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Abstract: Direct additive manufacturing (AM) of sensors has in recent years become possible, but still
remains a largely unexplored area. This work proposes a novel resistive sensor design that utilizes
the geometric freedom offered by AM, especially by material extrusion, to enable a customizable and
amplified response to force and deformation. This is achieved by using a multi-material design made
of an elastomer and an electrically conductive polymer that enables a physical shortening of the
conductive path under compressive load through a specific definition of shape. A number of different
variants of this novel sensor design are tested, measuring their mechanical and electrical behavior
under compression. The results of these tests confirm a strong resistive response to mechanical
loading. Furthermore, the results provide insight into the influencing factors of the design, i.e., the
gap size between the conductive pathing and the stiffness of the sense element support structure are
found to be primary influencing factors governing sensor behavior.

Keywords: 3D printing; additive manufacturing; design for additive manufacturing; resistive sensors;
electrical conductive filament; material extrusion; fused deposition modeling

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is a family of manufac-
turing processes in which parts are generated based on a 3D model, building them in a
layer-by-layer fashion. Some of the most commonly applied AM processes are vat pho-
topolymerization, powder bed fusion for polymers or metals using sintering or melting,
and material extrusion (MEX) [1,2]. Of the aforementioned, MEX has a distinct advantage
when it comes to producing multi-material parts and integrated electronics, as it can easily
employ multiple extruders with distinct materials. By comparison, the other commonly
applied processes operate using either a fluid bath or powder bed, in which multi-material
parts are difficult to realize. While it is technically possible to manufacture multi-material
parts with functional electronics using AM processes other than MEX [3], the present work
will focus on MEX due to its advantages in process simplicity and productivity when
producing multi-material parts [4] and due to the large variety of technical and functional
polymers, e.g., elastomers and electrical conductive polymers [5,6].

Through recent advancements, it has become possible to use MEX to manufacture
components from electrically conductive polymers [1,7,8]. Previously, indirect inclusion of
conductors and sensors into AM parts had already been demonstrated, e.g., by interrupting
the build to embed strain gauges [9], silver paste [10], copper wire, or copper mesh [11].
By applying conductive polymers, it has now become possible to directly include con-
ductive traces, resistors [12], capacitors, inductors, filters [13], capacitive sensors [14,15],
piezoresistive sensors [16], thermal sensors [17], and tactile sensors [18], all within the
same production process. Conductivity in the plastics is realized through the inclusion of a

Appl. Sci. 2021, 11, 113. https://dx.doi.org/10.3390/app11010113 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8211-6346
https://orcid.org/0000-0003-1185-6309
https://dx.doi.org/10.3390/app11010113
https://dx.doi.org/10.3390/app11010113
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/app11010113
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/1/113?type=check_update&version=3


Appl. Sci. 2021, 11, 113 2 of 14

conductive filler within the polymer matrix. Examples of such fillers include single-wall
or multi-wall carbon nanotubes (SWCNT/MWCNT), carbon back (CB), graphene, carbon
fibers [19,20], copper nanowires [21], silver nanoparticles, or combinations of different
particles [22].

Table 1 provides a literature overview regarding directly produced MEX force and
pressure sensors, sorting the sources by sensor working principle and the mechanical loads
used to demonstrate its behavior.

Table 1. Overview of working principles and tested loads in existing literature on additive manufac-
turing (AM) of sensors.

Working Principle Tensile Load Compressive Load Flexural Load

Capacitive [7,14,23]
Piezoresistive [16,22,24–27] [7,23,28–30]

Resistive path adjustment [31] [31]

