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Abstract

In this contribution, we present a novel, fully 3D-printed sensitive gripper jaw for high grip-
ping forces up to 40 N. The fabrication process is based on fused layer manufacturing, in
which two different materials are sequentially extruded. The gripper jaw is based on a sen-
sor design with multiple-stacked bending beams and four sensor elements, each printed
directly into one of the upper and lower bending beams. The research focuses on the sen-
sor design of the gripper jaw, the mathematical description and simulation, the fabrication
process, the electrical characterization of the sensor material, and the sensitivity behavior
of the gripper jaw in terms of zero-point deviation, characteristic value deviation, linearity
behavior, repeatability, and viscoelastic behavior. In addition, the gripper jaw is compared
with a similarly manufactured gripper jaw with conventionally attached strain gauges, as
well as with other comparable fully 3D-printed sensors to classify the sensor quality. The
results demonstrate that the fully 3D-printed gripper jaw is partially suitable for sensitive
and fragile components. The gripper jaw is well suited for detecting the gripping state (part
gripped / not gripped).
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HIGHLIGHTS GRAPHICAL ABSTRACT

Fully 3D-printed functional gripper jaw.
Structural and sensing functions inte-
grated in a single additive process.
Simulation and analytical model are con-
sistent with experimental results.
Sensor shows a high gauge factor of 3.8
compared to conventional metals.

High gripping force of 40 N achieved.
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Keywords: In this contribution, we present a novel, fully 3D-printed sensitive gripper jaw for high gripping forces up to 40 N.
3D-printing The fabrication process is based on fused layer manufacturing, in which two different materials are sequentially
Fully ?D»prirfted.force sensor extruded. The gripper jaw is based on a sensor design with multiple-stacked bending beams and four sensor
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characterization of the sensor material, and the sensitivity behavior of the gripper jaw in terms of zero-point
deviation, characteristic value deviation, linearity behavior, repeatability, and viscoelastic behavior. In addition,
the gripper jaw is compared with a similarly manufactured gripper jaw with conventionally attached strain
gauges, as well as with other comparable fully 3D-printed sensors to classify the sensor quality. The results
demonstrate that the fully 3D-printed gripper jaw is partially suitable for sensitive and fragile components. The
gripper jaw is well suited for detecting the gripping state (part gripped / not gripped).
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1. Introduction

Ensuring safety in industrial and collaborative robotics is one of
today’s central issues. In this context, the robot and its peripherals,
such as the gripper, must be considered [1,2]. This requires measuring
and controlling the gripping force acting on the workpiece with appro-
priate sensors [3,4]. Commercial grippers typically estimate this force
indirectly via motor current measurements in the drive train, as also
confirmed by Saadatzi et al. [3]. In contrast, our approach enables the
direct measurement of the force acting on the gripper jaws. Another as-
pect of sensitive gripping technology is the handling of sensitive and
fragile components [3,4]. In this case, the adaptation of the gripper
or the gripper jaws to the respective components by means of conven-
tional manufacturing is a significant cost driver, which can be reduced
by additive manufacturing [3,5,6].

1.1. Motivation

3D printing, a subset of additive manufacturing, has expanded sig-
nificantly in materials and manufacturing processes since its inception
in 1986 [7,8]. Over the past few years, it has increasingly been ap-
plied to the fabrication of robotic grippers and gripper jaws. Recent
studies demonstrate the versatility of this technology, ranging from me-
chanically customized designs [2,5,9-12] and fiber-reinforced structures
[13] to concepts with integrated sensing or actuator functionalities,
including soft robotic approaches [6,14-22]. Recent developments in-
clude processing conductive materials to fabricate electrical circuits
and components [7]. Three manufacturing processes are available: hy-
brid approach, conductor infusion, and multi-material printing. In the
hybrid approach and conductor infusion, the printing process is inter-
rupted to allow the integration of electronic components into a structural
component or the application of ink, paste, or adhesive in a subse-
quent process. In contrast, multi-material printing does not interrupt the
printing process because all materials (conductive and non-conductive)
are processed in one process [23-26]. Another approach is to create a
structural component with cavities filled with liquid metal paste [27].

A subset of 3D-printed electronics is 3D-printed sensors. In robotics,
3D-printed force or strain sensors have proven particularly useful in
robot gripping systems due to their high sensitivity [27,28]. In many
cases, strain gauge technology is used for force sensing, which is con-
sidered one of the most fundamental sensing devices [4,26,29]. The
function of these sensors is based on the principle of resistance change
during deformation. The piezoresistive behavior of the sensor element
leads to a change in resistance caused by a change in the geometry
of the conductor paths and a change in the specific resistance of the
sensor material during deformation [4,25,28-31]. The sensitivity of the
sensor elements is defined by the k-factor (gauge factor), relating the rel-
ative resistance change to the applied mechanical strain [4,28,31,32].
The strain gauge is typically evaluated with temperature-compensated
half- or full-bridge circuits with a coupled low-cost evaluation unit
[4,15,26,33]. The ability to fabricate strain gauges utilizing 3D print-
ing allows for fast, inexpensive, and easily customizable force sensors
and the possibility of placing strain gauges in locations within the com-
ponents [26,33]. 3D-printed force sensors provide a low-cost alternative
to conventional strain gauges [29]. In this context, additive manufactur-
ing offers additional advantages. It allows single-step, fully automated
fabrication [5-7,17,34], provides high design freedom to integrate struc-
tural and functional elements [6,7,26,27,34-36], and enables geometry
adaptation for specific stiffness or shape requirements [2,5,6,17].

