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A process is presented for screen printing of an electrically conductive coating on elastic polymer films to
produce strain gauges capable of measuring large reversible deformations, suitable for use in the medical
industry or for the next generation of industrial robots. The manufacturing process includes cyclical
deformation of the film, film stretching before printing, and film stretching during conductive liquid
application. Film stretching by specialized printing equipment and application of electrically conductive
liquid are described, and performance comparison of strain gauges is provided.

� 2020 Published by Elsevier Ltd.
1. Introduction

Sensors that change electrical resistance with deformation
(strain gauges) are some of the most common types of printed
electronic devices mass-produced by high-capacity manufacturing
equipment [1–5]. Flexible strain gauges printed on paper, polymer
films, and non-woven or woven fabric are used for monitoring the
movement of industrial robots, testing and operating mechanical
devices for various purposes, and to monitor the human muscu-
loskeletal system [2–5]. Strain gauges work on the principle of
change in electrical resistance of wire or metal foil during tensile
strain application.

The maximum deformation limit of commercially produced
strain gauges using wire or metal foil is 2–10% [3,4]. Large defor-
mations over 100% are measured by mercury-containing liquid
metal sensors, which produce a non-linear response to tensile
strain [6]. Therefore, the use of strain gauges in sports, the medical
industry, and the field of soft robotics or wearable electronics is
prohibited or significantly limited.

Strain gauges are developed for specific applications and are
operated by altering the strain gauge dimensions, the electrically
conductive element layer dimensions, the composition of the elec-
trically conductive element, the composition and structure of the
substrate, and the method of connecting the substrate to the elec-
trically conductive element.

For strain gauge manufacturing, various methods are used to
connect the electrically conductive element with the substrate,
such as focused ion beam milling [7], electrospinning [8], injection
[9], and sputtering [10], which impose significant limitations on
manufacturability. Of the research on printed strain gauges pro-
duction, particular interest has been placed on sensors for monitor-
ing the movement of the human body [6,11], requiring
measurement of tensile strain up to 60% [12]. Currently, strain
gauges for this application are made by applying an L-shaped
pre-stretched element cut out of electrically conductive fabric onto
a silicone substrate, followed by the deposition of silver using a
screen-printing method. A distinctive feature of this sensor is the
possibility of measuring not only tension and compression, but
also pressure and bending.

Min et al. [13] presented a more advanced production method
of strain gauges by directly applying silver nanoparticles and
multi-walled carbon nanotubes in an aerosol form onto elastic
polydimethylsiloxane film. These sensors measure tensile strain
up to 74%. However, aerosol printing is problematic due to signif-
icant splashing of droplets during aerosol application and the cof-
fee ring effect due to uneven evaporation of the solvent [13], and
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the electrostatic repulsion of falling droplets near the surface of
target material [14]. This uneven distribution of conductive mate-
rial can lead to the strain gauge elements being connected
improperly, which will result in an incorrect response when the
sensor is deformed. Application of conductive liquid is better con-
trolled with inkjet printing. However, the use of capillary action
limits this method in terms of layer thickness, uniformity, and
spatial resolution of elements [15]. A comparison of technologies
and potential usability of screen printing and inkjet printing to
produce strain gauges for various purposes are given in references
[16,17].

The main problems of strain gauges produced via both methods
are irreversible mechanical separation of conductive particles in
the electrically conductive layer leading to an open electrical cir-
cuit [11,13,16,18], deviations of the shape and dimensions of the
conductive elements from the intended form [19], high coefficient
of thermal expansion of metals used as fillers in the electrically
conductive liquid [20], and low adhesion of the conductive layer
to the elastic polymer substrate. These problems can be partially
solved by introducing additional components to the electrically
conductive liquid that increase adhesion [15,19], utilizing conduc-
tive particles with different properties [7,11,13], pre-stretching the
substrate material [17,19], and additional post-printing heat treat-
ment to remove dielectric layers between conductive particles
[18].

