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Abstract: Surface acoustic wave sensors on langasite substrates are being investigated for aerospace 
applications. Characterization of langasite material properties must be performed before sensors can be flight 
tested in research vehicles. Analysis and empirical data have been used to determine the coefficients of velocity 
for both strain and temperature. This work presents temperature compensated strain results that are based upon 
the empirical values for the strain and temperature coefficients of velocity.  
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Surface acoustic wave (SAW) strain gauges made 
with new materials, such as langasite, are being 
investigated by NASA’s Vehicle Systems Safety 
Technologies (VSST) project for aviation safety 
applications. Strain gages have been used for 
structural health monitoring applications, including 
monitoring load conditions, fatigue, and to detect 
cracks in airframes [1, 2]. SAW strain sensors can 
provide additional sensor information while adding 
negligible weight. SAW devices have been 
demonstrated in environments from cryogenic to high 
temperatures and are immune to vibration, radiation, 
and pressure changes [3]. To develop sensors that can 
operate in the harsh environments found in aerospace 
vehicles, these new materials must be fully 
characterized. The coefficients of velocity for both 
strain and temperature must be determined so that 

accurate measurements during aircraft flight 
conditions can be achieved. Furthermore, these 
coefficients can be used to temperature compensate 
strain measurements. 
 
 
2. Background 
 

In June of 1975, the first patent for a SAW strain 
sensor was awarded [4]. This system used two SAW 
devices; one was stressed, and the other was used as a 
reference. In 1989, Zwicker proposed the use of two 
SAW resonators placed on a bar such that they were 
inversely strained to provide temperature 
compensated strain measurements [5]. The first 
wireless strain sensor implementation was developed 
in 1997 [6]. A wireless passive strain and temperature 
sensor was developed by Kalin [7]. Other SAW strain 
sensors have also been developed [8, 9]. Many have 
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used electronic circuits to compensate for the 
frequency of oscillation in SAW resonators. 
However, these compensation circuits are only 
applicable to resonators and not to orthogonal 
frequency coded (OFC) reflective devices [10]. A 
strain sensor that incorporates OFC reflectors has 
been developed using lithium niobate but not a high 
temperature material such as langasite [11, 12]. The 
strain response of langasite in comparison to quartz 
and lithium tantalate has been investigated. However, 
temperature effects were not included [13]. The 
temperature effects on langasite have been 
performed [14], but strain measurements were not 
included. This work will focus on the strain and 
temperature effects of an OFC SAW sensor  
on langasite. 
 
 

3. Analysis 
 

3.1. Strain Coefficient of Velocity 
 

Strain is defined as the change in length of an 
object due to an external stress, divided by its 
original length; therefore, strain (ε) is given by:  

 

 

L

LS
 , (1) 

 

where ΔLS is the change in length due to stress and L 
is the original length of the device. For repeatable 
measurements, the SAW devices must operate inside 
of the elastic portion of the stress-strain curve for the 
material. Stretching and compressing the device will 
cause the finger widths and spaces to change, 
changing the wavelength (λ) of the SAW device. 
Changes in wavelength will cause a change in the 
frequency of operation of the SAW device. The 
synchronous or center frequency (f) of a SAW device 
is related to the velocity of the acoustic wave (v), and 
the wavelength (λ) and is given by: 
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In addition to the wavelength, strain also causes 
the elastic coefficients and the density to change [15]. 
Both of these parameters affect the acoustic wave 
propagation and are manifested in changes in the 
velocity (v) of the SAW device. Since both the 
velocity and the wavelength affect the frequency, 
both must be considered when examining the changes 
due to strain. To do this, each of the changes is 
divided by its original value to yield a fractional 
value. The fractional change in frequency (ΔfS) due to 
the fractional change in the velocity (ΔvS) from strain 
and the fractional change in length (ΔLS) from strain 
is given by [16]: 
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The strain coefficient (γS) of velocity for uniaxial 
strain is defined as [16]: 
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The strain coefficient is highly dependent on the 
anisotropic material parameters, and therefore, it is 
dependent on the crystallographic orientation of the 
substrate and the SAW wave propagation direction 
on the substrate. The strain coefficient yields an 
equation that relates the fractional frequency to the 
strain [16] and is given by: 
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3.2. Temperature Coefficient of Velocity 
 

Like strain, temperature causes both a change in 
the length of an object and material parameter 
changes, including density and elastic coefficients. 
The linear thermal coefficient of expansion is defined 
as the change in length divided by the original length 
caused by thermal expansion; therefore, the linear 
thermal coefficient of expansion (α) is given by:  
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where ΔLT is the change in length due to a 
temperature change, LT is the original length of the 
device, and ΔT is the change in temperature. The 
linear thermal coefficient of expansion is also equal 
to a second order equation for thermal expansion. 
There are two temperature coefficients in the second 
order equation, α1 and α2 [17]. For a langasite 
substrate, the values of α1 = 5.6810-6/C° and  
α2 = 5.4310-9/C° will be used [18]. 