Conductive materials are essential for the fabrication of 3D-printed
electronics and sensors [22,32,34]. These materials include conduc-
tive inks, pastes, adhesives, or conductive polymer composites [8,23].
Examples of inks include silver inks, nanosilver inks, and gold nanoparti-
cle inks [7,26,27,33,37]. The advantage of nanoparticle inks is the lower
curing temperature, which depends on the particle size. This ranges
from 150 °C to 250 °C [26]. Conductive polymer composites consist
of a polymer with a conductive filler [7,22,38]. Both elastic and rigid
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materials are utilized as the base. Examples include PLA, ABS, PEEK,
or TPU [22,23,33]. Fillers can be carbon nanotubes (CNT) in the form
of single or multi-walled carbon nanotubes (SWCNT, MWCNT), carbon
black, graphite, graphene, metal powder, or silver flakes [22,23,25-28,
32,33,37,39]. Contact between the filler particles in the polymer matrix
forms a conductive path through the polymer [24,32,38]. Conductive
polymer-based materials are often applied to manufacture strain gauges
[33]. The advantage compared to metals is the higher sensor sensitivity
with a k-factor of more than 100,000. In addition, polymer composite
sensors have a cycle life of up to 180,000 [28]. Conductive inks and
pastes are an alternative, but they are more expensive and have a high
melting point above 250 °C for curing [7,26]. In addition, they cannot
be processed on a non-customized 3D printer [8]. The disadvantage of
conductive polymer composites is their high resistivity.

Conductive polymer composites are typically processed by fused
layer manufacturing (FLM). A significant advantage of this method is
the ability to combine different materials including conductive polymer
composites in a single process [22-24]. This allows electrical circuits
and components to be integrated directly into the 3D-printed structure
[24], enabling the fabrication of robotic grippers and gripper jaws with
integrated sensors [6,14,15,19,21,22]. Using this method, the sensor el-
ements can be placed inside the 3D-printed components, which is not
possible with conventional manufacturing methods [26]. Alternative
methods for fabricating 3D-printed sensors include stereolithography,
direct light processing or projection stereolithography, polyjet, and
aerosol jet [26,29].

1.2. Contribution

This contribution proposes a sensitive gripper jaw with the proper-
ties of a multiple-bending-beam structure and embedded piezoresistive
sensor elements made of a polymer composite material with an extended
gripping force range of 0 N up to 40 N. The design is based on Hangst
et al. [18], with the difference that this sensor is entirely fabricated
using 3D printing. An analytical and numerical model approach are pre-
sented to describe the sensitive behavior of the gripper jaw. Missing
material properties for the model adaptation are determined based
on measurement results. The work focuses on a detailed description
of the fabrication of the sensitive gripper jaw and its characteriza-
tion based on experimental investigations, including a discussion of the
results.

2. State of the art

There have been many reports in scientific journals and confer-
ence proceedings on fabricating 3D-printed force sensors. These papers
include both partially and fully 3D-printed sensors made of polymer
composites. The following overview focuses exclusively on resistive,
strain-gauge-based force sensors embedded in structural components
fabricated using the FLM process, excluding sensors integrated into soft
robotic grippers and highly flexible designs.

One of the most essential partially 3D-printed force sensors for micro-
scale applications is the strain gauge micro force sensor presented by
Qu et al. [35,36] to determine Young’s modulus of polydimethylsilox-
ane samples with different cross-linking degrees. The spring body of the
load cell was fabricated on a Prusa i3 3D printer using PLA as the print
material. The sensor has a sensitivity of 1.369 V/V/N and a linearity
deviation of 1.14 % with a measuring range of 0 N to 0.18 N. Another
example is a three-axis micro force sensor measuring contact force on
freely moving Drosophila larvae by Pan et al. [40]. The sensor was fab-
ricated on an Ultimaker 2 using TPU as the substrate. The sensor has a
measurement range of 0 N to 0.012 N in all three axes, a sensitivity be-
tween 22.42 V/N and 74.80 V/N, and a linearity deviation of less than
2 %. The bridge voltage is not specified. A sensor for higher gripping
forces was presented by Hangst et al. [18], featuring a sensitive gripper
jaw for robot grippers. Using a multiple-bending-beam structure, an in-
creased measuring range of 0 N up to 40 N at a defined deflection of
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the gripper jaw was achieved to reduce contact impacts during the grip-
ping process. The spring body or measurement body was manufactured
utilizing PETG on a Prusa MK3S printer. The sensor has a sensitivity of
0.148 mV/V/N and a linearity deviation of 0.14 %. The strain gauges
were manually applied and connected to a Wheatstone full-bridge
circuit.

The polymer strain gauge by Chadda et al. [29] and the fully 3D-
printed force sensor by Herbst et al. [15] are among the most essential
fully 3D-printed force sensors. Chadda et al. [29] demonstrated a sensor
in which a conductive material was printed on a non-conductive sub-
strate and glued to a stainless-steel body with superglue to function as a
force sensor. The strain gauge was fabricated on a Prusa MK3S printer
using conductive PLA as the sensor material and non-conductive PLA as
the carrier material. The sensor was designed for a maximum force of
30 N in combination with the stainless-steel body and showed a sensi-
tivity of 2.18 Q/N, a linearity deviation of +3 %, —4 %, and a k-factor
of 8.3. The strain gauge was evaluated via a digital multimeter instead
of a measuring bridge. Building on this concept, Herbst et al. [15] ex-
tended it by fabricating the entire sensor, including the printed spring
body. The sensor was designed for a maximum force of 20 N with a lin-
earity deviation of 3.6 % and was evaluated using a half-bridge circuit.
It was fabricated on a Raise3D printer using conductive PLA as the sens-
ing material and non-conductive PLA as the carrier material. The sensor
concept was later integrated into gripper jaws, demonstrating the poten-
tial of fully 3D-printed sensitive gripper jaws to detect object grasping.
Another example are two low-cost load cells with four strain gauges by
Andria et al. [26] and Stano et al. [33]. In this case, conductive PLA was
used as the sensor material and TPU as the support material. The load
cells were fabricated in a fully automated process on an Ultimaker 3
dual extruder. The fabrication time was about two hours, and the pro-
duction cost was less than three Euros. The evaluation was performed
with maximum sensitivity and temperature compensation using a full-
bridge circuit. The measuring range of the sensors is 0 kg to 0.1 kg with
a sensitivity of 88 mV/V/kg. The linearity deviation is not specified.
Analogous to the partially 3D-printed sensor by Pan et al. [40], Kim
et al. [24] present a fully printed multi-axis force sensor. The sensor
is made of TPU and a TPU/CNT nanocomposite material and has a re-
sistance per sensor element in the two- to three-digit kiloohm range.
It was manufactured using a Makerbot 2X Replicator 3D printer with
dual print heads. The sensor has a measuring range of 0 N to 4 N, and
neither sensitivity nor linearity have been specified. The different sen-
sitivity and measuring ranges of all the sensors depend on the stiffness
of their spring bodies and the piezoresistive properties of their sensing
materials.

