams@ and@ are twisted, so in-plane shear stresses 
( r6) of equal magnitude, but opposite sign will occur along the central line on the surface of 
these beams (Fig.2(b)). These stress components equal zero along the beams' edges.<26l 
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Fig. 2. Stress distributions due to a moment My. (a) Along central axis on the surface of X-oriented 
beams. (b) Along central axis on the surface of Y-oriented beams. 

When a force Fx is applied to the central point O of the sensing chip (Fig. 1 ), the stress 
states in beam G) and beam Cl) are equivalent to the case in which a clamped-free prismatic 
beam is pulled or compressed, respectively. Hence, beam G) undergoes a constant 
compressive stress ( �cr1) along it, while beam Cl) undergoes a constant tensile stress ( cr1) 

along itY6l Due to the symmetry of the model, these two stresses are equal in magnitude 
(Fig. 3(a)). To obtain high sensitivity to this force, two conventional piezoresistors RFxJ, 
RFx2 can be placed anywhere in the large stress area on each beam. The optimal positions 
of each piezoresistor on each beam coincide with the point, at which the stress cr1 induced 
by moment My equals zero. The FEM results have shown that these stress-free points are 
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Fig. 3. Stress distributions due to a force Fx. (a) Along the central axis on the surface of X-oriented 

beams. (b) Along the central axis on the surface of Y-oriented beams. 

unchanged when moment My is changed. Other stress components are almost zero along
these beams, (Fig. 3(a)). Along the central axes on the surface of the Y-oriented beams@
and @, in-plane shear stresses ( -r6) with the same magnitude but opposite sign will occur
(Fig. 3(b)). 

In case there is a vertical force Fz acting on the central point O of the sensing chip, the
stresses in four beams are similar due to the symmetry of the model. The stress distribu
tions along the central axes on the surface of the X-oriented beams G) and Cl) are shown in
Fig. 4. The only longitudinal stress o-1 is large and becomes a principal stress component.
Hence, to measure Fz, four conventional piezoresistors RF,1, RF,2, RF-,,3, RF,4 are arranged
near the fixed ends of beams CD and Cl), because the longitudinal stresses are large there.
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When a moment Mz ( around the Z-axis) is applied to the central point O of the sensing 
chip, stress statuses in the four beams are similar, because of the symmetry of the model. 
Stress distributions along the central axis on the surface of beams ® and @ are shown in 
Fig. 5. In this case, the significant stress components are in-plane shear stresses (r6). 
Hence, to measure moment Mz, two shear piezoresistors RMzl, RM;:2 are placed, one on each 
beam, at positions with large in-plane shear stresses. Other stress components are nearly 
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zero along these lines. 
From classical elasticity and the FEM analysis, the stress statuses along the central axes 

on the surface of the beams were completely clarified. The piezoresistors' positions on the 
beams were determined. Accordingly, sixteen p-type conventional piezoresistors (four 
piezoresistors Rfo two piezoresistors RFx and four piezoresistors RMy are on X -oriented 
beams CD and (2); two piezoresistors RFy 

and four piezoresistors RMx, are on Y -oriented 
beams @ and @), and two p-type shear piezoresistors (RMzz and RMz2 are on Y-oriented 
beams® and@, respectively, to measure the momentMz), were formed by using impurity 
diffusion along the central-longitudinal axes on the upper surface of an n-type silicon 
crossbeam. Figure 6 shows the layout of all eighteen piezoresistors on the surface of the 
crossbeam. The piezoresistors to measure one component of force or moment were 
arranged symmetrically through central point O on the two beams. All conventional 
piezoresistors were designed to be identical, as were the two shear piezoresistors. 

The structural analysis results also show that, the out-of-plane shear stress components 
(i.e., T4 and r5) on the beams' surface are so small that they can be ignored. The transverse 
stress components CY2 and cr3 are almost two orders smaller than CY1 , except in the area 
adjacent to the fixed ends of the beams, where CY2 has the same sign and is about tens times 
smaller than CY1 • The appearance of this stress component in piezoresistors will slightly 
affect the sensitivity of the sensing chip (see eq. (15) and note that n{

1 
and n{

2 
are opposite 

in sign). Hence, the piezoresistors have been arranged far enough from the fixed ends of 
beams (at least 10 µm or 2% of the beam length) to avoid this undesirable stress 
component. 

