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Trraxis Convective Accelerometerwith
ClosedLoop Hat Source
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Abstract

In this paper, we repotthe details and findings @& studyontri-axis convective accelerometerhich is designed

with the closedloop type heat sourceand thermal sensing hotwire element$he closedoop heat source
enhances the convective flow to the central part where awic is placed to measurthe vertical component of
accelerationThe simulation was conductedgingnumerical analysisand the device was prototyped by additive
manufacturing The devicefunctioningas a tilt sensor andnaccelerometer, was testeap to acceleration o20g.

The experimens were successfullyconducted and the experimental results agreagasonablywith those

obtained by numerical analysiBhe resultglemonstrated that the closedoop heat sourceouldreduce the cross

effect betweenthe acceleration componentslhe scale factor and crosensitivityhad the values ofi #Hc >+ Kk 3
and 1.2%, respectively. The crasnsitivity and the effects of heating power were also investigatetis study

Keywords convective accelerometetri-axis,closedloop heater, hotwire OpenFOAM.

.  INTRODUCTION

Recently micromachined acceleronters haveundergone rapid developmenand are widely used in various
applications Solidstate accelerometerdiave high performance, but also possess some setbacks. They are more
fragile, fabricated by complicated process, and need complex packaging in order to remove the squeeze film effect
betweenthe proof mass and the accelerometer structyd. In Refs.[2], [3], the authors presentedhe first
accelerometers without the proof masaorking under the principles dfiermal convection heat transfeMicro
thermal convective acceleromete utilizngthermal bubble have been studied over the last two decddgsThe
operation ofthis type ofsensoris based on the movement of a hot tiajr bubblegeneratedirom a heater From
then on, research habeen carried out with focus on improving the sensor performance by optimikmbeat
transfer[5¢25], signal conditionind26¢28], behavior moddling [29¢32], or fabricationprocesq33¢35].

Most of the developed thermal acceleromet@@nmeasure ofy two components ofhe in-plane acceleration.
Measuring the oubf-plane acceleration is more challenging because the principle of this kind of sensors is based
on natural convective flow, which always aligns with the vertical graVilys the verticalacceleration requires
an outof-plane structureand hassmallsensitivity

Leung et alreported one of the first triaxis accelerometersihe device is made by polyimide and assisted by
wire bonding process for owugf-plane structurg36]. InRef.[37], the accelerometer is made by micromachining
process utilizing polysilicon as thecgficed layer and polyimide ake structural layerTolaunch the device, the
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structuresfirstly need to be locked between each other and anchored to the substrate. This device allows
obtainingthe Z sensitivity of 2fV/g.

In the works published by Rocha and Si[88¢41], a polymericthree-axis device was fabricated by
conventional micromachining and injection molding. The hepand thetemperature sensing structusg made
of aluminum,were patternedon a flexible polymeric membrane. The membravesthen folded so that parts of
the membrane consistingf zsensorsvereplaced above and under the central part, which comsistf the heater
and the in-plane xy sensos. The devicewith performance of aproximately 2.2 puV/gwvas packaged using
polystyrene parts made by injection moldingndwashermetically sealed

TheZ-axis acceleration detected by-plane structure was reported by Mailly et al.[#2,43]usingintegrated
CMOScomplementary metajoxidegsemiconducto). Ths device measureout-of-plane acceleration by using
common mode of the iplane structure. MEMSIC Ir@asalso clained a three-axis deviceHowever, the principle
is not disclosed, although it is sdltht the device usethe common mode of the electric briddd,44]. Another
principle forthe triple-axis accelerometer has been proposed[45] but without further discussionabout
efficiercy. In Refs[46,47] the design of threeaxis thermal accelerometer usisggmented circular heater was
mentioned. Using numerical simulation, Ogami et al. reported that the sensor could reliably determine a vast
range of vertical acceleratiospecifically;+10,000 d47]. However, the experimentaetails wereomitted.

