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Abstract: This paper presents the design, fabrication and operation of a highly symmetrical two-
axis capacitive sensor. The proposed sensor consists of five electrodes, including of an excitation
electrode and two pairs of sensing electrodes with exactly the same dimensions, arranged at
identified symmetrically locations on a 3D printed hollow sphere, which containing dielectric
medium formed by the partly filled oil and the remaining air. The proposed sensor can measure the
tilt angle about the x-axis and y-axis with symmetrical outputs. The proposed sensor is fabricated
using a rapid prototyping technology and mounted on the surface of a printed circuit board (PCB)
for mechanical packaging and signal processing. Experimental measurement results show that the
sensor system can measure the tilt angle in both the x- and y-axis with sensitivity of 103 mV/degree
and resolution of +1 degree in the range of -30 degree to +30 degree. This sensor system can be used
in many military and consumer applications.
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1. Introduction

Nowadays, there are many types of tilt angle sensors have been proposed and developed for widely
used in industry, scientific research, medical support for patients and in several consumer applications.
Some common applications that the tilt sensors are used including: robot balancing, support mobility
activities for people with disabilities and people with a stroke or spinal cord injury [1-4]; patient
monitoring device [5]; self-balancing scooter [6]; adjusting the rotation angle of the solar system [7]. A
tilt angle sensor can be designed based on several working principles. Examples include solid-sphere
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differential capacitive tilt sensor [8], optical tilt sensor [9], micro-channel based conductive liquid tilt
sensor [10], liquid tilt sensor [11, 12], tilt sensor based on wavelength and light received at the output
[13], capacitive sensor based on connected molding device technology [14].

In this paper, we propose a two-axis symmetry tilt sensor based on the two-phase liquid/air dielectric
capacitive sensing to achieve similar properties on both sensing axes. The proposed senor structure is
simple and can be fabricated using 3D printing technology. Therefore, this sensor is inexpensive and
can be used for various applications in military as well as civilian.

2. Structure and simulation of the proposed tilt sensor
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Figure 1. Proposed structure of the capacitive tilt angle sensor: (a) 3D image of the sensor; (b) The sensor
capacitor pairs for sensing tilt angle about the x axis (C4, C2) and about the y axis (Cs, Ca).

The structure of the tilt sensor is shown in Figure 1. The two-phase liquid/air dielectric medium is
contained in a hollow sphere with an internal diameter of 15 mm, equivalent to a volume of 1766 mm?®,
Four thin rectangular electrodes in the same dimension are mounted on the outside of the sphere, forming
two pairs of sensing electrodes (or collector electrodes). The electrodes of each pair are positioned
symmetrically with the spherical center axis (see Fig. 1a). Fig. 1b shows the correctional views of the
two-electrode pair configuration. The two planes are perpendicular which are formed the working plane
of the proposed sensor, correspondence to the x- and y- axis (see Fig. 1b). At the bottom of the sphere,
a rounded electrode is mounted. This electrode serves as the excitation electrode (or emitter electrode).
When the sensor is tilted, capacitance formed by the two pair of sensing electrodes is changed. By
monitoring the differential capacitance of these capacitor pairs the applied tilt angle can be estimated.

When the sensor is at 0° angle in x-axis and y-axis as shown in Fig. 2-a2 and Fig. 2-b2, respectively,
the dielectric fluid level covering the collector electrodes is the same. Hence, the capacitance values of
the capacitors are equal, i e., C; = C; and C; = C,4. Therefore, the differential capacitance values of each
capacitor pair are zero: ACx =C1 - C,=0, ACy = C3 - C4 = 0. When the sensor is counterclockwise tilted
about the x-axis (Fig. 2-a3), the dielectric fluid level covers the electrode C; is increased and the
electrode C; is decreased. Consequently, the differential capacitance ACx = C1 - C; is increased.
Conversely, when the sensor is clockwise tilted about the x-axis (Fig. 2-al), the differential capacitance
ACx = C; - C; is then decreased. When having tilt angle in x-axis, as the dielectric fluid covers the
capacitors Cz and C4 with the same level, although C3 and C4 are change but they change in the same
amount. As the result, the differential between C3 and C4, AC,, is keep unchanged. Similarly, on the y-
axis plane the differential capacitance ACy = Cs - C4 increases when the sensor tilts counterclockwise
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(Fig. 2-b3) and ACy = Cs - C4 decreases when the sensor tilts clockwise (Fig. 2-b1) while keeping the
ACx unchanged. The changes of capacitor when the sensor is tilted are summarized in Table 1. By
monitoring the differential capacitance value of AC; and ACy, the tilt angle of the sensor about the x-
axis and y-axis can be estimated, respectively.
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Figure 2. Capacitance changes when the sensor is tilted about the x axis (a) and y axis (b).
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Table 1. Capacitance change due to tilt angle

Tilt angle Cc1 c2 (Agf cy O3 C4 (A(%y - C4)
X-axis Counter_cloc_kwise tilted 1 l ™" # # 0
Clockwise tilted ! 1 1 # # 0
Y-axis Counter_cloc_kwise tilted # # 0 1 l ™
Clockwise tilted # # 0 | ) U

In this study, the differential measurement approach is proposed as the combination of the
differential capacitor structure and differential capacitance measurement circuit. With this approach, the
common noise will be suppressed, leading to the robustness of the sensor system.

