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Abstract—We present a method for manufacturing 3D-printed
strain gauges by means of fused filament fabrication that are
suitable for experimental stress analysis applications. The 3D-
printed strain gauge (SG) is based on a multilayer structure,
which is similar to the design of conventional metal foil SGs.
This involves printing a meander-shaped measuring grid layer
consisting of a conductive compound filament on a layer of non-
conductive PLA that serves as a substrate. In order to evaluate
the strain sensing behavior of the 3D-printed SG, it is bonded
onto a steel plate by means of a cold curing superglue that
undergoes a bending load of 30 N. Here, a finite element analysis
is conducted for determining a proper position that ensures a high
strain while not exceeding the yield strength. Our results show
a reproducible behavior of the change in resistance of the 3D-
printed SG in response to the bending load. Despite an existing
creep that is based on the polymer properties of the filament,
a linear behavior of the change in resistance linearity error of
±4 % is present. Furthermore, the sensitivity of the 3D-printed
SG is four times higher than that of conventional metal foil strain
gauges. Thus, these results confirm that the 3D-printed SG is a
cost-effective alternative for strain sensing applications.

Index Terms—strain gauge, force sensing, 3D-printed

I. INTRODUCTION

Strain gauges (SGs) are one of the most fundamental

sensing devices [1] and enable the conversion of a strain into

an electrical signal [2]. Typically, the conversion results from

a change in resistance into an electrical voltage by means

of a Wheatstone bridge [1]. They are used in transducer

applications for measuring strain, force, pressure or torque

[3] as well as for experimental stress analysis for structural

health monitoring [4], [5]. The most established technologies

for realizing SGs include metal foil SGs, thin-film SGs, thick-

film SGs and semiconductor SGs [6]. In addition to these

well-established technologies, the realization of printed SGs

have recently been investigated, providing an additional but

cost effective alternative method for strain measurement. In

the state of the art, several approaches have been introduced,

where mostly aerosol or inkjet printing techniques are used

to apply a meander-shaped structure to a 3D-printed spring

element [7]–[11]. More recently, approaches based on 3D-

printed SGs made of conductive filament that are directly

printed on a 3D-printed spring element by means of fused

filament fabrication (FFF) have been proven to be a promis-

ing route for sensor-integration [12], [13], while being cost-
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Fig. 1. The 3D-printed SG is based on a PLA substrate and a measuring grid
made of conductive PLA. It is applied with a cold-curing superglue to a steel
plate, which serves as spring element.

effective. However, 3D-printed SGs manufactured by FFF

have not been bonded to metallic spring elements as in the

conventional method by using metal foil SGs and investigated

regarding their strain response. Therefore, an approach for

manufacturing 3D-printed SGs made of conductive filament

is presented in this work, which can be bonded to a structure

that is loaded. This provides a strain measurement, which is

a typical use case in experimental stress analysis applications

for conventional SG.

II. DESIGN AND FABRICATION OF THE 3D-PRINTED

STRAIN GAUGE

In order to use the 3D-printed strain gauge (SG) as a

conventional SG, a two-layer design based on a substrate layer

and a measuring grid layer is used (Fig. 1). The meander-

shaped measuring grid consists of four tracks and an effective

length of 6 mm. For minimizing the impact of cross-sensitivity,

the end loops are designed to feature a larger width than

the measuring grid line width [1], [14]. The outer and inner

radii of the end loops are 1 mm and 0.4 mm, respectively,

corresponding to a U-shape as in the case of conventional

SGs. This design is prepared for FFF using the open source

software PrusaSlicer (Prusa Research a.s., Prague, Czech

Republic). Here, a filament change is provided during an

interruption between the substrate and measuring grid layers.
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The non-conductive substrate layer is based on PLA while a

conductive compound filament (type: Protopasta Conductive

PLA, Protoplant Inc., Vancouver, WA, USA) is used for the

measuring grid layer. The compound (PLA-C) is primarily

composed of PLA and electrically conductive carbon black.

