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Summary: This contribution introduces a guideline for the fabrication of fully 3D-printed torque sensor elements.
Recent advances in 3D printing technology have made it possible to produce objects and functional structures by
employing a variety of 3D printing processes and materials. 3D printing therefore provides an alternative approach
to sensor fabrication. Fully 3D-printed resistive torque sensors, encompassing both the elastic structure and strain
gauges produced by 3D printing processes, are rarely encountered in the literature. Here, we address this gap by
presenting a guideline for the fabrication of fully 3D-printed torque sensor elements. The application of the guideline
is demonstrated through a prototype. The guideline consists of three main steps: ”Design”, ”Fabrication” and
”Evaluation”. As part of the guideline, the combination of different 3D printing materials and 3D printing processes
will be demonstrated. In order to coordinate the different printing processes and materials, an iterative process is
introduced in the design phase. In the second step, ”Fabrication”, the capabilities of a five-axis 3D printing system
are demonstrated. In the final step, ”Evaluation”, the sensor element is calibrated. The aim of this guideline is to
provide an orientation for the future development and research of 3D-printed sensor elements.
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Introduction

Additive Manufacturing, commonly known as 3D
printing, has gained attention in the last years [1].
Numerous 3D printing processes do not only en-
able to fabricate bodies but also functional struc-
tures [2]. This offers potential in sensor manufac-
turing for detecting different physical quantities.
In industrial applications, torque is a critical pa-
rameter. A variety of different sensing principles
can be employed such as inductive, capacitive
or resistive effects for torque measurement. The
resistive effect, commonly implemented through
strain gauges, is frequently applied. In this sce-
nario, strain gauges are attached to an elastic
structure that get deformed under torque. The
resulting strain alters the electrical resistance of
the strain gauge [3]. Recent scientific achieve-
ments demonstrate an alternative fabrication ap-
proach for both elastic structures [4–8] and strain
gauges [9–12], employing additive manufactur-
ing processes. The examination of the current
research status reveals that the elastic structure
of the torque sensors is often fabricated applying
3D printing processes. Commercially available
strain gauges or optoelectronic components are
then integrated onto these structures as sensor
elements. Fully 3D-printed resistive torque sen-
sors, where both the elastic structure and the
strain gauge are manufactured, are rarely found
in the literature. In this contribution, we resent a
guideline for fabrication of such fully 3D-printed
torque sensor elements to address this research
gap. The guideline is illustrated with a practical
example employing the resistive effect.

In the current literature, there are few guide-
lines for fabricated 3D-printed sensors. Schmitz
et al. present a guideline for capacitive touch
sensors in [13]. The guideline consists of the
steps ”3D Modelling”, ”Designing Interactivity”,
”3D Printing” and ”Applications”. A multi-material
3D printer applying fused layer modelling (FLM)
is proposed for the fabrication of the sensors.
The combination of different 3D printing pro-
cesses is not addressed. The literature also pro-
vides general design guidances for 3D printing.
These relate, for example, to the positioning of
components in the build space [14].
No guidelines have been found in the current
literature for the fabrication of 3D-printed torque
sensor elements applying a combination of
several 3D printing processes and conventional
processes. The proposed guideline is made up
of parts of the design concept for sensors pre-
sented in [15] and design rules for 3D printing.

Guideline for sensor development

The general process consists of three main
steps. The first step is ”Design”. In this step,
the CAD model and a mathematical model of
the planned sensor element are created. The
3D printing materials and processes are also
selected. The fabrication of the sensor ele-
ment then takes place in the second step. After
the physical production, the sensor element is
evaluated in the final step, focusing on calibration
of the sensor element. In the following sections,
the three steps are explained in more detail using
an example. Fig. 1 shows the three main steps.
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1. Design

2. Fabrication

3. Evaluation

● CAD model
● Mathematical model and Finite element analysis (FEA)
● Selection of printing materials, 3D printing process
● Selection of 3D printing systems
● Planning the fabrication process

● Determination of the process parameters
● Gradual fabrication
● Surface treatment / preparation
● Postprocessing

● Calibration (reference sensor, standard weights)
● Comparison with mathematical model and FEA
● Determination of the sensor characteristics

Fig. 1: Guideline for the fabrication of fully 3D-printed sensor elements.

