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Development of Smart Tongue Devices for
Measurement of Liquid Properties

Marina Cole, Member, IEEE, Gurmukh Sehra, Julian W. Gardner, Senior Member, IEEE, and Vijay K. Varadan

Abstract—In this paper, we describe the design and character-
ization of shear horizontal surface acoustic wave devices for the
analysis of liquid samples. Devices were fabricated on both 36 ro-
tated -cut -propagating LiTaO3 and LiNbO3 substrates. The
design consists of a dual delay-line configuration where one delay
line is metallized and shielded, while the other is left electrically ac-
tive. Experiments to characterize the devices in terms of sensitivity,
temperature dependence, and mass loading have been conducted
and the results presented. Different liquid samples, i.e., water, or-
ange juice, and milk, are 100% linearly separable using principal
components analysis. In addition, it is possible to measure the fat
content ( 0.1%) as well as the freshness of full (whole) milk.

Index Terms—Shear horizontal surface acoustic wave
(SH-SAW), smart tongue, 36YX.LT.

I. INTRODUCTION

THE USE OF acoustic microsensors to detect the physical
properties of liquids and gases, such as mass density and

viscosity, offers the benefits of real-time electronic readout,
small size, robustness, and low unit cost. By employing
so-called chemical interfaces, the interaction of a chemical
analyte with the sensor surface results in a change of prop-
agating characteristics of the wave. While Rayleigh wave
surface acoustic wave (SAW) sensors are the types of devices
most commonly used in acoustic gas sensing applications,
shear horizontal (SH) polarized waves are more suitable for
liquid sensing [1]. For SH waves, the particle displacement is
parallel to the surface and perpendicular to the wave propaga-
tion direction, so the losses associated with this type of device
in liquids are not problematic. Here, we describe the design
and characterization of a shear horizontal surface acoustic
wave (SH-SAW) “smart tongue” devices fabricated on both
36 rotated -cut -propagating LiTaO (36YX.LT) and
LiNbO (36YX.LN) substrates employed for simultaneous
measurements of both mechanical (acoustic) properties, and
electrical (electroacoustic) parameters of the liquid under test.
This is achieved through a dual delay-line configuration, one
shorted (metallized and electrically shielded) and the other left
free (electrically active). This way, apart from mass loading
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Fig. 1. Uniform interdigital transducer delay-line arrangement.

Fig. 2. Schematic drawing of a dual delay-line SH-SAW microsensor.

and viscosity (shorted delay line), it is possible to monitor
additionally the permittivity and conductivity (free delay line)
of the liquid under test parameters that can be related to taste
properties, such as sweetness and saltiness. Furthermore, the
approach adopted is based on a generic fingerprint correlated
to key physical parameters, and so it does not employ a bio-
chemical selective layer. This, in turn, increases the lifetime
and durability of the resultant devices, albeit with a loss of
specificity. This loss of specificity is not regarded as an issue
for certain applications, e.g., rapid screening of milk freshness.

II. OPERATIONAL PRINCIPLE AND SENSOR MODEL

The basic principle of operation of the SH-SAW sensor in
single free delay-line configuration is shown in Fig. 1. In this,
input and output IDTs are connected to the source and the load
with admittances and , respectively. The first design
principles and considerations are identical to those used for
Rayleigh SAWs. The design of the IDTs for the generation
and detection of SH-SAWs uses the delay-line configuration
often employed for SAW filters [2]. Our sensor consists of two
adjacent delay lines, with a thin layer of metal between the two
IDTs on one delay line, representing an electrical short and
the other delay line with a free nonmetallized surface area, as
shown in Fig. 2. The basic operating principle utilized in the
design of our liquid sensing devices is that perturbations that
affect SH-SAW propagation on a metallized and electrically
shorted surface are associated with the mechanical properties
of the adjacent liquid, while SH-SAW propagating on a free
surface are associated with both the mechanical and electrical
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properties of the adjacent liquid [3]. The common environ-
mental interactions elicit from both delay lines and can be
removed by comparison between the two signals. The design
is made considering analysis and prediction of the sensor re-
sponse, which requires for the sensor effect to be accounted for
in the device response. The sensor effect can be incorporated
into the device unperturbed transfer function, to allow for the
variations of delay time (related to phase shift) and attenuation.

