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Abstract 

Although inorganic thick-film materials are usually very stable, load sensors (i.e. force, torque and pressure) based on the 
piezoresistive effect of thick-film resistors often exhibit some drift, with major contributions stemming from a) temperature 
changes or gradients, coupled with the temperature coefficient of resistance (TCR) of the sensing bridge resistors, and b) ill-
defined mechanical boundary conditions, due to insufficient decoupling, plastic deformation used materials, friction or loading 
errors. These problems also potentially affect test samples for measuring piezoresistive response, a.k.a. the gauge factors. Here, 
we examine and discuss effects on the output signal of simple cantilever force sensors of two disturbances: parasitic loads and 
temperature gradients, and discuss / demonstrate mitigation options, and a system to reliably measure gauge factor. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Thick-film piezoresistive sensors are an advantageous technology for measuring mechanical loads, i.e. force 
(Figs. 1 & 2) [1-3], torque and pressure, given their moderate cost and compatibility with harsh environments. 
Although inorganic thick-film resistors (TFRs) are expected to drift only at high temperature, other effects may lead 
to output signal drift, such as leakage currents in moist environments [4] or minute defects [5]. Moreover, in contrast 
to large parallelogram-type machined force measurement cells, compact low-cost sensors such as shown in Figs. 1 & 
2 have relatively poor definition of boundary conditions. For example, the sensor shown in Fig. 1 uses a ring-on-ring 
loading geometry realised using two rings of thick-film dielectric and silicone adhesive as "hinges". 
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Fig. 1. Sensor for medium compressive forces (≤ 400 N) [2]; (a) photograph; (b) sensing principle (cross section). 

 
Pads: + = positive supply; out = output; 0 = common ground 

Trimming resistors: O = offset, T = TCO, G = gain 

 

 

Fig. 2. Sensor for low compressive forces (≤ 2 N) [1,3]; (a) sensor (top) & with load cell shorn off (bottom); (b) load cell; (c) sensing principle. 

Flexure of the sensitive plate results in slight lateral movements at the rings, and friction there translates into 
signal hysteresis. Using steel balls or silicone adhesive instead of dry friction considerably reduces these parasitic 
forces, with silicone adhesive being the retained solution, as it also provides mechanical attachment. Nevertheless, 
some friction is retained with such a simple expedient, and residual hysteresis up to 1-2% was therefore 
observed [2]. This issue also affects the very similar linear "bridge" geometry [1].  

The cantilever-type sensor shown in Fig. 2 does not have such issues, as it is held only at one end, and local 
phenomena (internal stresses, creep, etc.) at the attachment do not affect the bending moment of the cantilever. The 
nominal response r, i.e. relative variation of resistance R having a longitudinal gauge factor JL, due to a nominal 
bending strain ε arising from a force F, is given, for a cantilever with rectangular cross-section (d = effective lever 
length, b = width, h = thickness), by the following expressions: 

r = ∆R
R

= J L ⋅ε  with ε =
6d
b ⋅h2

⋅
F
E

 (1) 

Note that d may be averaged for a group of resistors, as shown in Fig. 2c. Although inexpensive precision 
bearing-grade balls will provide very repetitive centring of force, parasitic response to a horizontal load F' (such as 
stemming from friction) along the cantilever length will nevertheless be present, as it will contribute to the measured 
bending moment (Fig. 3) with an effective lever arm d' given by: 

d ' = 1
2 h+ hj +D   (2) 

In addition to half the cantilever thickness h, there are contributions from the cantilever-ball joint thickness hj and 
the ball diameter D. For our sensor [1], d = 8 mm, h = 0.40 mm (for 1 N range), hj ~ 0.02 mm and D = 1.00 mm, we 
obtain d'  = 1.22 mm (with the ball being by far the dominant contribution), which yields a sensitivity ratio between 
forces is d'/d ~ 15%. If F' stems from dry friction with a typical coefficient of ~0.2, we can expect significant errors, 
up to ~15%×0.2 = 3%. This model was confirmed experimentally [11] by a slightly different method, i.e. applying 
forces at an angle to generate a horizontal component. 
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Fig. 3. Determination of effective lever lengths d and d' 
for response to nominal F and parasitic F' loads. 

