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ABSTRACT This study presents capacitive-type inclinometers composed of flexible polymer pillars and
dome-shaped roof frames that were manufactured using the three-dimensional (3D) printing method.
Polylactic acid (PLA) filaments and acrylonitrile butadiene styrene (ABS) filaments were printed by the
fused deposition modeling type 3D printer to fabricate the dome-shaped roof frames and the polymer curing
molds, respectively. The operating principle of the inclinometer was to detect the change in capacitance
between the helix-shaped electrode coiled around the polymer pillar and the built-in electrode in the roof
frame.When the inclinometer was tilted, the polymer pillar was bent, and the physical distance between each
electrode was changed with respect to the tilt angle and direction. Therefore, the tilt angles and directions
were simultaneously estimated by distinguishing the capacitance and peak capacitance, respectively. The
results of the experiments revealed that the inclinometer using the polymer pillar that was electrically
connected to a standard weight and the roof frame with a roof angle of 45◦ exhibited a higher sensitivity
(1.391 pF at a tilt angle of 40◦) compared to those using roof angles of 90◦ and 135◦. This study supports
the use of 3D printing technology for the facile manufacturing of inclinometers that can detect tilt angles
and directions simultaneously, which is not achievable with conventional inclinometers.

INDEX TERMS 3D printing, inclinometer, capacitive, polymer, rapid prototyping.

I. INTRODUCTION
Most vessels have a risk of overturning when they are
inclined more than 45◦ to the left or right [1]. To address
this problem, an inclinometer can be used for measuring
the inclination angle of the tilted vessel [1]. In general, the
inclinometers used in ships can be classified into analog and
digital types. Although the analog-type inclinometer has the
advantage of low cost, it cannot easily collect precise data
and simultaneously measure the direction and angle [2], [3].
Although digital-type inclinometers have the advantage of
measuring the direction and angle simultaneously, most of
them involve expensive and complicated fabrication pro-
cesses based on micro-electro-mechanical systems (MEMS)
technology [4]–[13].
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Most recent studies on inclinometers have focused on
liquid-type inclinometers that use liquids, liquid metals,
or electrolytes; however, such devices have a leakage
risk [5]–[7], [11]–[17].When liquid leaks, the device can lose
its function as a sensor and yield an abnormal reading [1].
In particular, liquid metals are harmful to the human body
and can induce severe health problems [18]–[20]. To prevent
this, a complete sealing process and breakage prevention are
needed, which require complex and additional manufacturing
processes [5]–[7], [11], [14]. This problem can be mitigated
by replacing the liquid with a solid as a working material.
However, this method also has a complicated manufacturing
process and generates a device with poor durability owing to
the fatigue wear of solid materials during repeated measure-
ments [2]–[4], [21].

Commercial inclinometers typically use a triaxial
accelerometer or triaxial gyro sensor [8]–[10], [22]–[27].
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FIGURE 1. Schematic concept of the SCI combined with the 3D-printed
PLA frame and the flexible polymer pillar to measure the capacitance
with respect to the inclination angle.

Inclinometers using an accelerometer and gyro sensor must
be calibrated as accurately as possible with changes in
temperature, gain factors, and biases [24]–[27]. In addition,
a complex algorithm and calibration are essential for mea-
suring the inclination angle with such inclinometers. Some
inclinometers have a large sensor drift, even with a small bias
caused by external influences [27]. In particular, in an envi-
ronment with many intense and repetitive movements (e.g.,
rolling, yawing, and pitching), such as the ocean, the incli-
nometer is subjected to mechanically harsh conditions and
can exhibit abnormal measured values owing to sensor drift
and offset [25]–[27]. Therefore, it is necessary to rapidly reset
the device with an initial value once conditions permit [24],
[25]. The measurement methods used in accelerometer-based

inclinometers utilize piezoresistive [8], [10], [28], fiber opti-
cal [29]–[32], capacitive [8], [21], [23], [33], [34], reso-
nant [35]–[38], and thermal properties [39]. Althoughmost of
the inclinometers that utilize these methods are significantly
affected by external factors, such as temperature, in measur-
ing values [25]–[27], the capacitive-type inclinometers are
relatively less affected by changes in temperature than the
piezoresistive-type inclinometers [10].

