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In this  study,  we investigate  the  dynamics  and  response  of  a humidity  sensor  based  on  a polymer-coated
Love  wave  device.  A  review  is presented  for the  theoretical  model  of Love  waves  in  a layered  struc-
ture  with a viscoelastic  layer  on a piezoelectric  substrate.  Numerical  illustrations  are  executed  for  the
mass  velocity  sensitivity  and  mass  loss  sensitivity  of a polymer-coated  device.  The  BET  equation  and  its
improved  equation  are  introduced  to describe  the  adsorption  mechanism  of  gas  on  the  detector  surface.
A method  is  introduced  for  calculating  the  surface  area  of  the  polymer  layer,  which  is  proved  a porous
material.  An  experiment  is  performed  for a  humidity  sensor  based  on  a Love  wave  device  consisting  of
two 28  �m-periodic  interdigital  transducers,  a 0.47  �m-thick PVA  layer,  and  an ST-90◦X  quartz  substrate.
umidity
iscoelastic
dsorption

The  operation  frequency  and insertion  loss  of  the  Love  wave  device  are  measured  by  using a  network
analyzer;  the  relative  surface  area  of  the  PVA  layer  is  calculated  through  comparing  the  fitted  and  the
theoretical  frequency  shift  caused  by  the  monolayer  of water  molecules.  The  frequency  shifts  and  inser-
tion  loss  increments  are  shown  as  functions  respect  to  the relative  humidity;  the theoretical  curves  agree
well  the  experimental  results.
. Introduction

In the past few decades, surface acoustic wave (SAW) sensors
1–3] have been attracting the interest of many researchers because
f their high sensitivity, small size, low cost, and easy fabrica-
ion. SAWs are excited and received by the interdigital transducers
IDTs) deposited on the surface of a piezoelectric substrate. Due
o the surface energy concentration, SAWs are very sensitive to
he disturbance acting on the substrate surface. Using this feature,
AWs have broad prospects in many sensing areas such as temper-
ture [4], pressure [5], strain [6], acceleration [7], mass loading, etc.
herein SAW gas sensors [8,9], a type of sensor for mass loading,

re often coated with sensing films to achieve higher sensitivities
nd the selective adsorption of a target gas. Because of their simple
oating and good selectivity, polymers are often used as sensitive
lms for SAW gas sensors.

Humidity is of great importance in varieties of commercial and
ndustrial applications, so humidity sensors have been attracting

he interest of many researchers [10]. For a humidity sensor based
n SAW technology, one of the most important design consider-
tions is the choice of sensitive film. The most common sensitive

∗ Corresponding author. Tel.: +86 1082547803.
E-mail addresses: liujs98@hotmail.com, liujiansheng@mail.ioa.ac.cn (J. Liu).
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925-4005/© 2014 Elsevier B.V. All rights reserved.
©  2014  Elsevier  B.V.  All  rights  reserved.

films are polymers [11–14] with strong hygroscopicity, which is
helpful to obtain a larger output response. However, the inser-
tion loss of the detector will also increase due to the polymer’s
viscoelasticity.

Love wave is a kind of SAW which propagates in a layered struc-
ture. The substrate of a Love wave device supports a purely (or
predominantly) piezoelectric shear horizontal (SH) acoustic wave
which is faster than the transverse wave in the upper layer. Because
of the particle polarization only existing in the SH direction, almost
no energy is coupled into the liquid above the layer, thus Love waves
are also suitable for detection in liquids. Different from a commonly
used Rayleigh type SAW device, the performance of a Love wave
device depends on its guiding layer rather than on IDT structures
and substrate characteristics. A suitable guiding layer is the key to
implement a Love wave sensor with high mass sensitivity, good
temperature stability, and acceptable insertion loss. Due to its low
acoustic loss and excellent abrasion resistance, SiO2 is the most
used guiding layer material for Love wave devices. Unfortunately,
a Love wave sensor incorporating a SiO2 layer cannot achieve a
very high sensitivity, because of the fast transverse acoustic waves
in SiO2. Due to their low shear waves, polymers are often adopted

as guiding layers for Love wave sensors to get a higher sensitivity.