�-RFx1 
=�2-

RFz1 RFz2 

IRFyl 

I 

llil]RM,I 

�RMx2 

y <112> 

X<llO> 

RFx2 RMy4 
-=- ...,,. � 

Si (111) Longitudinal Transverse 

X-axis <112> 

Y-axis <112> <110> 

Fig. 6. Arrangement of piezoresistors on the crossbeam. 
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Accordingly, eqs. (15) and (16) simplify to: 

(17) 

(18) 

n:{
1 

will be called the longitudinal piezoresistance coefficient, denoted as ni, and n:�
6 

can be called shear piezoresistance coefficient, designated as Jrs. 
For p-type piezoresistors, n:11 and n:12 are sufficiently small in comparison with n:44 so 

that they can be neglected. Equations (17) and (18) are thus approximated as: 

1 1 
n - = n - = -(n + n + n ) "" - n: L(uo) L(112) 2 11 12 44 2 44, 

l
( 2 ) 

2 
n =n =-n -n + n ""-n s(1Io) s(112) 3 11 12 44 3 44· 

Equations (17) and (18) are thus approximated as: 

M 1 
- = JrL(JL = -7r44<J1 = Sg11<Jl , 
R 2 

2 
V:u1 = 1rsCYs = :31r44 '<6 V:n = Sgs '<6 V:11, 

(19) 

(20) 

(21) 

where S
gn and S

8s are the stress sensitivities of the conventional and shear piezoresistors, 
respectively. 

Table 1 summarizes increases and decreases of resistance of the normal piezoresistors 
and output voltages of the four-te1minal piezoresistors due to the applied loads. The ' + ' 
and' - ' signs indicate, respectively, an increase and decrease, '0' means unchanged and 
' = ' means a similar change in both sign and magnitude in piezoresistors of a correspond
ing bridge. Shaded regions indicate where the response of the corresponding bridge is non
zero. 

2.3 Electrical circuits and working principle 
Based on Table 1, piezoresistors are connected to form the measurement circuits so that 

the sensor can detect six components of force and moment independently. The Wheatstone 
bridge is a useful circuit to convert a change in resistance to an output voltage. The general 
measurement circuit for measuring the five components, (Fx, Fy, Fz, Mx, and My), is 
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Table 1. 
Resistance changes of normal piezoresistors and output voltages of shear piezoresistors. 

Fx-bridge Fy-bridge Fz-bridge My-bridge Mx-bridge Mz-circuit 
RFxl RFx2 RF,1 RF,2 RFz1 RFz2 RFv RF,4 RMvl RM,2 RM,3 RM,4 RMxl RMx2 RMx3 RMx4 RMzl RM,2 

Fx + 0 0 + + + + 0 0 0 0 + 

Fy 0 0 + 0 0 0 0 0 0 0 0 + + 0 0 

Fz + + + + + + 0 0 

My 0 0 0 0 + + + + 0 0 0 0 + 

Mx 0 0 0 0 0 0 0 0 0 0 0 0 + + 0 0 

Mz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

created by connecting in parallel five independent detecting potentiometer circuits together 
and with a common potentiometer circuit to form five Wheatstone bridges sharing a 
common half bridge (see Fig. 7(a)). 

The resistances of the two resistors (Re) of the common potentiometer circuit are 
identical and placed in a nonstress area. The output voltage of each bridge can be measured 
between the output point of each sensing potentiometer and the output point of the common 
one by the Wheatstone bridge rule to find the corresponding applied load. This circuit 
configuration also provides the best compensation for the temperature dependence of 
piezoresistors. The output voltage of each bridge can be written as below:(27) 

V = _!_ [ MFzl + MFz4 outFz 
4 R +R Fzl Fz4 

V = _!_ [ MMxl + MMx3 outMx 
4 R +RMxl Mx3 

_ _!_ [ MMyl + MMy3 V:,utMy -
4 R R Myl + My3 . 
V = _!_[MFxl _ MFx2 ]

voutFx 
4 RFxl RFx2 in, 
1 [ MFy1 MFyl l V -- ---- - V outFy -
4 R R in , Fyl Fy2 

(22) 

(23) 

(24) 

(25) 

(26) 

where V;n is the input voltage. Note that all conventional piezoresistors mentioned here are 
identical. 