Applying a voltage across the two bus bars of the trans-
mitter IDT, which are connected to identical finger pairs, a cur-
rent enters the electrodes. The current is determined by the
static capacitance of the electrodes and the acoustic admit-
tance of the IDTs caused by the generation of the
SH-SAWs. The acoustic conductance and acoustic sus-
ceptance can be approximated as [3]–[5]

and

where and
. is the conductance at the center frequency ,

is the number of fingers pairs, is the aperture of the elec-
trodes, is the permittivity of vacuum, is the effective per-
mittivity of the piezoelectric substrate, and is the electro-
mechanical coupling coefficient of the substrate which depends
on the crystal cut, frequency , and the mechanical properties
and the thickness of the IDT metallization [4].

Then the input admittance of the transmitter IDT is
given by [4]

(1)

Due to reciprocity, the input admittance of the receiver IDT,
is equal to .

Therefore, the complex unperturbed admittance transfer
function for transmitter to receiver can be approximated as [4]

and and , so

(2)

where is the delay time of the acoustic wave between the
centers of the two transducers, an attenuation coefficient for
the acoustic waves, is the phase velocity of the acoustic wave,

is the wavelength, and is the distance between the centers
of the transducers.

The sensor effect, due to the presence of a liquid which causes
a variation of the delay time and the attenuation of the SH wave,
has to be included in this admittance transfer function as an
additional phase shift and attenuation. Therefore, the perturbed
admittance transfer function for the liquid sensor can be written
as

(3)

where is the fractional velocity change of the
SH-SAW due to the sensing effect, is the length of the liquid
contact area, and is the attenuation of the SH-SAW due to the
sensor effect along the region of liquid contact .

Thus, for the dual delay-line configuration of our sensors, we
can represent the admittance transfer functions as

(4)

(5)

where the subscripts and represent the shorted delay line and
free delay line, respectively. In terms of the voltage, the transfer
function can be represented as

(6)

where and are external source and load admittances (see
Fig. 1), respectively.

One parameter of interest of SAW devices is a measure of
the attenuation given by the ratio of the output voltage and the
reference voltage (voltage when source and load are directly
connected). A measure of the attenuation is given by
[4], where

(7)

From (6) and (7), we get

Attenuation (8)

The equations for the measurement of the power attenuation and
phase shift can then be expressed as

Attenuation dB (9)

Phase (10)

A. Effects of External Environment

Acoustic wave devices are sensitive to a large number of
physical and chemical measurands. These include such param-
eters as temperature, pressure, acceleration, stress, and the ad-
jacent medium’s density, viscoelastic properties, electrical per-
mittivity, and electrical conductivity. Indeed, it is this range of
measurand sensitivities that make acoustic wave devices attrac-
tive for a wide range of different sensing applications [6]. How-
ever, since one is usually interested in exploiting only one of
these sensitivities for a particular application, all other responses
become undesirable interferences. Thus, it is essential that the



COLE et al.: DEVELOPMENT OF SMART TONGUE DEVICES 545

sensor environment be carefully controlled to eliminate the ef-
fects of sensor cross sensitivities [1] and a difference and ratio-
metric principle adopted to remove common mode effects.

Temperature Effects: Temperature has a direct effect on the
operation of all acoustic wave devices. A change in temperature
produces a change in the density of the substrate (a direct effect
of change in the length of the substrate), which, in turn, causes
a change in velocity of the SH-SAW. For simplicity reasons, we
are ignoring the temperature dependence of the Young’s mod-
ulus. Since the change in wave velocity, along with the attenua-
tion, is the parameter most commonly used in SAW sensors ap-
plications, there will be a temperature-dependent component as-
sociated with the sensor output signal. While efforts to identify
substrates that have zero temperature coefficient have produced
a significant reduction of temperature sensitivities, no substrate
with negligible temperature coefficients that support SH-SAW
are available in practice. Furthermore, physical properties of
coating materials are often temperature dependent. Also, the
liquid under test and the packaging material of the SAW sensor
generally have different expansion coefficients than the device,
which compounds the problem.

