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Abstract 
Force and pressure sensors based on the piezoresistive properties of thick-film resistors have recently found wide 
application due to their low cost, reliability, and relatively good precision. Achieving high elastic mechanical strains is 
important to maximise the sensor response, and better substrates than the standard 96% alumina such as yttrium-stabilised 
zirconia (YSZ) and zirconia-toughened alumina (ZTA) have therefore been investigated in this work. The substrate 
materials were characterised with respect to compatibility with thick-film resistors, and to the effect on the mechanical 
strength of processing steps (scoring and breaking, laser cutting) and of the presence of overlying thick films. 
Two factors were found to considerably reduce the short-term mechanical strength of the substrate materials: processing 
(laser scored or cut edges), and the presence of heavily alloyed (3:1) Ag:Pd metallisation. This was respectively attributed 
to the presence of microcracks at the edges, and to the glass frit in the Ag:Pd. On the other hand, the Au conductor, resistor 
and overglaze layers used in the miniature test force sensor had little effect on the strength. 
Compatibility with thick-film piezoresistive sensors seems to be better for ZTA than for YSZ: ZTA has less influence on 
the properties of the resistors, has better thermal expansion matching, and higher thermal conductivity (less thermal drift).

1. Introduction 

1.1. Background 

Force and pressure sensors based on the 
piezoresistive properties of thick-film resistors have 
found wide application due to their low cost, reliability, 
and relatively good precision [1].  

Achieving high elastic mechanical strains in these 
sensors is desirable to maximise the sensor response, but 
the standard alumina material used for thick-film 
substrates is not optimal, due to its very high elastic 
modulus and comparatively low strength. 

1.2. Potential substrates 

Steel substrates have been used for some 
applications [2], and, recently, the authors have achieved 
extremely high sensor responses on titanium alloys [3]. 
While metals would be the ideal solution for industrial 
pressure sensors, there are still issues regarding high-
temperature stability (dimensional stability during firing, 
oxidation, degradation of mechanical properties, stresses), 
which in practice restrict metal-based thick-film sensors 
to relatively stiff sensors, for measurement at moderate 
accuracy of intermediate to high forces and 

pressures. Also, metals are relatively unsuited to making 
tiny cells such as the miniaturised cantilever-type force 
sensor depicted in Fig. 1. 

 

 
Figure 1. Miniaturised cantilever force sensor [4]. 

Cantilever dimensions: 12.8 x 3.0 mm. 
 

Low-temperature co-fired ceramic (LTCC) is a very 
promising candidate due to its low elastic modulus, but 
reliable strength and integration data is still lacking.  

Zirconia is an excellent mechanical material, with 
much higher strength and lower elastic modulus than 
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alumina. Its main drawbacks are high price, low thermal 
conductivity (thermal drift), and potential compatibility 
issues with standard thick-film compositions [5]. 

An interesting compromise is zirconia-toughened 
alumina (ZTA). Its strength is higher than alumina, while 
retaining most of its thermal conductivity. Also, 
compatibility with thick-film compositions should be 
better (chemical composition and temperature coefficient 
of expansion, TCE, are closer to alumina). 

1.3. Effect of processing and overlying films 

As ceramics are brittle materials, their strength is 
limited by defects. Processing steps such as laser cutting, 
or scoring and breaking off, potentially introduce defects 
much more severe than the original defects present at the 
surface or in the volume of the substrate, Moreover, the 
presence of thick films themselves can affect the strength 
of the measurement cell, by acting as crack initiating 
sites, or by reacting with the substrate. High-strength 
substrates, having very small initial defects, are expected 
to be much more affected by defects due to processing 
and overlying films. 

1.4. Division of this work 

This work is divided as follows: section 2 relates 
general experimental procedures. Section 3 gives results 
on the effect of substrate processing (scoring & breaking, 
cutting) on the strength of blank substrates. The effect of 
overlying conductor compositions is treated in section 4, 
and section 5 treats the characteristics of complete load 
cells comprising conductor lines, resistors and overglaze.  