Leigh et al. [23] were amongst the first to demonstrate AM of electrically conductive
polymers, using a polycaprolactone (PCL) polymer matrix with a CB conductive filler in a
MEX process. The material was applied in piezoresistive flexural load sensing, capacitive
detection of touch, and the detection of a fluid within a container. Although there are
limitations to the work, such as a low gauge factor and a lack of in-depth consideration of
the influences of sensor geometry and process parameters, it provides a proof of concept
for directly manufactured AM sensors. Zapciu et al. [7] demonstrated both a capacitive
touch sensor and a piezoresistive bending sensor using acrylonitrile butadiene styrene
(ABS) polymer with CB conductive particles. Xiang et al. [22] developed a mixture of
carbon nanotubes (CNTs) and silver nanoparticles within a thermoplastic polyurethane
(TPU) matrix, demonstrating its piezoresistivity under tensile load and the effects of
different mixtures of the conductive fillers on the sensor behavior. Dijkshoorn et al. [27]
demonstrated the use of polylactide (PLA) with CB to build piezoresistive sensors, and
qualitatively validated their response under tensile loading. Maurizi et al. [25] applied
the same polylactide (PLA) with CB polymer to build piezoresistive sensors applied in a
dynamic strain loading scenario, and their work also gave consideration to the geometric
design of the strain gauges and the possibilities of improving output linearity by using
two gauges. Dul et al. [26] developed an ABS polymer with CNT conductive filler, and
demonstrated its behavior with 0◦ and 45◦ infill and strain loading in ramp, creep, and
dynamic scenarios. A further development regarding the geometry of a piezoresistive
flexural load sensor was carried out by Kim et al. [29], demonstrating a sensor that utilized
three sense elements produced from a TPU matrix with MWCNT conductive filler. When
combined, the three sense elements are intended to allow for independent detection of
forces along three axes, though as noted by the authors there remains a non-negligible
cross talk between the sense element signals (i.e., unwanted responses from an element on
an unloaded axis). Hohimer et al. [30] also investigated TPU with MWCNT conductive
filler, exploring in depth the influences of filler concentration, build orientation, layer
height, infill angle, and temperature settings during the build. Their work included the
creation of a pneumatic actuator built entirely out of the conductive polymer, which showed
piezoresistive sensing properties.

Schouten et al. [14] demonstrated the use of MEX to directly manufacture capacitive
force sensors from flexible TPU material with a conductive CB filler. The functionality
of these sensors was demonstrated in quasi-static and sinusoidal compressive loading.
Using the same TPU with CB material, a piezoresistive sensor in a bending load scenario
was also demonstrated, using two mirrored sense elements to allow for improved output
linearization [28], though imperfections in the mirrored set-up were reported to negatively
affect the result of the linearization attempt. Christ et al. [24] also investigated flexible
sensors, applying a TPU matrix with MWCNT. Notably, the work includes experiments
performed on various strain gauge geometries to evaluate their effectiveness.
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Mousavi et al. [31] demonstrated a PLA matrix with conductive MWCNTs, but used a
geometry designed to improve upon the low gauge factors often exhibited in AM piezore-
sistive sensors. This design resulted in a considerably higher gauge factor, accomplished
by a resistive path that is physically lengthened under tensile or flexural loads, thereby pro-
viding an amplified response compared to the piezoresistive behavior of the material alone.

Though the feasibility of AM sensors has been demonstrated, and the need to combine
electronic design and printing technology acknowledged [32], only limited attempts to
use AM’s geometric freedom as a means of improving sensor performance have been
reported. The use of a pair of AM sensors in a symmetric set-up [28] or with a gauge on the
zero strain axis [25] as means of output linearization was reported, but the sense elements
themselves retained a geometry similar to traditional strain gauges. In addition, the effect
of different trace patterns was tested [24], but this was done largely within the confines
of an essentially 2D design. Finally, the work of Mousavi et al. [31] used the geometric
freedom of AM to enable a working principle based on resistive path adjustment, but its
geometry would not readily translate to compressive loads due to buckling.