All fully 3D-printed force sensors show significantly higher inaccu-
racies compared to partially 3D-printed sensors. It can be concluded
from the state of the art that all 3D-printed force sensors (partially
and fully 3D-printed) are currently only designed for small force ranges
up to the single-digit Newton range. Exceptions are the partially 3D-
printed sensitive gripper jaw by Hangst et al. [18], the 3D-printed
polymer strain gauge by Chadda et al. [29], and the fully 3D-printed
sensor by Herbst et al. [15]. In Hangst et al. [18], higher forces are
possible due to a special multiple-bending-beam structure. In Chadda
et al. [29], the stainless-steel plate mainly picked up the force. In
Herbst et al. [15], higher measurable forces result from a stiff beam
design that causes asynchronous deformation. The reason for the pri-
marily small measuring ranges is the lower load capacity compared
to metals [8]. Except for Hangst et al. [18] and Herbst et al. [15],
the force sensors described in the literature are not integrated into
robot gripper jaws, although they are based on the same functional
principle. In sensitive gripper jaws, we found that most sensors be-
long to the field of soft robotics [6,14,16,21-23].02. In this case, the
focus is more on detecting the gripper fingers’ positions to determine
whether an object is grasped or not, rather than measuring the applied
force.
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3. Materials and methods

In this section, we present the materials and machines used, the ma-
terial selection, the gripper jaw design, the analytical and simulation
approaches for the mechanical and electrical sensor behavior, the 3D-
printing fabrication process and sensor element interconnection, the
measurement setup, and the arrangements for the measurements of the
fully 3D-printed sensitive gripper jaw.

3.1. Materials and machines

We used polyethylene terephthalate glycol (Prusament PETG Signal
White, Prusa Research) as the base material for the gripper jaw.
Polylactide with carbon black filler (ProtoPasta PLA-C, Protoplant) was
utilized as the conductive sensor material or polymer composite. The
gripper jaw was fabricated on a 3D printer using the FLM process (Prusa
MK3S, nozzle diameter 0.4 mm). The material change was performed
manually through several print interruptions. Constantan wire, solder,
self-adhesive copper foils, silver ink, and epoxy adhesive were used to
connect the sensor elements to the measuring bridge on a circuit board.

3.2. Material selection

PETG is a good printable, semi-crystalline engineering material. The
advantages include good mechanical properties up to a glass transition
temperature of 80 °C, low creep, low humidity permeability, and resis-
tance to chemicals and humidity. PLA has mechanical properties similar
to PETG at room temperature. The disadvantages are a low glass tran-
sition temperature between 45 °C and 65 °C and embrittlement under
UV radiation [38].

Based on the advantages mentioned above, PETG is the base ma-
terial of the gripper jaw. The PLA-C from Protopasta used by Chadda
et al. [29] was chosen for the conductive material, considering its good
sensor properties with a linearity deviation of about +3 % to —4 % at
a k-factor of 8.3. The combination of both materials is possible due to
similar printing temperatures. The disadvantage of PLA regarding em-
brittlement due to UV radiation can be eliminated by embedding the
material into the component. The glass transition temperature of 45 °C
to 65 °C is also sufficient since gripper systems are usually used at room
temperature. Even at higher temperatures, the surrounding PETG acts
as a mold support and insulator, protecting the PLA.

3.3. Gripper jaw design

The gripper jaw design was adapted from Hangst et al. [18] and
is based on a conventional single-point load cell with two bending
beams (see Fig. 1a). This design was extended with several-stacked bend-
ing beams to form a multiple-bending-beam structure (see Fig. 1(b),
enabling an almost parallel gripping of components with a flexible cus-
tomization of the force-bending ratio. This ratio can be adjusted for
specific applications by varying the number of bending beams and their
thickness. The advantage of large deflections of the gripper jaw is that
contact shocks are reduced by a delayed increase in force, improving
the response time of downstream systems. Another advantage of the
multiple-bending-beam structure compared to a double-bending-beam
structure is the lower maximum mechanical stress in the component
at the same deflection. This allowed conventional strain gauges to be
applied at large deflections.

The significant difference compared to the partially 3D-printed sen-
sitive gripper jaw designed by Hangst et al. [18] is the extension to a
fully 3D-printed sensitive gripper jaw. The complete gripper jaw is fab-
ricated in a single process using this approach. In addition, the sensor
elements are embedded directly into the gripper jaw. The arrangement
of the sensor elements is based on the literature [18,26,33,35,36]. The
sensor elements were embedded in the second lowest and second high-
est beam for a better connection of the individual sensor elements in a
3D-printed circuit board housing at the front end of the gripper jaw (see
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Fig. 1. Schematic representation of different gripper jaw structures. (a) Double-
bending-beam structure, (b) multiple-bending-beam structure.
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Fig. 2. Gripper jaw design with seven bending beams and four sensor elements.

Section 3.6.1). The sensor elements are each located one layer (0.2 mm)
below or above the closest surface to protect them from environmental
influences.

Fig. 2 shows the gripper jaw with sensor elements 1-4 and the
corresponding force application and clamping. The gripping surface is
customizable and has been omitted to simplify the illustration. The over-
all geometric dimensions of the sensor are 127 mm X 40 mm X 17.2 mm
(length, width, depth) with the circuit board housing and 90 mm X
20 mm x 17.2 mm (length, width, depth) without the circuit board hous-
ing. The individual beams in the center of the jaw are 26 mm long with a
beam thickness of 1.6 mm. The spacing between the beams is 1 mm. The
measuring grids of the polymer composite sensor elements are arranged
in a meandering pattern with a length of 20 mm and extend beyond the
regions of significant bending stress along the beams. On one side, they
end shortly before the points where bending stress reverses, and on the
other side, they extend onto the solid part of the gripper jaw. This is
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to improve the adhesion of the conductor tracks by increasing the con-
tact area. Previous tests have shown that different material pairings can
partially separate under load. In addition, the reverse loops have been
placed far from any stresses to optimize force transfer and eliminate a
predetermined breaking point transverse to the load direction. This also
ensures good force introduction into the tracks by increasing and de-
creasing the load per track. A final benefit is the print quality before
and after the reversal loops due to the reorientation of the print head.
This results in a conductor track that is as homogeneous as possible in
the force range.

