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Diabetes is currently screened invasively by measuring glucose concentration in blood, which is inconvenient. This paper reports a
study on modeling and simulation of a CMOS-MEMS sensor for noninvasive screening of diabetes via detection of acetone vapor
in exhaled breath (EB). The sensor has two structures: movable (rotor) and fixed (stator) plates. The rotor plate is suspended on
top of the stator by support of four flexible beams and maintaining certain selected initial gaps of 5, 6, 7, 8, 9, 10, or 11 um to form
actuation and sensing parallel plate capacitors. A chitosan polymer of varied thicknesses (1-20 ym) is deposited on the rotor plate
and modeled as a sensing element for the acetone vapor. The minimum polymer coating thickness required to detect the critical
concentration (1.8 ppm) of acetone vapor in the EB of diabetic subjects is found to be 4-7 ym, depending on the initial gap between
the rotor and stator plates. However, to achieve sub-ppm detection limit to sense the acetone vapor concentration (0.4-1.1 ppm) in
the EB of healthy people, up to 20 #m polymer thickness is coated. The mathematically modeled results were verified using the 2008
CoventorWare simulation software and a good agreement within a 5.3% error was found between the modeled and the simulated
frequencies giving more confidence in the predicted results.

1. Introduction

Diabetes is a chronic disease caused by deficiency of insulin
production or by improper use of the insulin by body tissues.
The cause is still unknown. However, genetics, environmen-
tal, and habitual factors such as lack of exercise and obesity
are believed to play a role. Deficiency of insulin occurs due
to the destruction of the pancreatic 8 cells responsible for
insulin production by the body immune system, and hence
glucose concentration in blood becomes high and it can
lead to serious health problems such as blindness, kidney
failure, heart diseases, premature death, limb amputation,
and gangrene [1]. Diabetes is generally diagnosed invasively
by measuring glucose concentration in blood. Thus, breath
analysis has been developed as a noninvasive way for diabetes
diagnostics [2], by measuring acetone concentration in the
breath which relates and reflects ketone bodies in blood

plasma, blood acetone levels, and p-hydroxybutyrate in
venous blood. The concentration of acetone in the exhaled
breath (EB) of the healthy people is in the range of 0.4-
Llppm [3], while in the EB of the diabetic subjects it is
reported to be higher than 1.71 ppm [2, 4]. For this research
1.8 ppm was considered to be the threshold for the diabetic
subjects.

Several techniques have been used to detect acetone in
exhaled human breath for diabetes diagnostics. The most
commonly used methods include gas chromatography (GC)
with flame ionization detection (FID), mass spectroscopy
(MS), ion mobility spectroscopy (IMS), or combinations like
GC-MS, proton transfer reaction-mass spectroscopy (PTR-
MS), and selected ion flow tube mass spectroscopy (SIFT-
MS) [5, 6]. Although the above methods are sensitive, they
are costly, heavy, and table top equipment and require longer
time for sample preparation [6].
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TABLE 1: Sensors for acetone vapor detection.

The sensor Working principle Detection limit (ppm) Working temperature (°C)

Zinc oxide (ZnO) [41] Resistance change 1000 325

Ferroelectric tungsten trioxide (e-WO,) [9] Resistance change 0.20 500

Si-doped epsilon-WO, [42] Resistance change 0.02 350

Indium nitride (InN) catalyzed with Pt [7] Current change 0.4 200

Tin oxide (SnO,) nanotubes functionalized with .

Pt and Au [15] Resistance change 0.10 350

Smgle—gystallme indium oxide (In,0;) Resistance change 25 400

nanowires [43]

Tin oxide (SnO,) fibers catalyzed with Pt [17] Resistance change 0.12 300

Nanostructured anatase of titanium oxide .

(TiO,) [44] Resistance change 1 500

Pt-functionalized tungsten oxide (WO,) [4] Resistance change 0.12 300

Sr-doped lanthanum orthoferrite (LaFeO,) [16] Resistance change 500 275

Tungsten trioxide (WO;) nanofibers .

functionalized by Rh, O, nanoparticles [13] Resistance change 0-10 350

Férroelectrlc tungsten trioxide (e-WO,) doped Resistance change 0.20 400

with Cr [12]

Ni-doped zinc oxide (ZnO) nanorods [14] Resistance change 100 Room temperature

The proposed MEMS sensor Frequeréfl);;agrzphtude 0.4 Room temperature

Other methods are used as alternatives to tackle issues
related to GC-MS techniques [7]. For instance, laser spec-
troscopic techniques have been used because of their high
sensitivity, selectivity, near real time response, and low
cost compared to GC-MS techniques [8]. Electrochemical
sensors, surface acoustic wave, quartz microbalance, and
chemiresistive sensors (metal oxides and nitrides) like FeO,,
Sn0O,, CdO, WO, and TiO,-doped ZnO and InO,, InN, and
LaFeO; were well reported in many works to replace GC-MS
techniques [7, 9-12]. Nowadays several noble metals such as
platinum (Pt), gold (Au), silver (Ag), palladium (Pd), nickle
(Ni), chromium (Cr), strontium (Sr), and rhodium (Rh)
have been extensively used by many researchers [4, 7, 13-17]
as catalysts to increase the sensitivity and selectivity of
the chemiresistive sensors toward acetone vapor detection.
Table 1 summarizes some of them.

