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Abstract: Surface acoustic wave (SAW) devices offer many attractive features for applications as 
chemical and physical sensors. In this paper, a novel SAW strain sensor that employs SAW delay lines 
has been designed. Two crossed delay lines were used to measure the two-dimensional strain. A wireless 
sensing system is also proposed for effective operation of the strain sensor. In addition, an electronic 
system for accurately measuring the phase characteristics of the signal wave from the passive strain 
sensor is proposed. Copyright © 2008 IFSA. 
 
Keywords: Surface acoustic waves, SAW sensor, Strain sensor, Wireless sensing, SAW delay line 
 
 
 
1. Introduction 
 
Today, many different fields require measurement of strain and its distribution. Particularly notable 
today is the need for health and safety monitoring for the sake of safety and comfort, which requires 
constant monitoring of strains within complex structures and buildings as well as the strain distributions 
in mobile objects, typically the wings of an aircraft [1]. 
 
The traditional way to measure strain is using a resistance strain gauge, which is mainly structured to 
measure unidirectional strains. However, as is the case when measuring stress, rosette analysis is 
required when measuring strains on a plane. Rosette analysis requires multiple elements to be positioned 
together at a single location and used simultaneously. Consequently there a large number of elements 
and accordingly a large number of electrical supply lines, making the measurement process very 
complex. 
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A surface acoustic wave (SAW) can be easily excited on a piezoelectric substrate using an interdigital 
transducer (IDT). Most of such a wave’s energy is concentrated within a depth of a single wavelength 
from the substrate’s surface. Its propagation characteristics are easily affected by external physical and 
electrical changes. This is why applications of SAW’s include sensors for measuring physical 
parameters. Recently, there have been many reports on SAW sensors that take advantage of SAW’s 
propagation characteristics, which change easily in response to external factors [2], [3], [4], [5]. 
 
One advantage of using SAWs in sensors is that, since SAWs are slower than electromagnetic waves by 
approximately five orders of magnitude, these sensors can be made more compact. Furthermore, 
increasing the frequency of the sensors improve their precision and resolution. 
 
In this paper, we clarify the relationship between changes in the propagation path length of a SAW and 
the phase of the wave. We then discuss a strain sensor that utilizes changes in the speed of a SAW caused 
by strain in the SAW device. 
 
Although some reports on sensors using SAWs have been published, they mostly discussed 
one-dimensional strains [6], [7]. However in this study, we developed a SAW strain sensor that 
simultaneously measures strains in two directions using two SAW delay lines that intersect each other 
perpendicularly on a single substrate. 
 
As demonstrated in the experiment reported below, we herein propose a two-dimensional strain sensor 
that simultaneously measures strains in two different directions using two delay lines that cross each 
other at right angles. These two delay lines exist on an anisotropic piezoelectric substrate (128° Y-cut, 
X-propagating LiNbO3). As its working principle, this strain sensor monitors changes in the propagation 
path length caused by strains applied to the piezoelectric substrate. Furthermore, in this study we show 
that when this new SAW strain sensor is connected directly to an antenna it is capable of passive remote 
sensing. 
 
 
2. Measurement of Strain Using SAW 
 
In this section, the principle and the method of measurement of strain using SAW delay line is described. 
 
 
2.1. Principle of Measurement 
 
When a strain is applied to a substrate containing a SAW delay line, the propagation path length changes 
(see Figs. 1(a) and (b)). Let this change in propagation path length be denoted by ∆l, and we then obtain 
the following expression for ∆θ, the phase difference between the input and output waves: 
 
 ( )

( )
v
l

v
l

v
ll
v

ll

∆
±=−

∆±
=∆

∆±
=∆+

ωωωθ

ωθθ
 (1)

 
l: Propagation distance (m), 
ν: Propagation velocity (m/s), 
θ: Phase difference (rad.), 
ω: frequency (rad. /s), 
 
Therefore, by measuring the amount of phase change between the input and output of a delay line caused 
by a strain, we can determine the magnitude of the strain. 



