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The piezoresistive properties of thick-film resistors have been utilized for strain gauges
and related sensor applications for many years. In spite of the accumulated knowledge of
the phenomenon and the wide experience in designing various sensor structures, it istill a
challenge to build a numerical model that provides good agreement between numerical
simulations and experimental results. The main problem with numerical modelling is not
only the proper formulation of the effect in terms of the material parametersrelating to the
electrical field and the strain components in the deformed resistor body but, primarily, the
experimental evaluation of those parameters for the selected thick-film resistor material.
In this paper, we present an experimental and mathematical procedure for evaluating thick-
film piezoresistor model parameters and discuss the results obtained for two commercial
thick-film resistor materials printed and fired on different ceramic substrates. As a
validation, the results of the simulations were compared with measurements of specially
designed test patterns that were not used for the evaluation of the gauge coefficients.

1. Introduction

Thick-film resistors are widely used as sensing elements in ceramic micro-electro-
mechanical systems (C-MEM Ss) because of the relatively high sensitivity of their resis-
tance to an applied mechanical load.® In spite of the accumulated knowledge of the
phenomenon and practical experiences in designing such systems, there is an enormous
interest in simplifying this demanding and time-consuming task. Following a traditional
design approach, which involves extensive physical testing, several iterative design steps
are generally needed before the prototypes are ready for serial production. A promising
strategy for reducing the number of design cycles and thereby decreasing the development
time and cogt, isthe use of numerical smulations. 1n asimulation-based design strategy, an
accurate modelling of the sensing thick-film resistorsis essential if we areto achieve useful
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results from simulations. Although the piezoresistivity of thick-film resistors has been
studied for many years,?*? it is till a challenge to specify the material parametersin an
appropriate form that can be used in asimulation-based analysis. The traditional approach
to evaluating the piezoresistance effect of thick-film resistors involves measuring the
resistor’s sensitivity to strain, the so-called gauge factor (GF), which is defined as the ratio
of the fractional change in resistance to the strain in the resistor body as a result of an
applied mechanical load. In the case of numerical modelling, we are interested in the
resistivity changes rather than the resistance changes.**-%9 For this reason, physical
quantities, i.e., coefficients relating the resistivity to the strain components in the relation-
ship between electrical field strength and current density have to be evaluated. These
parameters are called “gauge coefficients’ by analogy with the term gauge factor, since
both parameters describe the sensitivity to strain. The separation of the geometrical and
physical contributions to the strain sensitivity of thick-film resistors was discussed many
years ago. The relationships between the gauge coefficients and the measured GF's, which
were derived for isotropic materials in ref. 2, revealed that considerable differences
between these two values may occur.

In this paper, we focus on an experimental and mathematical procedure for evaluating
the gauge coefficients relating the strain components to the electrical field strength and the
current density in the constitutional equation for the thick-film piezoresistive structure. In
the first part, the mathematical formulation of the piezoresistive effect in the thick-film
resistor is discussed, and the expressions for calculating the gauge coefficients are derived.
The relationships are determined on the basis of the facts that thick-film resistors can
exhibit anisotropic sensitivity to strain and that the elasticity properties of the resistor can
differ from the properties of the ceramic substrate. The results obtained for different
combinations of thick-film resistors and ceramic substrate materials are discussed. Asa
validation of the evaluation procedure and the FE model, the simulation results were
compared with the values obtained from measuring the specially designed test patterns.

2. Piezoresistive Effect in Thick-Film Resistors

2.1 Piezoresistance and piezoresistivity phenomenon

Two terms are commonly used to describe the piezoresistive properties of resistors:
piezoresistance and piezoresistivity. The piezoresistance, which is described by the gauge
factor, refersto resistance changes, while the piezoresistivity refersto a material property
and is defined as the change in the bulk resistivity p due to the appropriate strain
component.