Its conductivity is dominated by the percolation mechanism.

Here, the mobility of dispersed particles inside the material

leads to a reconfiguration of the conductive path, and, thus, to

a change in resistance [15].

Fabrication of the SG is done by using a 3D-printer (type:

Prusa MK3s, Prusa Research a.s., Prague, Czech Republic)

with a nozzle diameter of 0.4 mm and a printing bed temper-

ature of 60 °C. The extruder temperatures for the substrate

and measuring grid layers are 215 °C and 240 °C, respec-

tively. The substrate layer consists of a single layer with a

thickness of 0.2 mm, while the measurement grid consists of

two layers with a thickness of 0.15 mm each. Two layers

for the measurement grid were chosen to ensure a solid

print without unwanted gaps that were present during visual

inspections when printing only one layer. In order to evaluate

the performance of the 3D-printed SG, it needs to be applied

to a spring element. Here, a steel plate consisting of stainless

steel (material no.: 1.4310) is used as spring element.

For determining a proper position for the 3D-printed SG

that features a high strain in the range from 500 µm m−1 to

1000 µm m−1 while not exceeding the yield strength of the steel

plate [16], a finite element analysis (COMSOL Multiphysics

5.6, COMSOL AB, SWE) is conducted. The finite element
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Fig. 2. Simulated strain along the steel plate for an applied load of 30 N, while
the other end of the steel plate is clamped (a). The strain shows the expected
behavior of a bending beam with the maximum strain at the clamping area
(5 mm) and a linear decrease towards the loading end (b).

analysis (FEA) model consists of the steel plate with 3D-

printed SG attached [Fig. 2(a)]. The Young’s moduli of the

steel plate, the PLA substrate and the PLA-C measuring

grid are set to 186 GPa [17], [18], 3.12 GPa and 3 GPa [19],

respectively. This steel plate is clamped at one end and loaded

at a distance of 40 mm from this clamping with 30 N. The

simulated strain along the steel plate shows a linear behavior

[Fig. 2(b)] with an excessive strain at the clamping edge. Thus,

the 3D-printed SG will be positioned at a distance of 10 mm

from the clamping edge, i.e. avoiding the singularities area.

This results in expected strains of the steel plate and printed

SG of 415.4 µm m−1 and 490 µm m−1, respectively.

Finally, the 3D-printed SG is applied to the steel plate at

the predetermined location. Therefore, the application area is

prepared by sanding and subsequent cleaning with acetone.

The mechanical connection of the 3D-printed SG is done by

means of a cold curing superglue (type: Z70, HBK, Darmstadt,

DE), which cures in about one minute under thumb pressure.

This glue is especially used in experimental stress analysis ap-

plications. Electrical contact is established by melting copper

wires into the contact pads using a soldering iron.

III. ANALYTIC MODELING OF THE STATIC BEHAVIOR

The force F applied to steel plate results in a deflection at

the contact point in negative z-direction and forms an angle

ϕ with the horizontal plane. In case of small deflections, the

displacement of the tip of the steel plate in x-direction can

be neglected as well as the transverse contraction of the steel

plate. The small deflection in z-direction is given by [20]

z =
FL3

eff

3Y I
, with I =

bh3

12
, (1)

where Leff is the effective length between the fixed point of

the steel plate and the point of force application. Y and I are

the Young’s modulus and moment of inertia of the steel plate,

respectively. The angle ϕ is given as [20]

ϕ =
3

2
·

z

Leff

. (2)

Considering the difference of stiffness between the steel

plate and the printed SG, it is valid to assume that the

mechanical property of the assembly is defined solely by

the steel plate. Thus, the neutral axis of the whole structure

consisting of the steel plate, PLA substrate and PLA-C grid

is in the center of the thickness of the plate. Since the center

of the PLA-C grid is at a distance d from the neutral axis, the

resulting strain of the grid in x-direction can be calculated as

[21], [22]

∆L = d · ϕ =
dL2

eff

2Y I
· F. (3)

The resistance change due to an applied force can be calculated

as

∆R = S · F, with S = α ·
hL2

eff

2Y I
, (4)

where S is the sensitivity relating the force to the resistance

change and α is the proportionality factor between the strain
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Fig. 3. Experimental setup for subjecting the steel plate with attached SG to
a bending load.

of the PLA-C grid and change in resistance, which has to be

determined experimentally.