Sensors & Transducers Journal, Vol. 90, Special Issue, April 2008, pp. 61-71 

 63

 
This magnitude of the strain can be calculated using Eqn. (1), using the amount of change caused by the 
strain, with reference to the phase difference when no strain is applied. 
 

 

  
 

(a) Overview of SAW delay line and strain. 
 

(b) Side view of an SAW delay line. 
 

Fig. 1. Schematic diagram of strain sensor using SAW delay line. 
 
 
2.2. Measurement System of Phase Change 
 
For a SAW strain sensor to function correctly, changes in the phase of the SAW must be accurately 
measured. In the following, we briefly describe the circuit that was used to accurately measure the phase 
in our measurements. 
 
Fig. 2 shows the measuring circuit that we used in the experiment to precisely measure phase changes 
produced by strain. 
 
The standard signal generator (SSG) generates a continuous wave that is then divided into two by the 
power divider. One component is used as a reference wave and the other is used for measuring. This 
measurement component of the continuous wave is input into the mixer together with a rectangular wave 
from a pulse function generator (pulse FG). This produces a tone burst wave, which is used to excite the 
SAW device. 
 
If the device is strained, the propagation length changes, and a phase difference that corresponds to the 
strain is produced. An automatic gain control amplifier (Amp.1 and Amp.2) is used to amplify the 
continuous wave divided for a reference and the tone burst wave in which a phase difference has been 
produced due to propagation through the SAW device, so that these two waves have equal amplitudes. If 
the continuous wave used as a reference and the tone burst wave with the phase difference are input into 
the mixer, the mixer outputs a signal that corresponds to the phase difference between the two waves. 
This phase difference signal from the mixer is used as the output signal. 
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Fig. 2. Schematic diagram of strain sensor system. 
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3. Strain Sensor Using SAW Devices 
 
We first clarify the characteristics of a one-dimensional strain sensor with a delay line, in order to 
understand the basic characteristics of a SAW strain sensor. 
 
 
3.1. One-dimensional Strain Sensor 
 
Fig. 3 shows a SAW sensor that measures unidirectional strains. This sensor has a pair of IDTs, one for 
receiving and the other for transmitting, fabricated on its piezoelectric substrate, as shown in Fig. 1(a). It 
measures strains in a single direction only, and is composed of a single-channel delay line. We 
constructed a strain sensor with a one-dimensional delay line on a 128° Y-cut, X-propagating LiNbO3 
substrate, and examined its characteristics. The sensor was composed of a delay line with a propagation 
path length of 100 λ  (λ: wavelength) and a frequency of 40 MHz. 
 
 

GND

ＯＵＴＩＮ
x
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Fig. 3. One-dimensional strain sensor pattern. 
 
 
3.2. Measurement Method 
 
In the experiments, we attached the SAW strain sensor to a 10 cm × 10 cm phosphor bronze plate, and 
fixed one side of the bronze plate as shown in Fig. 4. We then applied a load to the opposite side of the 
plate to produce a strain. A positive (+) strain indicated that the propagation path was stretched, while a 
negative (-) strain showed that the propagation path was reduced. 
 

 

 
 

Fig. 4. Two-dimensional SAW strain sensor on a cantilever. 
 
 
4. Characteristics of SAW Strain Sensor 
 
In this section, we show the fundamental characteristics of SAW strain sensor obtained by using electric 
measurement system. 
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4.1. One-dimensional Strain Sensor 
 
Fig. 5 shows, for the case when a strain in the x direction is applied to the delay line of Fig. 3, the strain 
in the substrate in the x direction as well as the phase difference caused by the change of the SAW 
propagating length in the x direction. 
 
A positive (+) strain (strain is plotted on the horizontal axis) indicates that the propagation path is 
extended, while a negative (-) strain shows that the path is shortened. The strain in horizontal is 
measured by the strain gauge. We also measured the strain on the substrate using a resistance strain 
gauge attached close to the SAW propagation path. In these experiments, we varied the strain by  
20 (µ strain) each time. 
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Fig. 5. Response of SAW sensor versus static strain. 
 