Again, the stretching and compressing of the 
device will cause the finger widths and spaces to 
change. Therefore, this will change the wavelength 
(λ) of the device, resulting in changes in the 
frequency of operation of the SAW device (Eqn. 2). 
Additionally, both the elastic coefficients and density 
changes will affect the velocity (v) of the SAW 
device. These changes lead to a fractional change in 
frequency due to the fractional change in the velocity 
and a fractional change in length due to temperature, 
which is given by [19]:  
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The temperature coefficient of velocity (γT) is 
defined as [19]: 

 

)( 2
21 TT

L

L

v

v
T

T
T

T 



  . (8) 



Sensors & Transducers, Vol. 162 , Issue 1, January 2014, pp. 21-28 

 23

Similar to the strain case, the temperature 
coefficient of velocity will yield an equation that 
relates the fractional frequency to the temperature 
and is given by: 
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The combined effects from temperature and strain 

are found by combining equations (Eqns. 5 & 9) into 
a single equation:  
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Rearranging (Eqn. 10) yields the temperature 

compensated strain equation: 
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4. Experimental Setup 
 
The SAW devices were fabricated on langasite 

(La3Ga5SiO14) (LGS) substrates. The sensor has four 
OFC reflector banks that spread the device’s 
responses across multiple frequencies through the use 
of OFC reflectors [20]. The device has two identical 
tracks due to fabrication constraints, where each 
reflector bank is comprised of four gratings (Fig. 1.). 
The operation of the multi-track SAW OFC sensor is 
explained in [21]. The gratings in each track reflect a 
different frequency and are arranged sequentially in 
ascending order through their positioning further 

from the interdigitated transducer (IDT). The same 
four frequencies are used in all reflector banks and 
are mirror images of each other laterally. To avoid 
interference, the reflector banks in each track are 
positioned on either side of an interdigitated 
transducer with spacing such that the reflected signals 
do not overlap in time. 

 
 

IDTs

Reflector
Bank

Electrical 
Contacts

Track 2

Track 1
Reflector
Bank

 
 

Fig. 1. SAW OFC strain sensor. The tracks are shown  
in yellow, the IDTs, reflector banks, and electrical contacts 

are all identified in red. 
 
 
Expansion of the SAW device results in a 

decrease in the operating frequency due to tensile 
strain or an increase in temperature. In contrast, 
contraction due to compressive strain or reduced 
temperature will result in an increase in the operating 
frequency. These changes are due in part to a change 
in the wavelength and a change in the average 
propagation velocity of the surface acoustic wave. 
The velocity changes are due to changes from the 
stiffness parameters and the density of the 
material [22]. 

For this investigation, an OFC SAW strain sensor 
and a foil strain gauge were bonded onto a stainless 
steel bar (Fig. 2).  

 
 

 
 
 

 
 

Fig. 2. (Top) Stainless steel bar with SAW and strain gauge sensor. 
(Bottom) Close up of strain gauge and SAW sensors. 

SAW Device 
Thermocouple Location 
Foil Strain Gauge 
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The bar is 304 stainless steel, 45.75 cm long, 
5 cm wide, and 0.635 cm thick. A conventional strain 
gauge, a type K thermocouple, and the SAW sensor 
were all bonded to the bar. The bar was configured 
for cantilever loading. 

The instrumentation used for data acquisition is 
shown in Fig. 3. The OFC SAW sensor is connected 
to an Anritsu 2026B 6 GHz network analyzer, which 
is connected to the host computer through a USB 
interface. The conventional strain gauge is a general-
purpose 350-Ω foil strain gauge (part number WK-
13-125AD-350W, Vishay). The strain gauge is 
connected to a NI 9236 quarter bridge analog 
module. The type K thermocouple is connected to a 
NI 9219 universal analog module. Both modules are 
installed in a National Instruments cDaq 9178 
chassis, which connects to the host computer through 
another USB interface. The host computer is a laptop 
running National Instruments LabVIEW for 
synchronization and control of the network analyzer 
and cDaq system. The LabVIEW program also 
collects and stores the data. 