The shortcoming of polymeric layer is the large loss caused by
the viscosity of polymers. To analyze the effect of the viscosity,
many theoretical models have been developed for SAW devices

dx.doi.org/10.1016/j.snb.2014.07.095
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ncorporating polymeric layers. Based on perturbation approach,
artin et al. [15] investigated the dynamics and response of

olymer-coated SAW devices with acoustically thin and thick lay-
rs. They committed that the changes in velocity and attenuation
aused by the viscoelastic film were related to the surface mechani-
al impedances contributed by the film. By expanding the complex
ispersion equation into Taylor series, Kielczynski [16] analyzed
ove wave devices incorporating a low loss guiding layer. By adopt-
ng Maxwell model to describe the viscoelasticity of polymer layers,

cHale et al. [17] developed a method for describing Love wave
ensors incorporating viscoelastic guiding layers. In our previous
orks [18,19], the authors reported a method for Love wave devices

onsisting of a polymeric layer on a piezoelectric substrate by
dopting a Maxwell–Weichert model to describe the viscoelasticity
f the guiding layer.

For gas sensors, another key element is the adsorption mecha-
ism of gas on detector surface, which describes the relationship
etween the adsorption amount and the gas concentration. In past
ecades, many experimental studies [11,20–22] were carried out
o measure the curves of SAW velocity (or oscillation frequency)
hanges versus different gas concentrations. However, theoretical
esearch was rarely reported on the gas adsorption mechanism in
he field of SAW sensors. In our recent paper [23], the gas adsorption

echanism was described by adopting a Brunauer–Emmett–Teller
BET) equation and its improved form. Combined the Wohljent’s
heory, a theoretical method was developed for the response mech-
nism of SAW gas sensors based on surface adsorption. By using a
ommercial SAW gas chromatography (GC) analyzer, the method
as verified by an experimental measurement of the frequency

hifts caused by different concentrations of dimethyl methylphos-
honate (DMMP).

In this study, we investigate the dynamics and response of a
umidity sensor based on a polymer-coated Love wave device.
irstly a theoretical model is reviewed for Love wave device con-
isting of a polymeric layer and a piezoelectric substrate. The mass
elocity sensitivity and the mass loss sensitivity are introduced for
olymer-coated devices. Numerical illustrations are presented for

 Love wave device with a polymeric layer on an ST-90◦X quartz
ubstrate. Secondly the BET adsorption equation is introduced to
escribe the physical adsorption of gas on solid surfaces. Ander-
on equation, a improved form of BET equation, is presented to
xpand the suitable scale of the adsorption equation. A method is
ntroduced for calculating the surface area of the polymer layer. The
esponse of SAW devices caused by gas adsorption is analyzed. In
he experiment section, a humidity sensor is implemented based
n a Love wave device consisting of a polyvinyl alcohol (PVA) layer
n an ST-90◦X quartz substrate. The response curves are measured
or changes in operation frequency and insertion loss as functions
espect to relative humidity (RH). Theoretical curves are also pred-
cated by the developed method and they agree well with the
xperiment results.

. Theoretical analysis on Love wave sensors

.1. Dispersion equation and mass sensitivity

In this section, a review is presented on Love waves in a piezo-
lectric layered structure [24,25]. Fig. 1 displays the schematic of

 Love wave device and the coordinate system used in this work.
he propagation direction is parallel to the x1-axis; the particle dis-
lacement is parallel to the x2-axis, which is in the SH direction. The

iezoelectric substrate occupies the lower half space of x3 < 0; the
on-piezoelectric layer occupies the internal space of 0 < x3 < h; the
pper half space of x3 > h is occupied by the air which is assumed
one mechanical touch on the layer surface. Material constants of
Fig. 1. Schematic and the coordinate system of a Love device.

the piezoelectric substrate must be in some special forms [26] to
support pure SH acoustic waves coupled with electric fields.