2. Experimental 

2.1. Sample preparation 

Alumina (Al2O3, Kyocera A–476 96% purity 
standard thick-film grade unless otherwise mentioned), 
YSZ ("zirconia", ZrO2, various suppliers), and 
ZTA (Ceramtec) substrates ca. 0.25 mm thicknesses were 
used for testing. Individual cantilevers were prepared by 
laser scoring the substrate and then breaking off 
individual pieces unless mentioned otherwise (in 
section 3). 

Overlying thick films were applied by screen 
printing on the face of the substrate which is stressed in 
tension during the mechanical tests, and fired in a belt 
furnace using a standard 850 C, 10 min profile, except for 
overglaze (630 C, 10 min). 

2.3. Mechanical testing 

The beam-shaped samples were mechanically 
stressed in bending, as shown in Fig. 2. The load was 
applied with a Royce Instruments 552 tester, with a 
TABTM–2KT 2 kgf (ca. 20 N) push cell. Typ. 20 samples 
were tested for each condition. Total test duration to 
breakage was ca. 5 s. Some samples in section 3 were also 
tested by classical 3–point bending. The given strength 

values are averages, with error bars corresponding to the 
standard variation. 

 

 
Figure 2. Mechanical testing jig. 

L range: 5.0 to 12.0 mm 
b range: 3.0 to 5.0 mm 

h range: 0.16 to 0.28 mm 

3. Separation method (zirconia & alumina) 

3.1. Scoring & breaking 

Zirconia (suppliers: Kyocera, ESL, and Coors) and 
96% alumina (Kyocera A–476) samples were prepared by 
laser scoring & breaking of substrates. Two lasers (H&P: 
industrial CO2, high pulse energy, LPM: small YAG 
trimming laser, low pulse energy) were used for this 
operation. The edges of some samples were polished with 
1000 grit paper prior to testing (with direction of 
polishing parallel to length of sample), in order to provide 
a reference state with relatively undamaged edges. We 
hence have three states for each material: 

1. Front side: the side scored by the laser beam is under 
tensile stress during testing. 

2. Back side: the unscored side is under tensile stress. 
3. Edges polished: any damage to the edges made by 

scoring or by breaking the sample off the substrate is 
removed by polishing the edges. 

 
The initial strength values are given in Fig. 3. The 

damage (microcracks) done to the edges by scoring has a 
quite deleterious effect on the strength, especially for the 
high-strength zirconia substrates. This is understandable 
due to the very small flaws in these high-quality 
materials, which are then dominated by the flaws due to 
scoring. 96% alumina has larger flaws, and is hence less 
affected. Reducing the scoring pulse energy (LPM vs. 
H&P laser) reduces flaw size, and considerably lessens 
the effect of scoring on zirconia, and eliminates it 
altogether on alumina. 

On the other hand, the edge created by breaking 
alone (the unscored side) is relatively free of processing 
defects: no difference is observed between the simply 
broken-off samples and those with polished edges. 
Sensors where the edges of the substrate are 
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stressed (cantilevers) therefore must have the unscored 
side under tensile stress. 
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Figure 3. Strength of zirconia and alumina samples 

prepared by scoring & breaking substrate. 
 

3.2. Annealing of scored & broken samples (zirconia) 

Annealing experiments (2 h dwell time at 
temperature) were carried out on the zirconia (Kyocera) 
samples to see if the damage due to scoring could be 
reduced. The results are shown in Fig. 4. 

Strength is somewhat improved by annealing, with 
an optimum range of 1000–1200C. However, this also 
reduces the strength of the unscored side. 
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Figure 4. Strength of Kyocera zirconia samples as a 

function of annealing temperature. 