A model of the sensor was built and its performance was simulated by using Ansoft Maxwell
software. Figure 3 shows the design and configuration of the electrodes in detains. The sensor consists
of a round copper electrode on the bottom as the excitation electrode (emitter electrode) and four
rectangular copper electrode which are symmetrically bonded surrounding the sphere structure. The oil
as the dielectric fluid is partly filled inside the sphere to the desired level. Table 2 and 3 shows the
dimensions of the model as well as parameters of the materials used in the simulations.
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Figure 3. Sensor structure.
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Table 2. Parameters of tilt angle sensor

Parameter Value (mm)
Spherical inner radius (r) 7.5
Thickness of sphere shell (k) 0.2

Length of the sensing electrode (I) 10.0

Width of sensing electrodes (w) 5.0
Diameter of the excitation electrode (d2)  10.0
Thickness of electrode (n) 0.2

Table 3. Parameters used in the simulation

Component Material Dielectric constant Conductivity
Air Air 1 -

Dielectric fluid  Transformer oil 2.2 -

Hollow sphere  Plastic 2.36 -

Electrode Copper - 5.96.107
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Figure 4. Differential capacitance of AC1 and AC, changes when applying tilt angle from 0° to 180°
on (a) x-axis and (b) y-axis.
Simulation results are presented in Fig. 4. As can be seen, differential capacitance changes on the
both axes output are the same, thanks to the symmetrical arrangement of the sensing electrodes. When
the sensor is tilted from 0° to 30°, the capacitance change is linear versus the tilt angle.

3. Experimental results and discussions

The proposed sensors are fabricated using additive printing technology (STRATASYS Objet500 3D
printer). This 3D printer allows printing very thin wall structures with high accuracy for fabricating the
designed sensor. The oil is partly filled to the sensor, up to 40% volume of the sphere. Therefore, the
two-phase dielectric medium is configured by 40% oil and 60% air. Five copper electrodes are cut by
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CNC and mounted on the outer side of the sphere to create two pairs of sensing capacitors. The
parameters of the fabrication structure are given in Table 2.

Figure 5 shows the measurement setup for evaluating the working of the proposed tilt sensor. The
sensor structure is mounted on a PCB. The PCB is then fixed on a rotating disk with readout resolution
of £1°. For measuring small capacitors, the frequency applied to the excitation electrode is generally
used between 100 kHz and 2 MHz. With available electrical components, a sinusoidal signal with a
frequency of 147.2 kHz was implemented in this work. Signals from four sensing electrodes are fed into
two differential amplifiers. The output of the differential amplifiers is then fed into the rectifiers and
low-pass filters (LPF) to extract the sensing signal as shown in the diagram in Figure 6. The outputs of
the sensor are Vy and Vy, respectively. For evaluating the performance of the sensor, first, the sensor
system is aligned on the rotating disk for applying tilt angle in x-axis. Then, the sensor system is rotated
90 degree on the sensing plane for applying tilt angle in y-axis. Vy and Vy are collected during the tilting
process and plotted.
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Figure 5. Measurement setup for evaluating the

performance of the proposed tilt angle sensor. Figure 6. Block diagram of the proposed tilt sensor

readout circuit.
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Figure 7. Output voltage versus applied tilt angle about the x-axis (a) and y-axis (b).
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Figure 7 shows the measured output voltage of the proposed sensor versus applied tilt angle from 0°
to 180° in the x-axis and y-axis. The measured data shows that the output signals are linear in the range
of about -30° to +30°. It also shows that the output response of the x-axis and y-axis are almost the same,
thanks to the high accuracy 3D printing and well electrodes assembling processes. The non-matching
range, from about 150° to 180°, would come from the fact that the two-phase fluidic chamber is not well
control on the top of sphere structure. There are mechanical distortions on the top of chamber due to
bonding process after filling the oil into the hollow sphere.

Figure 8 shows the relationship between the output voltage of the sensor versus applied tilt angle on
the both x-axis and y-axis, in case the volume ratio of 40/60 oil/air. The measured results are linear in
the range from about -30° to +30°. These measurement results are matching quite well with simulations.
Within the linear range, the sensitivities are calculated to be 103 mV/° on both the axes. The linear range
of the sensor is depended on the relative position of dielectric liquid and electrodes. The linear range
can be extended by adjusting the electrode dimensions and the volume of the dielectric liquid. However,
at that time, sensitivity of the sensor would be decreased. There is a tradeoff between the sensitivity and
linear range. Detains in optimizing the sensor structure will be presented in another study.
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Figure 8. Output voltage versus tilt angle about x-axis and y-axis. The measured results are linear in the range
from about -30° to +30°.

The geometry parameters of the sensor were selected so that the sensor can fabricated easily using
3D printing technology and conventional method such as CNC. Although the working range of the
sensor is limited experiment results proof the working principle of the proposed sensor system. In
addition, from the results obtained we can confirm the validity of the simulation model built in this study
and the model can be the design guidelines for optimizing the sensor performances such as working
range and sensitivity in the future works.

4. Conclusions

This paper presents the design, fabrication and operation of a two-axis symmetrical capacitive
sensor. The proposed sensor consists of five electrodes, includes of an exciting electrode and two pairs
of sensing electrodes arranged at defined locations on a hollow sphere which partly filled of oil as the
dielectric fluid. The proposed sensor can measure the tilt angle in x-axis and y-axis with symmetrical
outputs. The sensor is fabricated using a rapid prototyping technology and packaged on the surface of a
printed circuit board (PCB) with signal conditioning circuit for making compact tilt angle sensing
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system. Experimental measurement results show that the proposed sensors can measure the tilt angle on
x- and y-axis with the same sensitivity of 103 mV/degree and resolution of £1 degree in the range of
about -30 degree to +30 degree. This sensor can be used in many different applications in military and
civilian.
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