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Abstract. This research proposes a novel wireless RFID-based thermal convection type inclinometer
by using non-floating structure without a cavity in the substrate. Four new ideas are presented. The
first one is to make the device on a flexible substrate, thus it can save more energy than the traditional
silicon. The second one is to integrate both an inclinometer and a wireless RFID antenna on the same
substrate, such that it is a wireless device and very convenient for usage. The third idea is to fill xenon
gas in the chamber with hemi-spherical or hemi-cylindrical shape instead of the previous one with
carbon dioxide and rectangular shape. Because the xenon gas would not produce oxidization effect to
the heater, so it would be more reliable. The fourth idea is to use non-floating structure instead of the
floating one. The results by using floating structure with xenon and CO, gases are studied the first; but
the sensitivity performances are not good. Note that the sensitivities for the proposed non-floating
structure by using hemi-spherical chamber filled with xenon and CO, gases are better, and the one of
the former is better than the latter by 70 %. On the other hand, the response speed (step-input of tilted
angle) by using hemi-cylindrical chamber with xenon gas is the quickest, the average response time is
545us, while the rectangular chamber filled with CO; is the slowest, and the average response time is
848us.

Introduction

The conventional inclinometers are manufactured on silicon wafers [1-22], and the chamber is filled
with air or carbon dioxide [12]. However, the air and carbon dioxide contain oxygen, which may
oxidize the heaters to reduce the lifespan. The key technology of this paper is to integrate both a
thermal convection type inclinometer and a wireless RFID antenna on the same flexible substrate as in
Fig. 1, such that the energy loss by the traditional silicon substrate can be reduced [16-17] and it is
very convenient for usage. In this paper we use xenon inert gas in the chamber without oxidizing the
heater as the traditional air or carbon dioxide [16-17]. Besides, the inner shape of the chamber is
changed as a hemispheric or a hemi-cylindrical one instead of the rectangular type [1-22]. The results
by using floating structure with xenon and CO, gases are studied the first; but the sensitivity curves
are not good. Note that the sensitivity and response time (step-input of tilted angle) for the proposed
non-floating structure by using hemispherical chamber filled with xenon and CO, gases are better,
and the one with xenon is better than using CO, by 70%. The response speed (step-input of tilted
angle) by using hemi-cylindrical chamber filled with xenon gas is the quickest, the average response
time is 545us, while the rectangular chamber filled with CO, is the slowest, and the average response
time is 848us. The paper organization is as follows: the first section is the introduction. The second
one is fabrication steps. The third one is the simulation and discussion. The last part is the summary.
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Fig.1 Block diagram of the RFID-based thermal convection type inclinometer

Fabrication steps

Step 1: Deposit SiO; on both sides of substrate for thermal, electrical and humidity isolation. The
next is to cover Photo Resist (PR) on both sides to protect the layers of SiO,. Cover a layer of SU-8
PR at the front side. Then using mask #1 and Photolithography And Etching Processes (PAEP), a
grooved structure is formed on the substrate. The result is in Fig. 2.

Step 2: Deposit SiO, on the front side of substrate as the sacrificial layer; the thickness is about one
half of the SU-8 layer. The next is to cover a layer of PR on the front side. Using mask #1 and PAEP,
the PR on the grooved structure is remained to protect the under lying layer of SiO,. Then remove the
layer of SiO, around the cavity. The result is as shown in Fig. 3.
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Step 3: Remove PR on the grooved structure. Deposit a layer of alumina oxide to support the
heater and temperature sensors. Cover a layer of PR, and using mask #2 and PAEP, only remain the
PR on the grooved structure to protect the under lying layer of alumina oxide. The result is in Fig. 4.

Step 4: Deposit a layer of p-type amorphous silicon with thickness 100-250um, use an Nd-YAG
laser to anneal it as a poly-silicon thermister. Use mask #2 and PAEP to retain the PR on the
poly-silicon thermister. Finally, use KOH solution or RIE process to remove the layers of poly-silicon
without PR protection. After remove the PR, the result is as shown in Fig. 5.
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Step 5: Deposit respectively a layer of Cr and Ni to be used as heater, RFID antenna, and the
conductors connected to the power supply. Then use mask #4 and PAEP to reserve the PR on the
heater, RFID antenna, and the conductors connected to the power supply. Finally, remove the layers
of Cr and Ni without PR protection. Remove the PR; the result is as shown in Fig. 6.
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Step 6: Use mask #5 and PAEP to reserve the PR on the heater, and flash a layer of gold on Ni by
electroless-plating. Thus the conductivity of the RFID antenna, and the conductors connected to the
power supply can be very good. Besides, the performance of the soldering process on the pads for
packaging would also be increased.

Step 7: Cover PR on the front side. Use mask #2 and PAEP to make the silicon dioxide layer
uncovered by the PR at the grooved structure. Remove the dioxide layer, then the heater and the
thermisters can be released and suspended over the grooved structure, the result is as shown in Fig. 7.
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Fig. 6 Result of design Step 5 Fig. 7 Result of design Step 7

Step 8: Remove PR, and screen print plastic or polymer material around the inclinometer as dam
bar, then put a cap on the dam bar and curing, before sealing it one can fill it with xenon gas. Finally,
the chip with metal bump is flip chip bonded to the RFID feed terminal by thermal compression
method, then the result is in Fig. 8.