3.3. Laser cutting and annealing 

Zirconia (Kyocera), 96% and 99.6% alumina 
(Kyocera A–476 and A–493) were here prepared by laser 
cutting (H&P industrial laser). Laser cutting is important 
for some applications were the sensor cannot have a 
simple rectangular shape, and is also used to make the 
trough-holes in hybrid substrates. Furnace annealing tests 
(2 h dwell time at temperature) were carried out to see if 
the damage brought about by cutting can be subsequently 
"mended". 

The resulting strength values are given in Fig. 5 
and 6 (front side facing the laser beam). The as-cut loss of 
strength, compared to samples with unscored or polished 
edges, is ca. 20% for 96% alumina, 40% for 99.6% 
alumina and 60% for zirconia, and is slightly more severe 
at the back side of the substrate. As expected, the high-
strength alumina and zirconia substrates suffer most from 
the damage wrought to the edges by cutting. 

The annealing response varies according to material. 
While no improvement is observed for 96% alumina, 
annealing partially reverses cutting damage for 
99.6% alumina (40%  20%, optimum temperature 
ca. 1300 C) and zirconia (60%  45%, optimum 
temperature ca. 1000 C). 

 
Figure 5. Strength of alumina samples prepared by 

laser cutting, as a function of annealing temperature. 
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Figure 6. Strength of zirconia samples prepared by 

laser cutting, as a function of annealing temperature. 
 

4. Effect of overlying conductors on strength 
Conductor lines were screen printed on cantilever 

samples (unscored face) according to Fig. 7. Different 
combinations of substrate materials and conductive 
compositions were investigated. 

Substrate materials 

• Alumina 96%, Kyocera A–476 

• ZTA, Ceramtec 

• Zirconia, Coors 

Conductor compositions 

• Au: ESL 8837 (thin), Du Pont 5744 (standard) 

• Ag-base: ESL 9912 (Ag), ESL 9695 (Ag:Pd 25:1) 

• Ag:Pd 3:1, fritted: ESL 9635B, DP 9473 & 5104 
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Figure 7. Samples for conductor tests. 

 

 

The results of the mechanical tests, done with the 
conductor-carrying face  in tension, are given in Fig. 8, as 
absolute values (a) or relative to blank substrates (b). Two 
categories of conductor compositions are clearly observed 
for all substrate materials: 

• Conductors containing no or little glass frit (Au and 
Ag-base) provoke little or no degradation of 
strength. 

• Fritted Ag:Pd conductors (high Pd content) strongly 
degrade the strength of the substrates. As in the case 
of processing defects, degradation is more severe for 
high-strength substrates than for alumina. 

 
Figure 8. Effect of conductors on substrate strength. 

 

Although the presence of important quantities of 
glass frit is the most probable cause of the strength 
reduction, the mechanism through which this occurs is yet 
unclear, and require further investigation.  Reaction with 
the underlying substrate, giving a weak layer, or the 
presence of crack initiators in the glass frit, are possible 
mechanisms. 

5. Complete load cell circuit 

5.1. Strength of cells vs. blank substrates 

The tested cantilever load cells were those of the 
force sensor depicted in Fig. 1. They contain the 
following thick-film compositions under stress:  Au 
lines (ESL 8837), measuring resistors (Du Pont 2041), 
and overglaze (ESL G–481). The same substrate materials 
as in 4.1 (alumina, zirconia and ZTA) were used for these 
experiments. 

The strength values for load cells are given in Fig. 9, 
compared with equivalent, blank cantilevers of the same 
substrate materials. The strength values are nominal for 
the load cells, e.g. they apply to the substrate material and 
do not take into account the stiffening of the cantilever by 
the presence of the films. 

 
Fig. 9. Strength of blank cantilevers vs. complete 

screen-printed force sensor load cells. 
 

The strength of the cantilevers is not adversely 
affected  by the overlying films, except slightly on 
zirconia, where the dispersion of the results increases 
considerably. For alumina and ZTA, the apparent increase 
of strength is due at least partly to the increase in 
thickness brought about by the overglaze. 