The arrangement and structure of the sensor elements can be opti-
mized to match the magnitude of the output signal for future work. This
is not necessary for verifying the sensor behavior. The dimensions of the
sensor elements extend over the entire width of the base body with a
conductor track cross-section of 0.8 mm X 0.4 mm (width, depth) each.
This corresponds to two adjacent printing tracks on two layers which is
twice the nominal printing resolution defined by the nozzle diameter.
The distance between the traces in the grid and between the grid and
the edge is also 0.8 mm each, the same as the width of the conductor
tracks. The lengths of the traces to the pad of sensor elements 1 - 4 are
different, at 285.8 mm, 385.2 mm, 285.8 mm, and 385.2 mm, respec-
tively. The difference is due to the supply lines, which are all routed to
the left side of the circuit board housing. Sensor elements 1 and 4 (or-
ange sensor elements in Fig. 2) and 2 and 3 (green sensor elements in
Fig. 2) are, therefore, connected in series for evaluation with a total line
length of 671 mm each for symmetry. The rear sensor elements have
two additional conductors to compensate for the supply lines that pass
through the front sensor elements. The sensor elements are connected
to a Wheatstone half-bridge circuit on a circuit board by contacting the
individual pads of the tracks. This was done with self-adhesive copper
foil, silver ink, and solder—-for details see Sections 3.6.2 and 3.6.3.

3.4. Analytical approach

An analytical approach with the following simplifications allows an
approximate description of the sensor behavior:

« Ideal parallel deformation of the gripping surface using a fixed clamp
and a vertical parallel displacement.

Consider only one of the 1.6 mm thick bending beams for the
mechanical calculation.

Ignore the total moment of inertia of the area with respect to the
center axis of the spring body / base body.

Ignore Poisson’s ratio in the mechanical calculation.

Use the mechanical properties of PETG for both materials due to the
small volume fraction of the sensor material.

The calculation of the sensor behavior is based on Hangst et al. [18].
The extension considers the leads’ length to the individual sensor ele-
ments. While the cross-sections of the connecting wires are larger for
standard strain gauges than the conductor tracks in the measuring grid,
for this design, the cross-sections of the supply wires and the individual
conductor tracks in the measuring grid are the same. This means that
the contribution of the length of the leads to the magnitude of the sensor
output signal is more significant and cannot be neglected. We performed
the calculation of the sensor behavior in two steps. In the first step, the
effective change in the length of all sensor elements is determined by a
mechanical calculation. Fig. 3 shows the simplified model based on the
two bending beams from Fig. 2 with the corresponding sensor elements.
Based on the symmetry and context of

Ity = Intgy = Intgg = Intyg )
and
AlMl2 =—A1M34 =—A1M56 =A1M78, 2)

the change in length is the same for all sensor elements. Therefore, it
is sufficient to calculate the mean strain in the measuring grid area of



N. Hangst, T.M. Wendt and S.J. Rupitsch

X1 X2 3
s I,
» A AV
i 7/
' N T - w(l)
we) T | 7;
/ 7/
v
z
()

Sensors and Actuators: A. Physical 399 (2026) 117334

X5
) i - /N
T A»
A\
a:
Y g 7
................... i
wo f
/
v
z
(b)

Fig. 3. Sketches of the simplified sensor model of the gripper jaw for the analytical approach. (a) Sensor elements on the upper layers of a beam, (b) sensor elements

on the lower layers of a beam.

one sensor element of a beam (Fig. 3(a), top left). In the second step,
the differential voltage U, is calculated from the bridge voltage, the k-
factor, and the changes in length of the tracks of all sensor elements with
the corresponding initial lengths. In our case, the k-factor for rectangular
cross-sections with the edge lengths « and b and the specific electrical
resistance ¢, defined by

Aa Ab o AC
—j_-4 _d ¢ _
k=1 a7 ﬂ+ ] =142u+n, 3)
1 ] 1

must first be determined from the measurement results. The first two
terms, 1+2u, where y is the Poisson’s ratio, depend only on the geometric
deformation of the material. The third term, 5, describes the material-
dependent piezoresistive effect. The change in electrical resistance in
metals is mainly due to the geometry factor. For semiconductors, the
material-dependent piezoresistive effect dominates [31]. The k-factor is
always specified for standard strain gauges, approximately 2. The user
has to evaluate conductive materials due to the lack of manufacturer
specifications.

The fourth-order differential equation, according to the beam theory
of Euler-Bernoulli, is utilized as the basis for the mechanical calculation
of the bending line w

EIuwY =g, (€]

The Young’s modulus E, together with the moment of inertia I, equals
bending stiffness, and ¢, is the dead weight of a beam. Since the dead
weight of a beam is many times smaller than the applied force F, this
term is neglected and set to zero. The bending moment
F /

o= (o)
is obtained by multiple integrations of (4) with appropriate boundary
conditions. The total force F applied to the gripper jaw is evenly dis-
tributed over the number of beams N. Integrating (5) over the limits x,
and x, divided by their length /,,,, gives the mean bending moment

Wity = = [ Meax ©
Mya Jx

The mechanical strain e;, is then obtained by applying the Euler-
Bernoulli beam theory together with Hooke’s law. The axial strain at
the sensor layer is proportional to the local curvature —w!'l, resulting in

_ M)

TR @)

e =—wl(x) a,

where q, is the signed distance from the neutral axis to the sensor layer.
Consequently, the strain ¢,, for the sensor segment is expressed as

M(lpg,,)
S T ®

Due to the applied coordinate system and the sensor element position
(Fig. 3(a), top left), a, is negative. After calculating the strain ¢,,, the

Table 1

Mechanical and electrical properties of the applied materials.
Parameter PETG PLA-C
Yield strength 46 MPa > PETG
Young’s modulus 1930 MPa 3000 MPa
Poisson’s ratio 0.42 ~ PETG
Density 1,270 kg-m™3 1,240 kg-m™
Specific resistance N/A 10.04 Q-cm
k-factor N/A 3.8

effective change in length of the tracks of all sensor elements can be
determined by

|Alges| =4‘1M12 Nyt €12 9

where 4 denotes the total number of sensor elements in the jaw, /,,, is
the measuring length of the measuring grid area of one sensor element,
and n,, is the number of tracks per sensor element. After the mechanical
characterization, the differential voltage U, of a Wheatstone half-bridge
can be expressed by

|Alges|
Up = LU,k &), (10)
2 lges

where U, is the bridge voltage, k is the k-factor, and /g is the to-
tal length of the conductor tracks of all sensor elements, including the
supply lines.