 

From the figure, we can see that the strain and the phase difference are proportional, which implies that 
we can measure the strain using a SAW delay line. 
 
Next, we investigated how the SAW phase difference is related to the strain direction. In our experiment, 
we used a cantilever to rotate the fixed bronze plate by 90º, setting the direction of the strain to the y 
direction shown in Fig. 4. 
 
Fig. 6 shows the results of this particular experiment together with the results shown in Fig. 5 in the same 
plot. Thus, Fig. 6 shows the relationship between the strain in the x direction of the substrate and the 
phase difference caused by a change in the length of the SAW propagating in the x direction for the case 
when strains are applied in two directions (x and y). In other words, the horizontal axis in the figure 
denotes the strain in the x direction when strains are applied in both the x and y directions. In addition, 
the vertical axis shows the phase difference (in degrees), which we obtained by calculating the output of 
the measurement circuit and then converting it into a phase difference. 
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Fig. 6. Response of the SAW sensor versus static strain. 
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This plot shows that, regardless of whether the strain is in the x or y direction, the same relationship 
holds between the strain in the delay line and the phase difference of the propagating SAW. Thus, we can 
conclude that the phase difference of the SAW depends solely on the strain in the delay line, regardless 
of the direction of the strain. 
 
 
4.2. Dependence on Surface Condition 
 
Next we investigated the dependency to a surface condition of the SAW propagation path. Fig. 7 shows 
the results obtained from the electrical open and short condition on the propagation surface. 
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Fig. 7. Responses of the SAW sensor dependence on the surface condition. (1). 
 
 

According to the Eqn.1, the phase change depends on the SAW velocity. On the electrical open surface, 
the velocity of SAW is 3880 m/s, and on the short surface 3990 m/s. The slight change of the phase was 
caused by this velocity difference as showed by the Eqn.1. This means the sensitivity of the strain sensor 
depend on the surface condition. 
 
The response of the SAW sensor is also proportional to the length of the delay line. Fig. 8 shows 
dependence to path length. The results showed in Fig.8 are obtained from two delay lines arranged in 
parallel. The results show clearly that the sensitivity is proportional to the length of delay line. One delay 
line has 150λ , and the other 100,  λ respectively. 
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Fig. 8. Response of the SAW sensor dependence on the propagation length. (2). 
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4.3. Response to Dynamic Strain Sensor 
 
Fig. 9 shows a response to a dynamic strain. The cantilever was vibrated by periodic force with 50 Hz. In 
the Fig. 9, the result obtained by the strain gauge is also shown. The response of the SAW sensor almost 
coincides with the results of conventional strain gauge. 
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Fig. 9. Response of the SAW sensor to dynamic strain. (Frequency: 50 Hz) 
 
 
Fig. 10 shows a response of the sensor when a dynamic strain was applied 0 µ strain to 140 µ strain.  
Fig. 11 also shows the change of response to the frequency of vibration on constant strain (30 µ strain). 
These results show the responses with a good linearity within the limits this measurement. 
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Fig. 10. Linearity of the SAW sensor to dynamic strain. 
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Fig. 11. Response of the SAW sensor as a function of vibration frequencies. 
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5. Two-dimensional SAW Strain Sensor 
 
Fig. 12 shows the configuration of the SAW sensors designed to enable the simultaneous measurement 
of strains in two directions. In each of the two pairs of delay lines, the lines are orientated 
perpendicularly to each other to enable the simultaneous measurement of the strains in both the x and y 
directions. 
 
We excited SAWs in two directions, x and y (see Fig. 12), and measured the phase changes in each of 
these two directions. In this way, we used a single SAW device to measure the strains in the two 
directions. 
 
