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 In the present work, cost-effective strain gauges were fabricated by using inkjet 
printing and photonic curing on flexible and recyclable PET substrates. Ohmic 
resistance (a.k.a. DC resistance) (R0) and complex electrical impedance (Z) as a 
function of test frequency were characterized, respectively, with the state-of-the-
art electronic testing equipments. For the fabrication process, commercially 
available silver nanoparticle (AgNP) inks and substrates were used. In order to 
validate the in-house cantilever beam measurement setup and devices, first, 
commercially available metallic foil strain gauges (with the provided gauge 
factor GF=2.0 by the manufacturer) were tested at different locations. 
Thereafter, the printed strain gauges were investigated with several repetitions 
at different measurement locations. The measurement results demonstrated an 
affordable, rapid and tailorable design and repeatable fabrication approach for 
strain gauges with GFavg~6.6, which has potential applications in remote sensing 
and structural monitoring applications. 
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1. Introduction 

Strain gauges are electromechanical sensing devices created from thin conductive lines on 
top of a rigid or flexible substrate, which are then attached to the measurement region [1, 
2]. The resistance, capacitance, impedance or piezoelectric characteristics of such devices 
change when the measurement region is subject to any source of deformation [3, 4]. They 
can be fabricated by depositing metallic film onto substrates, photolithography, screen 
printing, aerosol or inkjet printing, to name a few [5, 6, 7]. Due to their cost-effectiveness, 
tailorable design, high bendability and stretchability, flexible printed strain gauges have 
been gaining grounds, e.g. in healthcare applications, wearable device technologies, 
structural health monitoring and intelligent packaging solutions [8, 9, 10]. 

Despite their advantages and applicability, their electromechanical characteristics may 
vary a lot due to the fabrication processes, for which the micro-structural variations and 
fabrication repeatability play critical roles. For instance, in case of inkjet printing, which is 
based on deposition of ink droplets to create conductive traces with, e.g. silver (Ag) or 
copper (Cu) nanoparticles (NPs), porosity, thickness and roughness at the boundaries of 
the traces have dominant effect on both electrical and mechanical characteristics of the 
designed devices [11, 12, 13]. To be able to improve such characteristics, e.g. strength and 
electrical conductivity, multiple layers of deposition and sintering methods have been 
proposed and widely applied in the literature [14, 15]. It has been observed that sintering 
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effectively agglomerate NPs by densifying and bonding them together while deposition of 
multiple layers increases the thickness of the conductive traces; hence, the electrical 
conductivity [16, 17]. 

Traditionally, strain gauges are fabricated as metallic foils arranged in grid patterns and 
used in Wheatstone bridge configuration. The bridge usually measures the DC voltage 
change on the strain gauge exposed to the applied loads F. For the metallic foil strain 
gauges, it is sufficient to characterize the initial reference ohmic resistance (a.k.a. DC 
resistance) R0 and gauge factor (GF), which expresses the sensitivity of the strain gauge, as 

the resistance change  −
0

=R R R  with respect to 
0

R  and strain  , i.e. [18] 

𝐺𝐹 =
𝛥𝑅/𝑅0

𝜀
 (1) 

For off-the shelf commercial strain gauges, ~2.0GF  is quite common while higher   values 

have been achieved, e.g. ~3.0GF  and ~5.0GF  with inkjet printing by Rahman et al. and 

Kravhcuk et al., respectively [19, 20, 21]. Nevertheless, variations exist in electrical 
characteristics of the printed strain gauges with the frequency shifts when they are 
deformed as a result of F. These changes can be explained with the uneven distribution of 
the conductive ink of the printed patterns resulting in microscopic inductance (L) and 
capacitance (C) changes subjected to F. Hence, this means that the printed strain gauge 
may function as resonant (LC) circuit with its specific resonant frequency ωr. Therefore, in 
addition to R0, frequency response ω and frequency dependent impedance of printed strain 
gauges   +( )= ( ) ( )Z R jX , which is composed of resistance ( )R  and reactance ( )X

, should be measured. Such characterization is especially useful for matching the 
impedance with the circuitry used in passive strain gauge measurement telemetry system, 
through which the strains can be remotely read [22, 23, 24]. 