Doping the chemiresistive films with noble metals
enhances the sensitivity of many sensors toward acetone
vapor detection. However, as shown in Table 1 some sensors
still do not have the desired sensitivity and selectivity to
detect the low concentration of acetone vapor in EB [18]. To
achieve the best detection limit of the chemiresistive sensors
the working temperature is normally high. However, higher
working temperatures require higher supplied currents to
the heaters which results in higher power consumption.
Thus, sensors with working temperature of less than 200°C
are encouraged to use for better power consumption [19,
20]. Another way to reduce the power consumption of
the chemiresistive sensors is to use microheaters fabricated
by micromachining technologies [21]. Micromachining of
Microelectromechanical Systems (MEMS) devices is known

to have the potential to fabricate microheaters that achieves
submilliwatt power consumption [22].

MEMS resonators are believed to have very high mass
sensitivity due to their small size. In addition, MEMS
resonators are based on frequency shift sensing, which is
considered as a high accuracy measurement technique [23].
Furthermore, MEMS resonators are coated with a layer
specifically selective to the targeted gas and hence it does not
require heating power.

There are many techniques to fabricate MEMS resonators.
They include PolyMUMPS, MetalMUMPS, Silicon on Insula-
tor (SOI), and Complementary-Metal-Oxide-Semiconductor
(CMOS) techniques. Among the various fabricating tech-
niques, CMOS is considered to be the best candidate due to its
ability to integrate the circuitry and the sensing transducer in
a single chip and also the possibility of batch-fabrication. This
results in lower power consumption, reduced cost, better sen-
sitivity, and improved signal to noise ratio [24]. The detection
depends on functionalization of these resonators with suit-
able and sensitive materials for the targeted biomarkers. The
functionalized resonator is driven with a known frequency,
and when an interaction occurs between the sensitive layer
and the targeted biomarker the resonator frequency changes.
This change is proportional to the concentration of the
biomarker and it has a meaningful value. Chitosan polymer
was identified to be a very sensitive polymer to acetone
vapor and it was used for the first time to detect acetone
vapor concentration in EB [25]. The detection was based on
electrochemical technique and hence measurement of the
change of electrical properties of the deposited chitosan film
when exposed to acetone vapor. It was carried out at room
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FIGURE 1: Schematic of the proposed device showing (a) the top
rotor and (b) the bottom stator plates with the actuation and sensing
parallel plates.

temperature with good response, recovery time, stability, and
repeatability. To the best of our knowledge, up to date, there
are no reports on detecting acetone vapor in EB for diabetes
detection using CMOS-MEMS devices coated with polymers.
Thus, this paper proposes a noninvasive and sensitive CMOS-
MEMS device functionalized by chitosan polymer and based
on mass loading and frequency or amplitude shift for the
detection of acetone vapor concentration in EB for the
purpose of screening diabetes.

2. Materials and Methods

2.1. Design of the Sensor Device. The schematic of the mod-
eled device is shown in Figure 1. It consists of two struc-
tures that will be bonded together, namely, (a) the movable
structure (rotor) and (b) the fixed structure (stator) that will
be fabricated using 0.35um CMOS process technology at
MIMOS Berhad company in Malaysia. This technology uses
two polysilicon layers, three metal (aluminum) layers, and
two vias. Each structure consists of three electrodes made up
of the three metal layers connected together by vias to form
parallel plate capacitors for actuation and sensing purposes.
Two of the capacitors on the sides are used for electrostatic
actuation while the capacitor in the center is used for sensing.
The rotor is a square plate supported by four identical flexible
beams to suspend it on top of the stator and maintain a certain
initial gap (z,) between the plates on rotor and those on the
stator.

3
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FIGURE 2: Cross section view of the rotor and stator square plates
showing the CMOS layers and the silicon substrate underneath the
stator plate and the polymer coating on top of the rotor plate.

The rotor plate consists of only the CMOS layers with a
total thickness of 6.15 ym, while the bottom stator structure
has assilicon substrate underneath the CMOS layers. Upon the
completion of fabrication and releasing of the rotor plate, the
device is functionalized by coating it with a sensitive polymer
layer on the reverse side of the rotor plate opposite to the
actuating and sensing capacitors. Figure 2 shows the cross
section view (across A—A in Figure 1) of the rotor and stator
square plates showing the CMOS layers, the silicon substrate
underneath the stator plate, and the polymer coating on top
of the rotor plate.