The gauge factor (GF) is commonly defined by the relation

_dRIR
&

GF

: 1)

where dR/R istherelative changein the resistance and ¢ is the strain along the length of the
resistor, defined as the relative change in the length (1), &= dli/l.
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On the basis of resistor’s orientation and with respect to the direction of the dominant
strain component (¢), the longitudinal gauge factor (GF,) and the transverse gauge factor
(GFy) are defined as

dR IR _dR IR .. _dRIR. _dR;IR;
- - , "= -

£ dlll £ awlw '’
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where R, and R; denote longitudinally and transversally oriented resistors. GF, is
measured in the case when the electrical current through the resistor is paralel to the
applied strain, and GF+ is measured in the case when the current is perpendicular to the
strain. The situation is schematically shownin Fig. 1.

In the case of a homogenous resistive material and the conventional rectangular shape
of athick-film resistor, its resistance is governed by the well-known analytical expression

I
R=p—. 3
wt

where pisthe bulk resistivity, [ is the length, w is the width, and 7 is the thickness of the
resistor. When the resistor isuniaxially strained along its length, the resistance change can
be evaluated by alogarithmic differentiation of eg. (3), which leads to the relation

R 1w o @

@ (b)

Fig. 1. Orientation of thick-film resistor with respect to direction of applied strain: (a) longitudinally
oriented resistor, R, aimed at evaluation of GF and (b) transversally oriented resistor, R+, used for
evaluation of GF (right).
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wheretheterms dl/l, dw/w, and dt/t represent the fractional changesin the resistor’slength,
width and thickness, respectively. By replacing the relative change in dimensions with the
appropriate strain component and Poisson’'sratio v, i.e., dill=¢, dwlw =—v-¢, dtlt =—v-¢, €q.
(4) can be rewritten as

d?R=d7p+g-(l+2v)_ (5)

The above relationship, which in actual fact describes the piezoresistance phenomena,
consists of two terms: the term dp/p, which isrelated to the material properties describing
the piezoresistivity effect, and the term ¢:(1+2v), representing the geometrical effect.

In the case of numerical modelling, we are interested in the material properties, which
are independent of geometrical effects and can be specified in an appropriate form in
accordance with the mathematical formulation of the phenomena. The separation of the
geometrical and physical contributions to the strain sensitivity of thick-film resistors has
been previously discussed in ref. 2, where the relationship between the measured gauge
factors, GF and GF, and the gauge coefficients was derived assuming isotropic material
properties.

2.2 Mathematical formulation of piezoresistivity phenomena
The mathematical formulation of the piezoresistivity effect is derived from the general
relation governing the electric field strength and the current density in a conductor:

J=0"E=—-0VU, (6)

where J and E are the current-density and the electric-field-strength vectors, respectively,
and o represents the material conductivity.

If there is no source of charge inside the resistor the potential distribution and the
resulting current flow are governed by

v+ _o %
ot

where D isthe charge density.

Since we shall be dealing with static phenomena, the time derivative in eq. (6) is zero,
and combining egs. (6) and (7) resultsin the relation governing the electrical conductionin
the resistor:

V-J=-V-(oVU)=0. ®

The solution of eq. (8) givesthe current density and potential distribution in the resistor
body. By integrating the current density over the entire cross section of the resistor, the
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total current, 1, flowing through the resistor can be obtained. Theresistance, R, can then be
calculated using Ohm'’s law, R=AU/I, where AU is the voltage applied to the connection
pads of the resistor.

Observing the problem in a cubic orthogonal system (1-3), the relation between the
current density and the electrical field strength can be rewritten in matrix form as

E, Pu P2 Pi3 J:1
E,|=|Pn Pn Paul| J2 |, 9
E, Pz Pz Pa| |J3

where E; and j; are the electric-field-strength and current-density components, and [p] isthe
resistivity tensor. For an unstrained resistor made of an isotropic, resistive material, only
the coefficients py; = p = p33 =p have anonzero value. In the case of a mechanical load,
which strains the resistor, eg. (9) changesto

E; p+Apy, Apy, Apy, j:l
E,|=] Apy P+ Apy Apy |- J2 |, (10)
E, Apy Aps, P+ Aps| |Js

where p is the resistivity of the mechanically unloaded resistor, and Ap;; represents
increments due to the piezoresistivity effect.