As already mentioned above, it is difficultdetect the acceleration in thedirectionaccurately For measuring
this acceleration, the temperature detecting components need to be arranged above and below the élager
acceleration occurs, the detected temperatures change, but bylymall amountit has been found thathe Z-
axis detedbn accelerometer haa close relation withthe natural convection othe flow inside a cavity heated
from below[48¢53]. In recent years, many researchers have found that boundary cond[g8n9]and heater
geometry[50,51]have sibstantialimpact on the pattern of these convective flows. Because of the temperature
distribution, the local heating ahe quiescentair overthe heater surface producedensity gradient directed
toward the decrease in the medium temperaturandconvective flow occurs in the form of thermal plume when
the buoyancy exceeds the viscous frict[B8]. For a single local heater under heating cond#jdhe hot air rises
upwards along th vertical axis going through the heat@herefore the convective flow has high stability in the
plane of the heaterbut isless stablén the vertical directiorf54]. These characteristics of flow frothne plate-
type heaterusualy employed in convective accelerometmduce the sensitivity of thevertical acceleration
sensing.Another setback ighe interference between the measured acceleration components. Because of
arrangement of the temperaturaletectors, when the acceleration in one direction caus@schangein the
corresponding temperature, it alsaffectsthe temperature elemers of the remainingdirectionsand distinctly
lowersthe measurement accuracy.

In this paperwe demonstrate a novel approach ttevelop atri-axis convective accel@meter with reduced
cross effect betweethe vertical and horizontal acceleratiomhis design, inspired liie numerical simulation in
[55], involvesdevelopment of accelerometer utilizirte ring-type heat source. The designed device cossita
closedloop heater with hotwires placed both inside and outside of the healbeclosedloop heater enhances
the convective flow to theentral part where the temperature detector is positionedto measurethe vertical
component of acceleration. Outside thop, other hotwires detectthe horizontal components.The
characteristics of the sensare experimentaly validated by tilting the dvice and by applying linear acceleration.
The principle of the device numerical simulationand the effect of several governing parameters are also
exploredto investigate the reliability of the device.

.  WORKINGRINCIPLE

In general, he principle of acceleration sensingn besummarizedasfollow. The sensing chip, formed by one
heater placed at the center and surrougdlby hotwires emperaturedetector), is packed in an airtight chamber.
At the initial state the heater creates a symetrical temperature profile inside the chamber. When the device is
subjected to acceleration, the locally heated air mewe the direction ofthis applied acceleration, causing
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temperature distortiors 'Y which arethen sensed by théotwires. For horizontal measuremers, or ay, the
output of sensor is given bYY or DY at the Xor Y hotwires, respectively (Fig. 1a). For vertical measurement,
the output is determined by the output aP'Y at the Zhotwire.

In most of the conventional accelerometers reported in the first section, the heater is suspended at the center
andthe hotwiresare located around the heater. Consequently, the changemperaturecaused byhe variation
of the vertical acceleration isw in comparison with thataused bythe variation of the horizontal acceleratipn
and the crosssensitivities between these measurements are high. In our design shown in Fig. 1, the heaser form
a full loop and thehotwires are located both inside and otside of the heater The plane othe hotwires hasa
small elevation from the heater plane for vertical and horizontal measurements.

In the closedloop heater, theprimaryflow concentrates strongly within the central portion even if heat is not
supplied there[56,57] The high temperaturair is concentratedn the central part, except ia very thin layer
above the heat sourcéAs his concentrated hot air has higluoyancy the temperature varies witlthe vertical
acceleratiore;. Thisincreaseshe sensitivity of thevertical measurement significantiynd reducsthe crosseffect
of horizontal acceleration, which ahe of thelimits of the conventional design.

Heater loop

Z hotwire

X, hotwrite
High flow plume
X, hotwire

X, hotwire

Heater Loop

(@) (b)

Figure 1.(a) Gonfiguration of the sensawith the radius of the cavitgf 0.75 mm. (b) Position of thHeotwiresin

the cross section alontipe AcA, axisand principle to measure the vertical acceleratidime hotwires aren the

same planeand the heater is underneath. The Z hotwire is above the central portion of the heater to utilize
convectively heatedir from thering-type heater

n.  SIMULATIONNDDESIGN

The thermofluidic phenomena in tteensorare describd by thetemperature dependencef the fluid density
This process is governed by the $a@f conservationf mass, momentum, and energy for compressible #aicd
isexpressed as follows:

— 10"® T 1)
— noMd R NO‘e T (@)
—— 6"®"Y nO_nY (3)

where @and p are velocity and pressure of the fluid flowespectively Similarly,” , ¢, * and_ are density,
specific heat, viscosity, and thermal conductivity of the fluebspectivelyThe termais the acceleration vectar
while” @ represents the momentum sourdeecause othe changein fluid density. As air is the medium in this
study, the ideal gas law for compressible flowsadid. This can be stated as
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where Risthe universal gas constamind My, isthe molecular weighof the gas

