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ABSTRACT Structural electronics has garnered significant attention in the past decade. However, there
remains a lack of a systematic approach in designing and manufacturing sensors that leverage both
mechanical and electronic properties of materials for different applications. In this paper, we introduce a
method for designing piezoresistive force sensors utilizing structural electronics and 3D printing techniques.
Based on the principles of piezoresistive force sensing, we defined the geometric profile of the sensor
by simultaneously maximizing strain and ensuring as uniform as possible stress distribution across the
geometry. CAD models of the sensors were then formulated based on the optimized profile and fabricated
using conductive filaments and the material extrusion 3D printing technique. Subsequently, we evaluated
the accuracy, the sensitivity, and part-to-part variations of the sensors during loading and unloading. The
influence of environmental temperature and humidity on the sensor’s response were also investigated and
compensated. Experiment results demonstrated the feasibility of the proposed method and revealed potential

application domains, as well as limitations of the sensors.

INDEX TERMS Structural electronics, 3D printing, force sensor.

I. INTRODUCTION

Pressure sensors are of significance across a wide range
of applications, spanning from robotic grippers [1], smart
cushions [2] to wearables and digital twins [3]. Based on their
operational principles, pressure sensors can be categorized
into piezoelectric sensors, capacitance sensors, triboelectric
sensors, and piezoresistive sensors [4], [5], [6]. Among these
categories, the piezoresistive sensor has gained considerable
attention due to its straightforward fabrication procedure,
simplicity of the readout mechanisms, a wide detection
range and sensitivity, rapid response time and low power
consumption [7].

Most pressure sensors function as standalone components,
e.g. in structural health monitoring [8] and wearables [9].
Researchers/engineers often require the flexibility to deploy
these sensors in desired locations to meet various application
requirements. At times, additional structures, such as fixtures,
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housings for wires, are required to support the functionality
of these sensors. This introduces extra complexity into the
design and manufacturing processes, leading to increased
weight and costs. Structural electronics, which can integrate
mechanical, electrical, and/or electronic components as part
of a system [10], has demonstrated a novel approach to
integrate electronic elements within the structures they are
meant to serve. This results in lightweight, compact, and
multifunctional devices.

In manufacturing of structural electronics, one way is
to add conductive materials and electronics components
on the structure where Laser Direct Structuring (LDS)
and In-Mold Electronics (IME) are typical methods [11].
Another way is directly using dielectric and conductive
materials in the construction of structure, e.g., via 3D print-
ing. In this approach, the conductive material not only
functions as mechanical structure, but also as conductive
wires or even the sensing or actuating element [12]. For
instance, Ntagios et al. developed a new design for a robot
with an intrinsic sensing system printed by a multi-material

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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3D printer, enabling the robot to have advanced tactile sens-
ing capabilities [13]. Goh et al. introduced an embedded
resistive-based sensor and its design optimization was per-
formed on the print pattern and the infill density to achieve the
optimal sensitivity and repeatability [14]. Dijkshoorn et al.
used multi-material printing and poly-jetting with FDM
to demonstrate the effect with different printing orienta-
tions and infill patterns [15]. Laszczak et al. [16] developed
a customized stress sensor based on a 3D-printed elas-
tomeric frame, which is also addressed in Nietal. [17]
Another example is that Bao et al. introduced a double-
robot 3D printing system for the fabrication of 3D structural
electronics [18].

Conductive materials play a crucial role in 3D printed elec-
tronics. Silver paste was initially introduced for cold extru-
sion [11], [19]. However, the paste cannot be used to build
structural components. An alternative strategy involves incor-
porating silver into various materials to create novel, printable
composite materials. For example, Wei et al. developed a
new type of hybrid Ag-coated nanofibers, resulting in the
creation of 3D-printable, lightweight, and highly conductive
nanocomposites [20]. In addition to silver, carbon particles
and carbon nanotubes are also utilized in the development
of 3D-printed materials, such as Proto-Pasta [21]. Mu et al.
used commercially available acrylic-based UV-curable resin
alongside multi-walled carbon nanotubes (MWCNTS) as pri-
mary constituents for Digital Light Processing (DLP) in
3D printing [22]. However, challenges such as cost, limited
choices, suboptimal material characteristics, restricted colour
options, and a lack of standardized certification remain asso-
ciated with carbon-based 3D printing materials [23].