The piezoresistivity effect is generally described by the relationship between the
resistivity and the strain components in which the gauge coefficients are specified as a
tensor of rank 4, which contains, in the most general case, 36 components. In practice,
there is no need to fully define all the components of the piezoresistive tensor. In
formulations derived for silicon and germanium single-crystal symmetry, only three
independent piezoresistive coefficients are required to fully define the piezoresistive
properties of the material. The formulation of the piezoresistive effect in polycrystalline
aggregates (spherical symmetry), such as thick-film resistors, had been proposed in refs. 4
and 5, for which only two linearly independent elements are required to populate the
piezoresistance matrix. Using a similar formulation for the reduced matrix of the gauge
coefficients, the resistivity changes in a thick-film piezoresistor can be expressed by

Apyy 1 82 & O 0 O 11
Apy, 81 8&» & 0 0 0 Ex
1, 2/)33 _ 881 882 883 0 8 8 MRS
o |PPr 8us Vi | (11)
Apy; 0 0 0O 0 g O V13
Apy; 0 0 0 0 O gg||ra

where g; denotes the gauge coefficients, ¢; are the strain components, and y;, i=j, are the
shear-strain components.
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Equation (11) can be simply coded in a finite element. The main challenge with
modelling the piezoresistivity effect in thick-film resistors remains the evaluation of the
gauge coefficients. A problem arises because the films change their resistance with
induced strain in the substrate and only resistance changes, i.e., longitudinal and transver-
sal GF's, can be measured directly. The proper material tensor can only be assessed with a
certain accuracy by a separation from the measurable quantities. For this reason, some
further assumptions and simplifications were made in our evaluation procedure, as de-
scribed below.

2.3 Evaluation of gauge coefficients

Assuming the same values for the gauge coefficients, g;1=g, =gs;and g.,=g»; and
g13=ga1, and that the influence of shear strain can be neglected (thisis acceptable in many
casesin practice), eg. (11) can be reduced to a system of three linear equations:

APy =P (8117 €11+ 812" € + 813" €33)
APy =P (8o €11 + 811" Epp + 813" Exa) (12)
Apyz =P (813 &1 + 8o "€ + 811" €33)
where €41, €4, €33 are the strain components in the longitudinal, transverse and third
orthogonal directions, respectively.

To determine the gauge coefficients from eg. (12), three independent measurements are
required. To avoid the difficult measurements of the strain sensitivity of the thick-film
resistors in the third orthogonal direction and, in this way, simplify the evaluation proce-
dure, we assumed that both transverse gauge coefficients g;, and g,; have the same value.
(Considering macroscopic material properties, this can be a reasonable assumption be-
cause athick-film resistor is made of a composite material with the conductive grainsin an
isolating, glassy matrix with the same microstructure in any transverse cross section and,
therefore, we would expect the same mechanisms for conduction in both directions
perpendicular to the direction of the electrical field and the current through the resistor.) In
this way, the matrix of the gauge coefficients can be reduced to only two different
coefficients, i.e., g1; and g;,. By denoting g, as the longitudina gauge coefficient, i.e.,
g11=g, and the coefficients g,=g13=g, as the transversal gauge coefficients, the resistivity
of the thick-film resistor can be finally specified as a function of the bulk resistivity of the
mechanically unloaded resistor and the longitudinal and transversal gauge coefficients
according to

Apyy = P+ P (€11 + 8Ex + &E33)
Apy =p+p- Eg.szz +8En + gtssag, (13)
APz =P+ 0 (g€ + 811 + 82

wherepy, ps,, and ps; represent the resistivity in the longitudinal, transverse, and third
orthogonal directions, respectively.

