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We  report  a detailed  experimental  and theoretical  analysis  of the influence  of  quartz  tuning  fork  (QTF)
dimensions  on  the  main  physical  parameters  controlling  the  QTF  performance,  namely,  the  quality  factor
Q,  the  resonance  frequency,  the  fork  stiffness,  the  spring  constant,  and the electrical  resistance.  Two
different  gold  contact  patterns  were  also  compared.  As a general  trend,  the  QTF  performance  in  terms
of  Q and  electrical  conductance  values  improves  at increasing  both  the  crystal  thickness  T  and  prong
thickness  w,  while  decreasing  the prongs  length  Lp.  However,  since  the  QTF  resonance  frequency  f0 is
proportional  to T/Lp2, a trade-off  should  be found  in order  to  keep  f0 < 40 kHz,  i.e.,  well  below  the  typical
uartz tuning fork
esonance frequency
uality factor
lectrical conductance
uartz Enhanced Photoacoustic
pectroscopy

values  of  non-radiative  relaxation  rate  of  a targeted  gas  absorption  lines.
© 2015  Elsevier  B.V.  All  rights  reserved.
as sensing

. Introduction

Since the 1960s, the quartz crystal tuning fork (QTF) has become
 central component for timing and frequency measurements,
ue to its high stability, precision, and low power consumption.
oday, these high quality-factor resonators are the most commonly
sed electronic component when a stable frequency reference

s required for mass produced digital electronic devices such as
locks, smartphones, or telecommunication components. Recently,
he use of QTFs for other applications, i.e., sensors in atomic force
AFM) [1–5] and near-field optical microscopy [6]; optoacoustic
as sensing [7,8]; gas pressure, density and viscosity determination
9]; high-resolution measurements of acceleration and velocity for
ccelerometers and gyroscopes [10] have been reported. These
pplications rely on different QTF parameters (e.g., quality fac-
or, resonance frequency, fork stiffness and spring constant). Since

ime measurements were originally the main application, the QTFs
eometry and crystal cut were optimized to maintain a selected

∗ Corresponding author. Fax: +39 0805442219.
E-mail address: vincenzoluigi.spagnolo@poliba.it (V. Spagnolo).

ttp://dx.doi.org/10.1016/j.snb.2015.12.096
925-4005/© 2015 Elsevier B.V. All rights reserved.
resonance frequency (typically 215 ∼= 32.7 KHz) in a wide tempera-
ture range.

With the aim of determining the dependence of the QTF  param-
eters and performance on their relevant dimensions and identify
the optimal design for optoacoustic gas sensing, we designed a
set of QTFs with different values of spacing between the prongs,
their length and thickness, and crystal thickness. We also used two
designs for the gold contact pattern in order to test different piezo-
electric charge collection schemes. In the following sections, we
will first provide a theoretical model of the QTF resonator, followed
by a description of QTF samples supplied by a commercial vendor
based on our design. We  describe the experimental setup used to
determine the electro-elastic properties of custom QTFs, as well
as a real world application, i.e., QTF based optoacoustic gas sensor
system, identifying the main figures of merit.

2. Theoretical model of a quartz tuning fork

QTF acoustic resonators consist of two  prongs (or tines) con-

nected at one end. Their resonance frequencies are determined by
the elastic properties (Young modulus) of the constituent mate-
rial (i.e., quartz) and their shape and sizes. The symmetry of the
structure limits the number of allowed modes having a high quality

dx.doi.org/10.1016/j.snb.2015.12.096
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.12.096&domain=pdf
mailto:vincenzoluigi.spagnolo@poliba.it
dx.doi.org/10.1016/j.snb.2015.12.096
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Fig. 1. (a) Schematic view of QTF dimensions. (b) x–z plane view of standard and
custom designed tuning forks. The size scale is shown on the right. (c) Surface and
side view of the two different designed gold patterns for electrical charge collection.
40 P. Patimisco et al. / Sensors an

actor. Since quartz is a piezoelectric material, a mechanical stress
an be converted to an electrical signal and vice versa. In terms of
lastic modeling, each prong can be described as a single harmonic
scillator, neglecting the coupling with the other one. For small
mplitude oscillations, the motion of each prong can be described
sing a one-dimensional model and the resonance frequencies in
acuum are given by [11]:

n,vac = �T

8
√

12Lp2

√
E

�
�2
n (1)

here � = 2650 kg/m3 is the density of quartz, E = 72 GPa is the com-
onent of the quartz Young’s modulus in the vibrating plane of
he QTF. The sizes Lp and T are shown in Fig. 1(a), �n=0 = 1.194 for
he lowest flexural mode of oscillation (fundamental mode) and
n=1 = 2.988 for the first overtone mode. In the fundamental mode,
ach prong vibrates with an antinode at the tip and a node at the QTF
ase. The average absorbed power is maximum at the fundamental
requency f0 and is given by:

0 = 1
2�

√
k0

me
(2)

here me = 0.24267�LpTw [6] is the effective mass of one prong
nd w is the prong thickness (see Fig. 1(a)). The spring constant (or
tiffness) k0 of the fundamental mode of a prong is determined by
ts geometrical parameters and Young modulus as [12]:

0 = 0.2575
T3wE

Lp
3

(3)

t is convenient to introduce a QTF quality factor, Q, defined as the
atio of f0 to the full width at half-maximum (FWHM) value of the
esonance curve �f.  Due to the quartz piezoelectric effect, these
scillations of the prongs create a current proportional to the speed
f the prong top I(t) = a × dx/dt,  where the proportionality constant
, also called fork constant, is given by [13]:

 = 3d11E
Tw

Lp
(4)

here d11 = 2.31 × 10−12 m/V  or C/N is the longitudinal piezo-
lectric modulus of quartz. The QTF can be modeled both as

 mechanical oscillator and as an RLC circuit, the relations
etween mechanical and electric characteristics being given by:

 = 2me�f/a2, L = 2me/a2 and C = a2/2k0 [14]. Accordingly, the fork

onstant can be rewritten as:

 =
√

2me�f
R

(5)

Fig. 2. Picture showing realized custom tuning fork
The  grey areas stand for uncovered quartz, while the yellow and gold-yellow area
represent the two electrodes of each pattern. (For interpretation of the references to
color in this figure legend, the reader is referred to the web  version of this article.)

the QTF current can be written as I(t) = Iasin(2�ft) + Ibcos(2�ft),
where Ia and Ib are the in-phase and out-of-phase current com-
ponents, respectively, which are both functions of the driving
frequency f [14]:

Ia = IM(�f )2f 2( )2
, Ib =

fIM�f
(
f 2 − f 2

0,vac

)
( )2

(6)

(�f )2f 2 + f 2 − f 2

0,vac (�f )2f 2 + f 2 − f 2
0,vac

where IM is the maximum current value at the resonant frequency
f0,vac.

s. The size scale in mm is shown on the right.
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Fig. 3. Circuit diagram for QTF characterization. The excitation sine voltage is sup-
plied by a high-resolution waveform generator, which also provides the reference
TTL  signal for the lock-in amplifier. The QTF current output is converted to a voltage
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y means of a transimpedance amplifier with a feedback resistor of RF = 10 M�.  The
TF is mounted inside a vacuum chamber allowing low gas pressure measurements.
P: operational amplifier.

. Quartz tuning fork resonators

The schematics of the designed QTFs are shown in Fig. 1(b)
ogether with a standard QTF.

A z-cut quartz wafer with a 2◦ rotation along the x-axis, which
rovides stable frequency at room temperature, was selected for
he realization of the custom QTFs. The z-cut is the dominant low
requency (up to 50 KHz) crystal-cut, which provides thermally
table flexural vibrational modes frequencies. Standard photolitho-
raphic techniques were used to etch the QTFs. Cr and Au patterns
re photolithographically defined on both sides of the wafer. A
hree-dimensional crystal structure is generated by chemical etch-
ng in a hydrogen fluoride solution, and finally side electrodes are
pplied by means of shadow masks. The gap between center elec-
rode and side electrode is 50 �m.  A photograph of the realized
ustom QTFs is shown in Fig. 2.

The dimensions and the prongs’ effective mass of the investi-
ated QTFs are listed in Table 1.

The QTF standard is the typical 32 kHz resonator used in clocks
nd smartphones. The contact layer dual-electrode patterns are
lso visible. The electrodes geometry defines the way in which
he deformation occurs when an electric field is applied and, con-
ersely, how the charges due to crystal deformation are collected.
n our case, the electric field is applied along the x-axis of the QTFs
see Fig. 1(a)). Two patterns for the electrodes were employed. For
TF#3 and QTF#6 we use the same gold pattern of the QTF standard,
hile for the remaining QTFs we slightly modified the gold pat-

ern in order to collect charges generated in all internal side wafer
urfaces, as shown in Fig. 1(c). Both employed electrode patterns
nhanced the first fundamental flexural mode.

. Quartz tuning forks characterization

Experimental measurements were performed using the setup
epicted in Fig. 3.

A function generator (Tektronix model AFG3102) with a resolu-
ion of 2 mHz  was used to provide a sinusoidal voltage to the QTFs.
he in-phase (Ia) and out-of-phase (Ib) components of the current
ass through a current-to-voltage converter using an operational
mplifier. The output voltage is measured by a lock-in amplifier
Stanford Research Model SR830). To determine the resonance
roperties of the QTFs, the frequency of the function generator
as varied and processed by the lock-in output via a data acquisi-
ion (DAQ) card and a computer (CPU). The QTFs resonance curves
ere fitted using Eq. (6) to determine IM , f0 and �f.  The frequency

esponses of the investigated QTFs, obtained at a pressure of 50 Torr
n standard air and with an excitation voltage level of V0 = 0.5 mV
ators B 227 (2016) 539–546 541

are shown in Fig. 4. For each QTF, we measured both the experimen-
tal in-phase (Ia) and out-of-phase (Ib) components and the related
best fit by using Eq. (6).