Using conductive materials and 3D printing techniques,
researchers made significant efforts in designing and fabri-
cating structural sensors [24], e.g. capacitive sensors based
on conductive complex structures [22]. Another example is
that Mata et al. developed printable sensors that can be used
to assess sub-mT fields and can be bent to 2 mm bending
radius without sacrificing the sensor magneto resistive per-
formance [25]. Regarding force sensing, Guo et al. introduced
a multi-functional strain sensor through a facile 3D printing
technology [26]. However, to our knowledge, a systematic
approach for designing structural electronic sensors while
considering both mechanical and electronic requirements has
not been proposed.

In this paper, we present the designing and manufacturing
process of a structural electronics force sensor using 3D
printing technique. The scientific contributions are:

« We propose a new computational design approach that
designs the geometric shape of the structural elec-
tronics force sensor through optimization of a cost
function that integrates both mechanical and electronic
requirements;

o The designed force sensors were fabricated using 3D
printing techniques. Subsequently, the sensors were
characterized for accuracy, sensitivity, and part-to-part
differences in both loading and unloading processes.
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The remainder of this paper is organized as follows: Section II
centres on detailing the geometric shape of the proposed
sensor. In Section III, we describe the digital fabrication
process. Section IV explores the characteristics of the struc-
tural electronic pressure sensor. Further insight into the
proposed method, the sensor’s properties and limitations are
explored in Section V. Lastly, a short conclusion is drawn in
Section VI.

Il. SENSOR DESIGN

In this section, we introduce the proposed computational
design approach, where we devised the geometry for the
structural pressure sensor to ensure a more uniform stress
distribution, thereby facilitating larger elastic deformation
and increased capacity to withstand higher pressure. The
optimization objective is to attain a broader working range
and enhanced resolution.

The design of the sensor starts with a 2D symmetric con-
tour shape. We have defined the initial contour as a single
rectangular pulse shape, with additional vertices positioned
at the left and right boundaries, respectively (Fig.1(a)). The
lower part of the pulse shape serves as the support, while
the upper part will bear the load. To increase the deforma-
bility of the sensor, we introduce extra degree of freedoms
to both “‘sides” of the rectangular pulse shape, enabling the
transformation to an “S” shape side wall while consider-
ing the reduction of space occupancy. Taken the left of the
contour as an example, the geometry is defined based on
points P4, Prp, Prc, and the Ly = |Prg — Prc| and Ly =
|Prc — Prc|, which are the vertical height of the pulse and
the horizontal width of the pulse. Consequently, by intro-
ducing the tangents 774, T1p, Trc and points Pr4, Prp, Prc,
we define a quadratic tangent curve By which is shown
in Fig.1 (b) as:

By, = Cr(Pra, P, Prc, Tia, T1, Tic) (nH

While the Ly and Ly can be specified by the user as the
design requirement, and Prp = (Pra + Prc) / 2, By can be
denoted as:

By = Cr(Tpa, T, Trc) )

Given a force F applied on the top of the pulse shape as Fig.1,
the deformed curve can be calculated as:

Brp = Crp(F, TC (Tpa, T, Trc)) 3)
B p can be discretized as a pointset
Brpp = {Prp (i) i = 0..n} 4)

The stress at each point in By pp can be described as:
orpp = {orp (i) |i = 0..n} (5)
And the strain of each point can be described as:
erpp = {e()]i = 0..n} (6)

Considering the curve as the centre line of a beam printed
by conductive materials, the changes of the resistance is
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FIGURE 1. Geometric profile of the sensor.

correlated with the strain introduced by F. To maximize the
changes of the resistance, we defined a term as

n
SUMe = D (epp() ™
i=0

to reflect the electronics requirements. Meanwhile, a uniform
stress distribution prevents localized stress concentrations
that might lead to uneven deformation and potential destruc-
tion of the structure. To maintain as uniform as possible stress
distribution along the curve By p, we introduce a new term to
reflect the structural requirements as:

STD, = STD(orpp) VYmax (orpp) < 2/30y ®)

where STD stands for standard deviation, oy is the yield
strength of the material and 2/3 is a safety factor.