Assuming a linear thermal expansion in the substrate the
acoustic path length and the sensing length will vary
according to the linear relationship

(11)

where is the length at a reference temperature , is the
change in temperature , is the expansion coefficient,
and is the length at actual temperature .

A positive change in length will cause an increase in the
delay time by . Thus, the total delay time becomes

, where , and this can be
approximated as

Similarly, the sensing length will also change due to the
change in temperature to become .

Substituting these changes in the expressions for the delay-
line admittances [(4) and (5)], we get

(12)

(13)

From (12) and (13), it can be seen that both delay lines are
affected by the changes in the temperature. The actual sensing
effect or perturbation due to the liquid contact could be deter-
mined by taking the ratio of the sensing line (i.e., shorted delay
line) to that of the reference (i.e., free delay line), eliminating
the effect of temperature and other common external effects

(14)

Furthermore, by subtraction of the signals between the free
and shorted lines, we can determine the signal that corresponds
to the electrical properties from the free line which senses both
the electrical and mechanical properties.

B. Liquid Perturbations

Acoustoelectric Interactions: The SH-SAW wave that prop-
agates on the surface of LiTaO LiNbO substrates has an
associated electric field that propagates several micrometers
into a liquid. This electrical interaction (also known as the
acoustoelectric interaction) with the liquid affects the velocity
and/or attenuation of SH-SAW propagation, and it is utilized in
sensing the dielectric properties of the liquids [2]. It has also
been claimed that the high electromechanical coupling coeffi-
cients ( 5%) of LiTaO LiNbO materials is a characteristic
which enables SH-SAW sensors fabricated on these substrates
to exhibit some specificity in detecting the electrical properties
of an adjacent liquid [7].

When the surface is electrically shorted, the piezoelectric
potential becomes zero, and, thus, only horizontally polarized
shear displacement waves interact with the fluid. In this case,
mechanical properties, including the viscosity and density, will
be detected. On the other hand, the piezoelectric potential at the
free surface extends to the liquid and subsequently measures
additionally the complex dielectric properties, such as relative
permittivity and conductivity [8].

By employing the perturbation theory proposed by Auld [9],
the following acoustoelectric interaction (electrical) relation-
ships for changes in velocity and attenuation of the SH-wave
in the presence of a liquid are achieved

(15)

(16)

Here, is the electromechanical coupling coefficient when
the reference liquid is loaded on the free surface, is the wave
number, is the effective permittivity of the SAW crystal,
is the permittivity of the reference liquid (distilled water), and

and are the permittivity and conductivity (related to loss)
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of the measurand. From the above (15) and (16), we can deter-
mine circle formulae and by eliminating the conductivity and
permittivity of the measurand from these formulae we can draw
a permittivity-conductivity chart [8]

(17)

(18)

Mechanical Interactions: SH-SAW propagating on a metal
is perturbed by the mechanical properties of the adjacent liquid.
The theory related to mechanical perturbation of SH-SAW on
the metallized surface was developed by Kondoh et al. [3].
In this theory, the changes in the SH-SAW were derived from
Auld’s perturbation theory [9] for gases extending it to the
liquid phase. The perturbation formula for a liquid sensor can
be written as

(19)

where is the wave number, is the phase velocity, is the
angular frequency, is the flow per unit width, is the particle
velocity vector, and is the acoustic metal surface impedance.
Also, indicates a perturbed quantity and indicates a complex
conjugate. is the perturbation of the complex propagation
constant . is defined in terms of and the attenuation as

(20)

From (20), is given by

(21)

From (19) and (21), the change in the complex propagation
constant can be decomposed into the changes of the velocity and
the attenuation as

(22)

(23)

where the subscripts and represent the real and imaginary
parts of .

Viscous coupling: Assuming that a Newtonian fluid with a
viscosity of and density is loaded on the metallized surface,

by substituting the surface acoustic impedance into (22) and
(23), we get

(24)

(25)

where is the particle velocity component of the shear hori-
zontal mode.

Mass loading in liquid: Considering an isotropic thin film
of thickness and density , uniformly loading the metallized
surface in a liquid and that the liquid properties do not change
before and after perturbation, the velocity shift and attenuation
change can be obtained as

(26)

(27)

where is the Lamè constant of the film. Equations (26) and
(27) correspond to the Auld’s equations for the gas phase [2],
[9].