Recently, fused deposition modeling (FDM) three-
dimensional (3D) printing has emerged as a rapid fabrica-
tion method for desired structures at low cost [40], [41].
In this study, a soft capacitive inclinometer (SCI) was fab-
ricated and demonstrated using 3D printing methods, which
allow for various filament selections and rapid fabrication.
Figure 1 shows a schematic of the operating principles of
the SCI, which uses the capacitance to measure the inclina-
tion angle and the tilt direction simultaneously. The SCI is
composed of two parts: a 3D-printed polylactic acid (PLA)
frame (roof) and a soft moving part with a flexible polymer
pillar. Ecoflex, which was used for the polymer pillar, has
the advantages of flexibility and rigidity when fully hardened
[42]–[45]. Owing to their mechanical characteristics, Ecoflex
polymers can address the low durability of solid-type incli-
nometers, which is a chronic problem caused by cracks or
fatigue wear. For this reason, recently, polymer-based sensors
have been widely used in various fields requiring durability
and flexibility [46]–[49]. The SCI can simply measure the
inclination angle and the tilt direction simultaneously and
has a cost-effective and rapid fabrication method. The SCI
has various applications in autonomous operations, such
as those of autonomous drones, submarines, ships; civil

FIGURE 2. Overall fabrication process of the SCI. (a) Fabrication process of the Ecoflex-based polymer pillar: (a-1) printing of the ABS
molds, (a-2) pouring and curing of the Ecoflex in the combined ABS molds, (a-3) separation of the Ecoflex pillar from the ABS molds and
the manufacturing of two types of polymer pillars, and (a-4) filling the center cavity of the polymer pillar with Ecoflex and covering the
standard weight with the polymer. (b) Fabrication process of the PLA-based roof frame: (b-1) printing of the PLA mold for the outer frame
and (b-2) attaching the copper tapes (electrodes) in four directions and connecting with wires. (c) The final features of the SCI after
combining the PLA roof frame and the polymer pillar.

31446 VOLUME 10, 2022



K. Baek et al.: 3D Printing-Assisted Soft Capacitive Inclinometers

FIGURE 3. Optical picture of (a) printed ABS molds, (b) combined ABS
molds, (c) poured elastomer in the combined ABS molds, (d) cured
polymer pillar, and (e) polymer pillar combined with the standard weight.

FIGURE 4. Images of the fabricated PLA roof frame (a) with various roof
angles (θ): (b) θ = 45◦, (c) θ = 90◦, and (d) θ = 135◦.

engineering, such as in structural health monitoring; and in
heavy industrial machinery, including excavators, cranes, and
rotary drilling machines, which require position information
about inclination to detect and prevent hazards.

II. EXPERIMENTAL METHODS
The SCI is composed of two main parts: a 3D-printed PLA
frame with four electrodes and a flexible moving pillar that
can be bent with respect to the inclination. Figure 2(a) shows
the overall fabrication process of the polymer-based flexible
pillar. The optical pictures of Fig. 2(a) were shown in Fig. 3.
To create the polymer pillar, two types of molds were first
printed using an FDM-type 3D printer (3DWOX 2X, Sindoh
Co.) with an acrylonitrile butadiene styrene (ABS) filament
(3DP200ARE-RQ, Ø1.75 mm, Sindoh Co.), as shown in
Fig. 2(a-1). The 3D printing conditions used to fabricate two

FIGURE 5. (a) Image of the experimental setup used to measure the
inclination angle using the SCI. (b) Schematic of the experimental setup
used to measure the inclination angle.