The current study presents a framework for the fabrication and characterization of novel 
printed strain gauge design, which can function as resonant (LC) circuit and has 
prospective uses in remote sensing and structural monitoring. For the fabrication process, 
low-cost inkjet printing equipment was used and the effect of process parameters 
including number of deposited layers, i.e. trace height, and sintering, which was realized 
with photonic curing in the present study, on the conductivity was investigated. For the 
electromechanical characterization, a cantilever beam structure and an impedance 
analyzer were used to understand the frequency response of the printed strain gauges 
within the range of 0-500 MHz as function of ε due to F and to compute ωr, which was 
around 200 MHz for the present design. Therefore, it was possible to compute reliable GF 
values by means of the defined frequency bandwidth of 49-50 MHz, which was a distant 
range from ωr. For the validation of the characterization setup and comparison with the 
printed strain gauges, commercially available metallic foil strain gauges were used. The 
validation and comparison studies demonstrated that the printed strain gauges were 
promising with the ~6.6GF  while the commercial ones were measured to have ~1.8GF
, out of which 10% measurement error was deduced (in comparison with the provided 

= 2.0GF  by the manufacturer). 
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2. Materials and Methods  

2.1. Design, Fabrication of Low-Cost Printed and Photonic Cured Strain Gauges 

 

 

Fig. 1 Geometric and fabrication process parameters of the inkjet printed strain gauge 

The strain gauge pattern as designed and represented in Fig. 1 were parametrically created 
in Mathematica technical computing software and transferred as scalable vector graphics 
(.svg) to Inkscape open-source drawing software. The generated files were printed onto 
A4 size Mitsubishi NB-TP-3GU100 transparent polyethylene terephthalate (PET) special 
media, which has microporous Al2O3-PVA single-sided coating and sheet thickness of 
135±12 μm. The conductive ink used on the NB-TP-3GU100 special media was Mitsubishi 
NBSIJ-MU01 silver nanoparticle (AgNP) inkjet printer ink, which was also purchased from 
Mitsubishi Paper Mills Ltd. The ink was loaded to the black ink cartridge of Epson Stylus 
C88+ inkjet printer (5760 dpi x 1440 dpi resolution) (please, see Fig. 2) with the following 
printer software settings: "Matte Paper - Heavyweight", "best photo" and "gray scale". For 
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increasing the print quality and registration for the special media and AgNP ink, "High 
speed printing" option was set off. 

 

Fig. 2 Printing and measurement devices: (a) Epson Stylus C88+ printer, (b) In-house 
photonic curing device, (c) HIOKI IM7587 impedance analyzer and IM9202 test 

fixture, (d) light microscope equipped with 6.3 MP Swiftcam digital camera, (e) height 
measurement for printed traces with L&W Optitopo system 

In order to characterize the conductivity and formulate an optimal printing process, strain 
gauges were fabricated with one, two and three printed layers, i.e. passes over the same 
pattern. Moreover, a custom photonic curing system with 1500 W flash device was also 
assembled, the components of which were purchased from Xenon Flash Tubes LLC 
(www.xenonflashtubes.com), and implemented to sinter AgNPs for approximately 15 
seconds immediately after the printing process was over for each layer. The microscopic 
structure investigations and R0 measurements (as later provided in Results section) were 
thereafter carried out. For R0 measurements, TENMA 72-7745 multimeter was used while 
6.3 MP Swiftcam microscope digital camera apparatus was used for the microscopic 
analysis. In order to measure the printed trace height and generate the height maps, L&W 
Optitopo surface roughness measurement device was used as depicted in Fig. 2. By means 
of this device, a pattern of shadows was created by illuminating the sample surface from a 
small angle. Then, by utilizing two images of the same area illuminated from opposite sides, 
the height maps for the printed strain gauges were generated in μm scale. The 
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measurement area was taken as 32 mm X 32 mm, which is the maximum range achieved 
with L&W Optitopo, and the resolution and bandpass were 15.625 μm and 0.01-0.5 mm, 
respectively. In order to analyze the height uniformity, the height profiles were measured 
over rows (top-center-bottom) on the grids of the printed strain gauges. 