In the piezoelectric substrate, the particle motion is coupled
with the electric field, thus the particle displacement and the elec-
tric potential must satisfy the following equations:

cjk2l
∂2

u2

∂xk∂xl

+ ek2l
∂2

ϕ

∂xk∂xl

= �
∂2

u2

∂t2
, j = 1, 2, 3; k, l = 1, 3 (1)

ek2l
∂2

u2

∂xk∂xl

− εkl
∂2

ϕ

∂xk∂xl

= 0, k, l = 1, 3 (2)

where c, e, and ε are elastic, piezoelectric, and dielectric constants
of the substrate respectively, � is the mass density, u2 is the particle
displacement in the x2 direction, ϕ is the electric potential. Solu-
tions of the shear acoustic wave and electric field in the substrate
are:

u2 = [M1A1 exp(kˇ1x3) + M2A2 exp(kˇ2x3)] exp{i(ωt − kx1)} (3)

ϕ = [M1 exp(kˇ1x3) + M2 exp(kˇ2x3)] exp{i(ωt − kx1)} (4)

where ω is the angular frequency, k is the wave number,  ̌ is the
amplitude decaying factor in the −x3 direction, M is the undeter-
mined coefficient to be decided by the boundary conditions.

In the isotropic layer, the SH acoustic wave is uncoupled with
the electric field and their solutions are in following forms:

uL
2 = [M3 exp(ikˇLx3) + M4 exp(−ikˇLx3)] exp{i(ωt − kx1)} (5)

ϕL = [M5 exp(kx3) + M6 exp(−kx3)] exp{i(ωt − kx1)} (6)

where ˇL =
√

v2/V2
L − 1, v is the propagation velocity of Love

waves, VL =
√

�L/�L is the velocity of the transverse acoustic wave
in the layer, and �L and �L are the shear modulus and mass density
of the layer medium respectively.

In the space above the layer, only the electric field exists and it
can be described as:

ϕ0 = M7 exp{−k(x3 − h)} exp{i(ωt − kx1)}. (7)

The acoustic waves and electric fields must obey the following
boundary and continuity conditions:

(1) At the interface of x3 = 0, the continuity conditions for parti-
cle displacement, electric potential, normal stress and normal
electric displacement for the electrically open case are:⎧⎪⎪⎪⎪⎨

u2(x3 = 0) = uL
2(x3 = 0)

L

⎪⎪⎪⎪⎩
T23(x3 = 0) = T23(x3 = 0)

ϕ(x3 = 0) = ϕL(x3 = 0)

D3(x3 = 0) = DL
3(x3 = 0)

(8)
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Fig. 2. Mass velocity and mass loss sensitivity of the fundamental Love mode in a
2 J. Liu, L. Wang / Sensors an

where T23 and TL
23 are the normal stresses in the substrate and

the layer respectively, D3 and DL
3 are the normal electrically

displacements in the substrate and the layer respectively.
2) At the layer surface of x3 = h, the normal stress and the electrical

conditions are:⎧⎪⎨
⎪⎩

TL
23(x3 = h) = 0

ϕL(x3 = h) = ϕ0(x3 = h)

DL
3(x3 = h) = D0

3(x3 = h)

(9)

Substituting Eqs. (3)–(7) into the boundary and continuity con-
itions, and eliminating the undetermined coefficients M, we  can
et the dispersion equation of Love waves in a piezoelectric layered
tructure:

LˇL tan(kˇLh) = (D2 − ε̄L)T1 − (D1 − ε̄L)T2

(D2 − ε̄L)A1 − (D1 − ε̄L)A2
(10)

here D and T are normal displacement and normal stress at the
nterface of x3 = 0, ε̄L is the equivalent permittivity of the guiding
ayer.

If the surface of the layer is covered by a mass load with an areal
ensity of �, the dispersion equation becomes:

LˇL
�LˇL tan(kˇLh) + k�v2

�LˇL − k�v2 tan(kˇLh)
= (D2 − ε̄2)T1 − (D1 − ε̄2)T2

(D2 − ε̄2)A1 − (D1 − ε̄2)A2
. (11)

The mass load will produce a perturbation in the propagation
elocity of 	v, thus the mass sensitivity can be defined as:

v
m = 1

v
	v
�

= 2


�

1
v

	v
k�

.  (12)