The sensor idecomposed into a hexagonal medhstered near the heater and walls to capture the steep change
of temperature The flow parameters on this mesh dnen obtained bythe computational fluid dynamics package
OpenFOAM, which usése finite volume methodo discreize the governing equations. The simulation model is
presented in Fig..2

U (mm/s)
08

l 06
"0.4

[o.z

=0

(b) Temperature

Figure 2.(a, b) Simulation resuft and (c) meshing of the modelSimulationshows that(a) flow velocity
concentrates within the region above the center of 1iyyge heater whilgb) the temperature is highest at th
thin layer around the heat source

From the simuldon, it can beseen that the high temperature air is formed in the central portion above the
heaterexcept a thin layer around the heat source and the peak of temperasudistributed toward the center
of the rim. For the velocity, thenain part of the convection is strongly concentrated in the cenpeat of the
heaterwhere no heat is supplied at the bottaBy placing a sensing element in this region,dpecific character
of the closedloop type heater allows efficient measuneent ofthe vertical acceleration and redesthe cross
effect ofthe horizontal acceleratin. All of these phenomenavill be discused in the following paragraphs

Consideingli K S S| NIigkw@ disc@shi @risdr performance by comparitiee initial statecd Tidp C
andthe accelerated statéd ¢ ito hd  p C. Because of thequivalency betweethe x andy componentsonly
the measurements ok and z components of acceleration are taken into considerati®he sensitivity of the
sensor can be determineidom £OY and JY, which are the temperature changat the X hotwire and Zhotwire
when the acceleratiosiare applied orthe X and Z as, respectively The cros®ffect between the vertical and
horizontal measurementsdetermined byDY onthe X hotwire under theeffects ofa,and byJY on Z hotwire
underthe effects ofa,. In the simulation, the sensitivity and cresfect are examinedby simultaneoushapplying
axanda,.

Figure 3shows thatthe variation intemperature differencesn the X hotwire(D'Y) with & , rangng from 0g
¢20g, forthecasesofo p™Qand®w ¢ PQItisobserval that O varies linearly withd with the sensitivity
DYjwx & o #C The effect ofo on OY, errorOY b = DYy DY DY , Is within
5%(in comparisorwith OY at® p'Q.
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Figure 3.Variation ofthe temperature difference betweethe hotwires X and X% for ® ranging from 1 to 20 g.

Theerror representshe percentage of temperature changgY betweenay, ¢ pQanddy p'Q
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Figure 4.Variation ofthe temperature difference betweetine accelerated state anthe normal state atthe Z
detector, with @ ranging from 1 to 20 g. Therror representsthe percentage of temperature chandgY
between® ¢ TiQand® TQ

Similarlyfor cases oo mCand® ¢ 1€ Fig. 4shows the change of temperatuoa Z hotwire(D"Y) with
® . AgainD’Yincreases linearly witth upto® ¢ 1iQwith the sensitivityD'Y] 0 * T8t L FC

With| as thetemperature coefficient of resistance of the hotwire materialethonversion betweerthe
hotwire temperature and its resistanaan be expressed as:

Y Y p | DY (5)

whereY’'Y Y "Y ,R andRerare the resistances of the hotwire at temperatuf@and T, respectivelyln the
experiment, he resistance is measured by supplying a conglaett current(d.c)and monitoring its voltage.

IV. PROTOTYPE ANBXPERIMENTAL SETUP

The sensor designed ftine experiment consigtd of top and bottom parts (Figa), whichwere connected as
the malefemale components of an assempty prevent theleakage of the air, which waused as the working
medium in this deviceThe bp view showing the layout diie hotwiresandthe heater is presented in Fifb. The
dimensionsl0 mm x 10 mm x 8 mm (width x length x thicknedéghe fabricated devicere chosen based on

several designs available for the dual axis convective accelerometer and the consideration of our available facilities

[12]. Thehotwire and heaterwere madeof tungsten wire with diametel0 um. Tgplacethese elements at the
desired positions, hollowapillarygold (Au)pipes 20Qum x 25 um (outer diametex thicknessyvere usedas the
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lead pins. Theapillarieswere assembled with the packing and fixed with epoxy gthe tungsten wirs were
then inserted throughhosecapillaiesand connected with each other. Togetlbey created floating structures.
This method allowd theconstrucion ofthe sensor with high precision and cestectiveness