2.2. Determination of Resonance Frequency, Mass Sensitivity,
and Quality Factor. Due to the vertical movement of the
rotor plate toward the stator plate, the device is dominantly
affected by only squeeze film damping b,,. Depending on the
value of b, the device can be underdamped, overdamped,
or critically damped. Only the underdamped devices can be
used as resonators for mass sensing applications [26].

Equation (1) is used to find the resonance frequency f, of
the resonator [27, 28]:

1 k b,
fr =5 - = 2? @
27\ (Meg + Mp) 4 (mq + Mp)
where k is the spring constant of the flexible beams, .4 is the

total effective mass of the uncoated device, M}, is the mass of
the sensitive layer, and b,y is the squeeze film damping. The
spring constant of the four beams in the transverse (out of
plane) mode is calculated using [29]

E, wt
k= 4%, ()
where E,, is the average Youngs modulus of the beam’s

materials, w, t, and [ are the width, thickness, and length of
each beam, and E,,, of the composite layers can be calculated
using [30]

avg

Z E.t.
Eavg = %, 3)

where E; and t; are Young’s modulus and the thickness of each

layer, respectively, and t is the total thickness of the layers.



TABLE 2: Young’s modulus and densities of the CMOS layers.

Layer Young’s modulus Densit3y
(GPa) (kg/m”)
Substrate (silicon 100) 169 2330
Structure material (SiO,) 73 2300
Structure material (aluminum) 70 2700

The effective mass m.g of the uncoated device is the
summation of the effective mass 1, .4 of the four beams and
the static mass m,, of the square center plate. Equation (4)
is used to find the effective mass of the four fixed-guided
supporting beams [31, 32], and the static mass of the center
plate is found using

13

s pavglwt (4)

My = 4 x

My = PaygAts €)

where A is the area of the square plate and p,,, is the average
mass density of the composite layers used, and it is estimated
by using [33]

2 piti
pavg = T’ (6)

where p; and t; are the density and the thickness of each layer,
respectively, and t is the total thickness of the layers. Table 2
shows Young’s modulus and densities of the CMOS layers.

The mass M), of the functionalized layer (chitosan poly-
mer) can be calculated using

MP = PPAPtP’ (7)

where pp and t, are the density and the thickness of the
deposited polymer, respectively, and A, is the deposited area
of the square plate.

The squeeze film damping b, of the device with the
square plate with side length I, can be found using [32]

2
= s 8
% zan® < (4 + (2417112,f,/rrz§P)2) > ®)

where # is the viscosity of the analyte being detected at a
given pressure P, f, is the resonance frequency, and z;, is the
initial gap between the rotor and stator plates. The ratio of the
squeeze film damping to the critical damping was found for
the different initial gaps z, of 5, 6, 7 8, 9, 10, and 11 ym to
determine the condition (underdamping, critical damping,
or overdamping) of the resonator. The critical damping is
found by [34]

bc = 47Tfr (meff + MP) . (9)

The device was found to be overdamped for 5 ym initial
gap with damping ratio 1.4-1.2 and underdamped for the
initial gaps of 6, 7, 8, 9, 10, and 11 ym with damping ratios
0.8-0.7,0.5-0.45, 0.35-0.3, 0.25-0.2, 0.18-0.15, and 0.13-0.12,
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respectively, in the polymer coating thickness range of 1-
10 ym. It is clear that for gaps of 5um and 6 um the device
will not behave as a resonator due to the very large damping
ratios.

The mass sensitivity S,, of the device determines its
ability of detecting small mass changes. The higher the mass
sensitivity is, the better the device will be, while low mass
sensitivity gives poor performance. By taking the derivative
of (1), the mass sensitivity of the device is expressed as shown
in

C g M)

"0 (meg + Mp) 47tM3. |4k My — bszq’

where M is the total mass of the coated device, My = m g +
Mp

(10)

The quality factor Q affects the resolution of the device.
The higher the quality factor is, the narrower the bandwidth
will be and the better the resolution will be for the given
mass sensitivity [35]. As a result a high quality factor gives
better signal to noise ratio [36]; hence it will enhance the
performance of the device. Q is inversely proportional to the
damping of the device as shown by [34]

Q _ 27Tf,, (W;’eﬂr +MP).