Two four-terminal piezoresistors for measuring the moment around the Z-axis can give 
the output voltage directly without any additional converting circuits (eq. (20)). These 
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My-bridge Fz-bridge 

(a) Five Wheatstone bridges to measure Fx, Fy, Fz, Mx and My.

(b) Summing circuit to measure momentMz. 

Fig. 7. Measurement circuits.

piezoresistors are connected together via a standard operational amplifier to form a 

summing circuit, c27l which performs the algebraic addition operation between the voltages

V0111u,1 and VowM,2 of the two piezoresistors RM,J and Ru,2, respectively (see Fig. 7 (b )).

VoutMz = '-:utMzl + '-:utMz2' 

Where VoutMz/ and VoutMz2 are Calculated from eq. (20).

The next sub-sections will describe the working principle of the sensing chip. 

(27)
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2.3.I Detection of tangential forces Fx and Fy 
When a tangential force Fx in the X-direction is applied to the sensing chip, the beam CD 

with piezoresistor RFxI will be subjected to a tensile stress (Fig. 3(a)), while the opposite 
beam (beam CD), on which piezoresistor RFx2 is located, will undergo a corresponding 
compression, hence MFxJ = -MFx2. As a result, the output voltage of the Fx-bridge is 
nonzero, (see eq. (25)): 

S _ V,,utFx _ v;"
CFx - t:,R 

-
2 � 

RFxl 

(28) 

where ScFx is defined as the circuit sensitivity of the Fx-bridge. By contrast, RFyI and RFy2 

in the Y-oriented beam exhibit no change in resistance because the longitudinal stresses in 
them are nearly equal to zero (Fig. 3 (b )). Therefore, the Py-bridge is still balanced, i.e.,

there is no response in this bridge (see eq. (26)). Similarly, the Mx-bridge has no response. 
In the case of the Fz-bridge, as the stresses at RF,J and RF,4 have the same absolute 
magnitude, but are of opposite sign, so MF,I = -MF,4- Analogously, MF,2 = -MFzJ· 

Therefore V0u,Fz = 0, so the Fz-bridge has no sensitivity to the force Fx. Similarly, the My
bridge has no response. In the Y-oriented beam, shearing stresses with the same magnitude 
but opposite in sign will exist in four-terminal piezoresistors RMzJ and RM22 (Fig. 3 (b)), so 
the total output voltage of the Mz-circuit is still zero (see eq. (27)). Note that four-terminal 
piezoresistors with crystal directions mentioned above are not sensitive to longitudinal 
stress (see eq. (20)). 

The detection of tangential force Fy is similar to that of Fx.

2.3.2 Detection of vertical force Fz 
When a vertical force Fz is applied to the sensing chip, from the FEM result, (Fig. 4), 

the longitudinal stresses in the four piezoresistors of the Fz-bridge can be written as below: 

where -a R
r,; 

is the lo.ogitudinal stress at piezoresistor RFzi, i = I, 4 . Therefore, 

MF,1 = MF,4 = -MF,2 = -MF,3• Consequently, the Fz-bridge is unbalanced, and the 
output response is different from zero (see eq. (22)): 

_ 1 MF,L _ 1 
v;,u,Fz - - -- v;n - - ,r; 44 (YI v;,, and2 RFz1 4 (29) 

where SCFx is defined as the circuit sensitivity of the Fz-bridge. Due to the symmetry of the 
arrangement of piezoresistors and the structure of the sensing chip, the logitudinal stresses 
at RFxJ and RFx2 are equal (Fig. 4 ), hence their resistance changes are equal: !1R.Fx1=!1R.Fx2, so 
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the output voltage of the Fx-bridge is equal to zero (see eq. (25)). Similarly, no response 
will occur in the Fy-bridge. Likewise, in the case of the Mx-bridge, the total resistance 
change of the upper arm (f1RMyI+f1RMyJ) is equal to that of the lower arm (f1RMy2+f1RMy4),
(Fig. 7 (a)); therefore the My-bridge is still balanced. Similarly, the response of the Mx

bridge is zero. The in-plane shear stress component is equal to zero at RM,i and RM,2, so the 
output of the Mz-circuit is equal to zero. 