The small left-right asymmetry for Ia with respect to the curve
peak and the different asymptotic values for Ib are due to para-
sitic currents caused by stray capacitance between the two  pins
of the QTF, which dominated away from the resonance frequency.
From the data of Fig. 4 we  can extract the resonance frequency
of the fundamental flexural mode f0

(exp), the current amplitude IM
at the resonant frequency, the FWHM of the resonant curve �f,
the quality factor Q and the spring constants (k0

(exp)) by using Eq.
(2). In Table 2 we  reported these parameters together with the
corresponding theoretical resonant frequencies f0,vac and spring
constants (k0), calculated for vacuum condition by using Eqs. (1)
and (3), respectively.

We obtained a good agreement between the experimental and
theoretical f0 and k0 values, which confirms that it is possible to
predict these two  parameters with good accuracy. The small dis-
crepancies (<5%) between experimental and theoretical values are
due to the damping of the gas, additional weight of the electrode
gold layers, dependence of the elasticity modulus of quartz on
the crystallographic axes orientation and deviations in geometry
between the modeled and the real QTFs [11]. From the resonance
characteristics measured as a function of the excitation voltage
amplitude V0, it is possible to determine the electrical resistance
R = V0/IM, since at resonance the QTF performs as a pure resistor.
The measured IM versus V0 are shown in Fig. 5.

The resistance R was extracted from a linear fit of the QTF  elec-
trical characteristics. From these data we estimated the QTF fork
constant a(exp) by using Eq. (5) and compared the results with the
theoretical values a(theo) calculated by using Eq. (4). In addition, the
capacitance C = 1/(2�QRf0

(exp)) and inductance L = QR/(2�f0
(exp))

can be calculated. The results are listed in Table 3.
Theoretically R is related to geometrical parameters, since

R ∼ Lp2/W
√

T [15] and in Fig. 6 we  reported measured R values
versus Lp2/W

√
T.

As expected, a linear correlation is observed, except for QTF#1
and QTF#4. However, in an actual device other factors contribute
to determine the electrical resistance, such as the generated charge
collection efficiency determined by the gold contacts QTF pattern.
The large R-values for QTF#1 and QTF#4 could be attributed to a
reduced gold coverage of the prongs (<50% for QTF#1 and <75% for
QTF#4) and consequently a reduced charge collection and conse-
quently a reduced IM . Consistently, a good agreement (within 20%
discrepancy) was obtained between experimental and theoretical
QTF fork constant values, except for QTF#1 and QTF#4, where a 50%
difference can be attributed to an overestimation of R.

The Q-factor was  determined by the two  main losses mech-
anisms, extrinsic and intrinsic, The extrinsic losses are due to
interactions with the surrounding medium, while the intrinsic
losses include different contributions, i.e., support losses (inter-
actions with its support structure), surface and volume losses
and thermo-elastic losses. All these loss contributions can be
theoretically estimated [16]. The calculated Q-factor values may
significantly differ from the actual ones due to additional factors
such as processing anisotropy, crystal quality and gold patterning.
However, if we  compare the measured Q-factor versus the fork con-
stant (see Fig. 7) a proportionality is evident. This result indicates
the feasibility to empirically predict the Q-factor from a calculation
of the fork constant a.

Under vacuum conditions, no gas damping phenomena are
present, while when the QTF operates in a viscous fluid, the effec-

tive mass increases and the resonance frequency decreases. The
complete mechanical, electrical and hydro-dynamical model of the
tuning fork is described in detail in Ref. [11]. The resonance fre-



542 P. Patimisco et al. / Sensors and Actuators B 227 (2016) 539–546

Table 1
Dimensions and prong effective mass me of the standard and custom tuning forks: Lp (QTF prong length), T (thickness of the prong), w (thickness of the quartz crystal) and
2s  (spacing between prongs).

Parameters QTF standard QTF #1 QTF #2 QTF #3 QTF #4 QTF #5 QTF #6

Lp (mm)  3.0 3.5 10.0 10.0 11.0 17.0 19.0
w  (mm)  0.34 0.25 0.25 0.5 0.25 0.25 0.8
T  (mm)  0.35 0.2 0.9 1.0 0.5 1.0 1.4
Prong  spacing, 2 s (mm)  0.3 0.4 0.8 0.5 0.6 0.7 1.0
me (mg) 0.230 0.113 1.447 3.216 0.884 2.733 12.102

Table 2
Experimental and calculated physical parameters for the investigated QTFs: f0

(exp) (resonance frequency of the fundamental oscillation mode), �f (the full width at half-
maximum value of the QTF resonance curve), Q (quality factor) and k0

(exp) (QTF spring constant of the fundamental oscillation mode). The calculated f0,vac and k0 are also
listed.

f0
(exp) (Hz) f0,vac (Hz) �f  (Hz) Q k0

(exp) (N/m) k0 (N/m)

QTF standard 32762.84 32743.61 2.02 16206.63 9720.01 9718.33
QTF  #1 14049.20 13746.59 1.89 7323.49 838.81 839.65
QTF  #2 7230.27 7577.81 0.39 18654.18 3277.21 3280.50
QTF  #3 8439.51 8419.79 0.54 25484.95 9033.05 9000.00
QTF  #4 3456.69 3479.25 0.41 8388.12 422.19 422.61
QTF  #5 2869.07 2913.42 0.24 11901.88 914.76 915.94
QTF  #6 4250.01 4176.48 0.11 37712.74 8620.62 8333.33

Table 3
Measured electro-elastic parameters for standard and custom QTFs: R (QTF electrical resistance), a(exp) (fork constant), C (electrical capacitance) and L (electrical inductance).
Calculated fork constant values a(theo) are also listed.