types of molds had a layer height of 0.2 mm, printing speed
of 40 mm/s, extruder temperature of 230◦C, stage tempera-
ture of 90◦C, and nozzle diameter of 0.4 mm. The printed
molds were composed of a hollow part and a cylindrical part.
The copper tape was coiled around the cylindrical part in
a helical shape, as shown in Fig. 3(a). Two parts of ABS
molds were assembled, as shown in Fig. 3(b). The elastomer
(Ecoflex 00-30, Smooth-on, United States) was then prepared
by degassing and poured into the assembled ABS mold,
as shown in Figs. 2(a-2) and 3(c). The Ecoflex was cured
at room temperature for 4 h. The cured elastomer was then
separated from the mold, as shown in Figs. 2(a-3) and 3(d).
The adhesion force between ABS and the silicone elastomer
is generally weak because both have low interfacial free ener-
gies [45]. Therefore, it was easy to separate the polymer pillar
from the ABS mold. The separated elastomer had a cavity at
the center, which was formed by the cylindrical part, and the
cavity had a helix copper tape as an electrode. The cavity was
filled again with Ecoflex and cured at room temperature for
4 h. To help the polymer pillar deform easily with variation
in the inclination angle, we introduced a 5 g Ni-covered Fe
standard weight (Kyeong-In Science Co.). In this study, two
different types of polymer pillars were created to compare
the device sensitivity: a pillar in which the standard weight
and copper electrode were electrically connected and one in
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FIGURE 6. Sensing performance of the SCI with two types of polymer pillars: (a) a polymer pillar electrically disconnected from the
standard weight and copper tape and (b) a polymer pillar electrically connected to the standard weight and copper tape. Inset images
show the difference in electrical connection between two types of polymer pillars.

which the standard weight and copper electrode were not
electrically connected. According to the non-parallel plate
capacitance formula, the area and the capacitance of the
electrodes are directly proportional. The capacitance of the
SCI can be calculated using this non-parallel capacitance
equation [50], as follows:

C =
∫ l

0

ε0εrwdy
d (y)

=
ε0εrwl
d2 − d1

ln(
d2
d1

) (1)

where C, ε0, εr , w, and l are the capacitance of the non-
parallel plate, permittivity of the vacuum, dielectric constant,
width of the electrode, length of the electrode, respectively. d1
and d2 are the short and long distances between two ends of
the non-parallel electrodes, respectively. Thus, the SCI using
the electrically connected pillar is expected to show higher
capacitance due to the increased area of electrode compared
to that using the electrically disconnected pillar. In the case of
the electrically connected polymer pillar, the standard weight
and copper tape were glued using silver paste (Fig. 3(e)),
and the standard weight was covered again by a thin layer
of elastomer to provide the same dielectric properties and
prevent physical collisions between the electrodes in the PLA
frame and the polymer pillar. In contrast, in the case of the
electrically disconnected polymer pillar, the standard weight
and copper tape were simply glued using the elastomer for
electrical disconnection. Figure 2(a-4) shows a schematic of
the fabricated polymer pillar. The total length of the poly-
mer pillar and standard weight were 34 mm and 13 mm,
respectively. The diameters of the lower and upper parts were
6 mm and 16 mm, respectively, whereas that of the standard
weight was 8 mm. It should be noted that Ecoflex enables
rapid deformation and recovery of the initial shape with less
fatigue and cracking owing to its viscoelasticity [42]–[45].

To investigate the measurement range and device sen-
sitivity with respect to the roof angle of the PLA frame,
three different frames with roof angles (θ) of 45◦, 90◦, and
135◦ were prepared in this study, as shown in Fig. 4. Each

frame was designed to have copper electrodes with the same
area (Fig. 4(a)) but different roof angles of 45◦, 90◦, and
135◦, as shown in Figs. 4(b), 4(c), and 4(d), respectively.
Figure 2(b) shows the overall fabrication process of the roof
frames. The roof frames were printed using an FDM-type 3D
printer with a PLA filament (3DP200PYE-RQ, Ø1.75 mm,
Sindoh Co.), as shown in Fig. 2(b-1). The 3D printing con-
ditions used to fabricate the roof frames had a layer height
of 0.2 mm, printing speed of 40 mm/s, extruder temperature
of 200◦C, stage temperature of 60◦C, and nozzle diameter of
0.4 mm. The printed PLA frames were designed to attach four
copper electrodes (10 mm × 28 mm) along four directions
with 90◦ spacing (i.e., P1, P2, P3, and P4 directions), as
shown in Fig. 4(a). Thewires were then electrically connected
to the copper electrodes using silver paste.