.2. Love wave device incorporating a viscoelastic layer

In a linear system, the modulus of a viscoelastic material is
ften represented by a model consisting of springs and dashpots.
n a Maxwell–Weichert model (also called generalized Maxwell

odel), the shear modulus of the polymeric layer can be consid-
red as many branches connected in parallel. As presented in our
revious work [18], the model can be simplified as an elastic branch
nd a Maxwell branch: the elastic branch consists of a spring, the
axwell branch consists of a spring and a dashpot in serial. The

omplex shear modulus of the viscoelastic guiding layer can be
escribed as:

 = �0 + �1
iω�1

1 + iω�1
(13)

here �0 corresponds to the modulus represented by the spring
n the elastic branch, �1 corresponds to the modulus represented
y the spring in the Maxwell branch, �1 = 
1/�1 is the relaxation
ime, 
1 corresponds to the viscosity represented by the dashpot.
or the Love wave device incorporating a viscoelastic guiding layer,
he propagation velocity becomes complex v = vr + ivi, and the prop-
gation loss per wavelength can be described as:

L = 54.6
si

sr
≈ −54.6

vi

vr
(14)

here s = 1/v is the slowness of Love waves.
The mass sensitivity obtained in Eq. (12) also becomes complex:

v
m = Svr

m + iSvim, where Svr
m is the mass velocity sensitivity for Love

ave sensor incorporating a viscoelastic layer:

vr
m = 	vr

vr�
= Re(Sv

m). (15)

vi
Sm indicates the attenuation caused by the mass load. The mass
oss sensitivity of a polymer-coated Love wave sensor is:

IL
m = −54.6

	vi

vr�
= −54.6 Im(Sv

m). (16)
polymer-coated device.

2.3. Numerical illustration for a polymer-coated Love wave
sensor

By using Eqs. (15) and (16), normalized mass sensitivities are
calculated for a Love wave device consisting of a polymeric layer,
two IDTs with a period of � = 28 �m,  and a piezoelectric substrate
of ST-cut 90◦X-propagate quartz. The material constants of the
viscoelastic guiding layer are set as: � = 1250 kg/m3, �0 = 0.2 GPa,
�1 = 65 MPa, �1 = 0.9 ns, and εL = 3ε0, where ε0 is the vacuum per-
mittivity. The detectors of most sensors work at the fundamental
mode, so only the sensitivities of the first Love mode are shown in
Fig. 2. The solid curve represents the normalized mass loss sensi-
tivity of the fundamental Love mode; the dashed curve represents
the normalized mass velocity sensitivity. As the layer thickness
increases, both the sensitivities exist peak values, which is simi-
lar to the previous studies [17,18]. As shown in the figure, the mass
loss sensitivity will reduce rapidly when the layer is thicker than a
certain value (h/� = 0.02), which means that the insertion loss will
not increase during gas adsorption. When h/� exceeds 0.025, the
mass velocity sensitivity will be decreased slowly.

3. Adsorption mechanism of gas on the SAW detector
surface

3.1. BET adsorption equation and its improved form

When a gas contacts a solid, gas molecules will strike the solid
surface continuously; most of the gas molecules will be bounced
back immediately, a small portion of the gas molecules will be
remained on the solid surface for some time before returning to
the gas phase. The retention behavior is called adsorption. Accord-
ing to the difference in bonding forces, adsorptions can be divided
into physical adsorptions and chemical adsorptions: the adsorp-
tion caused by the intermolecular forces is a physical adsorption;
the adsorption generated by chemical bonding forces is a chemical
adsorption. During the process of a chemical adsorption, some new
molecules will be generated by the chemical reactions between
the adsorbed gas molecules and the surface molecules of the solid.
Since chemical bondages are much stronger than molecular diffu-
sions, under normal temperature and pressure the new generated
molecules will not automatically decompose into the original gas
molecules and solid surface molecules when the gas leaves. Most
of SAW gas sensors are required repeatable, so only the physical
adsorption is applicable. For a physical adsorption, the gas adsorp-

tion amount is decided by the adsorption temperature, gas pressure
(or gas concentration), and the surface area of the solid. Among
all theoretical models for physical adsorptions, BET formula is the
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Fig. 3. BET adsorption isotherms of different adsorption constants.