Design

The first step, ”Design”, consists of several sub-
steps that together form an iterative process.
(Fig. 2). The iterative process is necessary to
take into account the information gained during
the design step.
CAD-Model: Once the idea and requirements
have been defined, the sensor element con-
cept is visualised applying a CAD model. This
model incorporates the geometry tailored for
the intended application. The CAD model also
serves as the input for finite element analysis
(FEA) and 3D printing. In this contribution, the
”example sensor element” depicted comprises
a cylinder wrapped with conductive structures,
as strain gauges (Fig. 3). This cylindrical de-
sign is suitable for integration into drive trains,
among other applications. During production,
M4 threaded inserts can be fused in, to facilitate
flexible mounting of the sensor element. The
second component of the sensor element com-
prises the conductive structures. Their electrical
resistance changes under the influence of defor-
mation. Conceptually, these structures resem-
ble large strain gauges that encircle the entire
circumference of the cylinder. The orientation
of these structures is set at 45° to the shaft
axis, as this angle corresponds to the orienta-
tion of the greatest strains during torsion [16].
At 90° to each other, two conductive structures
are attached to the shaft. This configuration
enables the utilization of the differential princi-
ple for torque measurement. Once the sen-
sor element has been visualised, the next step
is to create both a mathematical model and
a FEA. The models provide information about
the physical properties of the sensor element.

It is also possible to analyse how changes in
geometry and material parameters affect the
sensor element.
Mathematical model: In general terms, ”[...] tor-
sion means a twisting of a component around
its longitudinal axis” [17]. Consequently, shear
stress τ arises within the component. In correla-
tion with shear γ and shear modulus G, Hooke’s
law for shear can be formulated as [17]

τ = G · γ. (1)
Examining a cylinder, torsion increases linearly
from the pole to the outer surface. Consequently,
the highest shear stresses transpire at the sur-
face of the cylinder. The extent of the final de-
formations of the cylinder depends, among other
factors, on the geometry of the twisted object.
Utilizing the torsional torque Mt and the polar
moment of inertia Wp, the maximum shear stress
τmax can be computed applying [17]

τmax =
Mt

Wp
. (2)

Focusing on the maximum shear stress, equa-
tions (1) and (2) can be combined to [17]

γ =
Mt

Wp ·G
. (3)

Due to the later print orientation and the ’con-
centric circles’ infill pattern, the cross-sectional
geometry of the cylinder consists of several thin-
walled circles. The second polar moment of area
Wp of a thin-walled circle is calculated according
to equation (4), where ro is the outer radius and
ri the inner radius of the shaft [17]. The effec-
tive polar moment of inertia can then be approxi-
mated by adding the individual polar moments of
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Fig. 2: Iterative process in the design step.

inertia of concentric circles.

Wp =
π

2
· ro

4 − ri
4

ro
(4)

In the next step, the connection to the occur-
ring strains must be established. A rectangu-
lar surface element on the cylinder surface is
considered for the derivation (Fig. 4). As a result
of the shear deformations, the rectangle changes
into a parallelogram. This means that strains
occur in diagonal directions. The strains ϵ1 and
ϵ2 then result with equations in [16]

ϵ1 = γ
1

2
sin 2α (5)

ϵ2 = −γ
1

2
sin 2α. (6)

Based on the derived strain, the change in re-
sistance ∆R can now be determined with equa-
tion (7). Here, R is the original electrical resis-
tance and k is the k-factor, which determines the
sensitivity of the strain gauge [18]

∆R

R
= ϵ · k. (7)

cylinder
PA12 CF15

strain gauge
LOCTITE ECI 1011

60 mm

19 mm

19 mm

Fig. 3: CAD model of the developed sensor element.

The explanation from [18] is used to derive k.
The starting point is the relationship described
in equation (8) between the change in length
and the resulting change in resistance. A is the
cross-sectional area of the conductor and l is the
length of the conductor. ζ depends on the ma-
terial and is the specific electrical resistance. In
this article, the geometry of a rectangle with edge
lengths a and b is assumed for the cross-section
of the conductive structures.

R = ζ · l

A
= ζ · l

a · b
(8)

The change in resistance ∆R can be estimated
using the total differential

∆R =
∂R

∂ζ
∆ζ +

∂R

∂l
∆l +

∂R

∂a
∆a+

∂R

∂b
∆b. (9)

After forming the total differential, an expression
for the k-factor can be set up (10).