R (k�) a(exp) (�C/m) a(theo) (�C/m) C (fF) L (kH)

QTF standard 79.70 19.79 17.11 3.76 6.28
QTF  #1 831.86 7.128 3.61 1.86 69.05
QTF  #2 142.78 11.23 14.05 8.27 58.66
QTF  #3 151.87 24.95 24.08 4.88 73.02

q
a

f

w
o
r

F
p
t

QTF  #4 513.49 5.67 

QTF  #5 389.01 7.34 

QTF  #6 84.93 33.87 

uency scales linearly with the pressure P of the surrounding gas
s:

= f − k P (7)
0 0,vac p

here kp = f0,vac u/(2�gwT), u is the added mass due to the presence
f a fluid and �g is the fluid density. In addition, fluid damping
educes the resonance quality factor Q, since the reaction force due

ig. 4. Resonance curves for in-phase Ia (black dots) and out-of-phase Ib (red dots) comp
ressure  of 50 Torr in standard air for custom QTFs near the fundamental oscillation mod
he  references to color in this figure legend, the reader is referred to the web  version of th
5.97 10.70 198.42
9.23 11.99 256.97

28.15 11.70 120.01

to the presence of the gas acts on the vibrating body and causes
energy dissipation. A fluid damping parameter can be introduced,
which is proportional to the density �g and the viscosity � of the

fluid. Assuming that P ∝ �g and � does not noticeably change with P,
the influence of the fluid damping on Q can be expressed in terms of

onents of the QTF current measured at a fixed excitation level V0 = 0.5 mV and at a
e. The dashed lines indicate the best-fit curves using Eq. (9). (For interpretation of
is article.)
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Fig. 5. Results of the peak current amplitude IM (� symbols) at the QTF resonance frequency f0 of the fundamental oscillation mode as a function of the applied voltage, for
QTF#1-6. The solid lines are the best linear fits.

F TF St. 

s  k�/
√

t
a

Q

w
t
t
a
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e
a
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p

ig. 6. Dependence of the QTF resistance (� symbols) versus the ratio Lp2/w
√

T. Q
tandard (QTF St.) and QTF#2,3,5,6, using the function R = n Lp2/w

√
T, with n = 0.346

he energy loss 1/Q(P) at the gas pressure P, and Q(P) can be defined
s:

(P) = Q0

1 + Q0bPc
(8)

here Q0 is the quality factor of the QTF under vacuum, including all
he intrinsic losses mechanisms, and b and c are parameters related
o the QTF geometry and surrounding fluid viscosity. In fact, QTFs
re used for density, viscosity and velocity measurement of fluids
14,17]. In order to investigate the damping effects induced by the
nvironmental gas (air in our experiments) on the quality factor
nd the resonant frequency, we measured the in-phase Ia and out-
f-phase dispersion component Ib of the QTF output current, at a

xed excitation level, V0 = 0.5 mV,  as a function of the air pressure

see Fig. 8).
According to Eq. (7), f0 shows a linear dependence from the gas

ressure in the investigated range of pressures (10–760 Torr). The
is the QTF standard. The solid curve is the best linear fit considering only the QTF
mm.

intercept with the vertical axis yields the resonant frequency f0,vac .
Similarly, in Fig. 9 we reported the quality factor as a function of
the pressure for all the investigated custom QTFs and the best fit
obtained by using Eq. (8).

The Q-factor shows a large pressure dependence, as predicted,
and rapidly decreases with gas pressure. In Table 4, we listed 5 the
parameters obtained by the fitting procedures.

5. Quartz tuning forks for quartz-enhanced photoacoustic
spectroscopy

Apart from timing and frequency applications, one of the most
successful implementation of QTF crystals is quartz-enhanced

photoacoustic spectroscopy (QEPAS), an optical trace-gas sensing
technique based on photoacoustic detection [18]. QEPAS utilizes
QTFs as sharply resonant acoustic transducers to detect weak pho-
toacoustic excitation generated by the surrounding target gas [7,8].
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Fig. 7. Dependence of the QTF quality factor Q (� symbols) versus the theoretical fork constant a(theo) values. The solid curve is the best linear fit, using the function Q = m × a,
with  m = 1203 m/�C.

Fig. 8. QTF resonance frequency f0 (� symbols) measured as a function of the standard air
slopes are reported in Table 4.