In summary, there is limited consideration of AM-enabled freedoms in existing sensor
design, which presents an opportunity for further research. For compressive loads, the
commonly used solution, as can be seen in Table 1, is a capacitive measurement. However,
capacitive measurement requires more complicated circuitry than resistive measurement.
This work presents a novel design for a resistive sensor for compressive loads—using
the working principle of resistive path adjustment—which utilizes the multi-material
properties and the geometric freedom provided by AM. When compared to capacitive
compression sensors, this provides an advantage both in circuit simplicity and in a sensor
response that is much larger and therefore easily distinguished from noise. This is especially
the case when considering AM capacitive sensors, where the capacity deltas reported under
load are low compared to the initial values. For example, Schouten et al. [14] reported a
160 fF response, with an unloaded initial value of 105.22 pF, making for a change of only
0.15% from the initial value. Thus, the presented sensor design will provide an alternative
to additively manufactured capacitive sensors to measure contact forces or deformation,
for example, in gripping systems or robotic hands.

2. Materials and Methods
2.1. Design Methodology

AM’s new design freedom is often considered too late in the design development
process, and therefore, the design potentials are only used selectively [33]. Based on
limitations of previous works (see Table 1) a novel sensor design (see Figure 1a) for
measuring compressive loads using resistive path adjustment is developed by considering
AM’s unique design possibilities. The systematic development of the novel resistive
sensor with customizable force-resistance-behavior is supported by different design tools
in order to overcome thinking barriers and ensure a goal-oriented utilization of the design
possibilities provided by AM. In the conceptual design phase, the semantic network of
AM design potentials by Kumke et al. [34], the design heuristics by Blösch-Paidosh and
Shea [35], and the design principles for multi-material AM by Watschke et al. [36] were
used. Thus, different design principles and features were identified to realize a novel
sensor design with tailored electrical and mechanical properties. Based on these design
possibilities and the different sensor principles shown in Table 1, the following design
potentials were identified to develop a novel sensor design for adjusting the force-resistance-
behavior at specific deformation under compressive load:

• Incorporation of electrical functionalities by using different materials in one part [34–36]
• Tailoring the change in electrical resistance under compressive load by using the prin-

ciple of shortening the conductor length [31,36], freeform surfaces, and undercuts [34]
• Tailoring the mechanical properties of the substructure by freeform surfaces, wall

thickness combinations, and hierarchical structures (e.g., internal structures) [34,36]
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Figure 1. Render showing the sensor design (a). The black top is electrically conductive polymer, the
white substructure is flexible elastomer to control the mechanical behavior of the sensor. Details (b–e)
show substructure variants 1 to 4 respectively, each structure with increasing stiffness. For variant 3,
the toolpath from the underside is depicted, as the CAD (computer-aided design) models for variants
3 and 4 are identical. The difference in stiffness is created through lower infill during printing for
variant 3, whereas 4 is solid.

The novel sensor design, as shown in Figure 1, utilizes a conductive spiral-shaped path
that shortens under a compressive load, enabling an increased resistive response compared
to material piezoresistivity alone. The non-conductive flexible structure underneath the
conductor allows for precise control over the sensor’s stiffness, and thereby its response
under a specific load. The multi-material approach allows the tuning of the mechanical
behavior, and thus the force range of the sensor, independent of its resistive range. If, by
comparison, a mono-material approach was used, increasing the stiffness would require
additional material, which would decrease the electrical resistance. This demonstrates
the advantages of both a multi-material solution and of utilizing AM’s freedom in design
regarding shape complexity. Eight different sensors were designed and manufactured
in order to realize specific force-resistance-behaviors. These consisted of four different
substructure variants of increasing stiffness, as shown in Figure 1b–e. These substructures
were covered by a conductive spiral that had either a 0.3 mm or a 0.5 mm gap between
its windings. In all samples, the conductive spiral had a width of 2.4 mm, a thickness
of 2.0 mm, and made three windings. The substructure had a height of 5.0 mm and a
thickness of 0.8 mm for variant 1 (Figure 1b), a thickness of 0.8 mm—each bar—for variant
2 (Figure 1c), and thickness of 2.4 mm for variants 3 (Figure 1d) and 4 (Figure 1e). However,
the outer shapes of variant 3 (Figure 1d) and 4 (Figure 1e) were equal, and a variation of
the stiffness of variant 3 (Figure 1d) was achieved by using a honeycomb infill structure
with an infill of 20% (see Table 2).