The experimental procedure for estimating the GFs involves straining specially de-
signed test patterns, i.e., ceramic substrates with appropriately positioned and oriented
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thick-film resistors, and then measuring the resistance changes. Cantilever or bridge
methods are generally applied for this purpose. Depending on the selected method, an
appropriate measurement setup and test patterns are designed. Since the experimental
values of the GF's depend to some extent on the measurement method and the design of the
test patterns, it isimportant to ensure consistent experimental and mathematical evaluation
procedures. Asan example, a procedure for measuring gauge factors using the four-point
bridge measurement method is described in ref. 6. In our particular case study, athree-
point bending experimental setup was used and is schematically shown in Fig. 2.

The evaluation of the GFsfor different thick-film resistive materials and substrates has
been previously described in refs. 9 and 10. Here, the relationships for calculating the
gauge coefficients from measurements accomplished using the same experimental set-up
and test patterns of the same design are derived as follows.

Observing the test patternsin the Cartesian coordinate system, which is aligned so that
the coordinate x corresponds to the longitudinal orientation (along the length of the
longitudinally oriented resistor), and stretching the substrate in the longitudinal direction
result in the dominant (longitudinal) strain component ¢ = &,,, and the perpendicular strain
components &, and &,,, which can be expressed by the relations

r ’ Sxx ’ (14)

where v, and v, are the Poisson’s ratios of the ceramic substrate and resistor material,
respectively.

Assuming that the Y oung’s modulus for the ceramic substrate is equal to or larger than
that for the thick-film resistor, the strains of the resistor in the longitudinal and transverse
directions are forced to be equal to the strains on the surface of the substrate in these
directions. The strain component in the third orthogonal direction depends on the Poisson’s
ratio of the resistor material. Under such conditions and in accordance with the situation
presented in Fig. 1, the relation governing the changes in the resistance of the strained

Substrate \ F Thick-film resistor
h i d
i ey / i
) .

I ]

A— ¥ .

. L l

Fig. 2. Principle of bridge measurement method. L isthe length of the bridge, # is the thickness of
the ceramic substrate, and d is the deflection of the substrate.
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thick-film resistor eq. (4) can be rewritten for longitudinally and transversally oriented
resistors, respectively, as

%=%+£XX'(1+VC+VJ (15)
L

dr; dp

RT =_yy_8xx'(1+vc_vr). (16)
:

Introducing the longitudinal and transverse gauge factors, GF, and GF+, to substitute
for dR /(R &) and dR/(R+&,,) resultsin the following relations between the resistivity
changes and the experimentally obtained gauge coefficients:

dpxx = (GFL -1- Ve = Vr). Exx (17)
0

dp

TW=(GFT+1+vc_vr).8xx. (18)

From eq. (11) the resistivity changes in the longitudinal and transversal resistors can be
expressed by the relation with the gauge coefficients and strain components as

A
ﬂ=gligxx+gt'£yy+gt.£zz (19)
Ap
Tyy=gt.£xx+g|.£yy+gt.£zz. (20)

By substituting the resistivity changes dp/p and dpy,/p from egs. (17) and (18) in egs.
(19) and (20), and then expressing the gauge coefficients g, and g;, the following relations
between the gauge coefficients and the experimentally obtained gauge factors are derived:

_GF(1-v,)+GF (v, +v,) 1
(1+ vc)(l_vc - Vr)

(21)
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Gk +v.GH ‘1
(1+vc)(l_vc _vr) '

& (22)

Assuming that the thick-film resistor and substrate materials are compatible, i.e., that no
interaction occurs between the material s during firing, which would result in nonhomogenous
resistor regions, egs. (21) and (22) allow us to calculate the gauge coefficients for any
combination of athick-film resistor and substrate materials from previously obtained GFs.