ost commonly used method, which was brought out by Brunauer,
mmett and Teller [27] in 1938:

V

V0
= cP/P0

(1 − P/P0)[1 + (c − 1)P/P0]
(17)

here V is the volume occupied by the adsorbed gas molecules;
0 is the volume occupied by the gas molecules corresponding to a
aturated monomolecular layer adsorption; P is the gas pressure;
0 is the saturated vapor pressure at the adsorption temperature;

 is an adsorption characteristic parameter.
At a certain temperature, the pressure of a gas is proportional

o its concentration. According to the gas equation of state

 = �C

M
RT (18)

here �C is the mass volume concentration of the target gas; M is
he mass of per mole gas molecules; R is the ideal gas constant; T
s the adsorption temperature in the thermodynamic temperature
cale.

Fig. 3 shows the BET adsorption isotherms calculated by using
q. (17) with different adsorption constants. The numerical results
how that the adsorption amount increases as the gas pressure
ncreases. When the relative gas pressure tends to 1, the theoretical
dsorption amount tends to infinity. The reason for this unrea-
onable result is the assumption that at P = P0 an infinite number
f layers are absorbed. The figure also displays that the isotherm
ith a greater adsorption constant is above on the isotherm with

 smaller adsorption constant. The significance of this is the higher
alue of the adsorption constant, the lower detection limit of the
arget gas. Generally, the adsorption constant of a polar gas is less
han 1, the adsorption constant of a non-polar gas is greater than 1.

For the two-parameter BET equation of Eq. (17), it is known that
he best suitable interval of relative gas pressure is 0.05–0.35. To
xpand the suitable scope of BET adsorption equation, a variety of
mprovements were introduced. Wherein the Anderson adsorption
quation, which was brought by Anderson [28] and Brunauer [29],
s the most successful:

V

V0
= ckx

(1 − kx)[1 + (c − 1)kx]
(19)

here k is an adjustable constant decided by the nature of the
dsorption system, x represents the relative pressure P/P0. By
electing the appropriate value of k, we can get the theoretical
esults consistent with the experimental data at x of 0.05–0.9.
.2. Sensor response and surface area of the porous layer

Generally, SAW gas sensors measure the changes in the prop-
gation velocity, phase, or oscillation frequency to determine the
ators B 204 (2014) 50–56 53

concentration of the target vapor. The sensor output is approxi-
mately proportional to the amount of absorbed gas: 	v/	v0 = V/V0,
because the adsorption amount is relative small in most cases. So
we can know the sensor output of a given gas concentration (pres-
sure) by using Eq. (17) or (19).

Assuming the absorbed gas molecules are small balls distributed
on a solid surface closely, and the density of absorbed molecules is
equal to the liquid density, the area occupied by a single molecule
is [30]:

a0 = 1.091
(

M

N�l

)2/3
(20)

where M is the mass of per mole gas molecules, N is Avogadro’s
number, �l is the liquid density of the target gas. The areal density
of the monomolecular layer of the absorbed gas can be expressed
as:

�0 = M/N

a0
= 0.9166

(
M�2

l

N

)1/3

(21)

which will cause a change in the propagation velocity:

	v0 = vr�0Svr
m (22)

and an increment in the insertion loss:

	IL0 = d

�
�0SIL

m (23)

where d is the propagation distance of Love waves.
Generally, a polymer film is deposited on the surface of an SAW

device by using a sol–gel method. After solvent evaporation, the
remained layer is a porous medium, which has a surface area much
larger than a dense medium. By fitting experimental data, we  can
get 	v1, the experimental velocity change caused by a saturated
monomolecular layer of absorbed gas. Thus we get the surface area
of the porous polymer layer:

A1 = 	v1

	v0
A0 (24)

where A0 is the surface area of a solid layer.

4. Experiment verification

The experiments are performed on measuring the changes in
propagation velocity and insertion loss of a Love wave device dur-
ing vapor absorption with different relative humidity. The device
consists of a substrate of quartz and an overlay of PVA, which is a
known high molecular-weight hygroscopic polymer with the back-
bone chain consisting of [CH2 CH]n and a C bonded OH group.