 
 

Host Computer

Network AnalyzerAnalog to Digital 
Conversion

Strain Gauge &
Thermocouple SAW Strain Sensor

 
 

Fig. 3. Experimental Setup. The SAW sensor is connected 
to a network analyzer, which is connected to the host 
computer. The conventional strain gauge and thermocouple 
are connected to a cDaq data acquisition system, which is 
connected to the host computer. 
 
 
5. Results 
 

To characterize the strain response of the SAW 
sensor, multiple experiments were performed. For the 
first experiment, the load was increased from 0 kg to 
1.0 kg in 0.1 kg increments while the temperature 
was held constant at room temperature. The results 
from the strain gauge and the SAW sensor are given 
in Fig. 4. 

The SAW strain measurements are in good 
agreement with the strain gauge when the 
temperature is held constant and when the load is 
increasing. Note that the addition of mass in 0.1 kg 

increments causes only small changes in strain in the 
cantilever beam. For the second experiment, the load 
was decreased from 1.0 kg to 0 kg in 0.1 kg 
increments, while the temperature was held constant 
at room temperature. The results are given in Fig. 5.  
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Fig. 4. SAW strain sensor versus strain gauge data at room 
temperature while strain is increasing. 
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Fig. 5. SAW strain sensor versus strain gauge data at room 
temperature, while strain is decreasing. 

 
 
For both experiments, the SAW sensor data is 

comparable to the strain gauge data. The SAW sensor 
data from the two experiments also agree very 
closely with each other. The average fractional 
frequency values versus the average strain values for 
both increasing and decreasing loads from (Fig. 4 and 
Fig. 5) was plotted in Fig. 6.  

The lines in Fig. 6 are calculated using linear 
regression. The slopes agree closely (increasing 
strain: -306.128 Hz/µε, decreasing strain: -287.379). 
The small offset in the lines is probably due to a 
small temperature difference (on the order of a few 
degrees) between the experiments, which occurred on 
different days. Using Eqn. 4, the strain coefficient 
(γS) was calculated to be 1.747 for the case of 
increasing strain and 1.652 for the case of decreasing 
strain. The average of the two numbers (γS = 1.699) is 
used for subsequent calculations. The strain 

Data taken at room temperature. 
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coefficient will be different for different crystal cuts 
and orientations of the SAW device on the wafer. For 
this case, the value is for a langasite crystal with an 
Euler orientation of (0, 138.5, 26.6) with SAW 
propagation in the X direction.  
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Fig. 6. The average fractional frequency values versus the 
average strain values for both the increasing and the 

decreasing loads shown in Fig. 4 and Fig. 5.  
 
 

To characterize the SAW sensor for temperature 
effects, the bar was unloaded and the temperature 
was raised quickly using a heat gun to a peak of 
44.54 °C. The bar was then allowed to cool slowly 
while data was recorded (Fig. 7).  
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Fig. 7. SAW data, thermocouple data, and SAW values 
fitted to the thermocouple.  

 
 

The frequency shift data from the SAW device 
was converted to temperature (red line). The SAW 
fitted data (dashed black line) agrees closely with the 
thermocouple (green line) and is within ±0.25 °C.  

The differences between the SAW sensor data 
and the thermocouple data are in part due to the 
thermal characteristics of the langasite material and 
the adhesive between the sensor and the stainless 
steel bar. To adjust for these differences, a third order 
polynomial (dashed black line) was used to fit the 
SAW values to those of the thermocouple: 

 ..... 8353054830620108664 234   xxxy (12) 
 

The SAW sensor data and (Eqn. 12) can be used 
as a temperature sensor as long as the device is 
unloaded and is not experiencing any strain changes. 
To determine the temperature coefficient of velocity, 
both the change in frequency and temperature are 
required (Fig. 8). 
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Fig. 8. SAW change in frequency data versus temperature 

data and a linear regression of the data. 
 
 

The linear regression (Fig. 8) yields a slope of 
6.968x104 and an offset of -3.272103. Eqn. 9 and the 
SAW data allowed for the calculation of the 
temperature coefficient of velocity (γT), 2.562. This 
value for the temperature coefficient of velocity will 
be used to temperature compensate the SAW strain 
values. 