5q

(11)

2.3. Sensor Functionalization, Concentration Sensitivity, and
Frequency Shift. The absorbed/adsorbed mass M, of the
acetone vapor by the chitosan polymer depends on three
parameters. They are the partition coeflicient K of the acetone
vapor-chitosan polymer interface, the volume V, of the
deposited polymer, and the concentration C, of the acetone
vapor in the ambient air as given by

M, = KV,C,, (12)

where K determines the selectivity of the chitosan polymer to
the acetone vapor concentration being detected. It is defined
as the ratio of the acetone vapor concentration C, in the
ambient air to its concentration Cp absorbed by the chitosan
polymer as given in (13). K has a range of 100-10,000 for
specific analyte-polymer interactions [37]

Cp

Cy

K= (13)
The absorbed/adsorbed mass M, by the sensitive layer
increases the mass of the device, and therefore the resonance
frequency f, and the maximum displacement will decrease.
The amount of change in the resonance frequency or the
displacement depends on M, which is controlled by the three
aforementioned parameters. Equation (14) is used to find
the change in the resonance frequency of the device due to
absorption/adsorption of M, by the polymer:

fi

) L k ) bSZq (14)
2m (meff+MP+Ma) 4(meff+MP+Ma)2)
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where f, is the change in the resonance frequency f, of the
device due to M. The resonance frequency shift Af is found
by subtracting f; from f,.

The vapor concentration sensitivity S, determines the
ability of the device to detect small changes of concentrations
of the analyte in the ambient environment. It is defined as the
change in the resonance frequency due to the change of the
analyte vapor concentration as shown by

S = Afr — Afr A(n/lelf'i']\/IP) (15)
97 AC, A(mg+Mp)  AC,

Equation (15) gives the concentration sensitivity in Hz/g/m".
To convert it to the widely accepted unit of Hz/ppm (16) is
used [24]:

My (bszq - 2kMT) WP

S, = KVp :
T anMifakMy b2 RT X 10°

where W is the molecular weight of the analyte in g/mol, P
is the partial pressure (in Pascal) of the analyte at the given
temperature T' (in Kelvin), and R is the ideal gas constant
having the value of 8.3145 J-mol ' K™'.

The limit of detection determines the minimum amount
of the analyte that the device is capable of detecting and it
depends on the minimum frequency shift detected (resolu-
tion) by the frequency measurement instrument. Equation
(17) can be used to calculate the minimum detectable con-
centration (in ppm) of the analyte:

A, (471M%\/m> RT x 106' 17)

T KMy (B - 2kMy) WP

(16)

2.4. Maximum Displacement Amplitude. Maximum displace-
ments of the rotor plate due to the electrostatic actuation force
F, are modeled using [38]

F,

e

* Me((@2 @)+ (Ea))

where z is the resulting displacement amplitude, M is the
total mass of the coated resonator, w,, is the natural angular
frequency of the device, w is the angular frequency of the
driving force, and & is the damping ratio.

The electrostatic force F, depends on the voltage applied
between the rotor and stator actuation plates. The actuation
voltage is limited by the pull-in voltage (maximum voltage
required to cause the rotor plates to collide with the stator
plates) for each given initial gap. The pull-in voltage depends
on the stiffness constant of the beams (k) and the initial gap
as shown by [24]

(18)

8kz>
v, = 0 (19)
27g,A,

where V,, is the pull-in voltage, k is the stiffness constant, z,
is the initial gap, g, is the permittivity of free space (8.85 x

1072 F/m), and A ,is the total area of the actuation plates. It
was found that V,, is 67.2, 88.3, 111.3, 136.0, 162.3, 190.1, and
219.54 V for the gaps 5, 6, 7, 8, 9, 10, and 11 um, respectively.
Actuation voltages should be far smaller than those pull-in
values to avoid the plates collision. Equation (20) is used to
calculate the electrostatic forces [24]:

Pl g AV

— 20
© 2(z+2) 20
where F, is the electrostatic force, V' is the applied voltage, and
z is the plate displacement.

As indicated earlier the device cannot be used as a
resonator for the 5um and 6 ym because there will not be
any peak in the displacement response to detect. Hence, the
principle of the resonance frequency shift detection cannot
be applied for these two gaps. The resonance frequency
shift detection relies on the detection of change in the
resonance frequency which corresponds to the maximum
peak amplitude before and after the additional mass loading.
Thus, a study of amplitude change is also proposed and
investigated in addition to the resonance frequency change
to accommodate 5ym and 6 yum gaps. From (18) the mass
sensitivity picometer/pictogram (pm/pg) with regard to dis-
placement change can be found by taking the derivative of the
amplitude as in

Az F, z

AMy - _M%\/((wfl ~ w2)2 N (ZEwnw)z) - _M_T. (21)

The mass of the coated device changes due to the
additional mass of the targeted analyte. To find the vapor
concentration sensitivity (um/ppm) of the device (22) is used:

Az Az AMyp  z

— _M_T

G (22)
AC, ~ AMy AC,

WP
Vp—r—.
PRT x 10

The change in the amplitude can be applied for all the gaps
due to the fact that adding extra mass to a device driven with
a constant frequency and force will lead to a decrease in the
displacement amplitude as shown in (18).