3.5. Simulation

The simulation of the sensor behavior is based on the Finite Element
Method (FEM) using a linear elastic model and a stationary study
with COMSOL 6.3. The material parameters are listed in Table 1.
Experimental tests determined the properties of PETG according to DIN
EN ISO 527-1. The print directions of the samples corresponded to the
print directions of the gripper jaw. Since PETG is an insulating material,
the values for electric resistivity and k-factor are neglected. For the con-
ductive PLA-C, the mechanical properties were taken from the literature
[29,38]. Due to the low volume fraction of the conductive material, a
guideline value is sufficient. In contrast, the resistivity and k-factor have
a more significant influence on the behavior of the sensor. They were
determined by our tests (see Section 4.1) in combination with the simu-
lation. The manufacturer specifies the resistivity, but it depends on the
material batch and printing parameters. The calculations were based on
the assumption of isotropic and homogeneous materials for simplicity.

The computation of the sensor behavior is based on a unidirectional
coupled simulation between the mechanical and electrical parts. The dif-
ferential voltage Uy, is calculated directly from the applied force F via
the resulting deformation of the spring body and the resulting changes in
the length of the sensor elements. All simulations were performed using
a physics-controlled mesh. A mesh convergence study with adaptive re-
finement confirmed the numerical accuracy of the results. The calculated



N. Hangst, T.M. Wendt and S.J. Rupitsch

Force F A3

Clamping
(a)

Sensors and Actuators: A. Physical 399 (2026) 117334

Force F/ A5
|

Clamping
(b)

Fig. 4. Simulation results for the gripper jaw under a force of F = 40 N. (a) Normal stress distribution in the sensor elements, (b) electrical voltage drop across the

sensor elements.

differential voltages varied by less than 0.2 % between successive refine-
ments, indicating convergence and the negligible influence of the mesh
on the results. The force F was used in 10 steps from 0 N to 40 N. The
maximum force F was also taken from Hangst et al. [18] and is based
on the yield strength of PETG, which includes a safety factor of 2.3.
The evaluation is performed using a Wheatstone half-bridge circuit for
reasons of symmetry. A full-bridge circuit would result in a bridge detun-
ing due to fabrication-related differences in the length of the conductor
tracks of the individual sensor elements. Fig. 4(a) shows the mechani-
cal stresses in the gripper jaw’s sensor elements at the maximum force
F of 40 N, and Fig. 4(b) depicts the resulting electrical voltage drop.
The results of the differential voltage U, are shown together with the
measurement results in Section 4.2.2.

3.6. Fabrication process

The gripper jaw was fabricated in three steps: 3D printing, connect-
ing the sensor elements, and integrating the bridge circuit. While step 1
is mainly automated, steps 2 and 3 require manual work.

3.6.1. 3D printing

The gripper jaw was fabricated using fused layer manufacturing
(FLM), also known as fused filament fabrication (FFF) or fused depo-
sition modeling (FDM). In this process, molten thermoplastic is sequen-
tially applied through one or more nozzles onto an unheated or heated
build platform [24,36,41]. The principle of the additive manufacturing
process of the gripper jaw is illustrated in Fig. 5. The print orientation,
according to Hangst et al. [18], was retained. The reasons for this are the
parallel orientation of the layered structure to the load case in the com-
ponent and the printing of the sensor elements in one plane. This has the
advantage that the conductor tracks can be applied continuously from
the beginning to the end without being deposited, thus achieving the
best possible conductivity [24,25]. Another advantage is that there are
fewer material changes, which makes production more efficient. For the
bridges, 1 mm thick object slides were used as a new printing surface for
each new beam. This prevents the bridges from sagging and improves the
adhesion of the lower layers. It also eliminates the need for separate sup-
port material. The carriers can be manually removed after printing. The
part has a layer height of 0.2 mm with a line pattern of 45° and a fill den-
sity of 100 %. The printing process was interrupted at 2.6 mm, 5.2 mm,
7.8 mm, 10.4 mm, 13 mm, and 15.6 mm to insert the object slides. Other
print interruptions occurred at 3 mm, 3.2 mm, 14.2 mm, and 14.4 mm
for a manual material change to realize the sensor elements. A print-
ing temperature of 230 °C, as uniform as possible according to Andria
et al. [26], was set for both materials to avoid adhesion problems. This
corresponds to the maximum printing temperature of the conductive

PLA-C. The default Prusa Slicer setting of 90 °C for PETG was used for
the printing bed temperature.

Minor variations in filament feed, layer height, and the geometry of
the gripper jaw and conductor tracks can occur during the FLM process.
Local fluctuations in material flow, accumulation at the nozzle, or lim-
ited repeatability of the printer axes can cause changes in the mechanical
properties of the gripper jaw and the sensor elements as well as in the
electrical properties of the conductor tracks. Deviations from the ex-
act layer position of the conductor tracks can also affect the measured
strain. In addition, the formation and distribution of conductive struc-
tures within the polymer matrix can lead to non-reproducible resistance
values. As a result, more or less conductive particles are interconnected
to different degrees. These variations in resistance values require com-
pensation in practice using external resistors (see Section 4.1.2). This
challenge is well known from the literature [22,25,26,33]. Further con-
tributions may also arise from the electrical contact resistance (see
Section 3.6.2). Thus, the printing parameters, the matrix material, and
the electrical contact resistances all influence the electrical resistance
and reproducibility of the sensor elements, while the surrounding 3D-
printed structure affects the reproducibility of the sensor signal under
mechanical load.

