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Abstract

A new manufacturing wave concerning the Additive Manufacturing of sensors is spreading: several benefits, such as cost,
time, and manual task reduction, can be achieved. The aim of the present research is the one-shot Additive Manufacturing
of a low-cost capacitive sensor for liquid level sensing. The Material extrusion (MeX) technology was used to fabricate the
proposed sensors (composed of a flexible substrate, two conductive electrodes, and a top flexible coverage), and a Design
for Additive Manufacturing (DfAM) approach in conjunction with the 3D printing force analysis was performed. Very thin
conductive tracks (0.5 mm) were manufactured to obtain a sensor having a final capacitance value of 125 pF, readable by
common laboratory instrumentation. The sensor has been tested for the liquid level sensing using two different liquids, i.e.,
sunflower oil and distilled water, exhibiting very good sensitivity of 0.078 2—; and 0.79 %, respectively, with high repeat-
ability, thus obtaining sensing performances comparable with that of more expensive sensors found in literature. Moreover,
the proposed sensor showed high linearity (R?>0.997), which resulted in a maximum propagated level error of 1.4 mm.
The present research proves that the inexpensive MeX technology can be successfully employed for the fabrication of high-
performance capacitive sensors: the sensor manufacturing cost (related to raw materials) is 0.38 €, and no manual assembly
tasks were performed. This study lays the foundation for the one-shot fabrication of smart structures with capacitive sensors

on board, saving manufacturing time and cost.
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1 Introduction

Additive Manufacturing Material extrusion (MeX) tech-
nology (in accordance with ISO/ASTM: 52,900: 2015) has
been extensively used for the fabrication of smart structures,
equipped with sensing systems [1]: in particular, MeX tech-
nology seems to be a valid alternative to the classic 2D
sensor fabrication due to several features (i.e., inexpensive
technology, multi-material manufacturing, geometric free-
dom) [2-4].

Several studies have been performed to reduce the gap
of knowledge in the field of MeX-manufactured sensors:
Arh et al. [5] proposed an experimental method to identify
the dynamic piezo resistivity of unidirectionally printed
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structures providing coefficients needful for the building
of analytical and numerical models; Cardenas et al. [6, 7]
used high-intensity pulsed light to increase of two orders of
magnitude the conductance of the tracks made up of com-
mercial conductive filaments; Stano et al. [8], exploiting the
Design of Experiment (DoE) approach, found out a relation-
ship between process parameters (layer height and print-
ing orientation) and electrical resistance (and variability)
minimization; Maurel et al. [9] defined a novel framework
to direct 3D print ion-lithium battery.

As outlined in [10], MeX technology is almost exclu-
sively used to manufacture sensors based on the piezore-
sistive principle, ranging from classic applications such as
static load detection [11, 12] up to dynamic load detection
[13] which motivates Arh et al. [14] to develop a novel
monolithic uniaxial accelerometer. Li et al. [15] developed
a manufacturing procedure based on the MeX of commercial
thermoplastic polyurethane (TPU) followed by an ultrasonic
treatment to make the final structure conductive: they fab-
ricated an auxetic sensor characterized by a Poisson ratio
of —0.8 and a sensitivity of 2.661. A multilayered pressure
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sensor has been fabricated using sacrificial material and con-
ductive polylactic acid (PLA): the proposed sensor has been
tested under different conditions proving its suitability for
wearable applications [16].

Kim et al. [17] fabricated a smart structure composed of
two sensors: a piezoresistive sensor for force detection and
a temperature sensor. They attached the proposed device
to gloves and shoes proving that MeX technology can be
used for the fabrication of very low-cost sensors able to
detect human motions. A not negligible aspect related to
MeX-manufactured piezoresistive sensors regards the strong
dependence between change in resistance and temperature
[18]. Since the mechanism underlying this phenomenon in
plastic materials doped with conductive fillers is not fully
understood in literature and more research efforts are nec-
essary to better characterize it, at the state of the art, the
exploitation of these sensors to detect a change in tempera-
ture seems to be still not possible due to low repeatability
[8, 18-21].