2.3.1Experimental results

To evaluate both GF and GF'; using the same experimental set-up, two different test
patterns with appropriately oriented thick-film resistors were designed, as presented in Fig.
3. All the conventionally shaped resistors are of the same dimensions. L= W=1.6 mm and
athickness of 14 um. The design of the test patterns was based on the results of the
preliminary FE analysis, which revealed the strain components on the surface of the bent
substrate and suggested appropriate positions for the thick-film resistors that allow consis-
tent measurements in accordance with egs. (21) and (22).

Since the expressions were derived assuming that ey, =—v-ex and €,=—v,-&x, it Was
important for the design to ensure the same conditions within the experimentally treated
test patterns. To maintain consistent conditions, the test thick-film resistors had to be
located at the proper positions on the substrate, depending on the aspect of the measure-
ment set-up. A preliminary FE analysis had shown that, in the case of the three-point
bending experimental set-up, the conditionsin eq. (14) can befulfilled for resistorsthat are
moved from the middle of the bridge by at least quarter of the length of the bridge. For this
reason, only the test resistors positioned at the appropriate positions on the bridge were
treated in the evaluation. According to thetest patternsin Fig. 3, GF| was evaluated from
measurements of the resistors R, and Rs, while the resistors R—R, were used for model -
validation purposes. To evaluate GFr,theresistor Rs was measured and resistor Rg was
used for test purposes. The experimentally obtained gauge factors, GF, and GF+, and the
calculated gauge coefficients, g, and g, for different thick-film resistive materials printed
and fired on different ceramic substrates are shown in Table 1. The two thick-film resistor
materials are denoted material A and material B.

The data entered for GF, and GF; are the mean parameter values obtained from
measurements on several test samples. The maximum deviation of the experimental GF's
from the specified mean values was less than + 4%. The accuracy of the gauge coefficients
evaluated was assessed to be + 5%. Asevident from Table 1, the difference between the
longitudinal and transversal gauge coefficients, which were obtained for thick-film mate-
rial A, isless than the accuracy of the calculated data. This indicates that material A
exhibits isotropic piezoresistive properties. In the case of thick-film material B, the
longitudinal gauge coefficient is to some extent higher than the transversal gauge coeffi-
cient, indicating anisotropic piezoresistive properties.

Furthermore, the results presented in Table 1 show that both thick-film resistor
materials printed and fired on alumina and zirconia substrates have almost the same gauge
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Fig. 3. Test patternsfor measurements of GF| (upper) and GF+ (lower). The nominal resistances of
the resistors R;—Rs, Rg and Ry are 10 kQ for paste A and 3 kQ for paste B.

Tablel

Experimentally obtained gauge factors and cal culated gauge coefficients for different combinations
of thick-film resistor and ceramic materials. Resistor materials: A (DuPont 2041) and B (ESL
3414B); Substrates: Alumina (96% Al,Os), LTCC (DuPont 951), Zirconia (Y -ZTP-tetragonal ZrO,).

Substrate / Resistor material Gauge factors Gauge coeffi-
cients (81-89)/8

(%)

Ve Vr GFL GFT 8i 8t
Alumina/ A 0.23 0.25 105 74 16.9 16.4 3
LTCC/A 0.17 0.25 8.2 5.6 11.6 114 2
LTCC/ A-cofired 0.17 0.25 7.9 5.2 11.0 10.6 3
Zirconia/ A 0.28 0.25 9.9 6.6 17.2 16.5 4
Alumina/ B 0.23 0.25 19.1 11.3 29.8 255 15
LTCC/B 0.17 0.25 185 10.9 26.2 21.7 17
LTCC/ B-cofired 0.17 0.25 16.7 10.8 24.3 211 13