2.2. Experiment Setup and Measurement System for Characterization 

In order to evaluate the performance and understand the characteristics of the printed 
strain gauges, a slender cantilever beam as schematized in Fig. 3 was built so that only 
bending moments (eliminating the shear) were taken to be the dominant source of 
deformation. Here, l is the distance between the fixed end and applied load F; x, b and h are 
the distance between the fixed end and strain gauge center, beam breadth and height, 
respectively. At the free end of the beam, a 3D printed plate was attached with a single 
screw to provide an easy way of applying load F at the specified distance l=390 mm. For 
this purpose, a set of calibration weights was used, and deflections, strains and electrical 
characteristics of the printed strain gauges and the commercial reference gauges (RS PRO 
4 mm 120 Ω metallic foil strain gauge with the gauge factor GF=2) at two different beam 
locations, x=120 mm and 170 mm, were measured (please, see Fig.3). 

 

Fig. 3 Cantilever beam: (a) schematic diagram, (b) setup with the test fixture and 
digital dial indicator gauge 

The conductive pads of the printed strain gauges were firmly attached to 10 cm wires with 
conductive copper tape. Thereafter, the strain gauges were taped to the measurement 
location x and pressed with a support plate in order to have a firm grip of the strain gauge 
and provide correct bending and stretch/contraction over it. The wires were then 
connected to a Hioki IM9202 test fixture as shown in Fig. 2(c), which was then connected 
to IM9201 test head used by the Hioki IM7587 impedance analyzer for measuring R and Z 
of the strain gauge. The measurements were carried out by sweeping a signal frequency 
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range of 1-120 MHz with LCR-mode on, which was repeated ten times to obtain the average 
and the standard deviation. The shortest possible frequency interval of 0.1 MHz provided 
by the device was used while samples were taken with the impedance analyzer application 
provided by Hioki capable of sweeping and saving the data as .csv file. In all the tests, 
applied load F was adjusted in order to provide the beam deflections of δ = {0, 0.3, 0.6, 0.9, 
1.2, 1.5, 1.8, 2.1, 2.4} mm with a tolerance of ±0.05 mm at the measurement locations, 
which were later converted into strains   by using the formula sets provided in the 

Appendix. As shown in Fig. 3, an RS Pro electronic digital indicator gauge with ±0.02 mm 
accuracy and 25 mm range were used for the deflection measurements. 

Results and Discussion 

3.1. Effects of Printed Layers and Photonic Curing 

In order to understand the conductivity changes with respect to the fabrication parameters 
and provide repeatable process solutions, a set of measurements were carried out by using 
n=10 printed strain gauges. Through these measurements, the effects of number of printed 
layers and photonic curing on the printing quality and resistance of strain gauges were 
analyzed. For this purpose, one, two and three layers of AgNP ink were deposited onto the 
substrate, respectively, where the sintering was carried out with photonic curing of 1500 
W for approximately 15 seconds. The height profiles depicted in Fig. 4 demonstrates that 
both printed layers and curing have positive effect on the trace height. However, as a 
negative effect, the increase in number of printed layers caused spreading of the ink; thus, 
undesired increase in trace width. In addition to the height profile measurements, as seen 
in the microscope images of Fig. 5, photonic curing combined with multiple layers of 
printing was also observed to provide more consistent and denser traces. For instance, Fig. 
5(b) for one layer of print without any sintering shows that some of the deposited ink 
droplets were not connected to the agglomerate. As a result of these unconnected droplets 
of the printed structure, the resistance was observed to be as high as R0= 157±5 Ω for the 
designed and printed strain gauges. However, after printing and curing the second layer, 
there was a drastic reduction in the resistance of R0= 65±2 Ω on average, which continued 
to drop to R0= 45±1 Ω on average with additional third layer and photonic curing (please, 
see Fig. 5 (f)). Interestingly, the resulting resistance of three-layer strain gauge is close to 
50 Ω that is common standard for matching different circuits [25]. In addition, the effect of 
adding more than three layers on the conductivity was obtained to be negligible; thus, 
three printed layers with photonic curing was taken as the fabrication parameters for the 
present designed strain gauges. 

 



Kerminen et al. / Research on Engineering Structures & Materials 7(4) (2021) 647-660 

 

653 

 

.  