Recently, MeX technologies have been employed for the
fabrication of capacitive-based sensors: Saari et al. [22] used
the fiber encapsulation method to fabricate a capacitive force
sensor having a sensitivity of 0.2 ;l; Using a triple extruder
MeX machine (support material, conductive material, insu-
lator material), Liu et al. [23] developed a capacitive sen-
sor for human blood pulse having a sensitivity of 1.9 2. in
particular the total printing time was 35 min, while the sup-
port material dissolving time was almost 10 h. In 2021, Loh
et al. [24] proposed a capacitive-based force sensor entirely
manufactured through MeX technology: they connected the
proposed sensor to a jamming universal gripper in order
to obtain direct feedback (change in the row and column
capacitance in the matrix) during the object manipulation
(grasping, holding, and release).

As shown in [25], MeX technology can be successfully
exploited for the fabrication of facemasks for radiation ther-
apy: the usage of a multi-material 3D-printed setup can be
the key enabler to fabricate embedded sensors into biomedi-
cal devices to obtain real-time feedback.

Several considerations have to be taken into account when
AM multi-material extrusion technique is employed; the
adhesion between the different extruded materials depends
on several factors such as slicing parameters [26], interface
geometries [27], material affinity [28], and inter-molecular
diffusion [29]. The stretchable capacitive coplanar sensor is a
class of capacitive sensor which is gaining a lot of interest in
several application fields (i.e., sensing liquid level, humidity,
temperature, motion detection). Generally, these sensors are
fabricated by employing, at least, two different manufacturing
technologies: one for the flexible dielectric substrate and one
for the electrodes. At the state of the art, No-Additive Manu-
facturing (NAM) processes such as lithography, spin coat-
ing, and molding are employed for the substrate fabrication,
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whereas AM technologies are often involved for the fabrica-
tion of the electrodes (on the other hand, the most widespread
NAM technologies used for the fabrication of the electrodes
are spray deposition, flexography, gravure, screen printing,
etc. [30]). The AM processes exploited for the fabrication
of the electrodes are generally inkjet (in all its variants) and
Aerosol Jet micro-additive manufacturing: these approaches
are expensive, and really often custom-made conductive
materials (inks) are required due to a lack of them on the
market [30-35].

In the present paper, the inexpensive MeX technology
is used for the fabrication of a low-cost coplanar capaci-
tive sensor: a Design for Additive Manufacturing (DfAM)
approach has been used, and particular attention has been
paid to the printing forces involved during the manufactur-
ing process. In this way, really thin electrode tracks having
a width of 0.5 mm and placed at a distance of 0.8 mm have
been fabricated, thus overcoming the extrudability issues of
the conductive thermoplastic material. In this way, a capaci-
tance value of 125 pF has been obtained, which is readable
by common measurement instrumentations. The sensor,
consisting of (i) a dielectric flexible substrate, (ii) two elec-
trodes, and (iii) a dielectric top cover, was fabricated in a
single shot manufacturing step without recurring to further
assembly tasks. The proposed sensors have been tested for
liquid level sensing: a sensitivity of 0.078 +0.002 ﬁ and
0.79+0.001 ﬁ was obtained for sunflower oil and water
level detection, respectively. The main novelty of the present
research is the one-shot fabrication of a flexible capacitive
sensor characterized by high performance in terms of linear-
ity, RMSE, and propagated error, pushing the boundaries of
the inexpensive MeX technology for the manufacturing of
smart structures with embedded capacitive sensors.

