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To study the sensitivity of the surface acoustic wave (SAW) sensor towards particulate matter (PM), an analytic model has been
built based on single particle perturbation theory of full size range and the lognormal size distribution of the PM. The sensitivity of
the frequency shift to 1 nanogram of PM has been calculated. The model shows that the frequency shift is a result of the
competition between the negative perturbation by mass loading and the positive perturbation by elastic coupling, determined by
particle size distribution parameters, material, and SAW frequency. To verify the model, the relationship of the frequency shift of a
315MHz SAW to the concentration of aerosols generated by two kinds of powders of different sizes was measured. The ex-
periment is in agreement with the model: the sensor has shown negative sensitivity towards aerosols generated by the finer
particles of 1 ym, 3 ym polytetrafluoroethylene (PTFE), and Al Arizona dust and positive sensitivity towards aerosols generated
by the coarser particles of 10 yum PTFE and A4 Arizona dust; and the negative sensitivity is about 1 order higher than the positive.

1. Introduction

Particulate matter (PM), known as atmospheric aerosol
particles, is a key air pollutant brought into the air by a
variety of natural and anthropogenic sources. The exposure
to PM by human can cause asthma, lung cancer, respiratory
diseases, cardiovascular disease, premature delivery, and
premature death [1-4]. The size distribution of PM is im-
portant because finer particles are more toxic [5]. PM-
monitoring instruments are generally based on optical and
gravity methods. The optical method uses the principles of
light scattering or absorption, with the instruments such as
the scattering photometer, optical particle counter, and
aethalometer [6-9]. The basic gravity method samples PM
onto filter media with laboratory weighing before and after
drawing air through the filter [10, 11] and, therefore, not
suitable for real-time monitoring. Other gravity methods use
a piezoelectric oscillation component to measure PM con-
centration based on the change of the resonance frequency
due to the mass loading effect by the sampled PM. The
oscillation component includes the tapered element oscil-
lation microbalance (TEOM) and silicon resonant cantilever

[12-15]. As the development of the PM monitoring device
that is portable, cheap, and easy to use becomes an important
task, more instruments based on quartz crystal microbalance
(QCM), surface acoustic wave (SAW), and film bulk acoustic
resonator (FBAR) as the oscillation component have been
reported [16-21]. Due to the higher operation frequency, the
SAW exhibits higher sensitivity than the QCM [22].

It should be mentioned that the pursuing of use of high-
frequency devices for PM measurement is risky. Since PM is
size distributed, it always contains larger particles with lower
resonance frequencies. Classical theory of the frequency
decrease due to mass perturbation cannot be applied to the
case where the sensor frequency goes beyond the resonance
frequency of the coupled particle [23]. For the dynamic
contact of spherical bodies, Guan employed fractal theory to
investigate the conformal contact between the piston and
cylinder [24, 25]. It is evident by Ramakrishnan’s experiment
that by controlling the height of the micropillar attached on
the SAW surface, an increase of the SAW resonance fre-
quency could be observed [26, 27]. The interaction between
the SAW and particles can be modelled as a dynamic
multicomponent structure, and the perturbation theory in a
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full particle size range is the key to the problem [28-31].
Cheng proposed a method using the assembly relationship
to solve complex machinery of multicomponent [32, 33].
The particle perturbation theory was firstly proposed by
Dybwad who modelled the QCM-particle interaction as a
coupled oscillator system, where the QCM measures either
the additional mass or additional stiffness of the particles,
depending on the particle size [34]. As for the SAW, our
group has demonstrated that, for SAW operating at
260 MHz measuring potato starch granules sized between 5
and 100 ym, the phenomenon of positive frequency shift due
to the coupled stiffness has been found, and the relationship
between the frequency increase and the particle size in an
elastic regime was analytically derived [35]. Besides, we have
built a particle-SAW coupled resonance model using the
finite element method to study the size-related sensitivity of
the 260 MHz SAW in the full particle size range [36]. The
limitation of our previous works is that the models were
based on the interaction between SAW and single particle.
To study SAW sensitivity towards PM, a size-distributed
perturbation model needs to be built.

In this paper, the sensitivity of the surface acoustic wave
sensor towards size-distributed particulate matter is studied.
An analytic model is built based on single particle pertur-
bation theory of full size range and the lognormal size
distribution of the PM. Then, the sensitivities of the fre-
quency shift to 1ng PTFE are calculated with different
distribution parameters. The effects to the sensitivity by
particle material and SAW operation frequency have also
been taken into consideration. Finally, we present our
measurement of a 315 MHz SAW towards particulates of
PTFE and Arizona dust of different size distributions.