IV. EXPERIMENTAL SETUP FOR STATIC LOADING

For evaluating the performance of the 3D-printed SG re-

garding its linearity and sensitivity, a bending load of 30 N is

applied to the steel plate and the change in resistance ∆R

of the 3D-printed SG is measured (Fig. 3). This involves

clamping 5 mm from one end of the steel plate resulting in an

effective beam length of 45 mm. The steel plate is loaded using

a universal testing machine (type: inspekt table 5, Hegewald

& Peschke, Nossen, DE) with a 100 N reference force sensor

(type: S2M/100N with 0.02 % accuracy, HBK, Darmstadt, DE)

via a spherical pin at a distance of 40 mm from the clamping.

First, three full load cycles are performed to minimize settling.

Then, the load is applied with a force-controlled slope of

0.2 N s−1 followed by holding the load for 30 s and subsequent

unloading with the same slope. This load profile is repeated

four times. A digital multimeter (type: DMM 7510, Keithley,

Cleveland, OH, US) is used to measure the resistance of the

3D-printed SG.

V. RESULTS AND DISCUSSION

The bending load results in a correlating change in re-

sistance ∆R of the 3D-printed SG upon which a creep is
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Fig. 4. The measured and analytic change in resistance correlate directly
with the applied force of 30 N and result in changes of 64.3Ω± 1.3Ω and
66.7Ω± 1.8Ω for the loading and unloading cycle, respectively. A nearly
linear drift of the measured resistance over time is present.
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Fig. 5. The four loadings L1 - L4 show a nearly linear response of the change
in resistance of the 3D-printed strain gauge with correlation coefficients R

2

of 0.996 (a). The linearity error of the loadings is within ±4% (b).

superimposed (Fig. 4). This creep results from the polymer

properties of the filament as also reported in [23], which

most likely is caused by a reorganization in conductive paths

of the electrically conductive particles [23]. However, this

needs further investigations of the material used, which are

beyond the scope of this work. The loading and unloading

of the steel plate lead to significant changes in resistances of

64.3Ω± 1.3Ω and 66.7Ω± 1.8Ω with a confidence interval

of 95 %, respectively. These values are averaged over the four

load cycles. Furthermore, the resistance-force characteristics

for the loadings show a nearly linear behavior with correlation

coefficients R2 of 0.996 [Fig. 5(a)]. The linearity error of the

loadings is within ±4% [Fig. 5(b)].

The gauge factor k of the 3D-printed SG is calculated by

k =
∆R

R0

·
1

εSG

, (5)

where R0 represents the base resistance of the 3D-printed SG.

With a base resistance of 18 711.8Ω, the changes in resistance

(Fig. 4), and a strain of nearly 419.4 µm m−1, which is in good

agreement with the simulated strain of 416.7 µm m−1, a gauge

factor k of 8.3 results.

VI. CONCLUSION AND OUTLOOK

This work presents a method for manufacturing 3D-printed

SGs based on a two-layer design by means of FFF that

provide a cost-effective alternative to conventional SGs for

stress analysis applications. Our experiments show that the

3D-printed SG is capable of measuring strain when bonded

to a metal sprint element. A linear change in resistance

is present under load with a sensitivity nearly four times

higher compared to metal foil SGs. Future work is aimed at

investigating and minimizing the creep of the 3D-printed SG

to improve its accuracy and applicability.
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