2 Materials and methods

At the state of the art, Material extrusion (MeX) technology
has been unexploited for the fabrication of coplanar capaci-
tive sensors due to the low manufacturability of conductive
materials. In accordance with the coplanar capacitive sensor
working mechanism (see Eq. (1) and Eq. (2)), the more the
conductive tracks are thin and close to each other, the higher
the final capacitance value is. The possibility to obtain high
capacitance values readable by common measurement
instrumentation is a key requirement for the fabrication of
low-cost measurement circuits.

The main problem related to the additive manufactur-
ing of thin conductive tracks has been addressed by (i)
exploiting the Design for Additive Manufacturing (DfAM)
approach and (ii) studying the forces involved during the
manufacturing process to avoid the breakage of the brittle
conductive material during the fabrication.
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The main idea underlying the present work is shown in
Fig. 1.

2.1 Design

The proposed capacitive sensor was designed to be used
for liquid level sensing, and it was manufactured in a single
shot 3D printing cycle: it consists of (i) a flexible substrate
of thermoplastic polyurethane (TPU), (ii) two coplanar
electrodes made up of conductive polylactic acid (CPLA),
and (iii) a top cover made up of TPU which seals off the
electrodes, thus avoiding the direct contact of the electrodes
with the liquid during the sensing. After the manufacturing
process, the sensor covered with a top layer of TPU (hence-
forth called TPU-covered) is ready to be used for liquid level
sensing.

The overall sensor dimensions are shown in Fig. 2a: in
particular, the substrate is 171 mm long and 55 mm wide,
while its thickness is 0.4 mm; the top TPU cover (Fig. 2b)
is 0.3 mm thick.

The design of the electrodes is a crucial point to obtain a
measurable capacitance value: on one hand, thin conductive
tracks really close to each other are required to obtain readable
capacitance values; on the other hand, technological constraints
must be taken into account when conductive filaments are
extruded. In accordance with [31], the capacitance of coplanar
capacitive sensors is defined by the following equation:

Conductive PLA
(CPLA)

2) 3D printed
capacitive sensor

Fig. 1 Workflow underlying the present research

a)

Fig.2 Design of the coplanar capacitive sensor, in red the flexible
substrate and in black the two electrodes: a uncovered sensor, b TPU-
covered sensor, and ¢ design variables
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where C (pF) is the capacitance of the whole sensor, N
(dimensionless) is the number of electrodes pairs, [ (mm) is
the length of each electrode along x-axis,g is the vacuum
dielectric constant (Ii—il), €,, (dimensionless) is the effective
dielectric constant of capacitive sensor in the air (further
details about this parameter are well explained in [31]), and
K(k,) (dimensionless) is the elliptical integral of the first
kind in terms of k,, where k is defined as follows

N

k, =
07 s+ 2w @)

where s (mm) and w (mm) are the electrode spacing and
width, respectively. Thus, the only design parameters that
can be set in order to maximize the final capacitance are N,
[, s, and w (see Fig. 2c).

As a matter of fact, the free design variables are the [
parameter (length of the single electrode, as shown in
Fig. 2¢) and the overall electrodes length (see Fig. 2a), which
have been arbitrarily set as 25 mm and 150 mm, respectively.
Consequently, considering all the manufacturing constraints
(detailed in Sect. 2.2), it was found the best N, s, and w val-
ues to maximize the final capacitance to be 57, 0.8 mm and
0.5 mm, respectively, thus obtaining a predicted capacitance
of 82.7 pF from Eq. (1).

The DfAM approach was used to successfully set w: con-
sidering the printing orientation (sensor flat on the build
plate with the flexible substrate in contact with it), the w
parameter depends on the line width process parameters,
which in turn must be equal to the nozzle diameter. From
Eq. (1), the need to minimize w stands out: the following
requirement is in contrast with conductive material pro-
cessability (the bigger the nozzle, the less are the printing
issues such as filament breakdown and coggled nozzle). By
setting further process parameters (detailed in Sect. 2.2), it
has been possible to use a 0.5-mm nozzle and set w = 0.5
mm: it means that every conductive track will be the result
of one single extruded line. Similar considerations can be
drawn for the s parameter: using a trial-and-error approach,
it was found that the minimum spacing between two adjacent
conductive tracks allowed by the fused filament fabrication
(FFF) machine was 0.8 mm. By setting lower values, an
overlapping between adjacent conductive tracks occurred,
due to the filament expansion after the extrusion: in this way,