2. Modeling

2.1. Single-Particle Perturbation. The model of the Rayleigh-
type SAW perturbed by a single particle is shown in Figure 1.
Under van der Waals force, the particle is attached to the
SAW surface and undergoes forced vibration excited by
periodic displacement of the SAW at the interface. The
interaction could cause negative or positive frequency shift
of the SAW resonance frequency, depending on the size of
the particle.

For finer particles of the size below the resonance di-
ameter d g, the frequency change is expressed as follows
[22]:
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where ¢;, listed in Table 1, is the coupling coeflicient of the ith
direction, with the subscripted indices i with values of 1, 2,
and 3 refer to the x-, y-, and z-direction, respectively, m is
mass of the particle, f is SAW operation frequency, and A is
the sensing area of the SAW.

In this case, the particle is rigidly adhered on the SAW
surface and perturbs the sensor by its own mass, leading to a
decrease of SAW resonance frequency. For single particle
with diameter of dp, equation (1) could be written as
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F1GURE 1: Particle-SAW interaction system.

TaBLe 1: Coupling coefficients for Rayleigh-type SAW
(x10™ kg™ 'm?s).
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where p is the density of the particle.
For coarser particles of the size above the resonance
diameter d,, the frequency change is

3

af =y 55 (3)

= 2nA

where «; is the coupling stiffness of the ith direction. In this
case, the particle is weakly coupled to the SAW surface via
the stiffness. This additional stiffness exerted on the sensor
results in an increase of SAW resonance frequency.

The calculation of «; could be found in detail in reference
[35]. Briefly, the in-plane coupling stiffness is

K15 = Ga, (4)
and the surface-normal coupling stiffness is

E 4/3
@=§ , (5)

where the effective shear modulus is

-1
G= 4<(2 - 1/particle )( I+ vpar(icle) " (2 — Vsaw )( 1+ vSAW))

Eparticle ESAW
(6)
effective Young’s modulus is
b} -1
E= 4<1 B vparticle n 1- VgAw> ’ (7)
3 Eparticle ESAW

and the particle-SAW contact radius is
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where Eparticle,SAW’ 1/particle,SAW’ and Aparticle,SAW are elastic
moduli, Poisson’s ratio, and Hamaker constant of the
particle or the SAW, respectively, and D, = 0.165nm is the
cutoft distance. The properties of materials appeared in this
paper are listed in Table 2. For the particle with diameter of
d > €quation (3) could be calculated and noted as

Af = Celasticdfals' (9)

2.2. Sensitivity Model of SAW Perturbed by Size-Distributed
Particulate Matter. The lognormal distribution function
provides a good fit to the size distribution of particulate
matter and is widely used in atmospheric applications. A
lognormal mass density size distribution is defined as [37]

1 <—(lndp—lndg)2>) (10

d =
nM( P) \/ﬂdplnag xp 21n20g

where 1 (d,) is the particle mass size distribution function,
d, is the particle diameter,d, is the geometric mass mean
diameter, and ¢, is the geometric standard deviation.
Typical parameters of lognormal distributions for PM2.5
and PM10 are listed in Table 3 [38]. The calculation involves
the conversion of the particle mass size distribution n,, (d )
to the particle number size distribution ny (d,), which is also
lognormal. The geometric number mean diameter of the

distribution is

dgn = exp(3lnzag - lndg), (11)

and the geometric standard deviation o, is the same, so that
the particle number size distribution is written as

2
Ind, -1Ind,,) > (12)

2lnzag

1
) o

The size distribution functions of the particle mass and
number of the typical parameters are shown in Figure 2.
The resonance diameter d, is evaluated by its rela-

tionship with SAW operation frequency f:
2nf =

K

(6)mpd’y, (13)

For the particulate matter of total weight of mp,,, the
frequency shift due to the mass loading effect is estimated by

Afmass == jO-SdPR CmaSSd; 00 mP13VI nN(dp)ddp.
0 J,oo(”Pdpm)ddp

(14)

The frequency shift due to the elastic coupling effect is
estimated by

3
TABLE 2: Properties of materials [36].
Material E (GPa) y p (kg/m™) A()
Quartz(SAW) 73 0.17 2650 8.4x1072°
PTFE 0.5 0.46 2200 5.6x1072°
Polystyrene 2.4 0.4 1000 6.4x107%°
Aluminum 70 0.35 2700 36.7x107%°

TaBLE 3: Typical geometric mass mean diameter d_[ym] and
geometric standard deviation ¢, for PM2.5 and PM10.

dg ([um] g,
PM2.5 0.4 2.2
PM10 4.5 1.6
Af i = ro Cotusicd™ e M (d,)dd
i = . r N .
elastic 2, elastic” p J‘(jooo(n_pd;/6)ddp P P
(15)

Since d p, is away from the peak of the particle number
size distribution function, the possibility of d,, falling in the
transition region of d, =0.5d,p ~ 2d,y is low, and the
frequency shift took place in this region has been ignored.