Tra, Trp, Trc can be found by maximizing Eq.7 while
minimizing Eq.8. A cost function is then formulated, and
Tra, Trp and T can be found by minimizing the cost func-
tion as:

Tia, Tig, Trc = argmin(STD, — ASUM ;) )

By in Eq.2 can be defined based on the found 714, Tip
and Trc, and due to the symmetry of the design, curve Bg
at the right side of the design can be acquired by mirroring
By regarding the centre line.

The proposed approach was implemented in Rhino®)
Grasshopper(®) [27]. Eq.3 was executed with the assistance
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of Karamba 3D [28]. A genetic algorithm was employed
to determine the values of T4, Trp and Trc as in Eq.9.
Figure 2 presents the curve B, and By p before and after the
optimization regarding both unloaded and loaded conditions,
respectively. In the loaded condition, we imprinted the value
of stress (Eq. 5) as the colour of the curve. It can be observed
that after optimization, when a force of 15N is applied, the
deformation of the sensor profile, primarily in blue, is sig-
nificantly greater than that of the initial design under the
loaded condition, which is mainly in purple. Furthermore,
the maximum stress (100 Kpa) remains well below the yield
strength (oy) of 3D printed Polylactic acid (PLA, worst case
oy ~ 6.71 Mpa as [29]).

Load forc¢c —4—MmH ——

Unoptimized curve
(with load)
Optimized curve ﬁ\A

(with load)

Stress[Pa]

1.00e+05

9.50e+04

9.00e+04
Unoptimized curve

i 8.50e+04
Optimized curve °

8.00e+04
7.50e+04
7.00e+04
6.50e+04
Fixed points 6.00e+04

N 5.50e+04
5.00e+04

FIGURE 2. Stress distribution before and after optimization (Unit: Pascal).

Based on the optimized contour, the solid form of the
sensor is obtained through two steps:1) Extruding the 2D
profile into a 3D surface, extending it by a distance W;
2) Thickening the extruded surface on each side by an amount
of T'/2 as Fig.3. In this context, W represents the width of the
structural electronics sensor, and 7T represents its thickness.
Notably, considering the manufacturing method, in this case
Fused Deposition Modelling (FDM), we have specified that
T is the product of a positive integer and the nozzle diameter,
e.g. T = 0.8 mm = 2x0.4 mm, where 0.4 mm is the diameter
of the extrusion nozzle.

FIGURE 3. 3D view of a sensor.

IIl. SENSOR FABRICATION
The filament’s composition consists of a blend of Poly-
lactic Acid (PLA) and carbon black, which offers higher
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stiffness and volumetric resistivity compared to conductive
Thermoplastic Polyurethane (TPU). A conductive filament
from Proto-Pasta was employed in fabricating the sensor.
The filament’s composition consists of a blend of Polylactic
Acid (PLA) and carbon black. While the mechanical prop-
erties are similar to 3D printed PLA [29], the 3D-printed
part also displays anisotropic volume resistivities. In the
direction along the extrusion, the volume resistivity is about
0.3 Ohm-'m, whereas in the z-direction (against layers),
it measures 1.15 Ohm-m [21]. The glass transition temper-
ature (Tg) for PLA is approximately 55°C [30].

( The ritmg procéss for the sensors

T=0.4mm T=0.4mm T=0.4mm
o ﬂ_mn:SR
T=0.8mm T=0.8mm T=0.8mm

W=3mm : 2 W=4mm‘ t W=5mI t
V|Hw

fis 1o
il

(b) Printed sensors

(c) Sensor connected with wires (top view)

FIGURE 4. 3D printed sensors.