ones. The electrode thickness was arbitrarily set as 0.8 mm,;
however, lower values are allowed. Moreover, the sensor
was equipped with two square pads (side equal to 10 mm)
to weld electrical wires for the connection with the measure-
ment instrumentation.

2.2 Additive Manufacturing

The sensor has been fabricated in a monolithic way, exploit-
ing several advantages of the FFF technology, such as the
possibility to extrude more materials at the same time and
the reduction of assembly tasks [36, 37]. A multi-material
extrusion 3D printer (Ultimaker 3, Ultimaker, Netherland)
and two commercial materials were used (see Table 1). An
overview of the multi-material extrusion process is shown
in Fig. 1. For TPU and CPLA, 0.8- mm and 0.5-mm nozzles
were used, respectively.

As a matter of fact, the smaller the nozzle size is, the more
the level of detail is when conductive materials (generally
PLA-based doped with CNTs) are used: the general advice
provided by filament suppliers regards the usage of nozzles
having a diameter equal to 0.6-0.8 mm. The main problem
which could occur when nozzles smaller than 0.6 mm are
employed is the filament breakdown between the gears push-
ing it into the extruder: the doping elements (i.e., CNTs) scat-
tered into the plastic matrix make the filament very brittle.

To overcome this issue, it becomes crucial to set the
right process parameters to reduce the printing force (F),):
in this way, the force between the gears and the raw filament
(F ), which is responsible for the filament breakage, will be
reduced as well, thus avoiding the filament breakage. Indeed,
F,, must be higher than F: in this way, the gears will push

&
the raw filament into the extruder.

Fop 2 F, 3

In Fig. 3, a simplified model of the forces occurring
during the manufacturing process is provided (the friction
among the raw filament and the Teflon guiding tube has
been neglected).

In accordance with [38], FP can be calculated as the
contribution of two forces:

. . F =F +F
no capacitance values were measured, but only resistance P nt Laep “)
Table 1 Materials used for sensor manufacturing
Material Name Properties Manufacture Sensor parts
Thermoplastic polyurethane TPU e Shore A hardness equal to 95 Ultimaker (Netherland) o Flexible substrate
e Elongation at break equal to 580% e Top cover
Conductive polylactic acid CPLA o Resistivity of 15 Q - cm along the layers FiloAlfa (Italy) o Electrodes

o Resistivity of 20 Q - cm perpendicular

to the layers

e Pads
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Fig.3 Simplified FFF force model

where F), is the “nozzle force” (Eq. (5)), and it refers to
the melting process taking place inside the extruder (the
extruder can be divided into 3 different regions: in each one,
a pressure increment occurs), while F,,, is the “deposition
force” referring to the interaction between just extruded fila-
ment and build plate (or previously extruded filament) taking
into account the counterpressure related to melting filament
downstream of the nozzle: this force has been introduced by
Percoco et al. [38] in 2021, and it links process parameters
of the extruded filament with the classic F,, well known in
scientific literature [39]:

F,= (AP, + AP, + AP)A, )

where AP, AP,, and AP, are the pressure increment into
the three extruder regions, while Af is the cross-section of
the filament. To better understand each term included into
F, and F, and how they affect the total printing force F),, the
reader is addressed to [38, 40].

The nozzle geometry of this work is the same as [38]
(Ultimaker nozzle), while rheological parameters for
CPLA are not available in scientific literature, and classic
PLA ones have been used.