Table 4
Values extracted from the best fits of the dependence of the resonance frequency
(see  Fig. 8) and the quality factor (see Fig. 9) of the fundamental flexural mode from
the  surrounding gas pressure, for the six custom QTFs. The values obtained for the
standard QTF are also reported.

f0,vac (Hz) kp (mHz/torr) Q0 b (torr5) c

QTF standard 32763.31 9.26 88718.69 8.02 × 10−6 0.47
QTF  #1 14049.60 6.93 10862.49 5.17 × 10−6 0.51
QTF  #2 7230.24 0.69 36563.52 3.31 × 10−6 0.52
QTF  #3 8439.61 1.78 47020.06 2.68 × 10−6 0.53
QTF  #4 3456.72 1.17 23282.04 1.89 × 10−5 0.36
QTF  #5 2869.09 0.57 34800.37 9.82 × 10−6 0.44

−7

W
g
g
n
g
t

where is PL is the laser power, � is the absorption coefficient (which
QTF  #6 4250.06 1.26 50129.89 2.80 × 10 0.77

hen laser radiation at a specific wavelength is absorbed by the
as sample, the excited molecules will subsequently relax to the
round state, either through emission of photons or by means of

on-radiative processes. The latter produce localized heating in the
as, which in turn results in an increase of the local pressure. If
he incident light intensity is modulated, the generation of thermal
 pressure for all six custom QTFs. Solid lines are the linear fit of the data. The related

energy in the sample will also be periodic and an acoustic wave is
generated in the gas.

In QEPAS, the QTFs are excited in the fundamental flexural mode
and under this condition, QTFs act as acoustic quadrupoles. Accord-
ingly, only sound waves from a source located between the two  QTF
prongs can give rise to a photoacoustic signal. The best way to real-
ize this condition is to focus the excitation laser beam on the QTF
axis, i.e., through the gap between the prongs without illuminating
them. Otherwise, an undesirable background occurs due to laser-
induced QTF heating contributions [19,20]. The intensity of the QTF
current is proportional to the gas sample concentration covering
a large dynamic range (up to nine orders of magnitude). In order
to obtain the best performance, the modulation frequency of the
laser has to match the resonant frequency f0 of the QTF. Under this
operating condition and instantaneous vibration-translation (V-T)
or rotational-translation (R-T) gas energy relaxation, the detected
photoacoustic signal can be expressed as SQEPAS ∝ PL ×  ̨ × Q × ε,
is proportional to the cross section of the optical transition and
the concentration of the target gas [7]) and ε is the optoacous-
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ig. 9. Quality factor Q (� symbols) measured as a function of the standard air press
t  parameters are reported in Table 4.

ic transduction efficiency (i.e., the conversion efficiency of the
bsorbed optical radiation power into acoustic energy [21]). Thus,
or a constant laser power gas absorption coefficient and conversion
fficiency ε, Q can be considered as the figure of merit for QEPAS.

Thus, to enhance the Q-factor one should design a QTF with a
arge Tw/Lp factor since Q is proportional to the fork constant (see
ig. 7), In addition, the QEPAS signal is proportional to the generated
iezoelectric current and, at the resonance, the most representa-
ive figure of merit for charge generation capability is the electrical
onductance R−1. If we  consider that R−1 ∼ w

√
T/Lp2, it would be

ecessary to decrease the prong lengths Lp and increase both the prong
hickness T and crystal thickness w.  However, the QEPAS signal also
trongly depends on the gas sample pressure, since the Q-factor
ecreases with increasing pressures (see Fig. 9). The peak optical
bsorption increases with decreasing pressure, especially at low
ressures (<30 Torr), while the V-T and R-T relaxations are faster
t higher pressures, resulting in more efficient acoustic excitation.
he gas must relax the excess thermal energy after each laser mod-
lation pulse in order to maximize the QEPAS signal [7]. At low
ressures, it is necessary to reduce the QTF resonance frequency

n order allow efficient gas excess energy relaxations. In this way,
he thermal waves can follow changes of the laser induced molec-
lar vibration excitation in the gas. To reduce f0 one has to design
TFs with small thickness T and large prongs length Lp. Thus, the

arger the crystal thickness w the bigger should be the Q-factor
nd R−1. However chemical etching of a crystal of w >1 mm cannot
uarantee sharp edge profiles. Short Lp and large T provides a good
uality factor and QTF conductance, but resulting in an increase of
he resonance frequency. This means that the optimum QTF geom-
try depends on the gas target species to be detected. If detecting
ast relaxing molecules such as H2O and SF6 [22], QTFs with large
/Lp2 ratio should be employed, with f0 not exceeding 40 kHz [23],
hile for slow relaxing gases such as CO2 and NO [19], the ratio

/Lp2 should be kept small.
Even if the electro-elastic properties of QTFs are not influenced

y the prong spacing 2 s, this parameter plays a crucial role in the
cousto-electric transduction efficiency, i.e., the conversion effi-
iency of the amplitude of the acoustic wave in piezoelectric charge

roduction. For a focused laser beam, in the approximation of cylin-
rical symmetry, the amplitude of the acoustic wave incident on
he prong surface decays as 1/