Six variations of force sensors were designed. While all
sensors have the same height (H = 25.4 mm, 1 inch), the
width W has three configurations: 3, 4 and 5 mm, and the
thickness 7 has two configurations: 0.4 mm and 0.8 mm.
Printing was carried out using an Ultimaker® 5, with a
nozzle size of 0.4mm and the nozzle temperature maintained
at 215°C. The layer height was set as 0.15 mm, and the bed
temperature was 60°C. Since the thickness of the sensor does
not exceed 2.4 mm, the entire structure is sliced to multiple
contours. For each of the 6 types of sensors, 3 identical
copies were printed. The printing process for these sensors
is illustrated in Fig.4(a), and the printed 6 types of sensors
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are shown in Fig.4(b). The printing time for a single sensor
was approximately 12 minutes.

Cables were connected to the left and right ends of each
sensor, respectively as Fig.4(c). A support structure, which
was printed by dielectric PLA (white part in Fig.4(c)), were
used to fix the “bottom” of the sensor to avoid any displace-
ment in the loading/unloading process. The infilled density
was set to 100% with Y-layering to minimize the contact
resistance [30]. Additionally, the thickness of the connection
part of the sensor was increased to reduce the resistance.
Copper wires were heated and inserted into the structure to
ensure a relatively consistent contact surface.

IV. SENSOR CHARACTERISTICS

In this section, we present the outcomes of a series of experi-
ments aimed at investigating the sensor’s performance. First,
we describe the loading/unloading experiment, which was
conducted to examine the accuracy, the sensitivity and part-
to-part differences of the sensors [31]. Subsequently, the
printed sensors were placed in a climate chamber to assess
the influence of environmental temperature and humidity on
the sensors’ outputs.

FIGURE 5. Setup of the loading/unloading experiment.

A. LOADING AND UNLOADING

Figure 5 shows the setup of the loading/unloading experi-
ment, a tensile testing machine Zwick/Roell Z010 [32] was
used to control the displacement applied to the sensor, and
a SDM355 digital multimeter, was used to measure the
resistance. The environment temperature was about 20°C.
To reduce the effect of the contact resistance, a four-
wire measurement technique was employed to eliminate
contact resistances in the experiment’s measurement [32].
Sensors with different parameters have different behaviours.
Figure 6 shows the deformation of 6 sensors with different
parameters regarding the load. For deformations, the mean
maximum displacement of the three 0.8mm-thickness sam-
ples was 1.88mm, and for the three 0.4mm-thickness samples,
it was 4.06mm. Regarding the maximum loads of 0.8mm-
thickness sensors, for 3, 4, and Smm-width sensors, the
mean values were 11.67, 14.10, and 18.00N, respectively. For
0.4mm-thickness samples, they were 2.09, 2.81 and 3.37N,
respectively. Here, thickness played a major role on the per-
formance of the sensor. Based on these results, we controlled
the deformation (displacement) between 0 and 1.25mm for
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0.8mm-thickness samples and between 0 and 2.5mm for
0.4mm-thickness sensors in the following experiments. With
this setup, the introduced working strain ranges from 0%
to 5% (maximum) for 0.8mm-thickness samples and from
0% to 10% (maximum) for 0.4mm-thickness samples. The
introduced strain ranges from 0% to 5% (max) for 0.8 mm
thickness samples and 0% to 10% (max) for 0.4mm thickness.
For each of the 6 types of sensors, three identical copies
were evaluated for 100 compression cycles, and the force and
resistance were documented.

20.0
— T=08mm, W=3mm
17.51 I I —— T=04mm, W=3 mm
T=0.8 mm, W=4mm
15.0 T— T T — T=04mm, W=4mm
T=0.8 mm, W=5mm
12:5 T

T=0.4 mm, W=35mm

Force (N)
S

s
i)}
J

0 1 2 3 4
Deformation (mm)

FIGURE 6. The maximun working range of sensors.