Thus, we can conclude that the changes in the velocity of
SH-SAW on the two delays lines are functions of several pa-
rameters, some of them being common for both lines

(30)

(31)

where , , , and are the permittivity, conductivity, viscosity,
and density of the liquid under test and is the temperature
common to both delay lines. It is these physical parameters that
are being used to measure indirectly “taste” in our so-called
electronic tongue.

III. DESIGN AND FABRICATION

Several requirements have been taken into consideration
in the design of the new SH-SAW liquid sensors. First, the
size of the devices had to be determined. In order to measure
easily the delay time difference between the two delay lines of
the SH-SAW device, long delay lines and thus large devices
are desirable. However, the sensitivity and rise time due to
thermal properties are improved with smaller devices. Second,
the number of transducer fingers for the new devices had to
be determined. The bandwidth of the sensor output is mainly
dependent on this number [10]. Increasing the number of
fingers decreases the bandwidth. On the other hand, in order
to minimize the device capacitance, the number of fingers
should be kept low. However, to minimize conversion losses,
the number of fingers should be high and diffraction losses can
be kept to a minimum when the aperature is large [6], [11]. The
maximum efficiency of coupling occurs when the width of the
IDT fingers is equal to a quarter of the wavelength
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TABLE I
DESIGN PARAMETERS OF SH-SAW SMART TONGUE DEVICES

and for the waves to be generated over a distance (between
the centers of the IDTs), the requirement for the acoustic
aperture is . Thus, by choosing the aperture and the
number of finger pairs, the transducer can be matched to a given
input line, thus giving a low insertion loss for the device. The
maximum relative bandwidth over which the trans-
ducer can be matched is approximately proportional to ,
the electromechanical coupling coefficient, and the optimum
number of finger pairs is proportional to to allow
the acoustic and electrical bandwidths to be made equal [10].

By considering all the above factors, the new SH-SAW de-
vices were designed in a dual delay-line configuration and laid
out on a 10 7.5 mm die using the software package L-Edit
(Tanner Tools). Parameters derived and used for the design of
the smart tongue devices fabricated on both LiTaO and LiNbO
substrates are summarized in Table I.

The devices were fabricated using a simple, well established
process. First, both LiTaO and LiNbO wafers (3 ) were
cleaned in order to obtain good adhesion and uniform coating
of metallic films. Next, the thin-metal films of chromium and
gold with thickness of 20 and 120 nm, respectively, were de-
posited onto the wafers by thermal evaporation. Then, the four
IDTs metallization and free area were photo-lithographically
patterned with a 4 mask plate designed using the L-Edit
(Tanner Tools) software package. Finally, chemical etching
of the unwanted metal was performed, thus transferring the
IDT designs onto the metallized wafers. The wafers were
diced using a diamond dicing saw leaving the edges parallel
to the IDT fingers fairly rough to minimize normal reflection
of the backward travelling waves from the edge of the device
back into the IDTs. The final device sizes were approximately
7.5 10 mm , as stated above. Fig. 3 shows a photograph of
the fabricated device with an insert showing the individual IDT
electrodes.

IV. EXPERIMENTAL METHOD

In order to test and characterize the SH-SAW sensors, the
devices were mounted on a custom designed PCB and below
a PTFE cell that contains the liquid under test. Fig. 4 shows a
picture of the liquid cell. The cell is 32-mm long 20-mm wide,

Fig. 3. Photograph of fabricated SH-SAW device.

Fig. 4. Photograph of PTFE liquid cell.

Fig. 5. Photograph of the assembled SH-SAW device with the PTFE liquid
cell used for experimental setup.

with a central reservoir of 6.8 2.5 8 mm and a volume of
approximately 110 l.

Fig. 5 shows a photograph of the test configuration. The liquid
cell is positioned accurately over the sensing area between the
IDTs with the aid of guiding pins that fit into holes in the PCB
and rests on the device without any sealant. This enables easy
removal of the cell to clean the device and yet hold the liquid
samples without leaking.