√
s [24], with s being the distance of

he QTF axis position (see Fig. 1(a)) from the internal prong surface.
r the six custom QTFs. Solid curves are the best fit obtained using Eq. (8). The related

The size of the cross-sectional area of the focused beam is deter-
mined by diffraction to beam waist values of the order of the laser
wavelength. The larger the focused beam cross area-size, the larger
has to be the prong spacing, in order to avoid that a part of the laser
radiation is incident on the QTF. For example, for near-IR laser radi-
ation, a prong spacing of <100 �m can be employed, while for a THz
laser source, it is better to use prong spacings of >700 �m in QEPAS
sensors [11,25,26]. In the mid-IR range up to now QTFs with prongs
spacing ≥300 �m have been utilized [7]. All these considerations
suggest there is no unique, optimum QTF design for QEPAS, but
one should employ large crystal thickness w and the smallest pos-
sible prong spacing 2 s, while the best selection of Lp and T depends
on the gas target relaxation rates and the three operating spectral
ranges: visible to near-IR, mid-IR and THz, all compatible with the
optical design constrains.

6. Conclusions

In this manuscript, we reported an extensive investigation of the
electro-elastic properties of QTFs with different shapes and sizes.
We  assessed the dependence of the Q-factor, the resonance fre-
quency, the fork stiffness, the spring constant, and the electrical
resistance from the QTF dimensions. We  also identified the optoa-
coustic gas sensing figures of merit and studied their dependence
from the QTFs relevant dimensions. For QEPAS applications, our
results show that R should be kept low and Q as high as possi-
ble. Both conditions can be obtained by increasing w and the ratio
T/Lp. However, the resonance frequency f0 increases as T/Lp2, and
f0 should not exceed 40 KHz. Moreover, the smallest possible prong
spacing 2 s must be chosen to enhance the amplitude of the acous-
tic wave incident on the internal prong surface, avoiding that the
focused laser beam illuminates the QTF. Therefore, the optimal
prong spacing selection is mainly determined by the wavelength of
the exciting laser beam and its spatial quality. Finally, an optoacous-

tic investigation in different spectral ranges, selecting both slow
and fast relaxing gas species, is needed to evaluate the influence of
the V-T and R-T relaxation rates on the optoacoustic transduction
efficiency �.



5 d Actu

A

a
P
a
o
s
E

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

of  Physics at the Polytechnic of Bari. His research interests include quantum cascade
lasers, spectroscopic techniques for real-time device monitoring, optoacoustic gas
sensors. His research activity is documented by more than 130 publications and
46 P. Patimisco et al. / Sensors an

cknowledgments

The authors from Dipartimento Interateneo di Fisica di Bari
cknowledge financial support from Italian research projects
ON02 00675 and PON02 00576 and PON03 “SISTEMA”. L. Dong
cknowledges support by the National Natural Science Foundation
f China (grant #s 61575113 & 61275213). F.K. Tittel acknowledges
upport by the Robert Welch Foundation (grant C-0586) and a NSF
RC MIRTHE award.

eferences

[1] W.A. Atia, C.C. Davis, A phase-locked shear-force microscope for distance
regulation in near-field optical microscopy, Appl. Phys. Lett. 70 (1997) 405.

[2] H. Edwards, L. Taylor, W.  Duncan, A.J. Melmed, Fast, high-resolution atomic
force microscopy using a quartz tuning fork as actuator and sensor, J. Appl.
Phys. 82 (1997) 980.

[3] F.J. Giessibl, Atomic resolution on Si (111)-(7 × 7) by noncontact atomic force
microscopy with a force sensor based on a quartz tuning fork, Appl. Phys. Lett.
76  (2000) 1470.

[4] H. Gottlich, R.W. Stark, J.D. Pedarnig, W.M.  Heckl, Noncontact scanning force
microscopy based on a modified tuning fork sensor, Rev. Sci. Instrum. 71
(2000) 3104.

[5] J.U. Schmidt, H. Bergander, L.M. Eng, Shear force interaction in the viscous
damping regime studied at 100 pN force resolution, J. Appl. Phys. 87 (2000)
3108.

[6] K. Karrai, R.D. Grober, Piezoelectric tipsample distance control for near field
optical microscopes, Appl. Phys. Lett. 66 (1995) 1842.

[7] P. Patimisco, G. Scamarcio, F.K. Tittel, V. Spagnolo, Quartz-enhanced
photoacoustic spectroscopy: a review, Sensors 14 (2014) 6165.

[8] A.A. Kosterev, F.K. Tittel, D. Serebryakov, A. Malinovsky, A. Morozov,
Applications of quartz tuning forks in spectroscopic gas sensing, Rev. Sci.
Instrum. 76 (2005) 043105.

[9] D. Garg, V.B. Efimov, M.  Giltrow, P.V.E. McClintock, L. Skrbek, W.F. Vinen,
Behavior of quartz forks oscillating in isotopically pure 4He in the T → 0 limit,
Phys. Rev. B 85 (144518) (2012).