The resistance of the sensor during the first 100 cycles is
presented in Fig.7(a). It can be observed that the resistance
changes with the applied displacement (and force) during the
initial cycles. However, the range and the mean value of each
cycle gradually decrease until the 70th cycles. Figure 7(b)
shows the relationship between the measured force and resis-
tance for the 1st, 70th, and 100th cycles. As we used the same
displacement in each cycle, in the initial cycles, the resistance
ranges from 2650 €2 (no force) to 2690 €2 (~7 Newton). In the
70th and 100th cycles, the resistances consistently changed
between 2620 Q2 (no force) and 2645 Q2 (~6 Newton). This
phenomenon can be caused by the gradual stabilization of the
3D printed sensor’s state, which is reflected in the reduced
range of resistance and force [33].

To characterize the response of the sensor in the stable
state, the relative change of the resistance, i.e. AR/R, was
used as the response of the measured force. The outputs
of the 6 types of sensors are presented Fig.8(a). In the
figure, it can be found that the sensors exhibit asymmetri-
cal responses between the loading and unloading directions,
resulting in crescent-like response curves. The asymme-
try between loading and unloading might be attributed to
resistance hysteresis, a nonlinearity frequently observed in
phase-change materials [34].

Most sensors achieved 1% changes regarding the resis-
tance and the sensor with T = 8mm, and W = 5mm reached
1.6%. Furthermore, an observation is that the width of the
loops reduces as the size of the sensor decreases (from right to
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W
(=)
~

FIGURE 7. Resistances of a sensor during loading and unloading process.

left as Fig.8(a)). Considering the noise at the beginning/end of
the loading/unloading situation, we specified a working range
(as the window) as Fig.8(b) to establish monotonic relations
between AR/R and the applied force.

Using the defined working range, we explored the range,
the accuracy, and the part-to-part difference among different
prints of each type of sensors. The results are presented
in Fig.9 where the horizontal axis is AR/R, the vertical
axis is the force, and the error bar indicated the variations
of 3 identical prints, each 30 cycles. Overall, the sensor’s
performance remains consistent. However, it’s noteworthy
that in certain designs (Fig. 9(c) and 9(f)), the part-to-part
differences become larger as the applied forces increase.

The range of the sensors, the root mean square error
(RMSE), and part-to-part variations are presented in Table 1.
Column A in Table 1 shows the mean RMSE of each type of
sensor in 30 cycles as Eq.10.

A\ 2

3 L (fz —fi)

iV —
3

where f; is the actual measured force, f, is the estimated force

within the individual sensors. Within the range of each type of

A= (10)
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performance of sensors

FIGURE 8. Overview of the performance of the sensors.

TABLE 1. RMSE and standard deviations of accuracy (A) and RMSE of
part-to-part difference (P) regarding AR/R.

T WL/U Range (N) A % P %
04 3 L 0.578-1.453 £0.011 1.26 =+0.029 3.31
04 4 L 0.839-1.997 £0.032 2.76 +0.041 3.54
04 5 L 0.983-2.325 £0.021 1.56 40.066 4.92
0.8 3 L 2.076-6.248 +0.03 0.72 0.1 2.4
0.8 4 L 2.599-7.954 £0.025 0.47 £0.121 2.26
0.85 L 3.69-11.574 +0.173 2.19 +0.279 3.54
043 U 0.515-1.399 +0.012 1.36 +0.021 2.38
0.4 4 U 0.794-1.956 +0.033 2.84 +0.053 4.56
045 U 0.887-2.249 £0.019 14 =£0.06 4.4l
0.8 3 U 1.784-5.931 +0.057 1.37 +0.124 2.99
0.8 4 U 2.303-7.588 +0.054 1.02 +0.122 2.31
0.8 5 U 3.387-11.181 #0.1 1.28 +0.12 1.54
MEAN=+STD 1.52+0.7 3.18+1.01

sensors, the overall mean accuracy is 1.52% and the standard
deviation is 0.7%. The P column in Table 1 shows part-to-part
variations of each type of sensors, which is the RMSE of all
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sensors (30 cycles). The mean part-to-part variation is 3.18%
and the standard deviation is 1.01%.
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FIGURE 9. Relations between AR/R and the force.