2.3.3 Detection of moments Mx and My 

When a moment My around the Y-axis is applied to the sensing chip, as can be seen 
from the FEM result (see Fig. 2 (a)), the normal stresses in the four piezoresistors of the 

My-bridge can be written as <J RMyl 
= -<J RM,, = -a<J R

M,, = a<J RM"', where a is a constant 
depending upon the width and length of the beam; in this study, a"' 0.75. Therefore, the 
resistance change in the My-bridge can be written by MMyl = -MMy4 = -aMMyz = aMMy3. 

Substituting this relation into eq. (24), the output voltage and circuit sensitivity of the My

bridge are expressed by: 

(30) 

However, for the piezoresistors of the Fz-bridge, ,1.RFzJ = -t1Rpz4 and MF,2= -t1Rp,3. 

Therefore, the output voltage of the Fz-bridge is zero, (see eq. (22)). RFxJ and RFx2 are 
intentionally located at the positions where the normal stress, induced by the concentrated 
moment My, is equal to zero, as mentioned in section 2.2. As a result, the Fx-b1idge has no 
response either. The FEM analysis result has shown that these positions are unchanged 
when the beam thickness and/or the moment My are changed. In the Y -axial beam, the 
longitudinal stress is equal to zero along the central longitudinal axis ( or at the piezoresistors ), 
so the Fy-bridge and Mx-bridge have no response. Shearing stresses of identical magnitude 
but opposite sign exist along the Y-axial beams, therefore they also exist in the four
terminal piezoresistors RM,1 and RM,2, (Fig. 2 (b) ), so the total output voltage of the Mz

circuit is still zero, (eq. (27)). 
The detection of moment Mx is analogous to My.

2.3.4 Detection of moment Mz 

When a moment around the Z-axis Mz is applied to the sensing chip, only shearing 
stresses exist in the piezoresistors (Fig. 5). These stresses are equal in magnitude and sign 
at RM,1 and RMz2, so the total output voltage in the Mz-circuit is nonzero: 

(31) 

where ScMz = 2V;n is the circuit sensitivity of the Mz-bridge. The other bridges have no 
response to these shearing stresses. 
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3. Fabrication Process

The sensing chip was fabricated by micromachining processes described briefly by the 
following steps (see Fig. 8): 
Step 1: The starting material was a 4-inch n-type (111) silicon wafer with a thickness of 
400µm. 

Step 2: A 0.3 µm-thick SiO2 insulator layer was formed by a thermal oxidization process. 
Step 3: Piezoresistors were patterned so that their principal axes align with the crystal 
directions < 1 To > and < 112 >. Boron ions were diffused to form p-type piezoresistors 
by using a spin-on diffusion source (PBF, Tokyo Ohka Kogyo Co., Ltd). A pre-deposition 
process was performed in N2 at 1000°C for 60 min. Then, a drive-in process was carried out 
in dry 02 at 1100°C for 30 min to activate boron ions in the Si. In order to reduce the 
temperature sensitivity of piezoresistors, the surface impurity concentration was controlled 
at about 5 x 10 19 cm- 3• 

Step 4: Contact holes were opened by wet etching in buffered HF solution. 

Wafer thickness: 400µm <111> • Si wafer washing 
• Drying 

Step 1: Starting material, Si (111) wafer 

SiO
2

• - Thermal oxidization 
Step 2: Oxidization 

Piezosistor -
---......_ 3x40µm2 - -Photoresist spincoating -Piezoresistor patterning 

: i
i
��

t
f!�dlffusion - !1,0

3 
removing 

-Dnvern 

Step 3: Piewresistor diffusion 

- Photoresist spincoating - Contact holes patterning - SiO
2 

etcrung 

- Al evaporation 
- Photoresist spincoaling - Wire pattemmg -Al etching -Annealing 

Step 5: Wiring 

Beam (L x W�·x T)
. 

·•. . . . . .. .. ·.• -1bick photoresist spinooating 500 x 120 x 40 µm' . . ,� . - Crossbeam patterning ,;;, . ·. - Backside cavity patterning . ·. ' ·· ··· - Frontside DRIE etching - Backside DRIE etching 
Step 6: Crossbeam formation 

Step 4: Contact hole 

Fig. 8. 

Micrograph of the fabricated sensing chip 

Fabrication process for sensing chip. 
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Step 5: 0.6-µm-thick aluminum wires and bonding pads were formed by vacuum evapora

tion, photolithography, and etching processes. Next, a sintering process was performed in 

N2 at 400°C for 30 min to form an Ohmic contact between electrodes and piezoresistofs. 