∆R

R
=

∆l

l
· (1−

∆a
a
∆l
l

−
∆b
b
∆l
l

+

∆ζ
ζ

∆l
l

) (10)

The expression for k is often given by equation
(11). µ is the Poisson’s ratio. It is assumed that
the Poisson’s ratio is the same for both edges
of the rectangular cross-section. η is the relative
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Fig. 4: Rectangular surface element on the cylinder
surface (own presentation based on [16]).

change in specific electrical resistance due to the
strain experienced.

k = 1−
∆a
a
∆l
l

−
∆b
b
∆l
l

+

∆ζ
ζ

∆l
l

= 1 + 2µ+ η (11)

Strain gauges are typically analysed employing
Wheatstone bridges. The design of the sens-
ing element allows the use of a half bridge con-
figuration. For this configuration, the relative
bridge voltage can be determined applying equa-
tion (12). Where UB is the bridge voltage, U0 is
the supply voltage to the measuring bridge, ϵ is
the strain occurring in the strain gauges and k is
the sensitivity of the strain gauges. A k-factor of
3.74 is assumed for the purposes of this paper.
This has been determined from previous mea-
surements.

UB

U0
=

1

2
· ϵ · k =

1

2
· ∆R

R
(12)

FEA: FEA serves as a tool to validate the
mathematical model. The simulation soft-
ware COMSOL Multiphysics, applying the Solid
Mechanics module is used to simulate the sen-
sor element. Material parameters utilized in
both the FEA and the mathematical model are
enumerated in Tab. 1. The values are based on

Tab. 1: Mechanical and electrical properties of the
materials

Description Value Unit
PA12 CF 15
Young’s modulus 2190 MPa

ECI 1011
Young’s modulus 10 MPa

PA12 CF15
Possion’s ratio 0.36 -

ECI 1011
Possion’s ratio 0.4 -

PA12 CF15
Density 1070 kg·m-3

ECI 1011
Density 3000 kg·m-3

information from data sheets. Fig. 5 illustrates
the visual output, depicting the Von Mises stress
at 3 N·m. It is evident that the highest stresses,
and consequently strains, occur at the position of
the conductive structures.

1.4

1.2

1.0

0.8

0.6

0.4

0.2

X 106 N/m2

0.04

Fig. 5: Simulation result of the mechanical stresses of
the sensor element at a torque of 3 N·m.

Selection: Following the iterative process (Fig.
2), this step involves the final selection of ma-
terials and 3D printing systems. The choice of
3D printing materials is influenced by a number
of factors. First and foremost are the require-
ments, such as measurement range or sensi-
tivity. The developed models can be used to
virtually test different materials. The environ-
mental conditions where the sensor will be used
also play a role. These include the tempera-
ture or humidity at the location. The selection of
3D printing materials is determined not only by
the previously defined requirements, but also by
the dependencies resulting from the 3D printing
materials. This aspect includes possible post-
processing such as thermal curing. As a re-
sult, several iterations may be required before a
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suitable combination of materials is found.
There are a large number of different 3D print-
ing processes, which in turn allow a large num-
ber of different 3D printing materials to be pro-
cessed. A widely employed 3D printing process
is FLM. A plastic wire is melted through a nozzle
and then selectively applied to the printing plat-
form. The part is then built up layer by layer [1].
In this example, the cylinder will also be pro-
duced using FLM. Polylactic acid (PLA) or ABS
are often used for FLM [19]. PLA has a Young’s
modulus of 3500 N·mm-2 (tensile test) and a
temperature resistance of 55 °C [20]. In com-
parison, ABS has a Young’s modulus of 1750
N·mm-2 (tensile test) and a temperature resis-
tance of 85 °C [21]. In the context of this contri-
bution, the sensor element is to be made more
robust. Therefore nylon PA12 CF15 was cho-
sen as the printing material. The material con-
sists of polyamide (PA) as the basic matrix and
discontinuous carbon fibres as the fibre rein-
forcement. The reasons for choosing this ma-
terial is firstly the mechanical properties of the
fibre reinforced material. The material has a
higher Young’s modulus (7300 N·mm-2 (tensile
test)) compared to PLA and ABS. This Young’s
modulus is perpendicular to the direction of layer
build-up. Due to the layered structure, 3D-printed
objects exhibit anisotropic properties [14]. The
Young’s modulus in the direction of the layer
structure is therefore lower. Another reason for
choosing this material is its dimensional stabil-
ity over temperature. According to the filament
manufacturer, this is 150 °C [22]. This means
that the sensor element can be used in a wider
temperature range. The temperature resistance
of the material is also crucial for the realisation of
the strain gauges.
The strain gauges are applied to the cylinder sur-
face applying Henkel’s conductive ink LOCTITE
ECI 1011 using the PiezoJet process. This ink
has been specially developed for flexible circuit
boards. As a result, such structures can with-
stand mechanical deformations such as stretch-
ing without damage. This is the basis for the ap-
plication of the resistive measurement principle.
The ink requires a curing temperature of 150°C
to become conductive [23]. Due to the temper-
ature resistance of PA12 CF15, thermal curing
can be carried out without causing any damage
to the 3D printed cylinder.
In total, two 3D printing systems are required
to produce the sensor element. The cylin-
der is printed using the MK3S 3D printer from
PRUSA. The conductive structures are printed
on the 15XSA multi-process 3D system from
Neotech AMT. A special feature of the 3D print-
ing system is the so-called five-axis operation.
Commercially available 3D printers usually work
with a cartesian coordinate system, consisting
mainly of the X, Y and Z axes. In contrast,
the 15XSA 3D printing system has additional
A and B axes that allow the printing platform
to rotate. The five-axis operation allows print-