2
0.000 0.002 0.004 0.006 0.008 0.010

As all sensors exhibits linear behaviour in the loading and
unloading process within the working range, we made a linear
regression of the loading and unloading process of each type
of sensors as presented in Fig.8. In the regression, the AR / R
is used as a predictor and the force is used as the responsible
variable, as in the usage scenario of force sensors. Parameter
a is the sensitivity and b is the residual.

Force:aAR/R+b (11)

Table 2 presents the results of the linear regressions.
All R? value are above 0.95, which show the strongly linearity
of the response of the sensors. All p values are at the signifi-
cance levels. The sensitivity (a) of thicker and wider sensors
are higher than thinner and narrower ones.

B. TEMPERATURE AND HUMIDITY

The effects of environmental temperature and humidity on
the sensors were investigated using an ESPEC SH-661 tem-
perature & humidity chamber as Fig.10(a). In the experiment,
we adjusted the temperature from 10°C to 25°C at 5°C step,
as the temperature of glass transition (Tg) for PLA is
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TABLE 2. The parameters of regression equations (T-Thickness of
sensors, W- Width of sensors, L/U - Loading/Unloading).

T W LU a b R? P
04 3 L 77919 0.635 0.982 <0.01
04 4 L 93807 0907 0.991 <0.01
04 5 L 112603 1.081 097 <0.01
08 3 L 474866 2.531 0.982 <0.01
08 4 L  521.656 2981 0.988 <0.01
08 5 L 754456 4.623 0976 <0.01
04 3 U 120521  0.I11 098 <0.01
04 4 U 141.196 0266 0.984 <0.01
04 5 U 171.647 0316 0.968 <0.01
08 3 U  749.12 0289 0.989 <0.01
08 4 U 949347 0343 0.989 <0.01
08 5 U 1148374 035 099 <0.01

approximately 56°C. For the relative humidity, we varied it
from 30% to 90% at a step of 15%.

Three repetitive tests were conducted where for each
round, we started from 10°C and 30% relative humidity.
The testing results are presented in Fig.10(b) and Fig.10(c),
respectively. Table 3 shows the mean and standard deviation
of AR/Ry on the temperature and the relative humidity at
each configuration. Here Ry is the initial resistance of the
sensor (10°C, 30% relative humidity).

TABLE 3. The drift on humidity and temperature.

30% 45% 60% 75% 90%

10°C 0 0.001 0.002 0.004 0.006
+0.001 | +0.001 | +0.001 +0.002

15°C 0.044 0.045 0.046 0.049 0.053
+0.001 | +0.002 | +0.001 | +0.002 +0.003

20°C 0.088 0.091 0.091 0.094 0.1
+0.001 | +0.004 | +0.001 | +0.002 +0.004

250C 0.148 0.15 0.154 0.159 0.171
+0.003 | +0.004 | +0.005 | +0.004 +0.006

Experiment results indicates that both temperature and
humidity influence the AR/Ry, however, at different ampli-
tudes. As the 3D printing filaments are hygroscopic, they can
absorb moisture from the air, which might be the reasons of
the changes of AR/Ry regarding the relative humidity. For
instance, at 10°C, the change of AR/Rp is 0.006 while the
humidity changes from 30% to 90%. For the temperature,
AR/Ry changes from 0 to 0.17, mainly caused by thermal
expansion [35]. To minimize the influence of the temperature
and the relative humidity, we developed a regression equation
to compensate as Eq.11, where the humidity (H) and the
temperature (7)) are used as a predictor and AR./Ry is the
compensation.