Zirconia / B 0.28 0.25 175 9.8 294 255 13
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coefficients: the std. deviation for g, is 1%, and the std. deviation for g,is0.6%. A possible
interpretation of such resultsis that they indicate that these two ceramic substrates do not
influence the materia properties of the thick-film resistor. A noticeable reduction of the
gauge coefficients, which was found for both measured thick-film resistor materials
processed on LTCC substrates, is most probably a result of the interaction between the
substrate and the resistor material, which influences the material properties. Another
possible explanation is that because of the relatively high compliance of the LTCC
ceramics, which is more than three times higher than the compliance of the alumina and
almost two times higher than that of the zirconia substrates, and similar to or even-higher
than the compliance of the thick-film resistor, the clamping-to-the-substrate effect results
in smaller strains in the resistor and consequently lower GF's. The situation in which the
compliance of the substrate is higher than the compliance of the thick-film component is
not common in practice and does not agree with our assumptions on which egs. (21) and
(22), aimed at calculating the gauge coefficients, were derived. The relationships govern-
ing such cases are beyond the scope of this study. Further analyses of the microstructures
and measurements of the elastic properties of the treated thick-film resistors are being
performed and should help to reveal these mechanisms.

3. FE Modelling

To verify the results of the evaluation procedure, the FE models for the test patterns
presented in Fig. 3 were built using the gauge coefficients from Table 1. To reduce the
model size, the conductive connection pads were neglected and a voltage was applied
directly to the resistors. A three-point bending test was simulated by constraining the
displacement of the substrate along the bridge bearersin the z direction and by applying, in
the middle of the bridge, the displacement in the opposite direction, as presented in Fig. 4.
Three-dimensional static analyses were performed using the multiphysics capability of
Ansys 6. Brick aswell as tetrahedral elements defined by nodes having three structural
degrees of freedom (DOF) were used for the substrates and coupled-field brick elements
having the structure and an electric DOF for the thick-film resistor region.

A user-defined procedure for evaluating the resistance was written as a macro to be
used in the postprocessing. By coding eg. (13) in an element and implementing an
interactive selection of the resistor’ s region, anumber of the subsequent calculations of the
resistance for the thick-film resistor structure under the unchanged mechanical load, and
for the different gauge coefficients, were made possible using the same sets of resullts.

3.1 Validation of FE model

The validation of the model was performed in two steps. First, the material models and
the macro for the calculation of the resistances were verified by comparing the simulated
and measured resistance changes for resistors Ry, Rs, and Rg, which were measured for the
evaluation of the gauge coefficients. In the following, the differently positioned and
shaped resistors, used only for test purposes and not for the actual parameter estimation,
were considered. For anillustration, some of the experimental and simulation results that
were obtained for the case of bending the test patterns made on an alumina substrate by 150
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Fig. 4. (a) Z displacement for test pattern bent by 150 um, (b) x-component of strain induced as result
of bending substrate by 150 um (right).

um are collected in Table 2. The simulation results were obtained using a Young's
modulus of 340 GPafor the aluminasubstrate and 98 GPafor the thick-film resistors. Note
that since the resistors R; and Rs are of the same dimensions and they are positioned at the
same relative positions on the bridge, the measured values for both these resistors are
entered as the measurements of R;. Similarly, the experimental resultsfor the resistors R,
and R, are both considered as the results for R,.

Asisevident from Table 2, the results of the simulations are in very good agreement
with the measurements. The differences between the measured and simulated resistance
changes are less than 2%, indicating that these deviations are most likely the result of the
differences between the particular test resistors or the inaccuracy of the measurements.

In the second step, the sensitivity of the simulation results to the deviation of the
experimentally obtained gauge factors was analysed. In fact, our interpretation of the
resultsin Table 1 was that thick-film material A has isotropic piezoresistive properties
because the difference between the experimentally obtained gauge coefficients g, and g,
was smaller than their accuracy. To model such amaterial, it isnormal to specify the same
value for both coefficients, i.e., g,= g.= (g+g)/2. The question is how accurate would the
simulation results be if the mean valuesfor both coefficients are used. The simulations that
were performed using the mean value for both gauge coefficients showed slightly lower
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values for the resistance changes, but these results were in even better agreement with the
measured data. The results obtained for the resistors R,—R; are presented and compared in
Table 3.