 
 

6. Temperature Compensated Strain 
Results 
 

To characterize the combined strain and 
temperature measurement capabilities, the 
cantilevered test specimen was subjected to 
mechanical strain (tension) from a 0.500 kg mass at 
room temperature (nominally, 21.46 °C±0.15 °C). 
The mass was removed after ~15 minutes, leaving the 
bar unloaded at room temperature. Next, the 
temperature of the bar was raised quickly to 27.3 °C. 
Then, it was allowed to cool to close to room 
temperature. Then, the bar temperature was raised to 
36.89 °C, and the bar was again allowed to cool. 
Before the bar cooled back to room temperature, a 
0.500 kg mass was placed on the bar and was 
removed after ~15 minutes while the bar was cooling. 
The bar was allowed to cool unloaded for an 
additional 40 minutes. The results from the strain 
gauge, the thermocouple, and the temperature 
compensated SAW sensor are given in Fig. 9. The 
compensation method uses both the strain coefficient 
of velocity and the temperature coefficient of velocity 
to remove temperature effects from the SAW data.  

In Fig. 9, the red line is the temperature 
compensated SAW strain data, the dark blue line is 



Sensors & Transducers, Vol. 162 , Issue 1, January 2014, pp. 21-28 

 26

the compensated strain gauge data, the light blue line 
is the uncompensated strain gauge data, the pink line 
is the uncompensated SAW data, and the green line is 
the thermocouple data. When using the compensation 
technique, the SAW data agrees closely with that of 
the compensated strain gauge at an elevated 
temperature of 36.89 °C. The compensation 
technique is effective; however, when thermal 
changes occur in a very short amount of time, small 
perturbations are found in the compensated data that 
need to be eliminated. 

In another experiment, the cantilevered test 
specimen was subjected to mechanical strain 
(tension) from a 0.500 kg mass at room temperature 
(nominally, 21.46 °C ± 0.15 °C). The mass was 
removed after ~15 minutes, leaving the bar unloaded 
at room temperature. Next, the temperature of the bar 
was raised to 78.4 °C and allowed to cool. Before the 
bar cooled to room temperature, the 0.500 kg mass 
was placed on the bar and was removed after  
~15 minutes while the bar was cooling. The bar was 
allowed to cool unloaded for an additional  
60 minutes. The results from the strain gauge, the 
thermocouple, and the temperature compensated 
SAW sensor and are given in Fig. 10. 

In Fig. 10, the red line is the temperature 
compensated SAW strain data, the dark blue line is 
the compensated strain gauge data, the light blue line 
is the uncompensated strain gauge data, the pink line 
is the uncompensated SAW data, and the green line is 
the thermocouple data. When using the compensation 
technique, the SAW data agrees closely with that of 
the compensated strain gauge even at elevated 
temperatures of 78.4 °C. Note that the perturbations 
are much smaller than those found in the previous 
experiment. This could be due to the difference in 
how fast the temperature was elevated compared to 

the previous experiment. In this case, the temperature 
was elevated at a slower rate than in Fig. 9.  

To demonstrate the technique further, another 
experiment was performed. A 0.50 kg weight was 
added and ten minutes later, it was removed while the 
bar was at room temperature. Then, the bar was 
heated to 107 °C. The temperature was allowed to 
vary slowly by ±2.48 °C, and the weight (0.50 kg) 
was again placed on the bar for ten minutes and 
removed (Fig. 11). 

In Fig. 11, the red line is the temperature 
compensated SAW strain data, the dark blue line is 
the compensated strain gauge data, the light blue line 
is the uncompensated strain gauge data, the pink line 
is the uncompensated SAW data, and the green line is 
the thermocouple data. When using this 
compensation technique and a moderate rate of 
temperature change, the SAW data agrees closely 
with that of the compensated strain gauge, even at an 
elevated temperature of 107 °C. 
 
 

6. Conclusions 
 

The strain (γS=1.699) and temperature (γT=2.562) 
coefficients of velocity have been presented. The 
coefficients have been demonstrated to be effective at 
temperature compensating the strain measurements, 
especially for cases when the thermal changes occur 
slowly (on the order of minutes). The application of 
very fast thermal changes (thermal shock) creates 
small perturbations in the data; therefore, more work 
is needed to optimize the technique to provide more 
accurate results under these conditions. Further 
characterization of the sensors will make them more 
applicable to aerospace applications, including 
NASA’s Vehicle Safety Systems  
Technology program. 
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Fig. 9. Temperature compensated SAW sensor data versus strain gauge and thermocouple data. 
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Fig. 10. Temperature compensated SAW data versus strain gauge and thermocouple data (peak 78.4 °C). 
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Fig. 11. Temperature compensated SAW data versus strain gauge and thermocouple data at 107 °C. 
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