It has been pointed out that to reduce F,, two param-
eters need to be set: printing temperature and layer height;
when they increase, the total printing force decreases (see

Eq. (6)).
F,=f ~(layer height, printing temperature) (6)

It appears clear that the only way to manufacture thin
conductive tracks (and reduce the total printing force) is
to maximize the layer height and the printing temperature.
Hence, the exploitation of the 0.5 mm nozzle for the brittle
CPLA conductive filament is allowed by setting (i) the layer
height (lh) parameter equal to 0.2 mm, unlike for the classic

Table 2 Process parameters

TPU CPLA
Nozzle size (mm) 0.8 0.4
Layer height (mm) 0.2 0.2
Printing temperature (°C) 223 225
Line width (mm) 0.8 0.5
Printing speed (mm/s) 30 25
Flow (%) 106 110

MeX scenario where high details are reached by setting a
low layer height value (i.e. 0.05 mm) [41], and (ii) the print-
ing temperature (7,) equal to 230 °C, higher than the sug-
gested printing temperature range of 190-210 °C provided
by the supplier.

A 23-factorial plan (three repetitions) was conducted to set
the best /h and T, values: the number of printing successes
for every combination (no filament breakdown and no nozzle
clogging) extruding CPLA was measured. Three values of /A
(0.1, 0.2, and 0.3 mm) and T, (190, 210, and 230 °C) were
studied, and the best combination resulting in the maximi-
zation of the printing success was found to be [h equal to
0.2 mm and Tp equal to 230 °C. In this way, thin conductive
tracks with a width (parameter in Sect. 2.1) of 0.5 mm were
fabricated without any filament breakdown despite a huge
number (more than 20) of consecutive printed sensors.

In Table 2, the main process parameters set for both mate-
rials are summarized.

The total cost of raw materials for the TPU-covered
sensor, estimated by the slicer software (Ultimaker Cura
4.6), was 0.38 €, while the manufacturing time was
41 min. Figure 4a, b show, respectively, the developed
sensor during the 3D printing process and the sensor flex-
ibility (potentially, it can be easily attached to irregular
and non-conventional structures, paving the way for its
exploitation in the field of wearable sensors).

The main advantage of the TPU-covered sensor, from
a manufacturing standpoint, is the total absence of post-
processing to seal off the electrodes: very often manual
tasks, i.e., coating, strongly related to the operators’ skills
are employed [42, 43]. In Fig. 4c, the TPU-covered sensor
and an uncovered version (i.e., the same sensor without the
top TPU cover) are shown.

Finally, to prove the additive manufacture method robust-
ness, 10 samples of each version (see Fig. 3c) have been
printed, carrying out the following conclusions: (i) no fila-
ment breakdown occurred, and (ii) the TPU-covered mean
capacitance value was 125.5 pF with a very low standard
deviation of 0.7 pF, due to a not uniform electrical resistance
of the raw conductive filaments (before of being melted into
the nozzle) and noise effects occurring during the printing
such as vibrations and room conditions.

@ Springer
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outthe TPU top cover

TPU- covered sensor

Fig.4 a Additive Manufacturing of the proposed sensor, b sensor
flexibility, and ¢ the proposed TPU-covered sensor and its uncovered
version (no top TPU cover)

2.3 Measurement setup and protocol
The measurement setup consists of the following (Fig. 5):

(1) A custom-made 3D-printed tank, which presents a
vertical channel in which it was manually injected
a constant quantity of liquid by means of a syringe.
The vertical channel avoids the spatter of liquid drop-
lets on the surface of the sensors, which could lead to
errors in the liquid level measurement.

{8 Benchtop
B multimeter

3D-printed A
capacitive
sensor

9,

<3 ‘ Custom-made
By tank ‘

Fig.5 Measurement setup
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(i1)) A 34461A digital multimeter (Keysight Technolo-
gies, Santa Rosa, CA, USA), with 6 V2 digits of reso-
lution, for accurate measurements of capacitance in
arange of 1 nF.