Table 2. Process settings for sample production.

Parameter Conductive PLA TPU Variants 1,2, & 4 TPU Variant 3

Extrusion width (mm) 0.4 0.4 0.4
Nozzle temperature (◦C) 230 235 235

Bed temperature (◦C) 40 40 40
Layer height (mm) 0.2 0.2 0.2
Infill (%, pattern) 100, only shells 100, only shells 20, honeycomb

Extrusion speed (mm/s) 30 35 35
Perimeter shells (-) 3 3 2

PLA: polylactide; TPU: thermoplastic polyurethane.

2.2. The Additive Manufacturing Process and Design Variants

The sensor designs were manufactured by material extrusion, because of the multi-
material capability and the variety of commercial available technical polymers, especially
regarding elastomers and electrical conductive polymers [6]. In order to ensure a reliable
multi-material design, the compatibility of the material combination had to be taken into
account. The compact design allowed no additional measures for improving the interface
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strength between the substructure and the conductive spiral, e.g., interlocking features [37],
without a negative impact on the sensor function. In accordance with Freund et al. [37], the
material combination of TPU and PLA was chosen because of the good interface strength.
The substructure was made using NinjaTek® Ninjaflex TPU [38], and the conductive
spiral was manufactured using Protopasta Conductive PLA [39], which is a PLA with
approximately 21.5 wt% CB conductive particles. Aside from favorable multi-material
behavior, the conductive PLA was selected based on its easy processability, low geometrical
deviations, and relatively high electrical resistance. As demonstrated in Watschke et al. [6],
resistivity of the extruded material lies in a range of 0.07–0.11 Ωm. Though materials with
lower resistivity exist [40], a relatively high initial electrical resistance was considered to
be a desirable property in this case, as it enables a larger change in resistance when the
resistive path is shortened during sensor operation.

Parts were sliced using Simplify3D® (4.1.2, Simplify3D, LLC, Cincinnati, OH, USA,
2020), and built on the pro-consumer machine X400 by German RepRap GmbH (Feld-
kirchen, Germany), that comes with a dual extrusion system. The process settings were
used as listed in Table 2 (Section 2.1). The build orientation was such that the conductive
spiral faces downwards on the build platform. This resulted in only a single tool change
per build. Build times ranged from 10 to 15 min per sensor, depending on the density of
the substructure.

2.3. Experimental Set-Up

Mechanical forces were applied using a uniaxial material test machine (Zwick Z0.5,
Zwick GmbH & Co., Ulm, Germany). Force was measured using a 500 N Xforce P load cell
(accuracy class 0.5). A custom actuator was used to compress the parts without touching the
electrical contact points. The sensor was placed on a flat surface with double-sided tape to
prevent unwanted slipping. To enable electrical measurements with low contact resistance,
copper wires were attached to both ends of the conductive plastic using MG Chemicals
8331-14G silver epoxy adhesive. The electric signal was passed to an Arduino via a voltage
divider and ADC 1115 (Adafruit Industries, LLC, New York City, NY, USA), allowing the
logging of a voltage measurement from which resistance was easily derived. Figure 2a,b
show the test set-up, and Figure 2c shows a close-up of a sensor with substructure variant 2.

Figure 2. (a) Overview picture of the test set-up prior to measurement. (b) Close-up of the measure-
ment set-up. (c) Detail image of substructure variant 2.

During measurement, sensor behavior was determined while compressing each sam-
ple by 2.0 mm, then retracting and waiting for 2 s, and repeating this five times. Compres-
sion and retraction cycles were performed at constant velocities of 5, 10, and 20 mm/min
for each sample.