3.6.2. Contacting the sensor elements

In the literature, contacting conductive polymers with interconnect
wires is treated differently. Generally, a distinction is made between the
use of silver inks / pastes / adhesives [20,24,30,32,39,41], screwing [6],
soldering [25,33], welding [26], or melting wires into contact pads [29].
The importance of the contact lies mainly in the resulting electric con-
tact resistance. This should be as low as possible as it directly relates
to the sensor’s output signal. The higher the resistance, the lower the
differential voltage. We used the most common method of applying sil-
ver ink in combination with copper pads to keep the contact resistance
as low as possible. The first step is to glue the copper pads next to the
printed polymer pads in 0.2 mm deep recesses. After soldering the cir-
cuit board connecting wires to the copper pads, the copper and polymer
pads are coated with conductive silver ink. A final coat of epoxy adhe-
sive is applied to protect the contact surfaces from external influences
after the ink has cured. All the fabrication steps for contacting the sensor
elements are illustrated in Fig. 6.

3.6.3. Bridge circuit

A circuit board was designed to evaluate the sensor elements using
a Wheatstone half-bridge. The board is designed to combine two sensor
elements (1 and 4, 2 and 3) into one sensor element each and complete
the bridge circuit with two additional parallel passive resistors of 120
Q each. The circuit board is embedded near the copper pads and sealed
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Fig. 5. Schematic representation of the fabrication steps of the gripper jaw. (a) 3D printing of the base body, (b) manual insertion of the object slides, (c) 3D printing
of the sensor elements, and (d) fully 3D-printed gripper jaw after several repetitions of the previous process steps, including the object slides for subsequent removal.
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Fig. 6. Schematic representation of the manual fabrication steps for establishing the electrical contact between the sensor elements and the embedded circuit board.

(a) Base body with integrated sensor elements, (b) application of the copper foils,

(c) soldering of wires to the copper foils and electrical connection of the copper

foils with the sensor elements using silver ink, (d) protection of the soldering points and contact areas by applying an epoxy adhesive, (e) placement of the circuit
board with the Wheatstone half-bridge followed by soldering to the wires from the copper foils, and (f) application of a covering material to protect the electronics

from external influences.

with a covering material to protect it from the environment (see Fig. 6).
The fabricated gripper jaw is shown in Fig. 7.

3.7. Measurement setup

This contribution required several measurement setups to character-
ize the sensor material (PLA-C) and validate the gripper jaw.

3.7.1. Sensor material characterization

The characterization of the sensor material is divided into three steps:
determining the specific electric resistance p,, calculating the resistance
deviation R; | of the individual sensor elements from the adjusted nom-
inal values R, , and deriving the k-factor. First, the resistivity of the
sensor material is measured by taking the output resistance of each of
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Fig. 7. Fabricated gripper jaw including contacted sensor elements, integrated
measuring bridge and connecting cables.

the four sensor elements. For a statistically significant result, 100 mea-
surements were taken with an LCR meter (ST2829C, Sourcetronic), and
the mean values, ﬁri, were calculated. The theoretical resistance values
R,, were determined using simulation, assuming a theoretical resistivity
p, of 30 Q-cm according to the manufacturer’s specifications. The correc-
tion factor K between the theoretical values R, and the measurements

E,’, was set equal to

R,
K=——l aan
AR, - R,
with
s
Y AR =0, (12)

where R; denotes the difference between the measurements ﬁri and the
adjusted theoretical (nominal) values R,a,_. The resistance deviations of
the measurements with respect to the adjusted nominal values can be
determined by

Rm,-
g = = — 100 % 13)
ri
with
R,
R, = < 14

while the real specific electric resistance can be calculated using

Pt
Pr= E (15)
The k-factor was determined from the measured values in combination
with the simulation results.

3.7.2. Gripper jaw validation

The sensitive behavior of the gripper jaw was characterized analo-
gously to Hangst et al. [18] to enable a direct comparison. The basis
was DIN EN ISO 376, excluding the measurement of the reversal er-
ror. Equations for calculating the characteristic values can be found
in Hangst et al. [18]. The experimental setup consists of two parts.
Fig. 8 shows the general setup for determining the zero-point deviation,
the characteristic value deviation, the linearity behavior, and the re-
peatability. The extended setup is used for investigating the viscoelastic
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Fig. 8. General measurement setup to determine zero-point deviation, charac-
teristic value deviation, linearity behavior, and repeatability under manual force
application with Newtonian weights (adapted from Hangst et al. [18]).

behavior. Both setups are based on the same basic structure and differ
only in how the force is applied. In the general setup, the Newton-
calibrated weights of 4 N each were applied manually, but in the
extended setup, the maximum weight of 40 N was applied automatically
by a robot at a speed of 10 mm/s. The zero-point deviation, characteris-
tic value deviation, linearity behavior, and repeatability measurements
are performed after reaching the steady state. 100 measurements per
step are recorded and evaluated as the mean to obtain statistically sig-
nificant results. Continuous measurements record the entire time course
from applying the force to the steady state to determine the viscoelas-
tic behavior. The sensor signal is evaluated by a Wheatstone half-bridge
circuit for symmetry reasons (see Section 3.3). The differential voltage
was assessed with a gain factor of 128 and a bridge voltage of 5 V by
a 24-bit A/D converter (HX711) in combination with a microcontroller
(Funduino NANO R3). The serial data were transferred directly between
the Funduino and the PC via a serial interface and stored in a CSV file.
The subsequent evaluation was done using MATLAB.

3.8. Arrangements

The gripper jaw was subjected to a warm-up phase of 30 min un-
der excitation voltage. This was followed by a preload phase in which
the gripper jaw was loaded and unloaded three times for 60 s with a
maximum force of 40 N each time. If several series of measurements
were performed immediately after each other, the time between the se-
ries of measurements was 3 min. In this case, the warm-up and preload
phases were not repeated. All measurements were performed at room
temperature under laboratory conditions.

4. Results and discussion

In this section, we present and discuss the measurement results. The
measurement results are divided into the sensor material’s electrical
characterization and the gripper jaw’s sensitive behavior.

4.1. Sensor material characterization

The electrical material characterization of the sensor material is cru-
cial for the accuracy of the analytical and numerical analysis and for
adjusting the measuring bridge.

4.1.1. Specific resistance
The determination of the specific electric resistance p, of the sensor
material resulted in a value of 10.04 Q-cm with a correction factor K of
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Table 2
Resistance values of the individual sensor elements and their deviation from the
nominal value.