4.1. Experimental system

4.1.1. Love wave device
The Love wave device used in this work consists of an ST-cut

and 90◦X-propagate quartz substrate with two photolithograph-
ically defined Al (200 nm)  interdigital transducers (IDTs) with an
aperture of 2 mm.  The IDTs are separated by a path length (trans-
ducer center separation) of 4 mm;  each IDT consists of 72 periods
of split-electrodes, with periodicity � = 28 �m (3.5 �m electrodes
and spaces).

4.1.2. Polymer coating
The commercial PVA (average degree of polymerization

1750 ± 50, purity 97%) was obtained from Beijing Yili Fine Chemi-

cals Co., Ltd. A solution was  prepared by putting 30 g of PVA powder
into 600 ml  of deionized water contained in a glass baker. The solu-
tion was  first heated to 60 ◦C and maintained for 40 min; then the
solution was  heated to 90 ◦C and maintained for 50 min, until the
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Fig. 5. Measured (circles) and calculated (solid line) frequency shifts vs relative
ig. 4. Experiment system of the humidity sensor based on a PVA-coated Love wave
evice.

VA powder was  completely dissolved. In the process of dissolu-
ion, the solution has been being shaken by a thermo magnetic
tirrer. The prepared PVA solution was cooled in air for 3 h and
he final volume of the remaining solution was about 480 ml.  A
hin layer of PVA solution was brushed on the surface of the IDT-
abricated quartz wafer; then the wafer was rotated at a speed of
000 rpm for 20 s. After coating, the wafer is placed in air at 60 ◦C for
0 min  to cure the PVA film. The film on the wire pad was removed
y using a sharp scalped blade. The thickness of the prepared PVA

ayer is about 0.47 �m,  which was measured by using an Alpha-step
Q surface profiler (KLA-Tencor, San Jose, CA).

.1.3. Measurement equipment
The coated wafer was divided into several Love wave devices;

hen each device was mounted on a four-pin rectangular DIP
eader with electrical connections made by Al wires bonding. The
eader was soldered on a PCB; the input and output impedances
f the Love device were matched to about 50 ohm by using LC
ircuits. As seen in Fig. 4, the PCB with the matched device was
laced in a plastic container, which has four drilled holes. Pass-

ng through the two holes located in the opposite walls, two SMA
onnectors were applied to connect the Love wave device and
n Agilent E5071C network analyzer. The probe of a standard
ygrometer passes through the hole in the top wall and reaches
he place near the device surface. The stand hygrometer is a
igital thermo-hygrometer RH32B-2C (Omega Engineering, Inc.,
tamford, CT), which is used as a reference to monitor the vari-
tions in relative humidity (RH) and temperature. The humidity
nside the container was increased or decreased by adding wet
ponge or silicone particles through the fourth hole in the side
all.

.2. Experimental and numerical results

.2.1. Changes in operation frequency
Fig. 5 shows the frequency shifts of the Love wave device as a

unction respect to the relative humidity in decimal form. RH is
he ratio of moisture pressure in the air and saturated vapor pres-
ure. The shifts in the device operation frequency represent the
ensor output, which is proportional to the amount of absorbed

as: 	f/	f1 = 	v/	v1 = V/V1.

The circles denote the frequency shifts measured through
he humidity experiment, which is operated at the temperature
f 22.9–23.2 ◦C. As RH = 0.17, the Love wave device works at a
humidity for the PVA-coated Love wave device.

frequency of 178.15 MHz. The solid line is the theoretical curve
calculated by using Eq. (19) with the parameters of k = 0.96,
	f1 = −200 kHz and c = 0.1, which is less than 1 because water vapor
is a polar molecular gas. When RH < 0.5, the frequency shift is rel-
ative small and is proportional to the relative humidity; when
RH > 0.5, a rapid increase occurs in the frequency shift as the humid-
ity increases.

