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Abstract—In the study, a novel micro impedance inclinometer is
presented, consisting of a glass substrate, Cr electrodes and a
mercury pendulum. The output signal of the proposed
inclinometer is read from the moving metal pendulum based on
an LED array measurement scheme. A mercury pendulum mass
is used for the inclinometer. The adhesion between the liquid
metal and the substrate surface is reduced by etching or
sandblasting the substrate surface. Experimental results show the
developed inclinometer has a high angle resolution (0.3°), a rapid
time response (385 ms) and a high repeatability (R? = 0.9988)
with the A280# sandblasted substrate surface and the mercury
pendulum of 360 pl. The developed inclinometer provide a simply
yet high-performance solution for the inclination measurement.

Keywords- inclinometer; liquid metal; metal pendulum; sand
blasting

l. INTRODUCTION

An inclinometer is a gravity reference device capable of
sensing tilt. Inclinometers have been used in a number of
applications including the automatic control systems and
automobile security systems [1]. With the rapid growing
market of the automobile industry, there is an emerging
demand on high-performance inclinometers. Therefore,
developing a cheap and simple-structured inclinometer is
important.

The structures of conventional inclinometers can be
classified into three categories, i.e. solid, liquid and gas
pendulums [2]. In general, the movement of the pendulum
mass corresponding to the rotation is most commonly detected
by measuring the resistance or capacitance change. The
detection principle of the solid pendulum based inclinometers
is simple and straightforward. However, the structure of such
inclinometers is relatively complex and bulky. Alternatively,
capacitive type of liquid pendulum is the most common type
for miniaturizing inclinometers. A certain amount of
conductive or dielectric solution is sealed in a chamber for
capacitive ~ measurement [3, 4]. Fluidic tilt sensors used
several large electrodes for measuring the capacitance or
resistance change between the electrodes [3] and provided the
advantages of low power consumption, high reproducibility
and reliability [4]. However, capacitive type of inclinometer
suffers from some drawbacks such as small measurement range,
viscous drag lag, non-linear output, damping effect and
property change of the dielectric liquids.
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Corresponsively, the gas pendulum type of inclinometers is
based on the principle of measuring thermal property change of
the sealed gas in the inclinometer cavity [5, 6]. Micromachined
inclinometer utilizing gas pendulum scheme has been
demonstrated to have high sensitivity of 0.003° and the
suspense microstructure could provide a shock survival up to
50,000 g [5, 6]. Nevertheless, the linear range of the gas
pendulum design is small (+ 30°) and its performance may be
sensitive to temperature. Optic fiber cantilevers were reported
to be an alternative approach for tilt-angle sensing. A fiber
grating (FBG) sensing scheme was used for measuring the
wavelength shift during tilting [7].

This study employs a straightforward MEMS-based
fabrication process to realize a micro impedance inclinometer
featuring a glass substrate, Cr interdigitated electrodes (IDES)
and a mercury pendulum. It is found that the angle resolution is
0.3°% the time response is 385 ms and the repeatability is
0.9988(R?) with an A280# sandblasted substrate surface and a
mercury pendulum of 360 pl. With the optimal roughness of
the substrate surface and pendulum size, the experimental
results show that the sensor has a high angle resolution, a rapid
time response and a high repeatability.

Il.  SENSOR DESIGN

As shown in Figure 1, the micro impedance inclinometer
developed in this study comprises a concave glass substrate, Cr
IDEs and a mercury pendulum. The IDEs facilitate the direct
electrical measurement of the change in conductivity induced
by the contact of the mercury pendulum as it is moved with the
different tilt angles. The droplet size of the mercury pendulum
and the roughness of the substrate surface should be optimized,
and therefore both the resolution and the response time of the
device can be enhanced due to the increase of the contact angle
between the substrate surface and the mercury droplet.