III. RESULTS AND DISCUSSION
Figure 5 shows the experimental setup for measuring the
capacitance change between two electrodes within the roof
frame and polymer pillar with respect to the tilt angle.
The system consists of a tilt stage of a water contact
angle goniometer (Phoenix-MT(A), Surface Electro Optics,
Korea), the SCI, and an LCR meter (IM3536, HIOKI Corp.).
The SCI is a combination of the polymer pillar and PLA roof
frame, as shown in Fig. 2(c). The SCI was attached to the
tilt stage using Kapton tape. Subsequently, wires from the
LCR meter were connected to the polymer pillar and four
wires on the roof frame to measure the capacitance in four
directions. As shown in Fig. 5(a), the change in capacitance
for various tilt angles was measured by tilting the tilt stage
at 10◦ intervals from 0◦ to the maximum tilt angle of 67.5◦.
Different inclinations were controlled by manually turning
the knob of the tilt stage. All the experiments were conducted
by measuring the data for 10 s after a saturation time of
5 s. The experiments were conducted five times under the
same conditions to demonstrate reliable operation, and the
mean and standard deviation of the experimental values were
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FIGURE 7. Sensing performance of the SCIs with three different roof frame angles: (a) 45◦, (b) 90◦, and (c) 135◦.

obtained for each average capacitance value. The perfor-
mances of the inclinometers were compared and analyzed by
plotting the experimental values, as shown in Fig. 5(b).

To compare the performance of the two types of poly-
mer pillars based on the electrical connection/disconnection
between the helix copper electrode and the standard weight,
experiments were conducted on two specimens on a PLA
frame with a frame angle of 90◦. Figure 6 shows the capac-
itance changes of the two types of SCIs. The two SCIs
were tilted up to 67.5◦ in the P1 direction. In both types
of SCIs, as the tilt angle increased in the P1 direction,
the capacitance between the pillar and electrode in the P1
direction gradually increased because the distance between
the two electrodes was closer than that of the electrodes
in the other directions. In contrast, there was no significant
capacitance change between the pillar and electrodes in the
P2 and P4 directions; however, a reduction was observed in
the P3 direction because the distance between the pillar and
electrode increased in the P3 direction. For the maximum
rate of capacitance change in the P1 direction, the polymer
pillar, which was electrically disconnected from the standard
weight, exhibited a 1.5 times larger capacitance when the SCI
was tilted at 67.5◦ (i.e., from 0.424 pF to 0.635 pF, as shown
in Fig. 6(a)). However, the SCI using the polymer pillar,
which was electrically connected to the standard weight,
exhibited a 2.7 times larger capacitance (i.e., from 0.526 pF
to 1.419 pF) at the same tilt angle (i.e., 80% increase in
sensitivity), as shown in Fig. 6(b). This might be because
the polymer pillar with an electrical connection between the
helix electrode and standard weight had a larger electrode
surface area, thus increasing the overall capacitance between
the pillar and roof frame electrodes. Therefore, the SCI using
the polymer pillar in which the helix electrode was electri-
cally connected to the standard weight was used for further
experiments and analysis.

To characterize the sensing performance of the SCIs with
respect to the roof frame angle, experiments were conducted
using an electrically connected polymer pillar with PLA
frames with roof angles of 45◦, 90◦, and 135◦. Figure 7(a)
shows the experimental results for a roof frame angle of 45◦.
In the tilt direction (P1), the capacitance increased signif-
icantly from 0.563 pF to 1.391 pF at a tilt angle of 40◦.