AR:/Ro = a+bH + cT + dH* + eT? + fHT + gH’
+ hT? + iH?T + jHT? (12)

VOLUME 12, 2024

| =
y o ¢ e ‘

(a) Sensors in the climate chamber
0.25

—— Temperature =10(°C)
—— Temperature =15(°C)
0201 — Temperature =20(°C)
—— Temperature =25(°C)

0.15{ ' /

—

[
b3
>4
< 0.10 — |
0.05 —
0.00
30 40 50 60 70 80 90
Humidity (%)
(b) The effect of humidity on AR/R
0.200
—— Humidity = 30(%)
0.1751 —— Humidity = 45(%)
—— Humidity = 60(%)
0.150 1 —— Humidity = 75(%)
—— Humidity = 90(%)
0.125
2‘? 0.100
b<|
0.075
0.050
0.025
0.000

10 15 20 25
Temperature (°C)

(¢) The effect of temperature on AR/R

FIGURE 10. Characterizing the influence of Temperature and humidity on
the sensor.

Table 4 presents the values of the coefficient in Eq.12. Within
the working temperature range (10°C-25°C and 30%-90%),
the accuracy of the temperature compensation (RMSE)
is £0.001 (R? = 0.998), which is comparable to the char-
acteristics of other force sensors [36], [37].

V. DISCUSSION

In contrast to an experimental approach in sensor design,
we have introduced a novel computational approach that
considers both mechanical and electronic properties in the
early stage of sensor design. A set of force sensors was
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TABLE 4. Polynomial regression for humidity and temperature
compensation (10~25°C and 30~90%).

-1.825x 107!
6.555 x 10~*
2.697 x 1072

—4.959 x 1076

—1.164 x 1073

—5.655x 1075
1.197 x 1078
2461 x 1073
3.016 x 1077
1.023 x 1076

il KT =l ST N KR ES T [ RS SR S

designed and manufactured using 3D printing techniques.
Compared to traditional force sensors, these 3D printed elec-
tronic force sensors integrate both mechanical and electronic
functionalities, reduce manufacturing costs, and thereby have
the potential to enhance the overall system efficiency.

(a) Optimized geometric profiles with different A
Load force —,

Stress(Pa)
8.00e+04
7.50e+04
7.00e+04
6.50e+04
6.00e+04
5.50e+04

5.00e+04
4.50e+04
4.00e+04

Fixed points j‘ /)
Z

3.50e+04

(b) Stress distribution and deformation of the sensor with
different A

FIGURE 11. The influence of 1.

A. THE VALUE OF A

In the cost function for optimizing sensor shape, we intro-
duced the parameter A to balance the needs of uniform stress
and large strain, with the goal of enhancing both mechan-
ical and electronic properties. Within the same geometric
envelope and boundary conditions, modifying the parame-
ter A allows for tailoring the sensor’s behaviour to meet
specific requirements. Figure 11 shows the deformation and
stress of the sensor profile under the same load regarding
A = 0.8, 1, and 1.2, respectively. A larger A might intro-
duce increased deformability, resulting in higher sensitivity.
Conversely, when A is small, the sensor prioritizes stress
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uniformity, expanding its operating range while maintaining
robustness against applied forces.

B. SENSOR CHARACTERISTICS

Given that the environment temperature and humidity intro-
duce a large portion of errors, we introduce a humidity
and temperature compensation mechanism to improve the
accuracy of the sensors. However, temperature and relative
humidity sensors are always needed for the compensation.

Vsouree

D

FIGURE 12. A Wheatstone-bridge-based readout circuit for temperature
and humidity compensation.

Another possible solution is to introduce a Wheatstone
bridge in the readout circuit to reduce the influence of tem-
perature and humidity as Fig.12. In the figure, Rp is the
proposed force sensor, R1, Ry and R3 are resistors made of the
same materials and manufacturing methods with the same (or
similar) resistance. The relationship between the Rp and the
voltage of the bridge V() can be denoted as:

( Rp R3
Vo = —
Ry+Rp Ri+Rj3

) Vs (13)

where V; is the source voltage.