3. Results

3.1. Modeling. The performance of this device was modeled
by functionalizing it with a chitosan polymer as a sensitive
layer to detect acetone vapor in exhaled breath down to
1.8 ppm (the threshold for diabetes). It was reported that
the density and Young’s modulus of chitosan are less than
1000 kg/m” and equal to 12 MPa [39], respectively, while Rout
[40] stated that the density of chitosan is 390 kg/m”. For this
preliminary work the density was taken to be 500 kg/m”,
Young’s modulus as 12 MPa, and the partition coefficient of
the acetone-chitosan combination as 100. Chitosan is coated
on the back side of the rotor plate on the opposite to that
containing the capacitor electrodes. The thickness of the
coated chitosan polymer was varied from 1 m to 10 ym with
fixed radius of 188 ym to study the effect of the variation
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of the coating thickness on the performance of the device.
Equations (1), (10), (11), (16), and (17) were used to calculate
S Sm> QS > and Cppyy,, respectively, of the device at different
gaps z, of 7, 8, 9, 10, and 11 ym between the rotor and stator
plates and for different polymer thicknesses from 1 to 10 ym.
The gaps of 5 yum and 6 ym were excluded from this analysis
due to the large damping which prevent the device from
oscillating. Figures 3, 4, 5, 6, and 7 show the modeled values
of f,, S, Sg» Q, and Cy;p, respectively.

The resonance frequency of the device decreases by
increasing the polymer thickness and increases by increasing
the initial gap between the rotor and stator plates. Increasing

the polymer thickness leads to the increasing of polymer
mass Mp which is inversely proportional to the resonance
frequency as given in (1), whereas the resonance frequency
increases when the initial gap increases due to the squeeze
film damping decrease.

Figure 3(a) shows that for the 7 ym initial gap the reso-
nance frequency decreases from 24.464 kHz at 1 ym polymer
coating thickness to 22.851 kHz at the 10 ym polymer coating.
The highest resonance frequency was found to be for the
highest initial gap 11 ym, and it was found to decrease from
28.440 kHz at 1 ym polymer coating thickness to 25.740 kHz
at the 10 ym polymer coating. The rest of the initial gaps (8, 9,
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and 10 ym) have resonance frequencies higher than those of
the 7 yum gap and less of those of the 11 ym gap as shown by
Figure 3(b).

Increasing the polymer thickness was found to decrease
the mass sensitivity of the device for all the gaps due to the
increase of the device total mass as shown in Figure 4(a). The
mass sensitivity is inversely proportional to the device mass
and linearly proportional to the resonance frequency (10).
The larger initial gaps give better mass sensitivity when the
coating thickness increases due to the smaller damping.

The mass sensitivity follows the frequency. Thus, for the
smaller polymer coating thicknesses the mass sensitivity is
higher for all the gaps compared to the higher polymer

coating thickness. As shown in Figure 4(a) the mass sensi-
tivity decreases from 3.433 mHz/pg at 1 yum polymer coating
thickness to 2.99 mHz/pg at 10 um polymer coating thickness
for the 7 ym initial gap, while for the highest given gap (11 ym)
the mass sensitivity was found to decrease from 6.28 mHz/pg
at 1ym polymer coating thickness to 4.66 mHz/pg at the
10 ym polymer coating thicknesses. As can be observed in
Figure 4(b) the rest of the gaps (8, 9, and 10 ym) have mass
sensitivities less than that of the 11 ym initial gap and higher
than that of the 7 ym initial gap.

Figure 5 shows the vapor concentration sensitivity ver-
sus the coating thickness and the initial gap between the
stator and the rotor. It is clear that the vapor concentration
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sensitivity increases with increasing the polymer thickness
for all the given gaps as shown by Figure 5(a). The least
vapor concentration sensitivity was found to be for the least
initial gap (7pm) in a range between 0.091mHz/ppm at
1 um polymer coating thickness and 0.79 mHz/ppm at 10 ym
polymer coating thickness. The highest vapor concentration
sensitivity was observed for the 11xm initial gap and it
was found to increase from 0.17 mHz/ppm at 1 ym polymer
coating thickness to 1.23 mHz/ppm at 10 gm polymer coating
thickness. Figure 5(b) shows that the vapor concentration
sensitivity increases with increasing the initial gap for a given
coating thickness.

The vapor concentration sensitivity depends on the mass
sensitivity as shown by (16). For the small coating thicknesses
(less than 3 ym) there was no noticeable change in the vapor
concentration sensitivity for the different initial gaps. How-
ever, as the coating thickness increases from 4 ym to 10 ym it
is clear that the larger gaps are better and give higher vapor
concentration sensitivity. The increase in the coating thick-
ness increases the polymer volume which causees the vapor
concentration sensitivity to increase. Larger volume means
larger polymer surfaces to accommodate bigger amount of
the targeted analytes; hence the concentration sensitivity
increases.