ing on three-dimensional surfaces. Without this
functionality, the realisation of the sensor ele-
ment would be complex. In addition to five-axis
operation, multiple machining processes can be
integrated into the 3D printing system at the
same time. This means that different 3D printing
processes can be combined with conventional
machining processes such as milling or a pick-
and-place process.
As described in this section, there are a num-
ber of aspects to consider when selecting print-
ing material. These include the properties of the
sensor, the environmental conditions at the point
of use and production-related aspects such as
the curing temperature. The selection of print
materials may, therefore, require several itera-
tions of the design step (Fig. 2).
Planning the manufacturing process: The fabri-
cation of the sensor element consists of several
steps. In the first step, the cylinder is manu-
factured employing the FLM process with Ny-
lon PA12 CF15 as the material. The cylinder is
printed in an upright position to ensure a flat sur-
face for printing the conductive ink. The result-
ing reduction in mechanical properties is partially
compensated by the fibre reinforcement. After
printing, the cylinder is removed from the build
platform and prepared for ink application. The
first step is to melt four M4 threaded inserts into
each side of the cylinder, which act as mounting
fixtures in torque transmission. The subsequent
procedure involves preparing the surface of the
cylinder for the application of conductive ink.
Owing to its layered structure, the cylinder sur-
face is rough. The cylinder is rolled to achieve
a smoother surface. The rolling tool is heated to
induce softening of the material on the surface.
Copper pads are also bonded to the cylinder
for contact. After surface preparation, the con-
ductive structures are 3D-printed using Henkel’s
LOCTITE ECI 1011 silver ink. A Nordson Piezo-
Jet print head is chosen to apply the silver ink.
The PiezoJet print head works on the basis of
the inverse piezoelectric effect, in which a piezo-
electric material is excited by an alternating volt-
age, causing it to deform at the frequency of the
alternating voltage [24]. This actuator, which is
mechanically connected to a plug that acts as a
valve on the nozzle, moves up and down in re-
sponse to the excitation, ejecting the print mate-
rial from the nozzle as droplets. Once the ink has
been printed, the entire sensor element is ther-
mally treated in an oven at 140°C for 20 minutes.
Previous tests have shown that the ink cures
sufficiently at 140°C and has usable conductivity.
The ink was cured at 140 °C to avoid irreversible
deformation of the 3D-printed cylinder. Finally,
the measurement leads are soldered to the cop-
per pads. The planned production process is
shown in Fig. 6.
During the planning phase, new information may
emerge that requires a redesign of the sensor
element, thus initiating the iterative process in
the design step (Fig. 2). Printing tests can
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also be useful to identify potential limitations
at an early stage. The redesign may affect
the characteristics of the sensor element, so all
models will need to be adjusted.

3D printing of the cylinder

Surface preparation

3D printing of the conductive structure

Thermal curing

Wiring

Fig. 6: Planning the fabrication process.