The experimental procedure for SH-SAW devices involves
the measurement of both the phase velocity and attenuation
of the SH-SAW signals propagating on the delay lines of the



548 IEEE SENSORS JOURNAL, VOL. 4, NO. 5, OCTOBER 2004

Fig. 6. Vector voltmeter measurement setup.

sensor. The setup includes a signal generator, the SH-SAW
sensor, and a vector voltmeter (HP 8505A). In this, an electrical
signal is fed from the signal generator to the input IDTs; the
amplitude ratio and phase difference between the
input and output signals of each delay line were monitored by
the vector voltmeter. The fractional velocity shift and
attenuation change of the SH-SAW can be derived from
the phase difference and the amplitude ratio, respectively [6].
The basic experimental set up is shown in Fig. 6.

For the design parameters listed above, the frequency was
found to be 61.18 MHz and, in practice, the center frequency
was determined to be in the range of 61.0 to 61.2 MHz, sug-
gesting an accurate fabrication process. Input impedance at
the resonant frequency showed a close match with the external
source and load of 50 and the electrical bandwidth measured
corresponded well with the calculated acoustic bandwidth of
approximately 2 MHz. Also, the acoustic losses for the devices
operating at this frequency, with a path length of approximately
5 mm, and a wavelength of around 68 m, were found to be
low, in the range of 6 to 15 dB for deionized (DI) water.

V. RESULTS AND DISCUSSION

All the experiments conducted in order to test and charac-
terize the SAW devices were performed under controlled tem-
perature conditions of 23 0.1 C using a commercial Dri-Bloc
heater. Temperature characterization of the liquid sensors was
performed and a linear dependence observed with temperature
coefficients of 0.1 dB per degrees Celsius for attenuation loss
and 0.9 degrees per degrees Celsius for phase shift observed for
the LiTaO free delay line.

After the initial characterization of the devices, experiments
were conducted in order to discriminate between very different
liquid samples (i.e., water, orange juice, and milk) and, hence,
confirm our generic fingerprint approach in which the need for
biochemical selective layers, normally used in liquid sensors, is
removed. The experiments were performed by dispensing equal
volumes (50 l) of the different liquids into the microcell using
a microliter syringe (cleaned and dried using DI water) to ob-
tain five replicate measurements on each test liquid. The micro-
cell and devices were cleaned and dried after each measurement
using DI water. Results showing the discrimination of different
liquid samples using the principal components analysis (PCA)
technique, a linear, supervised, nonparametric pattern recogni-
tion method used to discriminate between the different samples

Fig. 7. Principal components analysis of different liquids showing excellent
discrimination.

Fig. 8. Principal components analysis of different milks showing good
discrimination.

under test [12], are presented in Fig. 7. The principle compo-
nents are derived using four variables (sensor responses) mea-
sured using vector voltmeter setup, which are the attenuation
A (in decibels) and phase difference (in degrees) on the
shorted and free delay lines. Theoretical expressions for these
parameters are given by (9) and (10) and from these equations,
and (4) and (5), it can be seen that the measurements performed
are directly related to the fractional change in phase velocity

and attenuation change . These parameters can be
related to the measured parameters by

where is the propagation path length in liquid and coefficient
is a function of the acoustic wavenumber .
The fractional change in phase velocity and attenuation

change are the result of perturbations of the SH-SAWs
propagating on a substrate surface caused by mechanical and/or
electrical properties of the liquid under test and, therefore, are
functions of these properties as derived in Section II and sum-
marized by (30) and (31). Thus, the measured parameters A and

can, in turn, be related to the viscosity, density, permittivity,
and conductivity of the liquid under test, via conductivity-per-
mittivity charts and using (17) and (18). This explains the phys-
ical principle underpinning our generic fingerprint approach.

Further tests on commercial milk samples with different fat
content (whole milk with 4% fat, semi-skimmed with 2% fat,
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TABLE II
FISHER t VALUES ON PREPROCESSED MILK DATA TO

DETERMINE THE BEST SEPARATION COMBINATION

and skimmed milk with no fat) were performed followed by the
dilution tests in which the dilution of whole milk using distilled
de-ionized water was monitored. Fig. 8 shows the clear linear
discrimination of milk samples with different fat content using
principal components analysis.