Figure 6 shows the quality factor (Q) versus the coating
thickness and the initial gap between the stator and the rotor
plates. The polymer thickness does not significantly affect the
quality factor as shown by Figure 6(a). The lowest quality
factor was observed for the initial gap of 7 ym and it was
found to slightly increase from 0.96 at 1 ym polymer coating
thickness to 1.12 at 10 ym polymer coating thickness, while the
highest quality factor was found to be for the 11 ym initial gap
and it increases from 3.72 at 1 ym polymer coating thickness
to 4.32 at 10 ym polymer coating thickness. Figure 6(b) shows
that for the given polymer coating thickness the larger gaps

give higher quality factor compared to the smaller gaps.
Quality factor is inversely proportional to the damping ratio
which decreases when the gap is increased.

Figure 7 shows the plot of the detection limit versus
the polymer coating and the initial gaps between the rotor
and stator plates. As the polymer coating is increased the
detection limit of the device is decreased which improves the
device performance.

Lower limit means the device is able to detect smaller
vapor concentrations. The lower limit of the acetone vapor
concentration in the exhaled breath of the diabetic subjects
is above 1.71 ppm as mentioned in the literature. Hence the
selected coating thickness should be large enough so that the
resonator is capable of detecting down to that threshold. It is
clear that coating thickness and also the initial gap between
the rotor and stator plates affect the performance of the
device. Figure 7(a) shows that for smaller polymer coating
thicknesses the limit of detection is very much affected by
the polymer coating thickness. It was found to decrease from
11.04 ppm at 1 um polymer coating thickness to 1.27 ppm at
10 yum polymer coating thickness for the 7 um initial gap.
For the 11 ym initial gap it was found to decrease from
6.03 ppm at 1um polymer coating thickness to 0.81 ppm at
10 um polymer coating thickness. It is clear that, to achieve
the minimum detectable concentration of 1.8 ppm acetone
vapor in the exhaled breath, minimum coating thickness of
4 pm chitosan polymer on the rotor plate is needed according
to Figure 7(a) for the initial gaps of 9, 10, and 11 ym between
the stator and rotor plates. However, to achieve the same
threshold for the initial gaps of 7 ym and 8 ym gaps between
the rotor and stator plates, at least 5um and 7 ym coating
thicknesses, respectively, are required as shown in Figure 7(a).
Figure 7(b) shows that higher gaps are better to achieve lower
limit of detection compared to the smaller gaps due to the
high squeeze film damping of the smaller gaps.
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coating.

The acetone concentration in the exhaled breath of
healthy subjects was reported to be in the range of 0.4-1.1 ppm
[3]. To reach sub-ppm detection limit the thickness of the
coated polymer (chitosan) is increased to 20 ym as shown in
Figure 8.

As shown in Figure 8(a), by increasing the polymer
coating thickness to more than 10 ym, sub-ppm detection
limit is achieved for all the initial gaps between the rotor
and stator plates. Figure 8(b) depicts that the minimum
detection limit required to sense the minimum concentration
of acetone in the breath of healthy subjects (0.4 ppm) [3] is
achieved at 20 ym polymer coating thickness.

3.2. Finite Element Analysis Simulation of the Sensor. Finite
Element Analysis (FEA) is used in simulations to study
and predict the behaviour of microelectromechanical devices
when they are exposed to forces, heat, fluid flow, and so
forth. Most of the computer aided design (CAD) systems use
FEA for their analysis to find approximate solutions to their
problems, and CoventorWare is an example of those systems.

3.2.1. Resonance Frequency. The device with the same dimen-
sions and properties given in the modeling part was simulated
using 2008 CoventorWare software for the same initial gap
distances (5, 6, 7 8, 9, 10, and 11 um) between the stator
and the rotor plates. The thickness of the polymer coating
was fixed to 4 ym for the reason discussed in the modeling
part, and the radius of the polymer coating was 188 ym. The
designer tool of the CoventorWare 2008 was used to create
the device. The design steps involve inserting the properties
given in Table 1 into the material properties data base of
the CoventorWare software, writing the process flow into the

TABLE 3: Modeled and simulated damped natural frequencies.

Gap distance Modeled frequency Simulated
Error%

(pm) (kHz) frequency (kHz)

7 23.901 25.168 5.302
8 26.050 25.296 2.893
9 26.889 25.857 3.839
10 27.264 25.915 4.951
1 27.448 26.475 3.54

process editor, drawing the 2D layout by the layout editor,
and then finally creating the 3D structure and meshing the
model. The constructed 3D model is shown in Figure 9(a),
while the meshed model is given in Figure 9(b). The 3D
meshed structure was analyzed and solved using analyzer
tool of the CoventorWare 2008 to determine the resonator
frequency for the given gaps. Boundary conditions were set
by fixing the beams of the resonator at the anchor points
shown in Figure 9(a). The numerically calculated damping
and force loads were used in the simulation. Figure 10 shows
the simulated resonance frequencies of the device for the gaps
(a) 8 um, (b) 9 ym, (c) 10 ym, and (d) 11 ym.