Fig. 4. Samples for measuring gauge factor, with nominal independence on loading 
errors and parasitic horizontal loads. (a) principle cross section; (b,c) layouts of 
sample for measurement of longitudinal (b) and transverse (c) gauge factor. 

Another source of error stems from the proximity, in small cantilever sensors, of the sensing TFRs to the 
attachment point; this makes them sensitive to the stress distribution in the attachment and especially its evolution 
due to creep, relaxation and (for adhesives) moisture effects. This has been verified in soldered cantilevers, where a 
clear trend to more drift with decreasing distance from resistor to solder joint was identified [12]. Increasing distance 
is not practical in compact sensors, as this rapidly decreases d (Figs. 2 & 3) and thus the response. One possible 
solution lies in cantilever structuration techniques [3], but this comes at the cost of increased complexity. 

2. Accurate determination of piezoresistive response with simple samples 

To achieve accurate determination of piezoresistive response / gauge factors with simple, rectangular cantilevers, 
we therefore set out to avoid both aforementioned issues, by a) making the cantilever sufficiently long to allow 
placement of sensing resistors safely away from the attachment and loading zones, and b) avoiding sensitivity to 
lateral forces. The resulting samples are depicted in Fig. 4, and their response given by: 

r = 1
2 J L ⋅∆ε  with ∆ε = 6d

b ⋅h2
⋅
F
E

 (3) 

Although the response is now much lower than that of given by (1), it is nominally independent of loading 
position (provided the resistors are well matched), and the slender cantilever (50.8 × 5.08 mm2, with d = 15 mm) and 
large distances of the resistors from loading and attachment points ensures good immunity against parasitic stresses. 
The corresponding measurement system, which allows simultaneous measurement of 8 samples, is depicted in 
Fig. 5. Load is applied to each sample by weights on a shaft, and the top guide bar may be lifted by a jack (shown in 
Fig. 5a, behind shafts), to automatically unload the samples. The sample holder (Fig. 5d) may be temperature 
controlled; both it and its cover (Figs. 5b & 5c) are thermally insulated by heat shields, and copper tubes attached to 
the hot inside cover ensure a measure of heating of the tip of the stainless steel shafts. The necessity of the copper 
tubes stems from the effect of change ∆Tload in the temperature differential within the cantilever due to contact with 
the shafts upon loading, which, together with the TFR temperature coefficient of resistance TCR, gives rise to a 
parasitic response r': 

r ' = 1
2TCR ⋅∆Tload   (5) 

Although the system was found to be accurate near room temperature, response with large heating was initially 
unsatisfactory before addition of the copper tubes (Fig. 6), due to cooling of the loaded side by contact with the 
metal shafts (Fig. 7a), yielding a temperature difference of up to ~5 K at 100°C. Attachment of the Cu tubes to the 
inner lid layer heats the shaft tips better and cuts this effect by a factor of >15, to <0.3 K (Fig. 7b). 
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 (a) 

 (b)  (c) 

 (d)  (e) 

Fig. 5. System for measuring gauge factor (samples: see Fig. 4). (a) complete system; (b, c) view of cover from below (b, copper guide & shaft 
temperature tubes) and side (c, heat shields); (d) inside sample holder, with samples present at 7 of the 8 positions; (e) close-up of cantilever 

mechanical clamp, with holes for 4 spring contacts to electrically connect the samples.  

   

Fig. 6. Signal during a load-unload cycle at 
30, 65 and 100°C (without Cu tubes), 
yielding large thermal errors at 65 & 100°C. 

Fig. 7. Change in temperature difference due to cooling vs. temperature setpoint, (a) before and 
(b) after addition of the copper tubes. 

3. Conclusions 

Simple cantilevers and other low-cost, compact piezoresistive force sensors are suitable for many industrial 
applications. However, they tend to be more sensitive to measurement artefacts than high-end devices, and care 
must therefore be exercised in application design. A long cantilever design with differential signal cancels out many 
errors, and was introduced to measure gauge factor. However, this design is more sensitive to thermal gradients, and 
therefore requires ensuring uniform heating across the cantilever length. 
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