Figure6ashowsthe prototype made of polgropylene. The heatera/ere supported by four Au pipeandwere
integrated with the bottom part. Thlotwireswere connected to the top part, where each X antdtwire was
supported by two Au pipgat its end. The Z sensor and the heatere supported byfour Au capillariesto form
a looplike resistor. The positiong of thecapillariesvasassisted by assembily jig (not shown). After the hotwires
were connected and the electrical connect®were confirmed, the top and bottom parvere assembled and
sealedby epoxyat the standard room condition (225 °C, 60% RH)

Thetemperature coefficient of resistance was measured as 4500 ppm/°C using the temperature controlled
chamber (Espec S222) Without conditioning circuit,lte measuremenof the hotwireheater wasconducted by
four-point probe measuring techniqué\ constant electric currentvas appliedoy the TEXIO DC powspurce
(PW181.8AQ) andHhe output voltagewascontinuously recordethy a computer via N[National Instrument.td.)
signal express data logging interfam@nnected to the NB234 dataacquisition device with the sampling rate of
25.6 kHzAt the initial state, themeasuredesistancevaluesof the hotwires X, YZ and heatewere1.7,1.9, 1.2,
and 13 K ¥espectively

u
rrel’)t S0 ure
e

Xlom

10
19A02 wonog Janod dof

Au pipe (Z axis)

(@ (b)
Figure 5 (a) Schematic view ahe designed prototypavith the cut-view showingthe lead pin (made by Al
capillary) and hotwires(b) Dimensiors of the central regions.

The nsing performance dhe devicewaschecked byhe tilting test and linear acceleration test. For theitity
test, the device was attached ta circular disc placed vertically anded aroundthe X and Y aes, while the
voltagesonthe hotwires X, Y and#ereread out (see Figc).

The linearacceleration sensingastested byplacing the device at the edge afselfdeveloped turntablgsee
Fig 6b), whose angular velocityascontrolledby a direct current motor with integrated encoder (Tsukasa Electric
Ltd.).When the turntable rotate, the centrifugal acceleration aad to the devicewas® ¢ A 1 ,withnand
i 1® A [ werethe angular speed and radius of the turntable, respectiv@lye onchip circuitwasconnected
viathe slip-ring to the offchip circuit to transfethe signas while the turntable rotatel. The table revolution had
a maximum value off00 rpm during the experiment, and its rotation was recorded tne PIC18F4520
microcontroller via encoder motof.he output voltagevasextracted one minute after the turntable reacti¢he
rotation speed toensurethat the centrifugal acceleratioandthe flow inside devicavere stable.



(c) (d)

Figure6. (a) Closeup view of the prototype showing hotwires and Au pigb¥package device with holde
placed on the turntablgc)tilting test: experiment foldeterminingtilting alongthe X and Y aes, and(d) linear
acceleration testexperiment fordeterminingcentrifugal acceleration alonie X and Z aes.

1 The startup time of the devicavasacquired from the transient time of the output voltage on the hotwire X
2 (plotted in Fig. J. Itwasfoundthat the startup time was around 100 ms ftre X axis, whickvaslocated 1.0 mm
3 from the heater, withthe appliedcurrent of heatefO p patd (w ™ X ¢ . This startup time,
4 including the time delay in the electric circuitsarepresentd the time scale for heat transfer fronhe heater
5 to the hotwire until the temperature in the sensor chamhbsecamestable.
6
8000 LA DL B R DL AN RN RENLAN EENLAN L E N B B 0.25
7000
| Voltage on heater {020
< 6000 | E
> ]
< 50001 {0153
g 4000 Output voltage on hotwire E
2 3000- 10108
5 . : @
a2 i =
E Loy {0.05 §
1000 | T
O N T d I L | K I T T ' LI T T i T 1 v T B T T 000
24 25 26 27 28 29 30 31 32 33 34 35 36 3.7

Time (s)
Figure 7 Experimental resufor the transient measuements of voltages onthe heater andthe hotwire X.