4.2.2. Surface area of PVA film
PVA is relative soft polymer. In this work, the material constants

of PVA are assumed as: the density � = 1.25 × 103 kg/m3, the
complex shear modulus �0 = 0.2 GPa, �1 = 65 MPa, the relaxation
time �1 = 0.9 ns, the permittivity ε = 3ε0. By using the method
introduced in Section 2, we  can get the magnitude of the
normalized mass velocity sensitivity

∣∣Svr
m

∣∣� = 2.94 × 10−3 m2/kg,

the magnitude of the normalized mass loss sensitivity
∣∣SIL

m

∣∣� =
9.17 × 10−2 dB m2/kg at the PVA layer thickness of 0.47 �m
(h/� = 0.0168).

It is known that the water vapor has a mole mass of
M = 0.018 kg/mol, a liquid density of �l = 1000 kg/m3; substituting
these constants into Eq. (21), we  can get the areal density of a single
water molecules layer: �0 = 2.845 × 10−7 kg/m2. The monolayer of
water molecules causes a shift in the device operation frequency
of

	f0 = −2.94 × 10−3

28 × 10−6
× 178.15 × 103 × 2.845 × 10−7 = −5.32 kHz

(25)

and an increment in the device insertion loss of

	IL0 = 9.17 × 10−2

28 × 10−6
× 4 × 10−3

28 × 10−6
× 2.845 × 10−7 = 0.133 dB.

(26)

By using Eq. (24), we  can get the experimental surface area of
the PVA layer: A1 = 37.6 A0, which will produce an experimental
increment in device insertion loss of 	IL1 = 5.0 dB.

4.2.3. Changes in insertion loss
The increment of the device insertion loss is displayed in Fig. 6
as a function respect to the relative humidity. The circles denote the
experimental data; the solid line is calculated by using Eq. (19) with
the parameters of k = 0.96, 	IL1 = 5.0 dB and c = 0.1. As RH = 0.17, the
origin insertion loss of the Love wave device is about 9.68 dB. The
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ig. 6. Measured (circles) and calculated (solid line) insertion loss increments vs
elative humidity for the PVA-coated Love wave device.

hange trend of the insertion loss increment is similar to that of the
peration frequency shift.

. Conclusions

This work presents an investigation on the dynamics and
esponse of a humidity sensor based on a polymer-coated Love
ave device. For Love waves in a polymer-coated device, the vis-

osity of the polymeric layer will produce deviations in propagation
elocity and mass sensitivity. The real part and imaginary part of
he mass sensitivity correspond to the mass velocity sensitivity and

ass loss sensitivity, respectively.
The adsorption of gas in the SAW detector surface is proved

s a physical adsorption, which is described by the BET adsorp-
ion equation and its improved form, the Anderson equation. The
bsorption isotherm, which plots the relative adsorption amount
s a function respect to the relative gas pressure, is characterized
y the adsorption constant c. The c with a large value of tens or
undreds produces a large adsorption amount at a small gas pres-
ure (concentration), which is helpful to get a small detecting limit;
he c with a small value of less than 1 produces a good linearity in

 wide range of gas pressure. The polymer deposited by using a
ol–gel method is proved a porous material; the relative surface
rea of the polymer can be obtained by comparing the experimen-
al frequency shift and the theoretical shift caused by the saturated

onolayer of adsorbed gas molecules.
An experiment is performed on a humidity sensor based

n a Love wave device consisting of two 28 �m-periodic IDTs,
 0.47 �m-thick PVA layer, and an ST-90◦X quartz substrate.
igs. 5 and 6 display the changes in operation frequency and
nsertion loss of the Love wave device as functions respect
H respectively. The experimental parameters of the improved
ET adsorption isotherm are k = 0.96, c = 0.1, 	f1 = −200 kHz and
IL1 = 5.0 dB, which are frequency shift and insertion loss incre-
ent caused by a monolayer of water molecules. According to the

heoretical method in Section 2, the monolayer produces a fre-
uency shift of −5.32 kHz, and an increment in insertion loss of
.133 dB. Using these parameters, we can get the surface area of
he porous PVA layer of 37.6 A0, where A0 is the plane area of the
ubstrate surface.

The method and discussion presented in this work are also appli-
able for other types of polymer-coated SAW gas sensors.
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of CO2 absorption in graphene using surface acoustic waves, in: IEEE Ultrasonics
Symp. Proc., San Diego, CA, USA, 11, 2010, pp. 257–260.