3. Results
3.1. Mechanical Behavior

Table 3 and Figure 3 show the mean peak force and its standard deviation for each
sensor measurement cycle, which consisted of five actuations. The substructure variants
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achieved the intended goal of increasing the stiffness of the structure, as shown by the
increase in peak force for each variant. A larger gap size between the windings was shown
to lead to a lower peak force. This was to be expected, as the increased gap size lead
to reduced contact between the windings of the sense element at the same compression.
Velocity did not have a pronounced effect on the peak force value in variant 1. In variants
2 to 4, there was a minor increase in peak force with an increase in actuation velocity.
Reproducibility of the peak force values with a measurement cycle was generally good,
as shown by low standard deviations which ranged from 0.48% to 3.93% of peak force.
In measurements where the standard deviations were higher, this was due to a gradual
decrease in peak force with repeated actuation, an example of which can be seen in Figure 4.
This effect was more pronounced in the stiffer variants 3 and 4, where higher stresses cause
creep. The relative standard deviations were also higher in these samples. Lastly, a graph
comparing the relationship of force and distance for variants 1–4 (see Figure 1b–e) is shown
in Figure 5; the influence of the different substructure variants is clearly visible, as is a
degree of hysteresis.

Table 3. Mean peak force and its standard deviation in newtons, for each cycle of five actuations.

Gap Size
(mm)

Velocity
(mm/min)

Force (N)
(Variant 1)

Force (N)
(Variant 2)

Force (N)
(Variant 3)

Force (N)
(Variant 4)

0.3
5 52.05 ± 0.35 110.89 ± 0.56 316.46 ± 3.51 350.99 ± 12.75

10 52.68 ± 0.35 112.93 ± 0.54 326.28 ± 7.98 435.64 ± 17.14
20 51.58 ± 0.54 114.64 ± 0.61 332.75 ± 10.67 427.37 ± 7.69

0.5
5 40.28 ± 0.25 92.05 ± 0.69 203.54 ± 2.27 317.16 ± 10.02

10 40.65 ± 0.30 99.87 ± 1.60 207.25 ± 2.76 328.47 ± 7.54
20 39.24 ± 0.34 100.74 ± 0.66 206.29 ± 5.88 328.65 ± 4.99

Figure 3. Bar chart of mean peak force and its standard deviation for each cycle of five actuations
of the eight sensor variants at different speeds and for the gap sizes of 0.5 mm and 0.3 mm (see
Figure 1b–e).
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Figure 4. Force and resistance plots for the measurement with the highest standard deviation:
variant 4 (Figure 1e), gap of 0.3 mm at 10 mm/min velocity. A decrease in peak force is visible with
repeated actuation.

Figure 5. Force–distance relationship for variants 1 to 4 (Figure 1b–e), all with gaps of 0.3 mm and
velocities of 10 mm/min. All variants show hysteresis, and the stiffer geometries show a decrease in
peak force with repeated actuations.

3.2. Resistive Behavior

Mean values and standard deviations of the extremes in resistance for each sensor
measurement cycle are presented in Table 4. In this case, the values shown are the lowest
values reached, as the resistive path shortening under load leads to a reduction in resis-
tance. A decrease in gap size led to stronger resistive response, i.e., lower extreme values.
This was to be expected, as with a reduced gap size more windings will contact under
identical compression.

The effect of velocity in the 0.3 mm gap size group was not immediately apparent, as
different geometric variants appear to exhibit different trends. Closer inspection revealed
that the trend observed aligned with the order in which measurements were performed,
which is indicated by the arrows in Table 4. Measurements were not performed in identical
order on each sensor, specifically to allow for the detection of any unwanted behaviour
related to the test order rather than the variable being tested. In this case, sequential
measurements showed a reduction in resistance. This reduction in resistance is possibly
the result of insufficient wait time between the measurements, rather than an influence of
velocity. The effect of this is minor relative to the total resistance change, never exceeding
1% of the total resistance change, and thus was not considered to be problematic. A similar
reduction in resistance in the sequential order was not present for the samples with gap
size of 0.5 mm.
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Table 4. Mean values and standard deviation of resistance in ohms, calculated from the lowest resistance value reached in
each of the five actuations for each measurement. Note that due to resistive path shortening, a high force and deformation
coincide with a low, rather than a high extreme in resistance. The arrows indicate the order in which measurements
were performed.
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0.3 
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Despite the minor variances observed in peak resistance, the actuation velocity did
not influence the sensor behavior, as can be seen in Figure 6. To ensure this was not related
to the limited range of 5 to 20 mm/min, an additional measurement at 100 mm/min was
performed which elicited no further change in the sensor response.