7 V. EXPERIMENTAL RESULT

[ee]

1. Tilting sensitivity of dndY axes

9 For the tilting test, the outputs of hotwireswere monitored while the sensowasbeing rotatedto ensure that
10 the corresponding hotwire moved from underneath the heater to the top of the heater. LrBFibey are the
1 tilted angles-90° and +90. The output voltage oXandY hotwires are recorded when the sensor is tilted around

[N
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the Yaxis andhe Xaxis, respetively. The output orthe Zaxis is recorded when the sensor is tilted arodme X
axis(see Fig6éc).

70 T £ T T T o T T T T T T T T T T T
60
50
40 1
304
20 1
10 1
04
104
2204
=304
40
-50
604
_70 T T T T T T T T T T T T T T T T T T T
-100 -80 -60 -40 -20 0 20 40 60 80 100

Tilted angle (degree)
Figure8. Outputvoltagesonthe X, Yand Zhotwireswhile tilting aroundthe Xand Y axes.

Output voltage (uV)

PR PR NP TEPU SO SO B P P PO O B

The heater is heated with constant currentof 110 mA. Thechangein the heater resistance allows us to
estimate the temperature othe heater by using the relation 3°Y 3YFY, and its valueis found to be
approximately70 °C.From Fig8, the sensitivitieson the X axisandthe Y akx areaveraged aso =0.62uV/° and
W 0.53 uV/°. The input ofthe Zhotwire while rotating aroundhe Xaxis iso ~ 1& ouV/°, which isof the
same ordeasthose ofthe X and Y as.With the measured resistance at initial state™6ff'Y = 1.7 (see part V),
the changein temperature in the hotwirg X and 4s approximated as3"'Y¥3'Y 6 Tw 7Y TY &For the
result in Fig. 8, the temperatur®’Y is 1.9 timeshigher than3"Y. This valueelativelyagreeswith the simulation
results presented in Figs. 2 and 3.

2. Effect of supply current ahe heater

70 T T T T T T T T T gg 1 ! ! ' ! ' ! ' 1
60 ] ]
504 |—O— I heater 0.08A 20 i : :ea:er g??i y
__ 409 |-o—1heater0.11A S 15 | 227 heater0.134 ]
> 304 || heater0.13A = 104 : ]
2 20 o 51 b
2 104 g ol ]
& 04 % 54 ]
G -10 g -57 ]
2 -20 5 -10 1
3 -30 £ 154 ]
S -404 o 204 ]
O .50 25 1
-60 7] 304 T T T T T T T T T ]
-70 ; : ; : ; ; . . . ) 80 - -
100 80 60 -40 20 0 20 40 60 80 100 L _ 20020 40 60 80 100
Tilted angle (degree) Filtecl gk (e gusej
Figure9. Effect ofthe heatingcurrent to the output FigurelO. Effect of heatingurrent to the output
voltagefor the X axis sensing voltagefor the Zaxis sensing

The sensing ability of devisean be enhanced by increasing the temperature of the heater, since the
temperature of the heateiis directly related to how the medum can move inside the devidd2,43] A low
temperature heater will significantly restrain the flow addgradethe sensor performance. The experiment was
repeatedin this study wherghe heaterwas subjected to threeurrentsl, = 80 mA, 110 mAand 130 mAThe
obtained results are shown frigs. 9 and 10lt can be seen that aenthe current increasefrom 80 mA to 130
mA, the output increasdsy 127% othe magnitude forthe X axis antby 146% fothe Z axisTherefore the output
voltages at the hotwirescan beadjustedby the heatercurrent, whichcanbe used toacceleratehe experiment.

3. Sensing linear acceleration

For the linear acceleration test, theutput voltage is monitoredvhile the sensois placed at the edge of the
turntable rotating at135 rpm(centrifugal acceleration 89 g)andthe heater is heatedavith a currentl, =110mA.
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Figures11 and 12show the transienbutput voltageof the hotwires X; and % when the acceleration is alorige X
and Z ags, respectivelyseeexperimental setup ifrig. 6d) The changes between these two hotwires are almost
similar in time, witha mismatchof only 210 ms at the leftpeak slope In Fig11, the two hotwires change their
voltages oppositéo each otherwhereasin Fig 12, their voltages change similarly, iedting that the heated air
region changes the temperature tie X hotwire agmmetrically and symmetrically undeéhe x and z applied
acceleratioms, respectively

The average noises are approximately 5 uV, significantly larger than the resolution23f-iitemeasuring
device NH9234 data acquisition. Therefqgrthe resolution of the sensor can be calculated as the sigriabise
ratio, as shown in Figs. 11 and &aRdit is equivalent to @M9gy. The results also show very small drift evolution,
neverthelessthe longterm drift evolution was not thoroughly tested for our device

Asthe magnitudes othe voltages are almost the samé each case (Fsg1l and 12), the effect ofthe Z
acceleration can be cancelled out easily rogans of aconventionalelectric circuit such as by forming half
Wheéstone bridgeby the pair of X hotwirs. Thiskind ofcircuit is commorin use invarioussensing techniqug as
reported innumerous literaure [37],[39].

