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ABSTRACT

This research presents an ultrasonic strip waveguide sensor with various reflector embodi-
ments, including rectangular notches, single, and multiple bends. The ultrasonic waveguide 
sensor concept is a non-destructive and non-invasive method to measure material properties 
in elevated temperatures, where conventional techniques often fail. This ultrasonic sensor 
technique measures the surrounding temperature of the waveguide and its temperature-de-
pendent elastic moduli using the symmetric (S0) wave mode. Initially, we performed the Finite 
Element Method (FEM) simulations using Abaqus CAE software to find a better ultrasonic 
reflector configuration and its dimension based on the ultrasonic waveguide (S0 mode) signal 
behavior. The simulation uses a rectangular strip waveguide (stainless steel) with a thickness 
of 0.5 mm, a width of 3 mm, and a length of 1000 mm. The S0 mode was excited using a 
Hanning pulse tone burst signal at one end of the waveguide. Then, FEM studies revealed 
that the reconfigurable bend reflector (radius 3 mm) is better than rectangular reflector con-
figurations for designing the ultrasonic sensor to obtain better reference reflection. Then, ul-
trasonic-guided wave experiments were conducted at different temperatures using the same 
dimension of the stainless-steel strip as a waveguide using the pulse-echo approach with an 
ultrasonic shear transducer at one end of the waveguide. We considered the ultrasonic param-
eter time of flight difference to calibrate the sensor based on the surrounding temperature. 
Also, temperature-dependent elastic moduli were measured, resulting in a maximum mea-
surement error of 3% compared to literature data. The developed novel waveguide technique 
comprising non-destructive method can easily measure the elastic moduli compared to con-
ventional destructive type testing methods, specimens are reusable, monitoring the compo-
nents in service, and simple and cost-effective technique for monitoring various industrial 
components like power plants, oil, and Petro-chemical industries.
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INTRODUCTION 

Ultrasonic testing is a well-known nondestructive test-
ing (NDT) technique that utilizes high-frequency sound 
waves. In ultrasonic testing, the ultrasonic waveguide tech-
nique can be used for various applications, such as mea-
surements of the temperature of the surrounding medium, 
liquid level, rheological properties of fluids, and material 
properties. In hostile environments, conventional sensors 
like thermocouples, RTDs, etc., show accuracy problems, 
whereas ultrasonic sensors can work efficiently. Significant 
work has been done on ultrasonic sensors in the past few 
years. Balasubramanium et al. classified the ultrasonic 
waveguide sensing technique into two broad categories, the 
forward problem and inverse problem, implying its applica-
tions in process industries [1]. Periyannan et al. [2] reported 
a novel ultrasonic technique for determining elastic moduli 
(E) using cylindrical waveguides at different temperatures. 
Bao et al. [3] developed a new sonic resonance method to 
measure Young’s modulus (E) and shear modulus (G) of rail 
steel at elevated temperatures. They used a laser vibrom-
eter to observe the flexural and torsional resonance fre-
quency at elevated temperatures and used it to measure 
E and G, respectively. N. Raja et al. demonstrated using a 
stainless-steel (SS) rod-like waveguide for distributed skin 
temperature measurement in solid pipes and water. They 
used bend-notch and notch-notch combinations as sen-
sor regions co-located with the K-type thermocouples for 
calibration. [4]. Periyannan et al.  reported a robust tech-
nique for multi-level temperature measurements using six 
Chromel waveguides of diameter 1.12 mm with varying 
lengths attached to a single shear transducer for transmit-
ting and receiving the ultrasonic signals. The difference in 
time in flight and readings from co-located K-type thermo-
couples were used to calibrate the sensor [5]. Liao et al. have 
extended the ultrasonic dry-coupled waveguide technique 
in structural health monitoring (SHM) of critical mechani-
cal components in high-temperature environments [6]. 

Zhou et al. [7]  proposed a high-accuracy ultrasonic 
temperature estimation technique. They employed max-
imum length sequence (MLS) modulation on a continu-
ous wave to effectively suppress the effects of echoes. The 
temperature of distilled water was successfully measured 
with an error of ±0.04⁰C. Periyannan et al. [8] developed 
a novel technique to measure the temperatures at multi-
ple locations using multiple waveguides with a single bend 
and a single waveguide with multiple bends. Sahu et al. 
[9]  reported the use of an ultrasound-guided wave tech-
nique for mapping the surface temperature of Aluminum 
plates. A metal strip with rectangular notches was placed in 
the slots of two Aluminum plates. Shear horizontal (SH0) 
wave mode was excited in the waveguide with the help of 
an ultrasonic shear transducer attached at one end of the 
waveguide. The waveguide sensor was calibrated using ref-
erence temperatures obtained from the data of co-located 
RTDs. Szelek et al. [10] presented a new evaluation method 

for temperature-dependent ultrasonic longitudinal and 
shear velocity measurements. The results obtained from 
these ultrasonic velocities were further used to determine 
elastic and shear moduli E and G, respectively. Liang et al. 
[11] reported a sapphire ultrasonic temperature sensor for 
monitoring the temperature of an aircraft engine. Periyannan 
and Balasubramaniam reported a novel technique for the 
measurement of temperature and temperature-dependent 
elastic moduli (E(T) and G(T)) using straight and L-bend 
waveguides with L (0, 1) and T (0, 1) wave modes generated 
using pulse-echo mode through longitudinal and shear 
wave transducers, respectively. [12]. Dhayalan et al. devel-
oped a novel non-invasive ultrasonic waveguide sensor for 
liquid level measurement. [13]. Periyannan et al. reported a 
novel re-configurable ultrasonic temperature sensing tech-
nique using a helical spring-like waveguide with multiple 
notches as reflector embodiments [14].