Fig. 4 Effect of printed layers and curing on the strain gauge height profiles: (a) one 
layer of print no curing (maximum value of 3.28 μm), (b) one layer of print with curing 

(maximum value of 4.35 μm), (c) three layers of print with curing after each layer 
(maximum value of 4.67 μm). The scanned area is 32 mm x 32 mm while the height 
profiles are represented in  μm scale, which were obtained by scanning the center 

rows of the strain gauge grids 
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Fig. 5 Printed strain gauge and light microscope images showing the morphological 
changes due to photonic curing and number of printed layers: (a) digital still, (b) light 
microscope image for one layer of print without photonic curing, (c) one layer of print 

and photonic curing, (d) two layers of print and photonic curing, (e) three layers of 
print and photonic curing, (f) impact of multiple layers and curing on the ohmic 

resistance R0   of printed strain gauge 

3.2. Gauge Factor GF 

 

Fig. 6 Resistance change ∆R with respect to R0 of the printed strain gauges as a function 
of strain within the 49-50 MHz bandwidth: (a) at  x=120 mm and (b) at x=170 mm. 

Error bars refer to the standard deviation while the straight lines represent the mean 
values 
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In order to investigate the accuracy of the built setup and determine the GF of the printed 
strain gauges, measurements were carried out at two different locations on the cantilever 
beam, i.e. x=120 mm and x=170 mm (please, see Fig. 6). As the initial step, frequency 
bandwidth was set to 49-50 MHz for GF measurements because of great impedance 
variations near ωr~200 MHz (as elaborated in the following sections). The chosen range 
provided stable results for GF and beam deflection-impedance correlation. 

For the measurement setup and device validation, the measurements were conducted by 
using the commercially available metallic foil strain gauges with the provided GF=2 by the 
manufacturer datasheet. The measurements at different locations were conducted one 
time with the commercial strain gauges while they were repeated 10 times for the printed 
strain gauges fabricated using three layers and photonic curing process. As a result of the 
measurements with the commercial strain gauges, GF was obtained as ~1.8, showing 10% 
measurement setup and device error. For the printed strain gauges, GF=6.6±0.3 and 
GF=6.6±0.9 were measured for x=120 mm and x=170 mm, respectively. This demonstrates 
that the printed strain gauges provide repeatable results at different measurement 
locations with varying beam deflections. It is also noteworthy that the printed strain 
gauges were obtained to have higher sensitivity when compared with the commercial 
strain gauge measurements. This also shows the application potentials of the the printed 
strain gauges, e.g. in detecting tiny vibrations and daily movements of the human body, 
which can be cumbersome with the conventional gauges [26]. 

3.3. Impedance Z and Frequency Dependency 

 

Fig. 7 Resistance R and reactance X measurements for three printed strain gauges in 
unloaded initial configuration, i.e. no bending 

The resistance and reactance of the printed strain gauges are depicted in Fig. 7. All three 
strain gauges have relatively close frequency responses with ωr around 200 MHz. At ωr, 
the resistance is at its highest value while the reactance changes the phase, which brings 
forth the impact of the fabrication/printing related differences. As seen in Fig. 7, close to 
ωr, all the fabrication/printing originated variations are amplified, which makes it more 
difficult to control the uniformity of the strain gauge behaviour. On the other hand, all the 
strain gauge have relatively close behaviour well below ωr. 

In Figs. 8a and 9a, resistance change ∆R and reactance change ∆X of a printed strain gauge, 
which can be elaborated as the differences between the values measured for deformed 
configuration caused by ε and initial configuration, are provided for 800 MHz bandwidth. 
Below ωr, ∆R has negative dependency while above it is vice versa. The closer the frequency 
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is to ωr, the higher is the ε sensitivity. Besides, as seen in Fig. 7, variances between the 
different gauges were observed to be amplified at around ωr. For sufficiently low frequency 
below ωr, strain gauge resistance has systematic dependency on ε, which is depicted in the 
magnified portion of Fig 8b. This indicates that a printed strain gauge does not have to 
operate only on DC frequency but can also operate on some higher frequency. Around ωr 
and above, it was deduced that the printed strain gauge has to be calibrated. Such 
calibration is needed in order to remove printing related variations between the strain 
gauges and to identify whether there exists negative or positive ε dependency at particular 
frequency. 