An attempt to preprocess the data to improve the separation
between the different milk samples is made by taking both the
difference and ratio of the attenuations and phase differences
on each of the delay lines, which also reduces the number of
parameters involved to simply two. Then, a Fisher test is per-
formed on the sample means of two populations at a time (e.g.,
skimmed and semi-skimmed milk) for testing the equality of the
two population means based on the independent samples from
the two populations. The test statistic is given by

(32)

where and are the sample means, and are the sample
numbers, and is the pooled estimate of the population vari-
ance of the Fisher test and is given by

(33)

where is the adjusted standard deviation.
The tests were performed on the different milk data and the

results are displayed in Table II as Fisher values for each
of the variables (attenuation and phase on delay lines) for the
preprocessed data, where s denotes skimmed milk, ss denotes
semi-skimmed milk, and ff denotes full fat milk. The confidence
level is found from standard statistical tables and for the eight
degrees of freedom here is better than 99.5%

in several cases. Thus, having computed all the
values, the highest value of 10.23 indicates the best separation
between the different samples and the associated preprocessing
parameter was chosen to plot the data. This corresponds to a
plot of the phase difference ratio versus the atten-
uation difference in decibels, shown in Fig. 9. The
solid line represents a least-squares regression through the data
points while the two dashed lines are orthogonal to the regres-
sion line and represent two hyperplanes that can be used to clas-
sify the milk samples with a simple parametric test.

As stated above, the best combination for separation is the dif-
ference ratio versus attenuation difference

in decibels, where the attenuation difference in decibels is
essentially the log of the ratio of the two signals. This agrees
with the theory presented in Section II-A (14) which suggests
that taking the ratio of the two signals removes the common ex-
ternal effects, hence giving the best separation as seen above.

Fig. 9. Discrimination of different milks using the best combination of
preprocessed data.

Fig. 10. Effect of milk fat content on attenuation loss of 36YX.LT free delay
line.

In the dilution experiments, the concentration of the milk was
diluted in stages by a factor of where varied from 1 to 6.
Each time, the volume of DI water was increased by a factor of

and added to a fixed volume of whole milk. Equal volumes of
the mixtures (60 l) where dispensed into the liquid cell using
a microliter syringe and the device and cell cleaned and dried
after each sample was tested using DI water. The measurements
were repeated randomly and five replicate measurements were
conducted on each sample. Results are shown in Fig. 10 for
the most sensitive parameter that is the attenuation of the free
delay line, where the dilution step has been converted to the
approximate percentage of fat in the milk where full cream milk
is 4% and pure DI is 0%. From the graph, we estimate that the
limit of detection of the free delay-line loss is ca. 0.1% of fat
content.

Finally, tests investigating the freshness of whole milk sam-
ples were conducted. The fresh full milk was bought from the
same supplier on five consecutive days and stored in a refriger-
ator at 23.8 C in glass-covered containers (removed from orig-
inal packaging). They were stored at a higher temperature than
normal (refrigerated) in order to accelerate the growth of bac-
teria and, hence, the process of the milk going curdling. The
measurements were then performed on the fifth day on all of
the five samples. Again the samples were tested at random to
obtain five replicate measurements of each sample for each day.
The devices were washed out using DI water and dried after each
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Fig. 11. Principal components analysis of milk samples showing the effect of
aging.

measurement. Amount of 50 l of milk samples was dispensed
onto the devices each time. Fig. 11 shows five distinct clusters
one for each day that the milk was tested.

VI. CONCLUSION

SH-SAW sensors have been fabricated and tested for use in a
smart tongue. The ability to discriminate between three different
liquids has been demonstrated confirming that the generic ap-
proach adopted removes the need for the use of biological selec-
tive layers. Tests to discriminate between milk samples with dif-
ferent fat content as well as a dilution test were also conducted
and results were very encouraging with a sensitivity of about
0.1% fat content. Statistical analysis performed on the prepro-
cessed data has confirmed that the dual delay-line configuration
is a very effective concept in eliminating common mode effects.
Also, extremely promising results were obtained on the milk
freshness test, showing possible application of our liquid sen-
sors as milk freshness indicators in dairy industry. Further tests
will be conducted on device-to-device repeatability and possible
applications in screening of clinical samples.
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