Table 3 shows the comparison of the simulated frequen-
cies with their corresponding modeled values. As the gap
distance increases the frequency also increased due to the
decrease in air damping. The percentage difference between
modeled and simulated frequencies is 5.3% for the gap of
7 ym and it is less than 5% for the higher gaps.

3.2.2. Maximum Displacement Amplitude. To study the max-
imum displacement of the rotor plate for the different gaps
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modal harmonic of the analyzer tool of the CoventorWare
2008 was used. The boundary conditions were set by fixing
the device in the anchor points and applying the numerical
damping. Loads equivalent to the electrostatic forces of 29.63,
40.329, 48.98, 56.019, 82.305, and 85.63 and 97.95 uN for the
gaps 5, 6,7 8,9,10, and 11 ym, respectively, were applied. The
modal harmonic was studied in a wide range of frequencies
of the driving force ranging from 100 Hz to 100 kHz. Figure 11
shows the simulated and modeled displacements versus the
frequency of the driving force for all the gaps.

Figure 11 confirms that the device is overdamped when
the gap distance is 5 ym and heavily damped when the gap is
6 um. Thus there is no clear peak of a resonance response at
these two gaps. The damping is reduced when the gap is 7 ym;
hence the peak response started to appear. By increasing the
gap distance further to 8 ym the damping is reduced further
and as a result the peak displacement will get higher. The
graphs for the rest of the gaps (9, 10, and 11 ym) are not shown
in this paper. However, they were found to follow the same
trend shown by gap 8 um with higher displacements. The
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FIGURE 11: Modeled and simulated displacements for the gap distances (a) 5 ym, (b) 6 ym, (c) 7 ym, and (d) 8 ym.

simulated displacements for all the gaps are slightly higher
compared to the modeled displacements. The percentage dif-
ferences between the modeled and simulated displacements
for the gaps of 5 ym and 6 ym were found to be in the range
of 9.1-6.6% and 9.5-7.6%, respectively, in the studied range
of the driving frequency. For the gaps of 7, 8, 9, 10, and 11 ym
the percentage difference between the simulated and modeled
displacements at the peak response was found to be 10.6%,
11.11%, 13.6%, 12.75%, and 16.6%, respectively.

4. Discussion

Due to the high squeeze film damping that associated with
the initial gaps of 5 yum and 6 ym between the rotor and stator
plates, the device is not behaving as a resonator in this case,
and hence these two gaps were not included in the study of
resonance frequency change. However, due to low actuation

voltages for 5pm and 6 ym compared to the higher gaps
the change in the amplitude was proposed to investigate the
possibility of operating the device using these two initial gaps.
To study the amplitude change the rotor plate of the device is
driven with a constant force and frequency and the amplitude
shift is observed when the mass changes rather than the
resonance frequency shift that associated with the resonators.
It is believed that adding extra mass to a device driven with
a constant force and frequency will lead to a decrease in the
displacement amplitude as shown in (18). The mass sensitivity
(um/pg) for the different initial gaps was found using (21).
The polymer coating thickness was fixed to 4 ym thickness
with a radius of 188 um. Electrostatic forces of 29.63, 40.329,
48.98, 56.019, 82.305, 85.63, and 97.95 uN were taken for the
gaps 5, 6,7 8,9,10, and 11 ym, respectively. Those forces were
selected to be far less compared to the forces equivalent to
the pull-in voltages for the corresponding gaps. Wide range
of frequencies for the driving force ranging from 100 Hz to
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FIGURE 12: Plot of the frequency of the driving force versus (a) mass sensitivity and (b) vapor concentration sensitivity of the device of different

initial gaps at 4 ym polymer coating thickness.

100 kHz was chosen to determine the optimum frequency
which gives the highest mass and vapor concentration sensi-
tivity for each initial gap. Figure 12 shows the mass sensitivity
and the vapor concentration sensitivity of the device for all
the gaps.

As shown in Figure 12(a) the mass sensitivity (pm/pg)
for the higher gaps (z, = 7 ym and above) has higher values
compared to the lower gaps (z, = 5um and 6 ym). The
maximum mass sensitivity of the device for the initial gaps
of 7, 8, 9, 10, and 11 ym was found to be 0.40, 0.62, 1.21,
1.7, and 2.46 pm/pg at frequencies of 17.989 kHz, 22.345 kHz,
24.384kHz, 25.155kHz, and 26.056 kHz, respectively. It is
clear from (20) that the mass sensitivity is linearly related
to the displacement and inversely related to the mass of
the device. For the damping dominated gaps (z, = 5um
and 6 ym) there was no peak response observed, and the
mass sensitivity decreases from 0.27 pm/pg and 0.29 pm/pg,
respectively, at 100Hz to 0.0l11pm/pg and 0.018 pm/pg,
respectively, at 100 kHz. This change is considerably small
compared to the change observed in the higher gaps. For the
larger gaps the mass sensitivity has a peak response at the
resonance frequency of the device at those gaps and decreases
when the frequency of the driving force is lower or higher
than the resonance frequency of the device.