Nonetheless, the results in Fig. 9a indicate that the printed strain gauges can measure 
deflections not only by ∆R but also by ∆X. Interestingly, ∆X has higher strain sensitivity 
above ωr. Similar to the ∆R measurements, the ∆X frequency response is mostly 
monotonous below ωr, which was similar to the trend obtained for the ∆R measurements 
(please, see Figs. 8b and 9a). However, it is also noteworthy that the ∆X values of the 
printed strain gauges subjected to bending were observed to be changing from positive to 
negative around 45 MHz, which requires attention in case of reactance based strain 
measurements. 

  

Fig. 8 Resistance change ∆R of one strain gauge under deflection: (a) the whole measured bandwidth, 
(b) restrained bandwidth 

  

        Fig. 9 Reactance change ∆X of one strain gauge under deflection: (a) the whole measured 
bandwidth, (b) restrained bandwidth 

 

In addition to the printed strain gauges, comparative frequency dependent investigations 
for ∆R and ∆X was also carried out with commercially available strain gauges, the plots of 



Kerminen et al. / Research on Engineering Structures & Materials 7(4) (2021) 647-660 

 

657 

which are presented in Fig. 10. For these particular strain gauges, the range of bending 
dependency was obtained to be in much more smaller range than the one for the printed 
strain gauges. Similar to the printed strain gauges, the results for the commercial strain 
gauges in Fig. 10 indicates that there is negative bending dependency of both ∆R and ∆X. 

 

 

Fig. 10 Commercial strain gauge at x=170 mm position: (a) resistance change ∆R, (b) 
reactance change ∆X 

4. Conclusions 

The present study provided a framework for the fabrication and characterization of low-
cost inkjet-printed strain gauges, R  and X of which vary with the applied load F and 
frequency ω. For this purpose, AgNP inks and coated PET substrates manufactured by 
Mitsubishi Papermills were investigated with a focus on the effect of number of printed 
layers and curing on the DC resistance R0. As a result of this investigation on the fabrication 
process, the printing parameters such as number of printed layers and curing were found 
out to have positive effects on the conductivity (with reductions in R0). For instance, one 
layer printed and non-cured strain gauges were obtained to have R0 = 158 Ω on average, 
while R0 = 140 Ω on average was reached after photonic curing, which agglomerates the 
AgNP and increases the conductivity. Moreover, number of printed layers, thus trace 
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height, was another important printing parameter affecting the conductivity. For instance, 
three printed layers and photonic-cured strain gauges resulted in R0=45 Ω and GF~6.6 
(within the frequency bandwidth of 49-50 MHz) on average, which was obtained to be 
slightly higher than the GF values for the strain gauges fabricated with similar inkjet 
printing strategies in the literature. Therefore, these affordable and easy-to-design printed 
strain gauges can be an alternative to the commercially available ones with similar 
dimensions but higher resistance (R0=120 Ω) and lower gauge factors (GF=2). Another 
important outcome of the printed strain gauges was their electromagnetic characteristics 
investigated in terms of impedance over a large frequency range up to 800 MHz. It was 
deduced that they can function as resonant (LC) circuit with their specific resonant 
frequencies ωr. Therefore, they can be used as flexible and tailorable solutions for remote 
sensing and structural monitoring, such as in biomedical, seismic or aviation applications, 
through which the use of heavy-wiring can be minimized. As future studies, degradation 
and temperature dependency under various operational conditions will be also 
investigated, which makes such sensors to be robustly utilized in thermal sensing 
applications such as battery and indoor air temperature monitoring. 
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Appendix 

Based on the provided annotations for cantilever beam geometry and applied point load 
in Fig. 3, the relationship between the beam deflection and strain at the strain gauge 
location can be expressed as follows [27]: 
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Stress in terms of deflection 
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Stress-strain relationship (assuming linear elasticity) 
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Strain in terms of deflection 

( )
  −

−
2

3
= ( )

3
l x h

x l x
 (A.6) 

 

https://doi.org/10.1038/s41467-021-22316-8