When the tilt angle exceeded 40◦, the capacitance increased
almost linearly. This might be because the standard weight of
the polymer pillar made physical contact with the electrode
surface in the roof frame at a tilt angle of 40◦. Subsequently,
the Ecoflex layer covering the standard weight was com-
pressed as the tilt angle exceeded 40◦; thus, the capacitance
increased almost linearly. The capacitance change due to
the compression of the Ecoflex coating layer changed the
distance between the pillar electrode and electrode in the
roof frame through different mechanisms, while the distance
was only changed by the bending of the polymer pillar at a
tilt angle lower than 40◦. In the case of the SCIs with roof
frame angles of 90◦ and 135◦, the distance between the pillar
electrode and electrode in the roof frame was only changed
by the bending of the polymer pillar.

Figures 7(b) and 7(c) show the sensing performance of the
SCIs with roof frame angles of 90◦ and 135◦, respectively.
A comparison of the performances of the SCIs with three
different roof frame angles tilted in the P1 direction revealed
that the change rate in capacitance of the SCI using the PLA
frame with a roof angle of 45◦ (147.1% increase at a tilt
angle of 40◦) was greater than those of the SCIs with roof
angles of 90◦ (57.4% increase at a tilt angle of 40◦) and 135◦

(29.8% increase at a tilt angle of 40◦). The average sensitivity
of the SCI decreased as the roof angle increased. This might
be because the distance between the pillar electrode and the
electrode on the roof frame angled at 135◦ was not close
enough for a large capacitance to be generated. This also
indicates that the distance between the two electrodes is a key
parameter in the design of capacitive-type inclinometers with
high sensitivity. In this study, the SCI with a roof angle of
45◦ exhibited the most sensitive performance, and it enabled
the distinct measurement of small inclinations, even those as
small as 10◦ (Fig. 7(a)), which was not achieved using other
SCIs (Figs. 7(b) and 7(c)).

To demonstrate that the SCI could distinguish the tilt direc-
tion aswell as the tilt angle, the SCI using the roof frame angle
of 45◦ was tilted at 40◦ in a total of eight directions (i.e., P1,
P2, P3, P4, and four intermediate directions between them).
The experiments were performed using three samples of the
SCI under the same conditions, and the results exhibited small
deviation between each sample, showing a good yield of
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FIGURE 8. Sensing performance of the SCI tilted at 40◦ along the total eight directions: (a) P1, (b) P2,
(c) P3, (d) P4, (e) the intermediate (medial) direction between P1 and P2, (f) between P2 and P3,
(g) between P3 and P4, and (h) between P4 and P1.

manufacturing method. When the electrode of the polymer
pillar was tilted toward one of the electrode directions of
the PLA frame (i.e., P1, P2, P3, and P4 directions), the

capacitance between the pillar electrode and the electrode
in the tilt direction exhibited the highest capacitance value
as the distance between the two electrodes was the smallest,
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FIGURE 9. The durability test of the SCI. Cycle test at a tilt angle of 40◦ along the four main directions
(50 cycles for each direction): (a) P1, (b) P2, (c) P3, (d) P4. (e) Sensing performance before the cycle test and
(f) sensing performance after the cycle test. (g) Capacitance change at different temperatures in P1 direction
with fixed RH (12%), and (h) capacitance change at different RHs in P1 direction with fixed temperature (17◦C).
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FIGURE 10. (a) Schematic of the basic readout circuit. (b) Converted signal (from capacitance to voltage) by the readout circuit.

as shown in Figs. 8(a), 8(b), 8(c), and 8(d). It should be noted
that the capacitance between the pillar electrode and the elec-
trode in the opposite direction to the tilt direction exhibited
the lowest value because of the largest distance between the
two electrodes (i.e., the P3 electrode for the P1 direction,
P4 electrode for the P2 direction, P1 electrode for the P3
direction, and P2 electrode for the P4 direction). In addition,
the capacitance between the pillar electrodes and the rest of
the electrodes (e.g., P2 and P4 electrodes for the tilt direction
of P1) showed similar values as the distance between the
pillar electrode and each electrode (P2 and P4) remained
similar during the tilting movement. Therefore, in this tilting
case, the tilt direction can be easily detected by monitor-
ing one peak capacitance value. When the electrode of the
polymer pillar was tilted toward the intermediate (median)
direction between adjacent electrodes of the PLA frame, the
capacitance of the two electrodes adjacent to the polymer
pillar increased at a similar level, whereas the capacitance of
the rest of the electrodes in the opposite direction decreased
similarly, as shown in Figs. 8(e), 8(f), 8(g), and 8(h).