Sensor element Measured resistance values Deviation from nominal value

1 88.711 kQ —2.20 %
2 111.948 kQ 4.76 %
3 92.812 kQ —4.59 %
4 118.181 kQ 0.75 %
1+4 206.892 kQ —0.52 %
2+ 3 204.760 kQ 0.52 %

2.9873. The individual resistance values of the sensor elements are listed
in Table 2. The deviations by a factor of about three from the manufac-
turer’s specifications can be explained by many factors such as contact
type, print orientation, number of layers, line width, print temperature,
the 3D printer, material batch, homogeneity of conductive particles in
the material, general composition of the material, individual conductive
paths through the matrix material, etc. (see Stano et al. [33]). The value
p, of 10.04 Q-cm is many times higher than that of metals due to the
matrix material and the filler. This is not important for the fabrication
of force-sensing elements. Kim et al. [24] and Stano et al. [25] also re-
ported resistance values for their sensor elements in the range of two-
to three-digit kiloohms.

4.1.2. Resistance deviation of the sensor elements

Measurement of the resistance values of the individual sensor ele-
ments has shown that the actual resistance values ﬁ,, differ from the
adjusted theoretical resistance values R, by up to 4.76 %. Therefore,
it is not possible to fabricate polymer composite sensor elements with
defined resistance values. The reasons are the inhomogeneity of the con-
ductive particles in the raw material and their individual rearrangement
of the conductive paths by the matrix material, as well as effects from
the printer accuracy and electric contact resistance (see Section 3.6).
The deviations of all sensor elements 1 - 4 from the adjusted theoretical
resistance values R,, and the grouping of two sensor elements 1 and 4,
2 and 3 for the measuring bridge are shown in Table 2. Due to the devia-
tions in resistance values despite the symmetry of sensor elements 1 and
4, 2 and 3, the bridge circuit was poorly tuned. A 2.2 kQ resistor was
connected in series with sensor elements 2 and 3 to solve this problem.

4.1.3. Determination of the k-factor

The k-factor was determined to be 3.8. This value is generally higher
than standard metal foil strain gauges, which have a value of about
2. The polymer composite material is according to (3) generally more
piezoresistive. Compared to Chadda et al. [29] with the same material,
the k-factor is significantly lower (from 8.3 to 3.8). This is due to the
following reasons: a different batch/year of production, a change in the
material composition, an optimized material, different printing param-
eters such as layer thickness and printing temperature, the formation of
different conductive tracks, etc. An indication of the higher k-factor may
be the lower resistivity. This is about 1.24 times higher in Chadda et al.
[29]. This suggests that our material contains more filler. Melnykowycz
et al. [32] reported that the distance between the conductive particles
increases under mechanical stress, decreasing the material’s conductiv-
ity. This means that the conductive polymer chains are less separated
from each other under stress, and, therefore, the k-factor is lower.

4.2. Gripper jaw validation

This contribution focuses on the results of the sensitive behavior of
the gripper jaw. Comparisons are also made with comparable partially
and fully 3D-printed sensors to classify the sensor quality.

4.2.1. Zero-point deviation
The zero-point deviation is the difference between the output sig-
nal before and after a full-scale load cycle (FS). The zero offset was
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Fig. 9. Results of the analytical approach, the simulation and the two series of
measurements for the gripper jaw.

determined based on three load cycles of 60 s each with a maximum
relative zero-point deviation SOrma of 1.42 % FS. This corresponds to
a value of 0.57 N. Compared to the partially 3D-printed sensor of
Hangst et al. [18] with a value of 0.36 % (0.14 N), this is about four
times higher. This is due to replacing the constantan strain gauge with
polymer composite material with conductive and non-conductive par-
ticles. The resulting matrix material forms individual conductive paths
after processing. When a force is applied, these paths will change, result-
ing in a change in resistance due to the alteration in the geometry and
structure of the material. When the spring body returns after the force
is removed, the matrix material may not ultimately return to its origi-
nal mold, resulting in a zero-point deviation. The zero return will vary
depending on how much the conductive path changes. Kim et al. [24]
made the same observations on their fully 3D-printed sensor. After 1000
cycles, the offset was approximately 100 %. The most significant offsets
were observed in the first few cycles. As the number of cycles increased,
the drift became smaller, indicating that the conductor tracks changed
less with growing cycles. A saturation towards zero is not visible. The
zero-point deviation is the least critical value for gripping applications.
The sensor can be reset by software before each load cycle or at specified
time intervals.

4.2.2. Characteristic value deviation

The results of the analytical approach, simulation, and measurements
are shown in Fig. 9. The mean of the two series of measurements was
used to determine the sensitivity deviation. The sensitivity deviation
between the simulation and the measurements d¢, is 0 % and is not
comparable. The simulation was fitted to the measurements by apply-
ing the calculated k-factor of 3.8. The deviation between the analytical
approach and the measurements dc, is —20.86 %. This deviation re-
sults from the numerous simplifications explained in Section 3.4. From
a plausibility point of view, a negative deviation value indicates the cor-
rect direction. This is because the gripper jaw is less stiff when using
the same mechanical properties of PETG and conductive PLA-C. As the
Young’s modulus of the conductive PLA-C increases, the deviation from
the measured values decreases.

4.2.3. Linearity behavior

The linearity errors of the two measurement series is shown in
Fig. 10(a) and Fig. 10(b). Both series exhibit a similar trend and can
be considered reproducible. The maximum value for the linearity devi-
ation dj;, of both measurement series through the start and end point is
—6.69 % FS and after optimization via linear regression 4.08 % FS. This
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Fig. 10. Linearity behavior of the gripper jaw. (a) Deviation determined using the start- and end-point method, (b) deviation determined using linear regression.

corresponds to a value of 2.28 N and 1.63 N, respectively. Compared
to the partially 3D-printed sensor by Hangst et al. [18], with results
of —0.21 % (—0.084 N) and 0.14 % (0.058 N), the values are signifi-
cantly higher by a factor of about 30. This is also due to the properties of
the sensor material (see Section 4.2.1). Compared to the printed strain
gauge bonded to a steel plate by Chadda et al. [29], the fully 3D-printed
sensors by Stano et al. [33] and Herbst et al. [15], the values are in
a similar range. The printed strain gauge by Chadda et al. [29] per-
forms slightly less favorably, with a linearity deviation of about 7 %
with linear regression, despite the stiffer steel spring body. This indi-
cates that the sensor material has significantly more influence on the
inaccuracies than the base body material. Compared to the fully 3D-
printed sensor by Stano et al. [33], the nonlinearities due to the start
and end points are lower at 5.17 % and higher at 4.76 % for the linear
regression. Herbst et al. [15] report a linearity deviation of 3.6 % via
linear regression, which is slightly better than our sensor. Overall, all
fully 3D-printed sensors are similar in this respect. Kim et al. [24] also
report some nonlinearities. The magnitude of these is not reported in the
article.