The good observed results are remarkable, given the 
fact that the glassy overglaze and resistor materials are 
not considered to have high strength. However, glass 
coatings similar to these materials were found by other 
researchers [6] to have a strengthening effect. 

5.2. Resistor properties 

Du Pont 2041 resistors were screen-printed and fired 
on the substrate materials studied in 5.1, and their 
resistance and temperature coefficients of 
resistance (TCR, given between room temperature and 
100 C) measured. Two sets of samples were made: 

• Resistors printed directly onto the substrates. In 
this case, the properties are influenced by both the 
difference in TCE and by the different chemical 
resistor-substrate interactions. 

• Resistors printed onto substrates covered with 
dielectric (ESL 4913). In this case, the chemical 
interactions of the resistors being identical, only the 
effect of TCE is present. 
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While all resistor values were in the normal 
range (slightly low on zirconia), TCR, given in Table 1, 
was found to depend strongly on the substrate: 

• Both alumina and ZTA exhibit similar resistor TCR 
values, directly on the substrate or on ESL 4913 
dielectric.  One can therefore conclude that the 
relatively small TCR shift on ZTA vs. alumina is 
mainly thermomechanical, e.g. due to the differential 
TCE of the two substrate materials, coupled with the 
resistor gauge factors. 

• On the other hand, large TCR shifts vs. alumina are 
observed on zirconia, and the magnitude of the shift 
depends on whether the dielectric is present or not. 
This indicates that the TCR shift is both 
thermomechanical (expected from the high TCE) 
and chemical in nature.  

 

Substrate 
material 

TCR 
[ppm/K] 

on 
substrate 

TCR 
[ppm/K] 

on 
dielectric 

Alumina   +10 +15 
ZTA   +37 +34 

Zirconia +178 +90 
 

Table 1. TCR of DP 2041 resistors. 

6. Conclusions 

6.1. Substrate processing 

 Careful substrate processing (scoring and breaking, 
or cutting) is very important for applications where the 
edges are subjected to mechanical stress, such as 
cantilever sensors. Processing of substrates by laser has a 
strong effect on their strength, which can only partially be 
restored by annealing. Working with smaller, less 
energetic laser pulses seems to preserve the strength better 
than with large ones. 

 The traditional scoring and breaking technique gives 
very good results for the unscored substrate side: no 
significant strength degradation is observed, even for 
high-strength ZTA and zirconia substrates. 

6.2. Overlying films 

Provided the films are chosen carefully, it is possible 
to utilise the full strength of alumina, of ZTA and 
(almost) of zirconia to obtain maximum piezoresistive 
sensor response. 

On the other hand, there are thick-film compositions, 
such as fritted Ag:Pd conductors, which have a quite 
deleterious effect on the strength of all the tested substrate 
materials, even of alumina. 

6.3. Compatibility of substrates with thick-films 

 Compared to alumina, the standard, both ZTA and 
zirconia allow vastly improved sensor response. While 

this improvement is theoretically larger for zirconia than 
for ZTA (about 40%), due to its slightly higher strength 
and especially its much lower elastic modulus, ZTA is 
more compatible with thick-films and can more easily act 
as a "drop-in" improved replacement for alumina: 

• TCR of the measuring resistors is little affected on 
ZTA, but very strongly increased on zirconia, which 
can give rise to thermal drift. 

• Thermal drift on thin zirconia load cells is also 
increased by the low thermal conductivity of this 
material. ZTA, on the other hand, is only slightly 
less conductive than alumina. 

• Thermal expansion of ZTA is only slightly higher 
than that of alumina. The much larger expansion of 
zirconia can give rise to high stresses when using 
standard thick-film materials designed for alumina. 
This is especially problematic on thin zirconia 
substrates, which tend to warp strongly. 

• Adherence and chemical compatibility of the films is 
expected to be better on ZTA, due to its main 
chemical constituent being alumina. 
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