Therefore, the overall frequency shift A f, ., is estimated
by

Aftotal = Afmass + Afelastic' (16)

2.3. The Influence of Different Parameters to SAW Sensitivity
toward PM

2.3.1. Distribution Parameters. To investigate SAW response
to different size-distributed particulate matter, the sensitivity of
the frequency shift of a 260 MHz SAW to 1 ng PTFE PM2.5 and
PMI0 has been calculated. The geometric mass mean diameters
d, and o, are set around typical values (d, = 0.2~0.6 ym, o, =

g
1.8~2.6 for PM25, and d, = 3.5~65um, o, = 1.2~2 for

PM10), as they could vary among aerosols. The gsensitivities V.
geometric mass mean diameter d, and o, are shown in Fig-
ure 3. It could be seen that, for PM2.5, both the negative
frequency shift perturbed by the finer particles and positive
frequency shift perturbed by the coarser particles take place, and
the total frequency change is a competition result between the
two perturbations. As d, increases or o, decreases, the fre-
quency shift due to the elastic perturbation increases slowly,
while the negative frequency shift due to the mass loading effect
decreases. As a result, the sign of total frequency shift changes
from the negative to the positive due to the competition be-
tween the two effects. For PM 10, as the size distribution is
dominated by the coarser particles, the total frequency shift is
always positive due to the elastic perturbation, and the sensi-
tivity deceases for larger d,; and smaller o,. Compared to the
PM2.5, the sensitivity to PM 10 is 1 or 2 orders lower.

2.3.2. Particle Material. The resonance diameter d,p de-
pends on the material properties of the particle. Polystyrene
and aluminium have been chosen to represent stiffer
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F1GURE 2: Particle mass and number size distribution functions of (a) PM2.5 and (b) PM10.

particulates whose resonance diameters are larger when they
undergo the forced vibrations at the same frequency. Their
properties are listed in Table 2. The sensitivities vs. geometric
mass mean diameter d, of PM2.5 and PM10 of different
materials are shown in Figure 4. As the resonance diameter
d,r increases, particles of the size below d, take larger
proportion; therefore, more particles are involved in the
mass perturbation. It can be seen in Figure 4(a) that the
sensitivity curve goes downwards as the material becomes
stiffer from PTFE to polystyrene and to aluminium, indi-
cating the dominance of the mass loading effect. Note that
the sensitivity increases as the material gets stiffer. As for
PM10 in Figure 4(b), since particles of the size above dPR
take the majority, the frequency shift is almost fully caused
by the elastic coupling effect. The sensitivities of the three
materials are similar.

2.3.3. SAW Operation Frequency. The sensitivity curve of
the SAW depends on its operation frequency f. Substituting
equation (5) into equation (13) yields the relationship be-
tween d,p and f:

dproc 7. (17)

Therefore, by increasing SAW operation frequency, dp
decreases. Curves of sensitivity vs. geometric mass mean
diameter d; of 260 MHz and 520 MHz SAW to PTEE are
shown in Figure 5. As shown in (a), for PM2.5, the negative
frequency shift per ng due to the mass loading effect of the
two frequencies is similar. This is because, for the higher
frequency sensor, the proportion of the particulate matter
causing mass perturbation decreases due to the smaller d p,
which offsets the increase of the mass sensitivity which is
proportional to f? (as seen in equation (1)). Meanwhile, the
positive frequency shift per ng due to the elastic coupling of
the 520 MHz SAW is much higher, as more particles in 1 ng
are above the size of dp. As a result, the total sensitivity
curve moves up. For PMI10, the perturbation for both
sensors are elastic, where the sensitivity of the 520 MHz

SAW is higher due to the smaller sensing area compared to
the 260 MHz. It should be noted that speaking of the PM
concentration-based sensitivity, if the capture capability per
area is constant, the larger sized 260 MHz sensor would be
loaded with almost twice as much as particles captured by
the 520 MHz one; thus, the difference between their con-
centration-based sensitivities is smaller.

3. Experiment

The schematic block diagram is shown in Figure 6. The
differential frequency measurement system has been
adopted to remove the common mode frequency changes.
The setup is based on 315 MHz Rayleigh-type SAW, con-
figured as the resonance element of each side of the oscillator
circuitry. The mixer followed by a low-pass filter is used to
extract the differential frequency shift due to the particle
perturbation. The frequency shift is recorded by the fre-
quency counter.