To characterize the durability and repeatability, the exper-
iments were performed with respect to changes in cycle,
temperature, and relative humidity (RH) as shown in Fig. 9.
The cycle test was conducted for each 50 cycles along four
main directions (i.e., P1, P2, P3, and P4 directions) at the tilt
angle from 0◦ to 40◦. As shown in Figs. 9(a)-9(d), there was
no significant decrease (degradation) in sensitivity during
50 cycles for each direction. Figures 9(e) and 9(f) show the
sensing performance of the SCI with the inclination angle of
40◦ in P1 direction before and after the cycle test, respec-
tively. As a result, the SCI maintained the constant sensing
performance even after cycle test, indicating the repeatability.

To characterize the effect of temperature and humidity on
the sensitivity, the SCI was tested under different temperature
and humid environments.When the SCI was exposed to room
temperature (17◦C), 45◦C, and 55◦C at the fixed RH of 12%,
the change in capacitance exhibited no significant difference
with respect to the temperature change, as shown in Fig. 9(g).

When the SCI was tested under two different RH values
(i.e., 12% and 80%) at room temperature, the SCI with 80%
RH showed higher value compared to that with 12% RH,
as shown in Fig. 9(h). This might be because of an increase
in the dielectric constant of air between the pillar and roof
frame [51]. Although the sensitivity was slightly affected by
the RH, it was confirmed that the temperature and humidity
did not significantly affect the sensing performance of the SCI
in this study. Therefore, these results reveal that the fabricated
SCIs are durable and can be utilized to simultaneously mea-
sure the inclination angle and tilt direction.

Figure 10(a) shows the basic concept of the suitable read-
out circuit for the SCI. The circuit simulation was conducted
using LT spice simulator for measuring converted signal from
original signal. The capacitance of sensor (Cs) was set to the
experiment results with the inclined angle ranging from 0◦ to
67.5◦. The AC voltage source (Vs) was set to sine function,
DC offset of 0 V, amplitude of 1 V, and frequency of 60 Hz.
Cf and Rf were set to 1 µF and 10 k�, respectively. As a
result, the aspect of the converted signal was similar to the
original signal, as shown in Fig. 10(b). Consequently, the
signal conversion from the capacitance of sensor to the volt-
age output was performed well. With this readout circuit, the
SCI may be used with small and portable circuits other than
bulky LCR meter. Therefore, the simultaneous measurement,
lightweighting, and miniaturization of the measurement sys-
tem could be further realized.

IV. CONCLUSION
In summary, we demonstrated the facile and cost-effective
fabrication of a soft capacitive-type inclinometer that consists
of a flexible polymer pillar and PLA roof frame using 3D
printing technology to measure both the inclination angle
and tilt direction simultaneously. Conventional inclinometers
cannot monitor both tilt angles and directions. A comparison
of the sensitivities of the two types of polymer pillars used
in the SCIs revealed that the performance of the polymer
pillar with the electrical connection between the helix copper
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electrode and the standard weight was approximately 80%
higher than that of the electrically disconnected polymer
pillar. By comparing the sensing performance of the three
types of PLA roof frames, we found that the SCI with a roof
frame angle of 45◦ exhibited the best sensing performance
among all the studied SCIs. In addition, the fabricated SCI
could estimate the tilt direction by distinguishing the peak
value of the capacitance or comparing the amplitude of the
measured capacitance. The durability and repeatability of the
SCI were also demonstrated under environmental conditions
(i.e., temperature and humidity) and cycle test. By performing
the readout circuit simulation using LT spice simulator, the
feasibility of development of portable measurement platform
with the SCI was demonstrated for further applications. This
study supports the use of 3D-printed inclinometers in various
industrial applications, such as in drones, submarines, ves-
sels, automobiles, tower cranes, and buildings for structural
health monitoring during tilting motions to provide more
accurate positions, thus preventing potential disasters.
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