I1l.  FABRICATION

Figure 2 shows a simplified fabrication process of the
micro impedance inclinometer. The substrate used in the study
is a concave glass with a curvature radius of 103 mm and a
diameter of 65 mm. Five kinds of the substrate surface
roughness were prepared and compared in the study: (a) bare
glass substrate, (b) BOE etching (20 min), (c) A30#
sandblasting (granule ¢: 600 -710 pum), (d) A60# sandblasting
(¢: 250 - 300 um), (e) A120# sandblasting (¢: 105 - 125 pm)
and (f) A280# sandblasting (¢: 40 -50 um), respectively. The
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Figure 1. (a) Schematic illustration and (b) dimensions of micro impedance
inclinometer.
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Figure 2.
inclinometer.

Overview of fabrication process for micro impedance

Cr film was prepared using an E-beam evaporator with 0.2 pm.
A standard photographic and etching technique was then
employed to pattern the Cr IDEs by Cr-7t etchant.
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Figure 3. (a) Photograph of fabricated bottom plate and (b) assembly of
micro impedance inclinometer

Figures 3 show photographs of the fabricated micro
impedance inclinometer. There are 38 pairs of Cr IDEs with
300 pum of width and 400 pm of spacing (figure 3(a)). After the
fabrication of the bottom plate of the sensor, it is assembled
with a molded PDMS seal and a PMMA cover plate with UV
glue (figure 3(b). Every pair of Cr IDEs is connected with an
individual LED, respectively, in an external electrical circuit.

IV. RESULTS AND DISCUSSION

Undesirable adhesion of the metal to the substrate surface is
one of the important factors of the inclinometer performance
(e.g. angle resolution, time response, repeatability...). The
bigger the contact angle is, the less the adhesion of the metal to
the surface is. Figures 4 show the measured contact angles for
the mercury droplet on different substrate surfaces. The contact
angles are 131.52°, 131.04° 140.86°, 141.25° 142.05° and
145.29° on bare, etched and sandblasted (A30#, A60#, A120#
and A280#) substrate surfaces, respectively. It can be found
the highest contact angle (145.29°) is measured as the substrate
surface is sandblasted by A280# granules before Cr
evaporation. The kind of substrate surface was selected to be
the standard bottom of the inclinometer in the following
experiments.

Figure 5 presents a simplified schematic of the
experimental setup in the study. The testing platform is
constructed by a fabricated inclinometer, a plate (280 X 200 X
6 mm?), a regulation screw (75 mm L), a power supply (gpd-
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Figure 4. Contact angle measurement for mercury ball on (a) bare, (b) etched,
(c) A30#, (d) A60#, (e) A120# and (f) A280# sandblasted substrate surfaces,
respectively.
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Figure 5. (a) Schematic and (b) photograph of experimental setup for
inclinometer performance testing.

3303, GW, China), a LED array and a reference spirit level
(DWL-80E, Digi-Pas, Singapore). The common electrode of
the inclinometer is connected with the positive electrode of the
power supply and the individual electrodes are connected with

Figure 6. LED state of the inclinometer at (a) 0.0° (b) 0.3° and (c) 0.6°.

the negative electrode of the power supply via LEDs,
respectively, for measurement of the mercury droplet positions.
The voltage of the power supply is 20 V and the inclination
angle can be controlled by regulating the relative position of
the screw and the plate. As the position of the mercury droplet
changes with the change of the inclination angle, the lighting
state of the LED array changes due to the changed electrode
contacts caused by any specific inclination.

A. Sensitivity

Figures 6 show the different lighting states of LED array as
the inclination angles of the testing platform are 0.0° 0.3° and
0.6° respectively. It is found that the LED No. 4-10, 3-10 and
4-9 are lighted on as the inclination angles are 0.0°, 0.3° and
0.6° respectively, because the mercury droplet moves
rightward as the left side of the platform is lifted with specific
angles and conducts different LED as it moves. It is clear that
the resolution of the developed inclinometer is 0.3°.
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Figure 7. LED state of the inclinometer with mercury deoplet of (a) 60 pL, (b)
120 pL, (c) 180 pL and (d) 360 pL at diffetent inclination angles.
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Figure 8. Time response of inclinometer when inclination angle is increased

from 0° to 3°.