Fabrication of the sensor element
The sensor element is manufactured following
the provided fabrication plan. This section out-
lines the key steps involved. Initially, the sur-
face treatment of the cylinder for ink application
is conducted. The cylinder undergoes manual
rolling using a heated foil iron. Fig. 7 illustrates
the cylinder surface before and after treatment.
It is evident that on the untreated cylinder sur-
face, the ink seeps into the crevices between the
printed layers. An even conductive pattern can-
not be achieved, leading to an irreproducible re-
sistance of the conductive pattern.
The conductive structures are applied to the
cylinder surface using the PiezoJet process
in conjunction with five-axis operation. This
necessitates an adapter between the printing
platform and the cylinder, which is also fabricated
from PA12 CF 15 using FLM. The brackets are
employed to elevate the print platform and are in-
dispensable for five-axis operation. The process
parameters for the piezojet process vary de-
pending on the materials utilized. Hence, testing

without 

surface treatment

with 

surface treatment

2.0
5 m

m

2.
05 m

m

Fig. 7: Surface treatment of the cylinder for the ink
printing.

was conducted to ascertain these parameters
before the final printing of the sensor element.
Upon determining the final process parameters,
the conductive structures are generated. Fig. 8
depicts the 3D printing system applying the ink in
five-axis mode. The cylinder rotates beneath the
print head, facilitating the creation of the strain
gauge structure. After printing of the ink, the en-
tire sensor element undergoes thermal treatment
in an oven at 140°C for 20 minutes. The fabri-
cated sensor element is shown in Fig. 9.

Fig. 8: Fabrication of the sensor element during
five-axis operation.

Fig. 9: Fabricated sensor element.
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Evaluation
Following the guideline, the final step is to
evaluate the sensor element in terms of its
metrological properties.
Calibration: The first step involves calibration,
aimed at establishing the relationship between
the measured variable and the output variable.
Initially, the resistances of the conductive struc-
tures are measured employing the Keithley 2450
Sourcemeter digital multimeter. The recorded
resistances are 6.38 Ω (s = 0.77 mΩ) for the first
strain gauge and 6.42 Ω (s = 0.32 mΩ) for the
second.
A customized test stand is utilized to further
calibrate the produced ”example sensor ele-
ment” (Fig. 10). This test stand comprises
a metal plate serving as the base, with three
bearings mounted on it. The sensor element is
affixed to the right side of the test stand, whereas
the two bearings on the left allow rotation of the
shaft around the central axis. The shaft is linked
to a lever arm to apply defined torques to the
sensor element. Controlled forces are applied to
the lever arm using the lbr iiwa robot. This robot
features torque sensors in the joints to exert con-
trolled forces. Burster’s 8431 force sensor is af-
fixed to the robot flange to monitor the forces.
Due to the low resistance of the printed strain
gauges, a 120 Ω resistor is connected in series
with each strain gauge. The structures, along
with the series resistors, are interconnected to
form a Wheatstone bridge in a half-bridge con-
figuration. HBM ’s Quantum X MX440A amplifier
is employed to measure the bridge voltage.

force sensor robot

test stand

sensor element

Fig. 10: Test stand for calibrating the sensor element.

The measured values are then compared with
both the mathematical model and the FEA.
Fig. 11 shows the relative bridge voltage as a
function of the acting torques. When comparing
between the values from the mathematical
model and the values from the FEA, a maxi-
mum deviation of 3.12 % can be observed here.
The deviation can be attributed to the simplifi-
cation in the mechanical calculation. The maxi-
mum difference between the simulated and mea-
sured values in the range from -3 N·m to 3 N·m
is 21.71 % and between the mathematical model
and the measured values is 18.03 %.
The measurement results (torque and relative
bridge voltage) are almost proportional to each

Fig. 11: Comparison of the measured values with the
mathematical models and FEA.

other. This is shown by the linear regression.
Fig. 12 shows the measured values together
with the regression line. This gives a coefficient
of determination of R2= 0.9940.

Fig. 12: Behaviour of the sensor element with regard
to linearity.

Conclusion and outlook
Following the guideline provided, a sensor el-
ement for torque detection was modeled, sim-
ulated, manufactured, and verified. The mea-
surement results confirmed those obtained from
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the previous calculations and simulations. Small
discrepancies between the calculated and simu-
lated values can be attributed to simplifications
in the mechanical calculations. Furthermore, the
results validate the practicality of the guideline. A
crucial aspect is coordinating the various printing
materials and the resulting dependencies. An
iterative process was set up in the design step
to coordinate them. Additionally, the potential
of a five-axis 3D printing system for ink appli-
cation was demonstrated, highlighting its ability
to streamline the process by directly printing the
ink, thus replacing the time-consuming task of
gluing strain gauges. The guideline provides a
systematic approach for the future development
and research of 3D-printed sensing elements.
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