Step 9: Put a socket to fix a battery on the substrate, the result is shown in Fig. 9, in which a full
differential bridge circuit is applied. It should be noted that if the non-floating type structure without
the cavity is needed, then one can skip the related steps to make the cavity in the steps 1-3 and 7.
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Fig. 8 Result of design Step 8 Fig. 9 Result of design Step 9

Simulation and Discussion

In this section the ESI-CFD" software package is applied for simulation [26-29]. Let the length and
the floating height (H1) of thermisters and heater are 9mm and 1mm, respectively. The geometry
definition of the inclinometer is as shown in Fig. 10(a), in which W1=0.5mm, W2=1mm, S=1.25mm
and H=8.7mm. Besides, the temperature of the package boundaries and the heater are set as 300 and
400K, respectively. The chamber is filled with xenon or CO,. The sensitivity curves (temperature
differences of thermisters vs. tilt angles) are as shown in Fig. 10(b). Note that the sensitivity curves
are in nonlinear manner by using either xenon or carbon dioxide gas. Thus the floating structure is not
suitable; and we will apply the non-floating type as shown in Fig. 11 (where W1=0.1mm, W2=0.6mm,
S=1.25mm, and H=9.9mm) in this paper the next. The sensitivity results for the non-floating structure
with xenon and CO, gases by using hemispherical, hemi-cylindrical, and rectangular chambers are as
shown in Figs. 12(a), (b) and (c), respectively. Note that the performances by using xenon are better
than the one with CO,. By the way if the inclination angle is 45", the temperature profiles using xenon
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and CO, gases for hemispherical, hemi-cylindrical, and rectangular chambers are respectively as
shown in Figs. 13-15.
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Fig. 10 Floating type inclinometer. (a) Geometry. (b) Sensitivity curves with Xe CO, gases.

Fig. 11 Chambers of inclinometers. (a) Hemispherical and hemi-cylindrical. (b) Rectangular.
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Note that the temperature profiles, so do the temperature gradient profiles by using Xe gas are
extended to some larger spaces for all the kind of chambers, thus the sensor sensitivities are also
larger. Note also that the temperature profiles by using hemispherical chamber with Xe and CO, are
without distortion while the others will, so the sensitivities would be also larger by using
hemispherical chamber. This can be proved for the results by using different chambers filled with CO,
and Xe gases as shown in Figs. 16(a) and 16(b), respectively. Note that the performance by using the
package with hemispherical chamber is better than the others for either gas. On the other hand, for
comparison purpose if the inclination angle is still 45°, the velocity profiles using xenon and CO,
gases for hemispherical, hemi-cylindrical, and rectangular chambers are respectively as shown in Figs.
17-19. Note that the velocity profiles by using Xe gas are also extended to some larger spaces for all
the kind of chambers, thus the sensor response speed would be also quicker. Note also that the
velocity profile by using hemi-cylindrical chamber with Xe and CO; are also larger than the others, so
the sensor response speed would be the quickest by using hemi-cylindrical chamber with Xe.
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Fig. 16 Sensitivity curves of non-floating structure filled with CO, and Xe gas
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Fig. 17 Velocity profiles for hemispherical chamber with Xe and CO,

This can also be proved for the results of step-input response by using hemispherical, hemi-cylindrical,
and rectangular chambers as shown in Figs. 20-22, respectively. The results of response time (Tr)
with xenon and CO; gases by using hemispherical, hemi-cylindrical, and rectangular chambers for
tilting angles as 15, 30, 45, 60, 75, 90 degrees and the average response times (Tav) are also listed in
TABLES I-III for comparison. Note that the response speed by using hemi-cylindrical chamber with
xenon gas is the quickest; the average response time is 545us, while the rectangular chamber filled
with CO; is the slowest, and the average response time is 848ps.
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Fig. 20Step-input response by using non-floating structure for hemispherical chamber with xenon
gas (a) and CO, gas (b) with the tilting angle is 15°
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Fig. 21(a) Step-input response by using non-floating structure for hemi-cylindrical chamber with
xenon gas (a) and CO; gas (b) with the tilting angle is 15°
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Fig. 22(a) Step-input response by using non-floating structure for rectangular chamber with xenon
gas (a) and CO, gas (b) with the tilting angle is 15°
TABLE I

Step-input response times using hemispherical chamber filled with xenon and carbon dioxide

Tr (ps) Tilting Angle (Degrees) Tav
15 30 45 60 75 90 (ns)
CO, 730 670 750 630 640 970 748
Xenon 600 590 770 470 600 510 590
TABLE III
Step-input response times using hemi-cylindrical chamber filled with xenon and carbon dioxide
Tr (ps) Tilting Angle (Degrees) Tav
15 30 45 60 75 90 (ns)
CO, 640 710 640 610 740 800 690
Xenon 580 660 560 490 480 500 545
TABLE IIIII
Step-input response times using Rectangular chamber filled with xenon and carbon dioxide
Tr (ps) Tilting Angle (Degrees) Tav
15 30 45 60 75 90 (ns)
CO, 720 1030 730 970 970 670 848
Xenon 760 800 680 870 870 550 755
Conclusions

This research proposes a novel wireless RFID-based thermal convection type inclinometer. Four new
ideas are presented. The first idea is to make the device on a flexible substrate, thus it can save more
leakage energy to the environment. The second idea is to integrate both an inclinometer and a wireless
RFID antenna on the same substrate for convenient to use. The third idea is to fill xenon gas in the
chamber with hemi-spherical shape instead of the previous one with carbon dioxide and rectangular
shape. Because the xenon gas would not produce oxidization effect to the heater, so it is more reliable.
The fourth idea is to use a non-floating structure without a cavity in the substrate instead of the
floating one. The new structure is easier to make and the cost is also much lower. The results by using
floating structure are studied the first; but the sensitivity curves are not good. So the non-floating
structure is applied in this paper. Note that the sensitivities for the proposed non-floating structure
with xenon and CO, gases are better, and the one with xenon is better than using CO, by 70%. On the
other hand, the response speed by using hemi-cylindrical chamber with xenon gas is the quickest, the
average response time is 545us, while the rectangular chamber filled with CO; is the slowest, and the
average response time is 848ps.
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