Assuming the resistances of Ry, Ry and Rz and Rp are
denoted as R + ARty €2, where ARry are the change of
resistance introduced by the temperature and the relative
humidity. When an external force F is applied on Rp, the
resistance of Rp is changed to R+ ARty + ARF, where ARF
is introduced by the force. Based on Eq.13, ARy / R, which
is the error introduced by the environmental temperature and
relative humidity, can be calculated as:

ARty 4Vo(1 + ARF/R)
R Vi=2V

In Table 3, errors introduced by the environmental temper-
ature and the relative humidity span from 0 to 0.17. Given
Vs = 5V and the range of ARFp /R from 0to 0.1 (as Fig.8), the
maximum value of AR7y /R calculated by Eq.13 is 0.0017.
Though it is slightly larger than the error compensated by the
temperature and humidity compensation equation (Eq. 11),
it is 100 times smaller than the maximal error (0.17 as
per Table 3) before compensation. Besides, temperature and
humidity sensors are not needed using this approach, which
is also an advantage.

(14)
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C. DESIGN IMPLICATIONS

Although we only presented individual structural electronic
sensors, similar sensors in various forms can also be designed
and manufactured for different applications. Figure 13 illus-
trates a sensor array consisting of nine individual sensors.
This sensor array can be utilized to measure the force applied
to a surface, for example, as a smart cushion. Based on
3D printing techniques, sensors in the same vertical column
can be manufactured simultaneously, saving time and effort
while minimizing part-to-part differences. The information
acquired from the ‘sensor cells’ can be read using a multi-
plexer sensor network. Besides, sensors in 3D shapes are also
under exploration.

FIGURE 13. A printed sensor array system.

D. LIMITATIONS

The design exploration started with a combined tangent
curve. However, alternative shapes for various applications,
particularly those involving 3D design, were not investigated.
Furthermore, by modifying the geometry of the sensing
element, it may be possible to reduce hysteresis error and
enhance stability over cyclic deformations [38]. The hys-
teresis partly results from mechanical properties and partly
from the conductive material itself, which appears to be
prone in printed conductive piezoresistive sensors [15]. Itisa
known problem as shown in other literatures [39], [40], [41].
The reasons might be the distribution of conductive materi-
als in the microstructure, as well as other dynamics in the
system [42]. These aspects will be further examined in our
future work. Additionally, this study revealed that the impact
of humidity on the changes of resistances was marginal, while
temperature exhibited a significantly larger effect. During
the study, the selection of materials was constrained by
the limited availability of conductive filaments, particularly
concerning their thermal properties. For instance, as Tg of
PLA is 55°C, we limited the maximum temperature of the
proposed sensors to 25°C to ensure that the sensor materials
maintain their structural integrity and functionality during
operation. Whether the relationship between the force and
resistance changes of the sensor at different temperatures is
consistent with that at 20°C needs to be further explored.
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Moreover, the 3D printing parameters, such as nozzle tem-
perature, layer height and line with also affects the resistance,
which are also to be further investigated [43]. Limited by the
FDM printing technique, we printed the sensors following
the W direction only as Fig.3 and Fig.4(a). Furthermore,
future work will be conducted to characterize the behaviour
of the sensor regarding fatigue and stability over time for a
better understanding of the performance of the sensor. The
utilization of new materials and multi-material printing with
other printing techniques might trigger new opportunities for
sensor designs as well. For example, conductive TPU offers
high wear resistance, TPU molded components are less sus-
ceptible to cracking during operation. PLA displays inferior
tear strength compared to TPU. On the other side, conductive
TPU offers high mechanical elongation which is well suited
for the implementation into elastomeric application.

VI. CONCLUSION

In this paper, we present an approach to design, manufacture
and characterize structural electronics force sensors. With
optimized geometric shapes, we printed the sensors utilizing
conductive materials and FDM printing. The printed sensors
are able to measure forces in the range of 0.5 (T = 0.4,
W = 3mm) to 11.5 (T = 0.8, W = 5 mm) newtons with
an overall accuracy about 1.52+0.7N. The mean part-to-part
difference is 3.18%=+1.01%. Humidity has little influence
on the responses of the sensors. Though temperature might
lead to drifting, after correction, the RMSE can be lowered
to & 0.001. Despite the limitations of using specific materials
and FDM printing techniques, experiment results validate
the proposed approach and highlight potential future oppor-
tunities for developing force sensors based on 3D printed
structural electronics.
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