A 7L PM test platform has been built, as shown in
Figure 7. The sphere-shaped PTFE particles with several
nominal sizes are used for PM generation. The particles were
fed onto a conveyor belt driven by a stepping motor con-
trolling the delivering speed and duration. These particles
were sucked into the chamber through the Venturi tube to
generate aerosol. The SAW sensor and an optical PM sensor
were used for the measurement. After each measurement,
the vacuum cleaner worked to clean up the chamber.

A 35m® PM testing room has also been built for the
measurement of the standard Arizona dust, which is widely
used in the development and the calibration of the optical
PM sensors [39]. As shown in Figure 8, Arizona dust was
dried by the light and delivered into a smaller stirring
chamber where very high-concentration aerosol was gen-
erated. Then, the aerosol passed through the outlet of the
stirring chamber and was diffused in the 35 m” testing room.
Both the SAW and the optical sensor were placed in the
testing room for the measurement. The particulate matter
were also monitored by using an optical particle sizer
(TSI3330) to extract the size distribution parameters.
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FIGURE 3: SAW Sensitivity vs. geometric mass mean diameter d; and geometric standard deviation g,,. (a) PM2.5 with d; = 0.2~0.6 ym and

g
1.2~2.

4. Result and Discussion

The frequency shift of the SAW vs. PM concentration
measured by the optical sensor to PTFE particles of different
nominal sizes measured in the 7L platform is shown in
Figure 9. The concentration range was controlled between
200 and 800 ug/m”. For the size-distributed aerosol gener-
ated by 1uym fine PTFE particles, the sensitivity of the
frequency shift per concentration was —5.5Hz/(ug/m’),
indicating that the perturbation was dominated by the mass
loading effect. For the aerosol generated by 3 um- and
10 um-coarse PTFE particles, the sensitivities were 1.1 and
0.44 Hz/(ug/m”), respectively. It is evident that the pertur-
bations by the particles were mostly elastic. The sensitivity to
the coarse particles was much lower than that to the fine
particles, and it decreased as the size increased from 3 to
10 um, which matches the calculation shown in Figure 3.

o, =2.2.(b) PM10 with dg =2.5~6.5pym and o, =1.6. (c) PM2.5 with dg =0.4ym and o, =1.8~2.6. (d) PM10 with dg =4.5ym and 0, =

The frequency shift of the SAW vs. PM concentration to
Al and A4 Arizona dust measured in the 35m’ platform.
The distribution of the A1 Arizona aerosol generated in the
room was measured by using the optical particle sizer with a
geometric mass mean diameter d, = 0.53 ym and the geo-
metric standard deviation o, = 1.71. As seen in Figure 10(a),
the sensitivity was —1.9 Hz/(ug/m’), smaller than the 1 um
PTFE sensitivity tested in the 7L chamber. The reason might
be that the capture of very fine particles in a room is more
difficult due to the slow particle settlement speed, as well as
the difference of the microstructures between the two ma-
terials. As shown in Figure 11, the shape of the PTFE particle
is closer to the sphere, while it is irregular for the particle of
Arizona dust. The Arizona particle couples onto the SAW
surface with several asperities rather than only one contact
interface like the sphere particle of PTFE. As a result, the
coupling stiffness is weaker, so that the effective d p is larger
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and less proportion of Arizona particles perturb the SAW
with their mass. As for the A4 Arizona dust, as shown in
Figure 10(b), the sensitivity measured was about 0.25Hz/
(ug/m’) with poor linearity. It might be due to the facts that
the sensitivity in the elastic region is low, and the irregular
shape of the A4 Arizona particles increases the sensitivity
randomness, especially for the larger sized particles, where
the randomness is difficult to be reduced as the number of
the particles per weight is small.

5. Conclusions

The sensitivity of the surface acoustic wave (SAW) sensor
towards size-distributed particulate matter (PM) has been
analyzed by the proposed model combining the full size-
ranged perturbation theory and PM distribution function.
The calculation shows that the total frequency shift is a
competition result between the negative shift by the mass
loading of the fine-sized fraction of the PM and the positive
shift by the elastic coupling of the coarse-sized fraction,
determined by particle size distribution parameters, mate-
rial, and SAW frequency. The model is verified by the ex-
periment using a 315MHz SAW measuring aerosols

generated by polytetrafluoroethylene (PTFE) particles and
Arizona dust of different sizes. The sensor has shown
negative and higher sensitivity towards PM2.5-like aerosols
generated by finer particles and positive and lower sensitivity
towards PM10-like aerosols generated by coarser particles.
The model proposed in this paper could be served as a
reference for the development of PM sensors using high-
frequency oscillation devices.
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