Step 6: A crossbeam pattern was defined by photolithography using a double-sided mask 

aligner. Then, a front side surface deep reactive ion etching (D-RIE) process was 

performed to a depth of 40 µm. Finally, the cavity and overload-stopper were formed by O

RIE from the back surface. A thick photoresist was adopted as a passivation layer during 

the D-RIE process. 

4. Calibration

Calibration of the sensing chip was performed using an ultra small load indenter 

(Shimadzu Co., DUH201), controlled by a computer to generate a precise force for the 

calibration. 

The force Fz was calibrated by applying the indenter directly to the center of the sensing 

chip (Fig. 9(a)). 

To calibrate the moments My, the calibration force F was applied at a point 350 µm

(a)Fz calibration (b) My (or Mx) calibration

X 

z 

(c) Fx (or Fy) andMz calibration. Right-hand side figure is the
top-view of the left-hand side one. Force Fis applied to
point A in Fx calibration, and to point B in Mz calibration. 

Fig. 9. Schematic views of the mounting of the chip for calibration. 
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away from the center of the chip on the central line of the X -oriented beam (Fig. 9(b)). 

Consequently, a force Fz (same magnitude with force F), and a moment My (whose value 
is the product of F x 350 µm), were generated at the center of the central plate of the chip. 
The calibration results have confirmed that these components (Fz and My) were detected 
separately. The moment Mx was calibrated similarly to My. 

For calibration of Fx and Fy, the central block of the chip was mounted onto a base as 
shown in Fig. 9(c), and calibration force F from the indenter was applied directly to point 

A on the edge surface of the chip. Finally, to calibrate the moment Mz, we used the same 
configuration as for Fx calibration, but the calibration force F was applied at point B, 1500 
µm away from point A (Fig. 9(c)). As a result, a tangential force Fx of the same magnitude 
and direction as F, and a moment Mz, whose magnitude is the product of F and the distance 
from point A to point B, is produced. The calibration results have confirmed that these 
components (Fx and Mz) were detected separately. 

Figure 10 shows the calibration results of six components of force and moment (input 

voltage: 5 V, temperature: 25°C). The theoretical outputs (calculated based on FEM, book 
values of piezoresistive coefficients,<23l and circuit sensitivities, eqs. (28)-(31)) are also 
displayed in this figure for reference. A good agreement between the design and experi
mental values was obtained. The sensitivities of each components are: Spz = 1.32 mV/mN, 
SFx = 0.12 mV/mN, SFy 

= 0.107 mV/mN, SMx = 4 mV/mNµm, SMy 
= 3.88 X rn--3 mV/mNµm, 

and SM, = 4.6 x 10-4 mV/mNµm. The crosstalk was small. Maximum crosstalk of 4% was 

65 

� -o-Fx, Fy (Theory) '.§, 52 -llE-Fx (Experiment) 
• Fy (Experiment) 

j0 39 
-o-Fz (Theory) 

• Fz (Experiment) 

0 10 

100 
-o-Mx, My (Theory) 

> 80 --+-Mx (Experiment) 

__§, --My (Experiment) 

" 60 -o--Mz (Theory) 

40 

20 0 

0 

0 4 

20 30 

Force (mN) 

8 12 

Moment ( x 10
3 

mNµm) 

40 50 

16 20 

Fig. 10. Calibration result: output voltages versus applied loads. 
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measured. The maximum nonlinearities (NL) of each of the components are NLFx = NLFy = .. 
l .02%F.S., NLFz = 0.53% F.S., NLMx = NLMy 

= 2.51 %F.S., and NLMz = l .62%F.S. The
relationship of the output voltages of measurement circuits and the applied force and
moment components can be summarized as below:

VFx 0.121 0.0035 0.007 0.042 0.009 0.008 Fx 

VFy 
0.0041 0.107 0.003 0.024 0.025 0.002 Fy 

VFz 0.0022 0.0035 1.32 0.031 0.024 -0.002 Fz

VMx 
0.0021 0.0040 0.022 4.00 0.029 0.007 Mx · (32)

VMy 0.0025 0.0042 0.01 0.039 3.88 0.011 My 

VMz 
0.0023 0.0032 0.008 0.005 0.036 0.461 Mz 

where the unit of force is mN, that of moment is NMm and the output voltage is m V. The 
range of forces Fx and Fy is 1000 mN, that of force Fz is 100 mN, that of moments Mx and 
My is 30 Nµm, and that of moment Mz is 300 Nµm. 