B. Repeatability

To prevent adhesion problem of the metal droplet on the
chamber bottom and improve repeatability of the inclinometer,
different volume of mercury droplets is tested to compare its
effect on the inclinometer performance. Figures 7 present the
repeatability results obtained by utilizing the volume of the
mercury droplet with 60, 120, 180 and 360 pl, respectively. It
is found the calculated R? values of the test results are 0.9709,
9.9830, 0.9792 and 0.9923 with 60, 120, 180 and 360 pl of
mercury droplets, respectively. The R? value of the mercury
droplet with 360 ul shows a better repeatability, which means a
360 pl of mercury droplet is the optimized size of the metal
pendulum in the current study.

C. Time Response

Figures 8 present the test results of time response of the
inclinometer as the inclination angle is increased from 0° to 3°
by abruptly lifting one side of the testing platform. From
inspection, the average time constant (Ts) of the inclinometer
is found to be 385 ms.

V. CONCLUSIONS

This study has demonstrated a simple and reliable
method to fabricate impedance type of inclinometers with a
concave glass substrate, Cr IDEs and a mercury pendulum. It
was found that the friction between the liquid metal and
substrate surface can be reduced by sandblasting the substrate
surface (A280#), the repeatabilioty can be improved with a
mercury pendulum of 360 pul (R? = 0.9923) and the response
time (Tso) of the developed inclinometer is 385 ms. The
proposed sensor has a high degree of sensitivity, a rapid
response time , and a high resolution (0.3°). The inclinometer
developed in the study provides a low-cost yet high-
performance mthod for inclination measurement.

ACKNOWLEDGMENT

The authors would like to thank the financial supports
provided by the National Science Council in Taiwan (NSC
102-2221-E-020-032).

REFERENCES

[1] C.H. Lin, S. M. Kuo, “Micro-impedance inclinometer with wide-angle
measuring capability and no damping effect,” Sens. Actuat. A: Phys. vol.
143, pp. 113-119, 2008.

[2] U. Mescheder, S. Majer, “Micromechanical inclinometer,” Sens. Actuat.
A: Phys. vol. 60, pp. 134-138, 1997.

[3] R. A. Yotter, R. R. Baxter, S. Ohno, S. D. Hawley, D. M. Wilson, “On a
micromachined fluidic inclinometer,” Transducers 2003, USA, pp.1279-
1282, June, 2003..

[4] 1. S. Kang, H. Jung, C. J. Kim, B. J. Kwon, W. J. Kim, S. Y. Choi, J. H.
Lee, J. K. Shin, S. H. Kong, “Design and fabrication of a micro electro
mechanical systems-based electrolytic tilt sensors,” Jpn. J. Appl. Phys.,
vol. 45, pp.5626-5630, 2006.

[5] A. Giani, F. Mailly, M. Al Khalfioui, A. Foucaran, A. Boyer,
“Micromachined thermal inclinometer based on flash evaporqted
Bi0.5Sb1.5Te3(p)/Bi2Se0.3Te2.7(n) thermocouples,” Mater. Sci. Eng.
B:Solid vol. 107, pp. 94-98, 2004.

[6] S. Billat, H. Glosch, M. Kunze, F. Hedrich, J. Frech, J. Auber, H.
Sandmaier, W. Wimmer, W. Lang, “Micromachined inclinometer with



high sensitivity and very good stability,” Sens. Actuat. A: Phys. vol. [7] Y. Zhao,J. Yang, B. J. Peng, S. Y. Yang, “Experimental research on a
97/98, pp. 125-130, 2002. novel fiber-optic cantilever-type inclinometer,” Opt. Laser Technol. Vol.
37, pp. 555-559, 2005.