(iii) A control program developed in LabVIEW® by
National Instruments Corp., to easily manage the sys-
tem, providing real-time monitoring and data storage
for further processing.

(iv) A digital scale with a resolution of 0.001 g to meas-
ure the amount of liquid to inject.

Before performing the experiments, a preliminary test
was performed to prove the tightness of the TPU cover
when immersed in two different liquids. The TPU-covered
sensor was kept in a tank full of water for 48 h, and no
cover degradation was observed. Afterwards, the same test
was performed using sunflower oil, and no difference was
observed.

The TPU-covered was first tested for the sensing of sun-
flower oil level and then for distilled water level: several con-
clusions can be drawn, proving that its behavior is consistent
with capacitive sensors described in the literature.

The following measurement protocol was used for both
the liquids: the same amount of liquid, weighed by means
of the high-accuracy digital scale, was injected for a total of
5 steps; at each step, a settling time of 30 s was waited from
the injection of the liquid, and the average of 20 consecutive
capacitance readings was computed, in order to reduce noise.
The results of test number one for the sunflower oil are shown
in Fig. 6. The whole procedure has been repeated 10 times (a
total of 10 test cycles) to assess the repeatability. After each
cycle, a time of 4 min was waited, in order to manually dry the
sensor and empty the tank. All tests have been performed after
zeroing the offset capacitance of the multimeter and leads.

136 . . . . . . .

not averaged
134 | averaged

- -
w w
o N
T T

capacitance (pF)
)
[e3]

126

0 1 2 3 4 5 6 7 8
Time (min)

Fig.6 Capacitance of the TPU-covered sensor vs time. Test 1 with
sunflower oil
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3 Results and discussion

In this section, the TPU-covered sensor was tested for liquid
level sensing. Two different liquids were used to test the
sensor, i.e., distilled water and sunflower oil, and different
metrological characteristics were evaluated (i.e., sensitivity,
linearity, offset, and repeatability).

Moreover, the temperature was measured during the
performed tests (since it affects sensor capacitance), and
it was assessed to be stable (about 20 °C). A detailed
analysis of the effect of temperature on the capacitance of
the proposed capacitive sensors was carried out in [44],
highlighting a nonlinear dependence of capacitance on
temperature and obtaining a model to compensate for its
effect. Using the testing setup and protocol detailed in

Sect. 2.3, the results described in the following section
have been obtained.

Figure 7a, b show the results of the performed tests for the
TPU-covered sensor: in particular, the offset of each curve was
reduced to zero to provide a better comparison. The offsets of
each curve with respect to the 1st one are separately shown
in Fig. 8, for water and sunflower oil. Table 3 lists the main
metrological parameters obtained by analyzing data presented
in Figs. 7 and 8 and reports a comparison with Paczesny et al.
[32], where ink-jet printing technology was employed to fab-
ricate capacitive level sensors. Moreover, comments about the
key aspects of each kind of sensor are provided.

Very high linearity of the sensitivity to the level of both
liquids has been obtained, comparable to other high linear-
ity capacitive level sensors found in the literature [31, 32,

Fig.7 Capacitance vs level a) 8 r r . r
of liquid: a TPU-covered in . F—n.1
sunflower oil, b TPU-covered in . A —F—n.2
distilled water, ¢ tape-covered in L 6+ n.3
distilled water = —%—n.4
8 —%—n5
S a4l
b f n.6
'g —#%—n.7
& 2+ —4f—n.8
© —#—n.9
n.10
O 1 1
22 44 66 o 88 110 127.5
level of liquid (mm)
b) 40 . . .
':‘{_5: 30 7
10}
s}
g20F 1
C
©
&
o 10 b
O - 1 1 1 1
14.1 25.85 37.6 4935 61.1 75.1
level of liquid (mm)
c) 40 T T T T
Lé 30 .
o
o
c N
ki
©
©
o
o N
O
57.5 70 81

level of liquid (mm)
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—&—TPU-covered in sunflower oil
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Fig. 8 Offset of linear regression curves with respect to the 1st one