Table2

Simulated and measured resistance changes obtained for test samples made on alumina substrate
that was bent by 150 um. The resistances of the resistors Ri—Rs, Rg and Ry, obtained from
measuring several samples are 9.56 kQ + 5% for paste A and 3.05 Q +5% for paste B.

Resistor Resistor paste A Resistor paste B

measured simulated measured simulated

ARIR (%) ARIR (%) ARIR (%) ARIR (%)
R, 0.18 0.18 0.33 0.33
R, 0.28 0.28 0.52 0.51
R; 0.40 0.41 0.75 0.73
Rs 0.13 0.13 0.20 0.20
Rg 0.32 0.31 0.49 0.49
Rio 0.16 0.16 0.26 0.27
Table3

Comparison of simulated changesin resistance of thick-film resistors made of material A on alumina
substrate, obtained for g, and g, from Table 1 (R/R simulated 1) and for g, =g, = (g1+g)/2 (ARIR
simulated 2), with measured data.

Item ARIR (%)  ARIR (%) ARIR (%)  variation in Difference be-
measured simulated 1 smulated 2 gmulatedre- tween simu-
(g1= &) (g=gi1=g: sults (%) lated 2 and
=(g+8)/2) measured (%)
R, 0.181 0.184 0.178 3 15
R, 0.276 0.279 0.270 3 04

Rs 0.399 0.412 0.400 3 0.2
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4. Conclusions

An approach to numerically modelling the piezoresistivity effect in thick-film resistors
was presented, with special emphases on the evaluation of the material model parameters.
The combined experimental and mathematical procedure for evaluating the thick-film
piezoresistor’ s gauge coefficients was implemented to determine the gauge coefficients for
two commercial thick-film resistor materials deposited on three different ceramic sub-
Strates.

The results obtained from eval uating gauge coefficients for different thick-film resistor
materials processed on the same ceramic substrates show that some materials exhibit
isotropic piezoresistive properties, as in the case of material A, for which the same value
for the longitudinal and the transversal gauge coefficientswere obtained (g, = g,). For some
other materials, as in the case of material B, the longitudinal gauge coefficient is higher
than the transversal gauge coefficient (g, > g,), indicating an anisotropic material property.
Further analyses revealed that both thick-film resistor materials considered in this case
study have almost the same gauge coefficients when printed and fired on alumina and
zirconia substrates. A possible interpretation of this result is that the materials are
compatible and there are no interactions between these ceramic substrates and the thick-
film resistors which would influence the material piezoresistive properties. A noticeable
reduction in the gauge coefficients that was observed for both thick-film resistor materials
processed on the LTCC substrates can be aresult of the interaction between the substrate
and the resistor material, which results in changes to the material properties. Another
possible explanation of this effect is that the compliance of the LTCC ceramicsissimilar to
or even higher than the compliance of the thick-film resistor, such that the clamping-to-the-
substrate effect resultsin smaller GFsthat would normally be expected. Thisfinding offers
anew perspective for the advanced analyses of thick-film piezoresistive structures.

To verify the evaluation procedure, FE models of the treated test patterns were built in
which experimentally obtained gauge coefficients were used as the material input. The
good agreement between the simulations and the measurements validated the model.
Comparison of the results of the simulations with the measurements of the test resistors R,
Rg and Ry, which were not considered for the evaluation of the gauge coefficients,
confirmed the regularity of the evaluation procedure and accuracy of the experimental
results. Future work will include some thermal aspects related to this problem.

The results presented show that the proposed FE model is capable of providing reliable
and accurate simulation results and could be used for numerical analyses aimed at
optimizing the design of different pressure-and |oad-sensing applications.
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