The vapor concentration sensitivity (pm/ppm) follows the
same trend as the mass sensitivity as shown in Figure 12(b).
For the higher gaps (z, = 7um and above) and due to
the less damping there is a maximum peak of the vapor
concentration sensitivity which is at the resonance. The
maximum vapor concentration sensitivity for 7, 8, 9, 10,
and 11um was found to be 0.042, 0.066, 0.13, 0.18, and
0.26 pm/ppm at the frequencies of 17.989 kHz, 22.345kHz,

24.384, 25.155kHz, and 26.056 kHz, respectively. As was
observed for the mass sensitivity, the vapor concentration
sensitivity for the damping dominated gaps (z, = 5 ym and
6 um) has no peak response. However, it decreases from
0.029 pm/ppm and 0.030 pm/ppm, respectively, at 100 Hz to
0.0012 pm/ppm and 0.0019 pm/ppm, respectively, at 100 kHz.

The change in the amplitude of the device driven with
a constant force and frequency is very small and it is in the
range of pico- to subpicrometer as shown above for all the
given initial gaps. This change is very hard to be detected by
the embedded piezoresistors or the sensing capacitor to get
readable output voltage without using of very high sensitivity
measurement instruments.

5. Conclusion

The electrostatically actuated and capacitively sensed CMOS-
MEMS device was modeled and simulated using a FEA
simulation tool for acetone vapor detection in exhaled breath
for noninvasive screening of diabetes. The resonator was
modeled for different initial gaps (5, 6, 7, 8, 9, 10, and 11 ym)
between the stator and the rotor plates, with a different
chitosan polymer coating thicknesses in a range of 1-20 ym.
The device was found to be heavily damped for two initial
gaps of 5 um and 6 ym. For the 5 ym initial gap it was found
to be overdamped and depending on the polymer coating
thickness (1-10 ym) the damping ratio was found to be in
the range of 1.44-1.2. For the initial gap of 6 ym the device
was found to have damping ratio of 0.8-0.7 for the given
polymer coating thickness of 1-10 ym. For the two mentioned
gaps the device does not behave as a resonator and hence it
cannot be used for mass detection based on frequency shift.
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Increasing the initial gap until 11 um was found to decrease
the squeeze damping effect and improves the performance of
the device on one hand; however on the other hand increas-
ing the gap was found to increase the required actuation
voltages.

The resonance frequency, mass sensitivity, vapor con-
centration sensitivity, quality factor, and detection limit of
the device for the gaps of 7, 8, 9, 10, and 11 ym were found
for the different polymer coating thicknesses. There was a
good agreement within an accepted error (5.3%) between
the modeled and simulated frequencies from CoventorWare
2008 software. The vapor concentration sensitivity and the
limit of detection were found to increase with increasing the
polymer coating thickness. The minimum coating thickness
of chitosan required to detect the minimum acetone vapor
concentration (1.8 ppm) in the exhaled breath of diabetic
subjects was found to be 4 ym for the initial gaps of 9,
10, and 11 ym, while for the gaps of 7ym and 8um at
least 5-7 ym coating thickness is needed to detect the same
concentration level. It was found that the polymer coating
thickness has the major effect on the sensor sensitivity and
the detection limit. Although as smaller coating thickness as
4 ym is sufficient to detect acetone vapor in the EB of the
diabetic patients, up to 20 ym thickness is recommended to
detect down to 0.4 ppm acetone concentration for the normal
people.

Due to the high squeeze film damping associated with
the 5 pym and 6 ym initial gaps there was no peak response
in the displacements observed to detect the corresponding
frequency shift. Therefore, the amplitude shift detection
was proposed and studied to investigate the possibility of
using all the gaps including 5pym and 6 ym. Wide range
of driving force frequency from 100Hz to 100kHz was
used. For the studied range the device was found to give
vapor concentration sensitivity of 0.042, 0.066, 0.130, 0.180,
and 0.260 picometers/part per million (pm/ppm), at the
frequencies of 17.989kHz, 22.345kHz, 24.384, 25.155kHz,
and 26.056 kHz, respectively, for the initial gaps of 7, 8, 9, 10,
and 11 ym, respectively. For the damping dominated gaps (z,
= 5um and 6 ym) and because there was no peak response
observed the vapor concentration sensitivity was found to
decrease from 0.029 pm/ppm and 0.030 pm/ppm, respec-
tively, at 100 Hz of the driving frequency to 0.0012 pm/ppm
and 0.0019 pm/ppm, respectively, at 100 kHz of the driving
frequency.
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