43], with R? coefficient higher than 0.9973 and a root-mean-
square error (RMSE) lower than 1.7% of the full-scale out-
put (FSO, calculated as the difference between the maxi-
mum and minimum of the moving averaged capacitance for
each test). Linearity has been reported as percentage of the
FSO, in order to compare between different sensitivities. As
shown in Table 3, a maximum propagated error of 1.4 mm is
obtained by dividing the nonlinearity error (RMSE) by the
sensitivity of the sensor, thus ensuring the good linearity
performances of the proposed sensors.

The sensitivity of the sensor to oil and water is obtained by
performing a linear regression on each curve and by averaging
the results of the 10 performed tests presented in Fig. 7a, b. As
expected, the sensitivity to sunflower oil is one order of mag-
nitude lower than the one obtained with distilled water (0.078
% versus 0.79 Z_Z’ as reported in Table 3), since sunflower oil
is characterized by different electrical properties (i.e., lower
electrical conductivity and dielectric constant).

As shown in Fig. 8, when sensing sunflower oil level,
the offsets with respect to the Ist test shows a random

distribution with a mean and standard deviation of
0.64 +0.16 pF (Table 3). In the authors’ opinion, this ran-
dom offset could be due to (i) changes in room conditions
(i.e., slight temperature change) [8], (ii) changes in tank
conditions (after each test cycle the tank was manually
cleaned up, and some drops could have remained into the
tank), and (iii) slight changes in the position of connec-
tion wires [45, 46].

When sensing water level, instead, the sensor presents
an increasing offset for each test, spanning a range up to
14.5 pF, as shown in Fig. 7a: compared to oil sensing, the
offset is meaningfully high (806%), and it is not randomly
distributed, but it is increasing. Indeed, in addition to the
random variable changes, above described, in this case,
another important phenomenon takes place: the TPU mate-
rial, of which the top cover is made up, is characterized by
a water absorption value of 0.18% in accordance with the
ASTM D570 test method (material data sheet). As a matter
of fact, after each test cycle, a certain amount of water gets
trapped into the TPU cover leading to an ever-increasing
initial capacitance value (initial offset) from test cycle n to
n+1, withn=1, ..., 9. Instead, during oil sensing, the sen-
sor does not show increasing offset, since the employed TPU
material does not provide any evidence of oil absorption,
unlike for water. Nevertheless, despite the increasing initial
offset, the TPU-covered version can be employed in short-
term tests by performing a zeroing procedure to compensate
the offset, since the effect of water absorption seems to not
affect sensing performances in the short period. The next
studies will focus on the TPU-covered sensor lifespan.

However, in order to provide reliable measurements for
long-duration tests, in this paper, a “tape-covered” version
of the capacitive sensor is proposed where the conductive
electrodes of the 3D-printed sensor have been sealed off
with adhesive tape in order to keep them isolated from
the surrounding environment. The sealing process repre-
sents a further manual task; nevertheless, it results easy
to be performed and inexpensive: the authors present this
solution as a good alternative to the TPU-covered sensor

Table 3 Metrological characteristics of the proposed sensors. Results are expressed as mean or mean=std. Propagated error is obtained by

dividing the linearity error (RMSE) by the sensitivity of the sensor

Liquid Sensor Sensitivity ('1"'_2) Linearity

Offset (pF) FSO (pF) Comments

R? RMSE Propagated
——————__ error (mm)
(rF) (% FSO)
Oil TPU-covered  0.078 +0.002 0.9977 0.109 1.6 1.4 0.64+0.16 6.8 No zeroing procedure required
Water TPU-covered 0.79+0.01 0.9973 0.656 1.7 0.8 - 37.5 Zeroing procedure required
Tape-covered  0.49+0.01 0.9988 0.281 1.1 0.6 1.42+0.24 24.6 No zeroing procedure required

Literature [32] 0.074 0.998 --- -

More expensive manufacturing
technology; multiple manu-
facturing steps
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for a long-period sensor usage in water, thus overcoming
the water absorption problem of the TPU cover. As for
the TPU-covered sensor, also the tape-covered sensor was
kept in a tank full of water for 48 h, and no cover detach-
ment was observed. It should be said that a little amount
of water is sufficient to short circuit the electrodes, thus
preventing capacitance measurements; hence, the 48-h test
was necessary to assess the tightness of the adhesive tape.