60 T T T T T T T T T T T T T T

= T < h ]
2 504 210ms I~ ] = 18 ]
= ] o -104 ]
40 i ] ] ,
g ] Hotwire X1| E 20 Hotwire X1| b
£ 309 ] S -301 N
S 20 ki S 304 .
2 1 5 40 1
5 10 ] = ]
S o] ] < -50 ]
(@] —T—T —Tr—Tr—T——Tr— T O -60 T T T T T T T T T T T T T T
0 2 4|6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (s) Time (s)
?::; 0_‘ T T T T T T T T T T T T T T ] 3 0__ T ]
() '10'_ 7] o -104 -
g -20 —e 2 20 Hotwire X2 ]
3 1 —— Hotwire = 1
9 -304 = 9 -304 4
*g'_ -40—_ g *g_ .40__ _
5 -50 ] 5 501 1
o -60 LIS BB B A ERSL I SN NS ENNL N SRR BN BN SN NN BN RN N KL o -60 LA B A E N L R N A A R L A N R
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (s) Time (s)

Figure 1. Transient rgponse ofthe hotwires X with Figure 2. Transient response a@he hotwires X with
acceleration applied alortipe X axis. acceleration applied alontpe Z axis

Figure B shows the variation othe output voltage onthe hotwires X with respect to the centrifugal
acceleration applied tdhe X axis by the turntablésee Fig. 6d)The two X hotwires changbeir resistance
opposinglywhenthe scale factasof the hotwires X; and % are Ska =-27.8 pV/gand Sk=+26.7uV/g, with the
non-linearities (the ratio of output variatioto maximum output full scaledf these output voltagebeing 2.7%
and2.2%, respectively

The esults depict that the output voltage changi@searlywith the change ofhe rotation speed until the
centrifugal acceleration reachedg. Meanwhile the output voltage otthe Z hotwire is significantly lower with
the scale factor o5k, = 2.2 uV/g. Theseresultsindicate thatthe crosssensitiviy between the two ags isless
than 8% therebyclosely matcing with the simulation
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Figure 13. Qutput of the X axis and Z axis when the centrifugal acceleration is applted) the X axis byhe
turntable (rotating speedrom 25 rpm to 700rpm).

Similarly,Fg. 14 shows the output voltage of the hotwires in the X and Z ses while the centrifugal
accelerationis applied tahe Z axigseethe experimental setup in Fig. GdJhe two X hotwires are parallel with the
plane of the turntable and should have similar response to the acceleration. Toisfisnedby the data below
wherethe two hotwires respord similarly. The scale factoof the X hotwireunder Z acceleratioare Sk,1=37.7
UV/g and Skg=37.5uV/g.If the X hotwires are conventionally corated bythe half-bridge circuit, the total output
of the X axis will be cancelled ofFig. 14)Inthe meantime, he scale fawr andthe nonlinearityof Z hotwireunder
the Z acceleratiomre SE;=10.2 uV/g and 3.8% respectively.

Figure 4. Qutput ofthe Z axis andhe X axis when the centrifugal acceleration is applied athr@ axis by the
turntable (rotating speed is from 25 rpm to 700 rmandthe current at the heater is= 110 mA

Overall, the sensingepformanceof the present device is in the same order ag talues inrecent
publications In the simulation, therelative sensitivity oD'YFD'Y is in the same orde with simulated result
reported by other research groufb8]. However, the sensing performance tife vertical acceleratiorof the
preseneddevice idesssignificantlyaffected by the horizontal acceleratiofihe grformance of severgdublished
tri-axisconvective accelerometsiis summarized in Tali. With these performing characteristidhe presented
deviceand those sensors are the samegradeas classified ifb9].

Table 1. Characteristof some publishedri-axisconvective accelerometer
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