10] S. Kudo, Consideration on temperature characteristics of sensitivity in quartz
tuning fork gyroscope, Jpn. J. Appl. Phys. 37 (1998) 2872.

11] P. Patimisco, S. Borri, A. Sampaolo, H.E. Beere, D.A. Ritchie, M.S. Vitiello, G.
Scamarcio, V. Spagnolo, A quartz enhanced photo-acoustic gas sensor based
on a custom tuning fork and a terahertz quantum cascade laser, Analyst 139
(2014) 2079.

12] J. Liu, A. Callegari, M.  Stark, M.  Chergui, A simple and accurate method for
calibrating the oscillation amplitude of tuning-fork based AFM sensors,
Ultramicroscopy 109 (2008) 81.

13] F.J. Giessibl, F. Pielmeier, T. Eguchi, T. An, Y. Hasegawa, Comparison of force
sensors for atomic force microscopy based on quartz tuning forks and
length-extensional resonators, Phys. Rev. B 84 (125409) (2011).

14] D.I. Bradley, M.J. Fear, S.N. Fisher, A.M. Guénault, R.P. Haley, C.R. Lawson, G.R.
Pickett, R. Schanen, V. Tsepelin, L.A. Wheatland, Stability of flow and the
transition to turbulence around a quartz tuning fork in superfluid 4He at very
low temperatures, Phys. Rev. B 89 (2014) 214503.

15] M.  Hirata, K. Kokubun, M.  Ono, K. Nakayama, Size effect of a quartz oscillator
on  its characteristics as a friction vacuum gauge, J. Vac. Sci. Technol. A 3
(1985) 1742.

16] Z. Hao, A. Erbil, F. Ayazi, An analytical model for support loss in
micromachined beam resonators with in-plane flexural vibrations, Sens.
Actuators A-Phys. 109 (2003) 156.

17] S.L. Ahlstrom, D.I. Bradley, M.  Clovecko, S.N. Fisher, A.M. Guénault, E.A. Guise,
R.P. Haley, O. Kolosov, P.V.E. McClintock, G.R. Pickett, M.  Poole, V. Tsepelin, A.J.
Woods, Frequency-dependent drag from quantum turbulence produced by
quartz tuning forks in superfluid 4He, Phys. Rev. B 89 (2014) 014515.

18] A. Elia, P.M. Lugarà, C. di Franco, V. Spagnolo, Photoacoustic techniques for
trace gas sensing based on semiconductor laser sources, Sensors 9 (2009)
9616.

19] V. Spagnolo, A.A. Kosterev, L. Dong, R. Lewicki, F.K. Tittel, NO trace gas sensor
based on quartz-enhanced photoacoustic spectroscopy and external cavity
quantum cascade laser, Appl. Phys. B 100 (2010) 125.

20] L. Dong, V. Spagnolo, R. Lewicki, F.K. Tittel, Ppb-level detection of nitric oxide
using an external cavity quantum cascade laser based QEPAS sensor, Opt.
Express 19 (2011) 24037.

21] A.A. Kosterev, Y.A. Bakhirkin, F.K. Tittel, S. McWhorter, B. Ashcraft, QEPAS
methane sensor performance for humidified gases, Appl. Phys. B 92 (2008)
103.

22] V. Spagnolo, P. Patimisco, S. Borri, G. Scamarcio, B.E. Bernacki, J. Kriesel,
Part-per-trillion level detection of SF6 using a single-mode fiber-coupled

quantum cascade laser and a quartz enhanced photoacoustic sensor, Opt. Lett.
37  (2012) 4461.

23] Y. Ma,  G. Yu, J. Zhang, X. Yu, R. Sun, F.K. Tittel, Quartz enhanced photoacoustic
spectroscopy based trace gas sensors using different quartz tuning forks,
Sensors 15 (2015) 7596.
ators B 227 (2016) 539–546

24] N. Petra, J. Zweck, A.A. Kosterev, S.E. Minkoff, D. Thomazy, Theoretical analysis
of  a quartz-enhanced photoacoustic spectroscopy sensor, Appl. Phys. B 94
(2009) 673.

25] S. Borri, P. Patimisco, A. Sampaolo, M.S. Vitiello, H.E. Beere, D.A. Ritchie, G.
Scamarcio, V. Spagnolo, Terahertz quartz enhanced photo-acoustic sensor,
Appl. Phys. Lett. 103 (2013) 021105.

26] V. Spagnolo, P. Patimisco, R. Pennetta, A. Sampaolo, G. Scamarcio, M.S. Vitiello,
F.K.  Tittel, THz Quartz-enhanced photoacoustic sensor for H2S trace gas
detection, Opt. Express 23 (2015) 7574.