In our previous work [19], polymer substrate strain gauges
capable of measuring large deformations were produced without
the need for complicated processes traditionally necessary for
adhesion of the electrically conductive element with the sub-
strate. However, the stretching and contraction of the polypropy-
lene film were performed using a tensile testing machine.
Therefore, it was not possible to realize immediate film contrac-
tion, which is favourable for the mechanical capture of the con-
ductive liquid. The goal of this work is to study the possibility
of enhancing the adhesion of the electrically conductive layer to
the elastic polymer substrate and create a device for this new
printing process. This requires the design of a new machine spe-
cialized for this purpose. The machine must elastically stretch a
polymer film sheet cyclically, normalize the stretch before the
film is fed into a printing device, and instantly contract the film
after the conductive layer is applied.
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Fig. 1. Initial stretching and contraction cycles of the HEPP polypropylene film: 1 – stretc
contraction to the original length.
2. Materials and methods

2.1. Materials

Sun Chemical Graphite Ink 26-8203 was used as the conductive
printing liquid. Two types of polypropylene materials with differ-
ent structure and physical–mechanical characteristics were used
as a substrate for strain gauges:

� Hard elastic polypropylene films (HEPP), isotactic polypropy-
lene Caplen 020, 30 mm thick.

� Needle-punched cloth made of polypropylene fibers (NWPP)
with 160 g/cm2 mass per unit area.

When these materials are elastically deformed under tension,
the crystalline structure of rigid-elastic films becomes reversibly
microporous. This is known as the dry crazing effect and is mani-
fested in a cyclical change in the color of films in polarized light
[21]. The microporosity of films reaches a maximumwith a relative
elongation of 20% [19].

HEPP test films were subjected to cyclical stretching and con-
traction using a tensile machine with a constant lower grip speed
of 3 mm/s and an amplitude of change in relative deformation of
2–160% (Fig. 1). The NWPP material was not subjected to this test.

According to the data shown in Fig. 1, the HEPP film is elastic
and has practically no permanent deformation. By observing cycli-
cal film stretching and contraction at a speed of 3 mm/s, it is estab-
lished that the film contracts with a speed of at least 3 mm/s, and
the sample does not sag.

2.2. Strain gauge and printing platform design

To study the mechanical and electrical parameters of proposed
strain gauges and to test the printing process, three types of elec-
trically conductive elements, differing in length, were used (Fig. 2).

To obtain strain gauges printed on polypropylene film, a
stretching platform was designed and manufactured. This device
stretches a polypropylene film sheet a single time or multiple
times in the air before printing and a single time when conductive
liquid is applied to the film. Stretching can be carried out to various
degrees of film elongation by lowering a lever and adjusted by
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Fig. 2. The shape and size of printed strain gauges. The length is in millimeters.

Fig. 3. The crank-slider mechanism of the stretching platform. (a) isometric view,
(b) side view. Here, 1 – platform base; 2 – sliding guides; 3 – spring return; 4 – nut;
5 – a bolt; 6 – latch for fixing the film clip; 7 – lever; 8 – connecting bolts; 9 – lever
position lock; 10 – rubber cloth; 11 – platform supports.

Fig. 4. Kinematic diagram of the crank-slider mechanism for calculating the
deformation of the film on the stretching platform: (a) before and after the printing
phase; (b) position during printing.
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Fig. 5. Change in film deformation with the inclination angle u of the lever C on the
stretching platform. Lever length is constant with C = 45 mm, B = 50 mm, and
D = 25 mm.
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changing the lengths of the machine components. An isometric
view and a side view of the stretching platform layout are shown
in Fig. 3(a,b).

To calculate and program film stretching using the stretching
platform, a kinematic diagram of the crank-slider mechanism is
used, which is shown schematically in Fig. 4(a,b).

The stretched length (P = A1 – A0) of the polypropylene sheet is
determined by the angle of inclination (u) and the length of levers
C and B of the crank-slider mechanism as described by Eq. (1). Lev-
ers are illustrated in Fig. 4(a,b).