Figure 6. Effect of different velocities on the force-resistance behavior of the sensor. Depicted for
variant 4, with a gap of 0.5 mm, at velocities 5, 10, 20, and 100 mm/min.

Table 5 demonstrates the high sensitivity of these sensors under the applied load,
showing the percentage of the initial resistance R0 that remains at the highest compression
levels. Values range from 17.43% to 32.08%, inversely, this means R0 is in the range of 3.1
to 5.7 times higher than the sensors’ extreme output value.

Table 5. Relative extreme values in resistance, shown as percentage of the initial resistance value R0.

Gap Size (mm) Velocity
(mm/min)

Relative Peak
Resistance (%)

(Variant 1)

Relative Peak
Resistance (%)

(Variant 2)

Relative Peak
Resistance (%)

(Variant 3)

Relative Peak
Resistance (%)

(Variant 4)

5 19.48 29.47 17.55 21.98
0.3 10 19.72 28.56 17.43 18.68

20 23.79 27.23 27.08 18.14

5 27.64 22.9 30.99 30.62
0.5 10 27.24 22.37 31.81 31.57

20 27.41 22.73 30.68 32.08

The relationship between the distance the part is compressed and its resistive response,
for parts with a gap size of 0.5 mm, is displayed in Figure 7. The initial part of the
deformation caused no resistive response, which can be attributed to the gap that must first
be bridged before the resistive path shortening mechanism has an effect. Once the gap was
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closed, the resistive response was similar and near linear with compression for variants 1,
3, and 4, with variant 2 showing a non-linear response. Based on the test variables, this
effect cannot be readily explained, and further investigation will be performed to find the
cause of the observed behavior. Figure 8 displays the relationship between the applied
force and resistive response for the same 0.5 mm gap size parts. Like in the distance graph,
there is an initial section of force being applied that does not lead to a resistive response.
Once the gap was closed, the relationship between force and resistance was initially linear
and the resistive response covered the majority of the force range. Only in variants 2 and 3
was there a flattening of the curve towards the end of its deformation.

Figure 7. Resistance relation to compressed distance for measurements with a gap of 0.5 mm at 10
mm/min.

Figure 8. Resistance response upon force application for measurements with a gap of 0.5 mm at
10 mm/min.

Figure 9 displays the relationship between the distance the part is compressed and its
resistive response, but for parts with a 0.3 mm gap size. The parts initially responded more
rapidly to deformation than those with a 0.5 mm gap. The variants displayed a comparable
response to a certain distance of deformation, though most of the resistive change occurred
in the first millimeter of deformation. Figure 10 displays the relationship between applied
force and resistive response for the parts with a 0.3 mm gap size. The substructure variant
has an effect on the resistive response to force. However, because most of the peak force
is reached in the last millimeter of deformation, which does not relate to a substantial
further resistance change, the effect of the substructure was less pronounced than might be
expected from observing peak force values alone. The lack of resistive change after the first
millimeter of deformation showed that in the 0.3 mm variants, the sense element windings
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were engaged too quickly to correctly measure 2.0 mm deformation. This is also visible in
Figure 4 above, where resistive response flattens off before the peak force is reached.

Figure 9. Resistance relation to compressed distance for measurements with a gap of 0.3 mm at
10 mm/min.

Figure 10. Resistance response upon force application for measurements with a gap of 0.3 mm at
10 mm/min.

During the measurements, there were some light audible snaps as the parts deformed.
It is believed these were caused by stair-stepping in the angled side walls of the conductive
spiral, introduced during the production process. Figure 11 shows a magnified image of
this stair-stepping effect, including a tangent line denoting how the part will move along
the adjacent surface. These prevent a smooth sliding motion, which could also explain the
brief plateaus that are visible in the resistance curves and the slight kinks that are visible in
the earlier presented Figure 5. Further investigation is required to confirm if this effect is
indeed related to stair-stepping.