Biographies

Pietro Patimisco obtained the Master degree in Physics (cum laude) in 2009 and
the  PhD Degree in Physics in 2013 from the University of Bari. Since 2013, he is a
Post-Doctoral Research associate at the University of Bari. He was a visiting scientist
in  the Laser Science Group at Rice University in 2013 and 2014. Dr. Patimisco’s scien-
tific activity addressed both micro-probe optical characterization of semiconductor
optoelectronic devices and optoacoustic gas sensors. Recently, his research activities
included the study and applications of trace-gas sensors, such as quartz-enhanced
photoacoustic spectroscopy and cavity enhanced absorption spectroscopy in the
mid  infrared and terahertz spectral region, leading to several publications, including
a  cover paper in Applied Physics Letter of the July 2013 issue.

Angelo Sampaolo obtained his Master degree in Physics in 2013 from the Univer-
sity  of Bari, where he is currently a graduate student earning his PhD in Physics.
Since September 2014, he is a Research Associate in the Laser Science Group at Rice
University. His research activity has included the study of the thermal properties of
heterostructured devices via Raman spectroscopy. Most recently, his research inter-
est has focused on the development of innovative techniques in trace gas sensing,
based on Quartz Enhanced Photoacoustic Spectroscopy and covering the full spec-
tral  range from near-IR to THz. His achieved results have been acknowledged by a
cover paper in Applied Physics Letter of the July 2013 issue.

Lei Dong received his Ph.D. degree in optics from Shanxi University, China, in 2007.
June 2008–December 2011, he worked as a post doctor in Rice University, USA.
Now he is an associate professor of Shanxi University. His research interests include
optical sensors, trace gas detection, and laser spectroscopy.

Marilena Giglio received the M.S. degree (cum laude) in Applied Physics from Uni-
versity of Bari, Italy, in 2014, discussing the results obtained during a five months
internship at the Academic Medical Center of Amsterdam, The Netherlands. Since
2014, she is pursuing a post-degree master in mechatronics and is currently a PhD
student in the Physics Department of the University of Bari. Her research activity
has included Optical Coherence Tomography (OCT) as an imaging technique for thin
tissues and the analysis of the parameters of speckle distribution in OCT B-scans.
Recently, her research activity has focused on the development of gas sensors based
on  Quartz-Enhanced Photoacoustic Spectroscopy.

Gaetano Scamarcio received the PhD in physics from the University of Bari, Italy,
in  1989. Since 2002, he is full professor of experimental physics at the University of
Bari, Italy. From 1989 to 1990 he was a research fellow at the Max-Planck-Institute
für Festkörper-forschung, Stuttgart, Germany, and in 1992 a visiting scientist at the
Walter-Schottky-Institute, Garching, Germany. In the period 1994–1996, in 2000
and 2001 he was  a visiting scientist of Bell Laboratories, Lucent Technologies (for-
merly AT&T), Murray Hill, NJ (U. S. A.). In 2006, he was  an invited professor at the
University of Paris 7. His research interests include the development and appli-
cations of quantum cascade lasers, optical, vibrational and transport properties of
semiconductor structures at the nanoscale, spectroscopic techniques for real-time
monitoring of optoelectronic devices, optoelectronic sensors for mechatronics. Gae-
tano Scamarcio was  the recipient of the Award of the Italian Physical Society in
1989, the Firestone Prize for young laureates in 1985 and a NATO-CNR Advanced
Fellowship in 1995.

Frank K Tittel obtained his bachelor, master, and doctorate degrees in physicsfrom
the  University of Oxford in 1955 and 1959, respectively. From 1959 to 1967, he
was a Research Physicist with General Electric Research and Development Center,
Schenectady, New York. Since 1967 he has been on the faculty of the Depart-
ment of Electrical and Computer Engineering and Biomedical Engineering at Rice
University in Houston, TX, where he currently an Endowed Chaired Professor. Cur-
rent research interests include various aspects of quantum electronics, in particular
laser spectroscopy and laser applications in environmental monitoring, atmospheric
chemistry, industrial process control, and medical diagnostics. Dr. Tittel is a Fellow
of  the IEEE, Optical Society of America, the American Physical Society and SPIE.

Vincenzo Spagnolo obtained the PhD in physics, in 1994 from University of Bari.
From 1997 to 1999, he worked as researcher of the National Institute of the Physics
of  Matter (INFM). From 1999 to 2003, he was a Postdoctoral Research Associate at
the Physics Department, University of Bari. Since 2015, he is an associate Professor
two filed patents. He has given more than 30 invited presentations at international
conferences and workshops. Prof. Spagnolo is senior member of the SPIE.

http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0005
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0010
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0015
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0020
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0025
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0030
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0035
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0040
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0045
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0050
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0055
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0060
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0065
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0070
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0075
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0080
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0085
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0090
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0095
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0100
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0105
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0110
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0115
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0120
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0125
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130
http://refhub.elsevier.com/S0925-4005(15)30820-0/sbref0130

	Analysis of the electro-elastic properties of custom quartz tuning forks for optoacoustic gas sensing
	1 Introduction
	2 Theoretical model of a quartz tuning fork
	3 Quartz tuning fork resonators
	4 Quartz tuning forks characterization
	5 Quartz tuning forks for quartz-enhanced photoacoustic spectroscopy
	6 Conclusions
	Acknowledgments
	References

	Biographies