P ¼ B �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� C � sinu� D

B

� �2
s

� C � cosu ð1Þ
Here, A is the length of the film, B and C are the lengths of levers
B and C, D is the distance from the middle of the slider to the hinge
support, and u is the angle of inclination of lever C. In this case,
deformation e is equal to:

e ¼ A1 � A0

A0
ð2Þ

Stretched film length can be approximated using the linear
equation shown in Fig. 5.

To ensure constant and accurate film strain with increased
printing speed, it is important to securely fix the angle of the lever
C. If it is necessary to increase or decrease the strain, lengths Bx and
Cx, shown in Fig. 6, should be changed by moving the studs to dif-
ferent holes. To demonstrate this possibility, the nodes of the plat-
form’s lever system are denoted with additional letters L, F, K, B, E,
W, and C.

The length A is found as A = Kx – P, where Kx is a constant value
determined by the equipment setup. Bx is the length of the lever
used during equipment setup.
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Fig. 6. Kinematic diagram of the crank-slider mechanism for calculating printing
platform film strain. An explanation of the symbols is given in the text below.
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Fig. 7. (a) HEPP and (b) NWPP strain gauges under tensile strain with different
element configurations. T1, T2, and T3 refer to strain gauge conductive element
geometry shown in Fig. 2.
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Fig. 8. The electrical resistance of printed strain gauges on nonwoven fabric
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P = EL – WF;

EL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bx

2 � BL2
q

A ¼ K� P

BL = Dx – BF; Dx is a constant determined by the equipment
setup;

BF = Cx* sinu; WF = Cx* cosu.
Therefore, by moving point B along the lever WK, length Cx is

changed, which changes the degree of film stretching.

2.3. Manufacturing of strain gauges

This new method of printing strain gauges on polymer films
introduces three additional operations to increase the adhesion
of the electrically conductive layer to the elastic substrate. The first
operation is the stretching and contraction of a hard-elastic poly-
mer film in a gaseous medium (in the air). With this operation, a
structure with open pores is formed. The second operation is the
re-stretching of the film and its fixation in a stretched state, within
the printing machine and under a stencil form. The third operation
involves releasing the stretch so that the film immediately con-
tracts after the conductive liquid is applied. At this stage, a conduc-
tive liquid is introduced onto the film under the action of
atmospheric pressure (vacuum in the pores) and the liquid is cap-
tured by closing pores when the film is returned to an unstretched
state.

This process achieves a similar measurement range as strain
gauges manufactured by the fabrication of electrically conductive
composite fibers as described in [25,29]. However, the presented
process requires only a commercially available polypropylene film,
a stretching platform, and conductive ink. The process can be auto-
mated for mass-production.

2.4. Testing methods

Electrical and mechanical characteristics of strain gauges pro-
duced using film stretching and screen printing of electrically con-
ductive elements are shown in Figs. 7–9. In order to show
uncertainty in reported measurements, error bars for resistance
measurement were determined experimentally. Ten identical sen-
sors were made by screen printing using newly designed stretching
equipment (Fig. 3). For each sample set, a different shape of the
electrically conductive element (Fig. 2) was used. The current–volt-
age characteristics of the samples were measured with current
varying between 5 mA and 100 mA, and the resistance of the sen-
sors was therefore determined. Then, the resistance of the sensors
with deformation varying from 0 to 70% was recorded, and the
average values of electrical resistance of the sensors and the stan-
dard deviation of the measured values, reflected by vertical lines in
Figs. 8 and 9, were calculated.
2.5. Strain gauge characterization

As seen in Fig. 7, the usable range and sensitivity of the strain
gauges can be adjusted by changing the configuration of the elec-
trically conductive elements. The largest recorded value of ulti-
mate strain for NWPP substrates is achieved using an element
with a short, linear configuration, while the smallest recorded
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Table 1
Comparison of gauge factors, tested strains, and sensor materials for strain gauges.

Sensor material Gauge factor Max.
tested
strain (%)

Ref.