Figure 11. Magnified image of the side profile with a tangent line, to highlight the stair-stepping in
the shape of the conductive spiral.
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4. Discussion

The results show that the novel sensor design successfully created a resistive path
that is physically shortened under mechanical compression, thereby providing a strong
signal response.

A schematic overview of the relationships between the different variables and the
sensor resistive behavior is shown in Figure 12. The final resistive response of the sensors
is related to the deformation distance, and affected by the gap size. Deformation dictates
how much of the shortening resistive path mechanism is engaged. The initial gap size
modulates this behavior both through the number of windings that will be engaged at
a certain deformation level, and through the distance required to close the first gap and
thereby the delay in response.

Figure 12. Chart showing the relationship between influencing factors in sensor behavior.

The deformation distance in turn is related to the applied force, and affected by the
gap size and the stiffness of the substructure variant used. The gap size influences the
amount of physical interference, and thereby force, required for deformation, while a
stiffer substructure directly resists deformation and affects the force-displacement curve.
The actuation velocity has little to no influence on sensor behavior and is omitted from
the figure.

For the successful design of a sensor utilizing this working principle, this means that
gap size and substructure should be selected in a combination suitable for the force range
to be measured. The combination should lead to the forces causing gradual sense element
engagement over the whole range.

There are opportunities for further research and improvement on the presented design.
The parts with gap size of 0.5 mm allowed a larger measurement range, but had a delayed
response to force being applied, whereas the 0.3 mm variants responded more quickly, but
nearly all their resistive response occurred in the first millimeter of deformation, limiting
the measurement range. A possible improvement might therefore be found in the use of
a non-constant gap size that combines both a quick response and a large measurement
range. Alternatively, an optimized substructure of different height or graded stiffness could
achieve similar results. The application of foaming materials in the substructure could
enable use in very low force scenario.

There may also exist more possibilities to optimize the conductive spiral or the sub-
structure, e.g., by using other freeform surfaces or graded lattice structures (see [34]). The
spiral sense element can be modified by laying it out on a 3D cone path, rather than as a
2D spiral. This could improve the engagement of the outer windings of the sense element,
and allow further design freedom in sensor customization. Another possibility is the use
of substructures with auxetic properties, enabling a further amplification of the resistive
path shortening mechanism under load. The observed effects of stair-stepping in the side
walls of the sense element leading to discontinuous deformation may be improved upon
by optimizing the side wall angle, as well as reducing the layer thickness selected during
part production.

Further research opportunities also exist in the effects of materials and process pa-
rameters. Different polymers and different conductive fillers or combinations thereof may
allow for further customization of the sensor performance. In addition, by varying the
process parameters, the resistivity, geometry, and mechanical behavior of the sensors could
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all be influenced and controlled. Lastly, establishing a low-resistance contact to outside
equipment currently requires the application of a silver paste, silver ink, or similar medium.
Further investigation might eliminate the need for this extra handling after the build.

5. Conclusions

The current work presents a novel design for an AM-designed resistive sensor for use
under compressive loading. Through the use of a shortening resistive path, this design
enables a stronger resistive response than piezoresistive behavior alone. The use of a
flexible TPU substructure demonstrates the strength of multi-material AM, allowing both
the sense element and the substructure that modulates sensor behavior to be built within
the same process. Aside from the substructure, the size of the gap between the sensor
windings is shown to be an important design consideration, allowing the designer to
control the initial delay in response, as well as the force-distance-resistance relationship.
Actuation velocity is shown not to be a major contributing factor. The various interactions
in the sensor have been summarized into a model, highlighting the factors that can be
readily controlled by the designer. The sensor design can be applied in a wide range of
applications in order to measure both contact forces and deformation, such as gripping
systems, robotic hands, or prosthesis and, thus, be an alternative to capacitive touch sensors,
e.g., [41].
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