22] L. Blanc, A. Tetelin, C. Boissière, G. Tortissier, C. Dejous, D. Rebière, Love wave
characterization of the shear modulus variations of mesoporous sensitive films
during vapor sorption, IEEE Sens. J. 12 (2012) 1442–1449.

23] J. Liu, Y. Lu, Response mechanism for surface acoustic wave gas sensors based
on  surface-adsorption, Sensors 14 (2014) 6844–6853.

24] J. Liu, S. He, Properties of Love waves in layered piezoelectric structures, Int. J.
Solids Struct. 47 (2010) 169–174.

25] J. Liu, S. He, Theoretical analysis on Love waves in a layered structure with
a  piezoelectric substrate and multiple elastic layers, J. Appl. Phys. 107 (2010)
073511.

26] B. Jakoby, M.J. Vellekoop, Properties of Love waves: applications in sensors,
Smart Mater. Struct. 6 (1997) 668–679.

27] S. Brunauer, P.H. Emmett, E.J. Teller, Adsorption of gases in multimolecular
layers, J. Am.  Chem. Soc. 60 (1938) 309–319.

28] R.B. Anderson, Modifications of the Brunauer, Emmett and Teller equation, J.
Am.  Chem. Soc. 68 (1946) 686–691.
29] S. Brunauer, J. Skalny, E.E. Bodor, Adsorption on nonporous solids, J. Colloid
Interface Sci. 30 (1969) 546–552.

30] P.H. Emmetatn, D.S. Brunauer, The use of low temperature van der Waals
adsorption isotherms in determining the surface area of iron synthetic ammo-
nia catalysts, J. Am.  Chem. Soc. 59 (1937) 1553–1564.

http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0005
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0010
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0015
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0020
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0025
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0030
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0035
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0040
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0045
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0140
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0075
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0090
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0145
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0150
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0050
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0055
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0060
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0065
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0070
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0080
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0085
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0095
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0100
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0105
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0110
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0115
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0120
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0125
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0130
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135
http://refhub.elsevier.com/S0925-4005(14)00935-6/sbref0135


5 d Actu

B

J
v
P
i
C

6 J. Liu, L. Wang / Sensors an

iographies
iansheng Liu obtained his B.S. degree in Electrical Engineering from Tsinghua Uni-
ersity (Beijing, China) in 2002, and his Ph.D. degree in Signal and Information
rocessing from Graduate University, Chinese Academy of Sciences (GUCAS, Beijing)
n  2007. During 2007–2009, he was an assistant researcher at Institute of Acoustics,
hinese Academy of Sciences (IACAS, Beijing), where he has been an associated
ators B 204 (2014) 50–56

professor since 2010. His current research interests include sensors based on piezo-
electric Love waves, response mechanism for SAW sensors, low loss SAW filters and
SAW filter banks, parameters of SAW couple-of-mode (COM)  model.
Lijun Wang obtained her B.S. degree in Communication Engineering from Shan-
dong University (Weihai, China) in 2012. Now she is a graduate student in IACAS.
Her  research interests are experiments on Love wave-based sensors and SAW gas
sensors.


	Dynamics and response of a humidity sensor based on a Love wave device incorporating a polymeric layer
	1 Introduction
	2 Theoretical analysis on Love wave sensors
	2.1 Dispersion equation and mass sensitivity
	2.2 Love wave device incorporating a viscoelastic layer
	2.3 Numerical illustration for a polymer-coated Love wave sensor

	3 Adsorption mechanism of gas on the SAW detector surface
	3.1 BET adsorption equation and its improved form
	3.2 Sensor response and surface area of the porous layer

	4 Experiment verification
	4.1 Experimental system
	4.1.1 Love wave device
	4.1.2 Polymer coating
	4.1.3 Measurement equipment

	4.2 Experimental and numerical results
	4.2.1 Changes in operation frequency
	4.2.2 Surface area of PVA film
	4.2.3 Changes in insertion loss


	5 Conclusions
	Acknowledgements
	References

	Biographies