Silver nanoparticle ink 3 (3–10% e) 270* [24]
Silver coated polystyrene/PDMS 27.6 (0–60% e) 140* [25]
Graphene nanoplatelets/NCYR/PDMS 4.5 (15–150% e)* 150 [26]
Graphite oxide/PVDF 14.5 (0–15% e) 16* [27]
MWCNT/PVA 0.7 (2–10% e) 10 [28]
Silver nanowires/PDMS 0.7 (0–50% e) 50 [29]
Graphite ink 23.3 (20–70% e) 70 This

work

* Estimated from a graph.
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value of ultimate strain is achieved using a long, zigzag configura-
tion (Fig. 7b). For the HEPP film substrates, the opposite was
observed, with the zigzag configuration capable of recording the
highest strain (Fig. 7a).

The electrical resistance of the strain gauges depends on the
thickness of the conductive layer (Fig. 8). The thickness of the layer
is adjusted by changing the gridline mesh used in screen printing.
When the thickness of the conductive layer is 10 lm, the linear
strain measurement range is 0–3%. When the thickness of the con-
ductive layer is 60 lm, the linear range of strain measurement is
0–8%. When the thickness of the conductive layer is 85 lm, the lin-
ear range of the strain measurement is 0–18%. Printed strain
gauges can be used as mechanical switches or open circuit sensors
by programming a specific resistance into an electrical circuit and
choosing the appropriate conductive layer thickness. A threshold
resistance of 20 kX is achieved at 5%, 13%, and 20% elongation with
10 lm, 60 lm, and 85 lm layer thickness, respectively. Strain
gauges capable of measuring tensile strain over 70% can be manu-
factured using the proposed machine (Fig. 4), where the initial
stretching of the film substrate is determined by kinematic param-
eters of the crank-slider mechanism. This requires a new method
of applying the electrically conductive liquid to the stretched film
and the use of liquids with low viscosity.

Fig. 9 shows the change in electrical resistance of the printed
strain gauge with the tensile strain. The relative tensile strain mea-
surement range is 0–70%. The difference in strain gauge resistance
between the stretching and contraction phases for equal strain
does not exceed measurement error. As can be seen, the 500 kOhm
resistance corresponds to a strain of nearly 40% during loading and
30% during unloading. Therefore, the error in measuring strain in
this range is ± 5%.

The stability of strain gauge performance during large cyclic
deformation is a result of polymer substrate peculiarities and the
conductive layer adhesion mechanism. During stretching, crazing
occurs on the polypropylene film surface, resulting in the forma-
tion of nanopores and micropores [22]. Crazing initiates on the first
stretching operation. The high specific energy of the craze mor-
phology decreases during conductive liquid application due to
the adsorption of liquid surfactant. Instant contraction of the film
after contact with conductive liquid allows the liquid to be
mechanically captured, which fills the substrate pores with electri-
cally conductive particles. After pores shrink and the solvent is
pressed out due to film contraction [23], electrically conductive
particles are concentrated on the film surface and are in contact
within the film, producing strain gauges with high electrical con-
ductivity and large cyclical deformation capability.
Table 1 compares the characteristics of strain gauges in this
work with others capable of measuring large deformations. As
can be seen, strain gauges manufactured using our methods pro-
vide a high gauge factor and a large range of measurable strain.
To calculate the gauge factor, data for the HEPP film with a 5 lm
conductive layer were used. The nominal resistance and elongation
values were taken at 20% strain instead of the unstrained state, and
only the 20–70% strain range was considered. This is necessary
because the resistance of the unstrained sensor is near zero for this
particular sensor configuration, leading to an extremely high gauge
factor when this point was used for calculation. To compensate for
nonlinearity, the gauge factor was found individually for each
available 20–70% strain range data point. These data were then
used to calculate the average gauge factor, listed in Table 1.

3. Conclusions

A new method and machine are proposed for screen printing
strain gauges on hard-elastic polypropylene films, allowing for
measurement of tensile deformation up to 70%. The amplitude of
film stretching during printing is adjusted by changing the rota-
tional angle of the lever and/or the length of the crank-slider ele-
ments. A comparative performance assessment of strain gauges
of various shapes printed on polymer films by applying graphite
in a liquid form is presented.
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