4.2.4. Repeatability

The repeatability b’ indicates the actual force level (RD) deviation
at the same installation position. The lowest load of 4 N is 28.5 % RD
(0.85 N), representing the maximum value b/ . . With increasing force,
this value improves and reaches a repeatability of up to 0.89 % RD
(0.31 N) at a force of 36 N. The initially high percentage values are due
to the more significant influence of small measurement signals in the
initial force ranges. The absolute values are all below 1 N. Compared
to the partially 3D-printed sensor of Hangst et al. [18], with results of
0.12 % (0.01 N) at a force level of 12 N, the values are many times
higher. Fig. 10(a) and Fig. 10(b) show the deviations of the two series
of measurements. As described for the zero-point deviation, the traces
will be only partially reproducible when the force is applied repeatedly.
This effect can be largely reduced by using metal-based sensor elements
instead of the conductive polymer, as the inherent crystal structure of
the metal provides consistent conductive paths, improving electrical sta-
bility and repeatability. Such repeatability tests are rarely performed in
the literature. Chadda et al. [29] examined the reproducibility of four
measurement series but did not report any values. The accompanying
figure suggests a similar behavior compared to our sensor.

4.2.5. Viscoelastic behavior

The viscoelastic behavior was measured under load and unload con-
ditions with a maximum force of 40 N for 6 min each. The results are
shown in Fig. 11. The viscoelastic behavior of both materials is evident.

10

0.8 T T T T T T T T T T T

0.7 1 1

0.6 | 1

0.5 1

0.4 | 1

Differential voltage U b (mV/V)

0 60 120 180240 300 360 420 480 540 600 660 720

Time ¢ (s)

Fig. 11. Viscoelastic behavior of the gripper jaw.

At constant force, the full output signal occurs only over time. As the
force is removed, the effect is the same but reversed. The relative creep ¢
between 0 s and 300 s is 22.17 % FS. This corresponds to a value of
8.87 N. The creep deviation ¢ between 30 s and 300 s is significantly
lower at 6.25 % FS with a value of 2.5 N. The determination according
to the standard from 30 s to 300 s is of no interest for a sensitive grip-
per jaw since the initial values are needed at the beginning of a gripping
process. The values of the viscoelastic properties are the worst character-
istic values of the sensor, as in Hangst et al. [18], with results of 2.88 %
(1.15 N) and 1.13 % (0.45 N). These are the most significant devia-
tions. Viscoelastic properties are inherent to polymers [24,29]. Similar
to repeatability, they could only so far be mitigated through the use of
metal-based materials.

4.2.6. Summarized data

All sensor characterization results are summarized in Table 3.
Currently, fully 3D-printed sensors do not meet market requirements.
Values below 1 % are required [39]. Whether a fully 3D-printed sensor
in this form suits a gripping process depends on the application. This
sensitive gripper jaw is very suitable for applications with low require-
ments and for detecting a gripped component. The partially 3D-printed
sensor by Hangst et al. [18] should be used for precise tasks with the dis-
advantages of manual processes and the placement of the strain gauge
on the component surface.
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Table 3

Summary of the results.
Designation Abbreviation ~ Value
Characteristic value dc, —20.86 % FS
deviation analytically
Zero-point deviation fo 1.42 % FS
Linearity error dyj, —6.69 % FS
(start/end point)
Linearity error (linear dijy 4.08 % FS
regression)
Repeatability bl x 28.5 % RD
Viscoelastic behavior c 22.17 % FS (at 0s)
(creep) 6.25 % FS (at 30s)

5. Conclusion and outlook

In this contribution, we propose a fully 3D-printed gripper jaw with
the beneficial properties of a multiple-bending-beam structure and em-
bedded strain gauges made of a polymer composite material with an
extended force range of up to 40 N. Analytical approaches, the finite el-
ement method, and experiments were used to investigate the properties
of the gripper jaw and the conductive polymer composite material. We
have shown that a sensitive gripper jaw can be fabricated functional by
3D printing. Compared to partially 3D-printed sensitive gripper jaws, the
properties, especially repeatability and viscoelastic behavior, are less fa-
vorable. On the other hand, the sensor elements of the fully 3D-printed
gripper jaw are directly integrated into the component, and the fabrica-
tion takes place in a single step. In addition, the k-factor is significantly
higher than that of standard strain gauges. A disadvantage is the inac-
curacy of the electric resistance values during fabrication, which is why
compensation resistors are required in the measuring bridge.

In the future, we want to investigate the sensor properties, especially
the repeatability and viscoelastic behavior, in more detail and improve
them. This will be done by replacing the polymer composite material
with sensor elements made of constantan wires. The advantage of re-
placing the conductive polymer matrix with constantan wires is that the
crystal structure of the metal eliminates the variable conductive paths
through the sensor elements, improving electrical stability, repeatabil-
ity, and reproducibility in the fabrication of the sensor elements. The
wires also provide reinforcement to the gripper jaw and strengthen the
entire spring body, ensuring more consistent deformation under applied
load and enhanced elastic recovery after unloading. In addition, the
analytical model will be refined by incorporating the actual mechani-
cal properties of both the spring body and the sensor material. This is
expected to improve the accuracy of the analytical predictions while
maintaining the simplicity of the model. Finally, once the sensitive grip-
per jaw has been optimized, we want to integrate it into a robotic gripper
system to evaluate its performance under realistic industrial conditions.
This evaluation will include actuation and control strategies to fully
demonstrate the gripping capability in practical applications, as well as
to enable comparison with other grippers.
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