However, generally the excitation efficiency and velocity of SAWs in a piezoelectric substrate vary 
depending on their propagation direction as a result substrate’s anisotropy. For this reason, there are 
cases when the output characteristics of the delay lines in the two directions cannot be made the same 
resulting in an error in the phase measurements. 
 
To resolve this problem in two-dimensional strain measurement, it is desirable for the SAWs used to 
have the same excitation efficiency, velocity, and loss. 
 
Since we used 128° Y-cut, X-propagating LiNbO3 in our experiment, the propagation velocity and 
excitation efficiency differed considerably between the x direction and the perpendicular direction (90°) 
to x. In our substrate, however, the propagation characteristics were symmetric about the x-axis. We 
therefore installed the delay lines so that they were symmetric about the x-axis and made them intersect 
other at right angles (X +/- 45°), when we created our two-dimensional strain sensor. 
 
 

 
 

Fig. 12. Configuration of two-dimensional strain SAW sensor. 
 
 

Fig. 13 shows the results of the experiments described above. The two lines in the plot indicate changes 
in the SAW phases produced by the strain in the delay lines in the two respective directions. The 
horizontal axis denotes the strain in each propagation path. At larger strains, the slopes of the lines differ 
significantly in the two directions. We conjecture that one cause for this was that the adhesion of the 
cantilever to the sensor was uneven (the piezoelectric substrate, part of the sensor, was rectangular and it 
was hard to apply the strains evenly over the substrate). However, in both of the two propagation 
directions, the phase difference of the SAW was proportional to the strain in the propagation path. This 
implies that it is possible to create a two-dimensional strain sensor device in which two sensors having 
the same characteristics intersect each other. 
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Fig. 13. Response of two-dimensional SAW sensor versus static strain. 
 
 
6. Wireless SAW Strain Sensor 
 
In this section, we tried remote passive sensing of strains, using a two-dimensional SAW strain sensor 
[5], [8]. 
 
Fig. 14 outlines the equipment we used for the remote sensing experiment. In this wireless strain 
measurement, we connected an antenna directly to the IDT of the delay-line SAW sensor shown in  
Fig. 7. A tone burst wave was used as the interrogation signal. The tone burst wave output from the 
interrogation unit is emitted from the sending antenna and received by the antenna attached to the SAW 
sensor. The IDT connected to the antenna directly excites a SAW and, after detecting strain, the signal is 
emitted from the same antenna. 
 
Fig. 15 shows how the IDTs were connected to the antenna. These two IDTs were connected directly to 
each other and a signal from the antenna excited a SAW in both directions. Fig. 16 shows a typical 
waveform of the wireless SAW sensor. 
 
In our experiment, we set the frequency to 50 MHz and the distance between the two antennas to 55 cm. 
Also, we used the same strain sensor in the X ±45° direction described in Section 4. 
 
 

 
 

Fig. 14. Schematic diagram of the strain monitoring system. 
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Fig. 15. Schematic diagram of the wireless SAW sensor. 
 
 

 
 

Fig. 16. Typical waveform of the wireless SAW sensor. 
 
 
Fig. 17 shows the relationship between the strain and the output in each of the directions, in the wireless 
measurement. The response was proportional to the strain. The result is similar to the results of the wire 
measurements we conducted in Section 4. This implies that a SAW strain sensor is capable of measuring 
two-dimensional strains in a wireless system. 
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Fig. 17. Response of two-dimensional wireless SAW sensor versus applied strain. 
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7. Conclusion 
 
This study proposed a strain sensor featuring a SAW device and investigated its characteristics. We 
obtained the following results: 
 
Changes in the phase of a SAW delay line are proportional to the strain in the propagation path. This 
enables strains to be measured using SAWs. 
 
We also demonstrated that, by placing two delay lines perpendicular to each other, we are able to 
measure strains in two different directions simultaneously. In such a case, by selecting the right 
propagation directions of the SAW, we can obtain similar characteristics in both directions. 
 
Finally, we connected the sensor to an antenna and conducted an experiment that showed that wireless, 
passive measurement of strains is possible. 
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