The same measurement protocol was applied to the tape-
covered sensor, and the results are shown in Fig. 6¢, and the
main metrological parameters are summarized in Table 3.

As for the TPU-covered sensor, high linearity is
observed for the tape-covered sensor, with a R? coeffi-
cient of 0.9988 and a RMSE of 1.1% of the FSO. The
TPU-covered sensor presents a sensitivity of 0.49 %,
which is about 60% higher than the TPU-covered sensor:
as well explained in [31], the top cover of the sensor is
accountable for the different sensitivity; in fact, the main
differences between the two top covers (embedded TPU
cover and adhesive tape cover, respectively) are (i) the
cover thickness and (ii) the dielectric constant of the cover
material.

The obtained results are really appealing: for example,
if compared to [32], the proposed TPU-covered and tape-
covered sensors present a sensitivity to water level one order
of magnitude higher, with the advantage that they are manu-
factured in a monolithic way and by using a much cheaper
fabrication technology. Moreover, the proposed sensors can
be directly integrated into smart structures in the same fab-
rication, whereas ink-jet printing technology [32] requires
further assembly tasks, as well as manual procedures to iso-
late the electrodes from the liquid.

Finally, the tape-covered sensor presents a very low offset
(1.42 +0.24 pF, as shown in Table 3) of the same order of
magnitude as the offset observed for the TPU-covered sen-
sor when the oil was employed: as previously described,
the offset is due to slight changes in room, tank, and wire
conditions.

To summarize, the assembly-free TPU-covered version
can be employed for oil level sensing (without restrictions)
and water level sensing (by applying a zeroing procedure),
while the tape-covered version can be employed for water
sensing without applying any zeroing procedure.

4 Conclusion

In the present paper, the Material extrusion (MeX) Addi-
tive Manufacturing (AM) technology has been employed
for the fabrication of a coplanar capacitive sensor for lig-
uid level sensing.

The Design for Additive Manufacturing (DfAM)
approach, in conjunction with the printing forces analysis,

has been exploited to fabricate a total of 57 conductive
electrode tracks having a width of 0.5 mm and a spacing of
0.8 mm between them. In this way, a readable capacitance
value of 125 pF was achieved (measurable from common
measurement instrumentations). The main benefit of the
proposed manufacturing approach consists of the one-shot
fabrication of the whole sensor (flexible TPU substrate,
conductive electrodes, and top TPU cover): no assembly
tasks were employed, resulting in material cost and time
saving (0.38 € and 40 min, respectively).

The proposed low-cost sensor has been tested for lig-
uid level sensing: a very good sensitivity of 0.078 2
(R*=0.9977) and 0.79 2 (R?=0.9973) was achieved for
sunflower oil and distilled water level, respectively, prov-
ing that the performances of the proposed low-cost sensor
are comparable with that of more expensive sensors found
in the literature. The sensor presented very high linearity,
with a propagated nonlinearity error lower than 1.4 mm.

The present work aims at pushing the role of the inex-
pensive MeX technology for the fabrication of capacitive
sensors embedded into 3D-printed structures: non-conven-
tional tanks as well as soft structures actuated by means
of fluids (fluidic actuators) can be 3D printed in the same
fabrication cycle alongside with the proposed capacitive
sensor for liquid level detection, resulting in fabrication
time and cost saving.
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