In eq. (32), the off-diagonal components, which represent the crosstalks, were not zero. 
The crosstalks occurred due to some defects in the fabrication process, such as misalignments 
of piezoresistors on the beams. As described in section 2.2, the piezoresistors to measure 
one specific component of force or moment are laid out symmetrically through the central 
point 0. The misalignment could break this symmetric feature, and causes undesirable 
unbalances in the Wheatstone bridges. Consequently, slight crosstalk can occur. A well
controlled fabrication process can improve this situation. 

5. Application in Turbulent Flow Measurement

One of the holy grails in geophysical research is reliable simulation technology for the
micromechanics of sediment particle erosion and transport, the fundamental processes 
shaping the land and major contributors to flooding phenomena. In this context, the 
immediate purpose of this sensor is to measure the fluctuating components of force and 
moment on a particle at the bed of a turbulent channel flow. Introducing the present sensor 
in such experiments, we will investigate the spatio-temporal relationship between near
wall vortices and particles for the purpose of advancing sediment transport simulations. 
The configuration of this sensor is shown in Fig. 11. The 6-DOF force-moment sensing· 
chip is located inside a test particle so that its centroid coincides with the center of the 
surface of the sensing chip. The test particle has a diameter of about 8 mm and is inade of 
polyethylene, of which the specific gravity is 0.965, nearly equal to that of water. By 
selection of this mate1ial, the vertical force component (buoyancy force) from water acting 
on the particle is almost eliminated during operation. 25-µm-diameter gold wires connect
ing the sensing chip to the off-clup circuits are isolated and fixed on the surfaces of a base 
pillar. The sensing chip is completely overload-protected by a protection base located 
under it. All electrical elements of the sensor are waterproofed by a silicone rubber layer. 
Forces and/or moments from the liquid flow acting on the test particle will be transmitted 
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Fig. 11. Configuration of a turbulent flow sensor. 
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to the sensing chip via a force transmission pillar placed at the center of the sensing chip. 

Consequently, the sensing areas will be deformed and the resistance of the piezoresistors 

will change, thus changing the output of the corresponding bridge circuits. 
Figure 12 shows the sensor working in a water flow channel. The flow velocity was 

measured directly at a point in front of the sensor by LDV (laser Doppler velocimetry). 

Figure 13 shows a result of a combined experiment of the flow sensor and LDV system 

(input voltage is Vin = 2 V). The output voltages of the sensor {V My and Vfo lower graph) 

and flow velocity measured by LDV (upper graph) are shown versus experimental time. 

Water flow in this experiment was controlled so that the flow velocity was reduced 

gradually from 50 emfs to 10 emfs. Good agreement between the sensor output and LDV 
results was obtained. This preliminary result confirms that the designed sensitivities of the 

sensing chip were appropriate to measure forces and moments acting on particles in a 
turbulent flow. More carefully controlled experiments in water flow are being performed, 

and the results will be compared with those of simulation. 

6. Conclusions

The theoretical investigation, design, fabrication, and calibration of a 6-DOF force
moment sensing chip have been presented. By combining nonnal and shear piezoresistors 

in Si (111), and arranging and connecting them appropriately, their number was consider

ably reduced in comparison with the prior 6-DOF piezoresistive force sensors known to the 

authors; consequently, the sensing chip is smaller, more sensitive, and consumes less 

power. Calibration for six components of force versus output voltages has been completed. 

The sensitivities are high, linear, and close to the design values. The crosstalks are smaller 
than that of previously reported 6-DOF micro force moment sensors. 

One specific application of the sensing chip to measure forces and moments acting on 
a test particle in a turbulent flow is now being carried out, and preliminary measurement 

results have been obtained and are being analyzed. The sensitivities are sufficiently high to 

measure the forces and moments expected to act on particles in the slow flows of interest in 

our research. 
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Fig. 12. Sensor is operating in a water channel. 
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Fig. 13. Combined experiment of sensor and LDV (input voltage Vin= 2 V). 
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The design of the sensing chip presented above can be applied to other integrated force

based micro devices, such as tactile sensors, and micro multi-axis accelerometers. 
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