Nishanth et al. [15] introduced an ultrasonic waveguide 
technique for distributed temperature measurement on a 
solid surface. A stainless-steel bent rod waveguide of 1 mm 
diameter with axisymmetric notches in the bent horizontal 
region acts as the sensor. Changes in the time of flight of the 
waves, reflected from the bend and notches, were estimated 
and used for calibration with the results of K-type thermo-
couples co-located in the sensor region. Wong et al. [16] pre-
sented a precise method for measuring temperatures up to 
200°C using ultrasonic waves. Wang et al.  [17] proposed a 
novel U-shaped waveguide sensor for viscosity measurement 
using a pitch-catch method to excite and receive an SH0 
wave. Kumar et al. [18]  demonstrated an ultrasonic wave-
guide sensor for fluid level sensing using a U-shaped and 
helical waveguide. They also reported minute-level sensing 
using flexural wave mode [19, 20]. Balasubramaniam and 
Periyannan  developed an ultrasonic waveguide technique 
to measure the surrounding media’s chemical and physical 
properties [21, 22]. Signal processing is a significant step in 
the development of an accurate sensing device; extensive 
studies of various signal behaviors and analytical solutions 
are discussed in the literature and used in signal processing 
in various sensors’ sensing applications [23-35]. Uses of NDT 
techniques are not limited to only metallic materials. Gezer 
et al. used NDT methods to detect defects in a wooden struc-
ture [36]. And Kabay et al. utilized the NDT technique to 
estimate the core compressive strength of concrete.[37].

Earlier research on ultrasonic waveguide sensors pre-
dominantly focused on cylindrical waveguides, empha-
sizing line contact with the transducer surface. Due to 
line contact, it may not effectively transmit the ultrasonic 
energy in the waveguide [2, 8, 14, 21, 22]. However, strip 
waveguides offer enhanced surface contact with the trans-
ducer for transmitting the ultrasonic energy effectively 
in the waveguide due to surface contact. The early works 
reported ultrasonic reflector dimension (bend radius = 3d 
(d - wire diameter)) and their empirical constant A=2.5 for 
E measurements of the cylindrical specimens using L(0, 1) 
wave mode [38, 39]. However, these are not reported for 
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strip waveguides in the case of strip specimens’ E measure-
ments. The wave propagation behavior may differ in strip 
specimens (rectangular cross-section) compared to cylin-
drical specimens due to different geometry/boundaries. 
Hence, this work reported that E measurements of the strip 
specimens, ultrasonic reflector dimension (bend radius = 
6t (t - strip thickness)), and their empirical constant (A=2) 
were found using S0 wave mode. In engineering applica-
tions, plenty of metal/alloy strips or bars are generally used.

Furthermore, there is a lack of research on using strip 
waveguides for Young’s modulus (E) estimation as a func-
tion of temperature. Hence, this study uses the novel con-
cept to investigate the potential of strip waveguides for 
temperature-dependent elastic moduli (Ei) measurements 
[21, 22]. Further, it can act as an ultrasonic temperature 
sensor too [40, 41].

FINITE ELEMENT METHOD SIMULATIONS 

Finite element method (FEM) simulations for the wave-
guide with different reflector embodiments were conducted 
using Abaqus software. The material properties and FEM 
parameters used in the simulation, as shown in Table 1. 
Initially, wave propagation characteristics in the waveguide 
were studied using the Disperse calculator/software based 
on waveguide thickness (0.5 mm). The non-dispersive 
guided wave propagation velocity and its corresponding 
frequencies were identified (Fig.1a) [42].

Then, the S0 wave mode in the waveguide was observed 
to be non-dispersive in the 200-500 kHz frequency range and 
then, followed a well-known concept to verify the operating 
frequency and non-dispersive group velocity using a FEM 
study and its parameters (2D FFT Vs wave number) [9, 39, 
41]. The S0 wave mode (red line) was ensured to pass through 
a 200-360 kHz frequency spectrum region. This study was 
conducted in the frequency bandwidth of 250-350 kHz 
within the non-dispersive region. We obtained a 2D FFT plot 
(Fig. 1b) based on received signals from FEM simulations, 
and these simulations were compared with a dispersion plot.

Waveguide Sensor Design with Destructive and Non-
destructive Type Reflectors 

Different reflector embodiments like rectangular notch, 
single bend, and multiple bends were introduced in the 
strip waveguides using the Abaqus CAE software, as shown 
in Figure 2, with respective dimensions. Ultrasonic waves 
were reflected from these reflector embodiments while 
propagating through the waveguide. The waveguide sen-
sor was designed with a single rectangular notch (made 
through waveguide thickness) by removing the material to 
create an ultrasonic (destructive type) reflector, as shown in 
Figure 2b. The destructive type reflector is useful in case the 
waveguide material is brittle. The depth of the rectangular 
notch used was through-thickness (0.5 mm) based on ear-
lier reported literature [4, 21, 22]. The bend configurations 
(single bend and multiple bends) were preferred over the 
rectangular notch to make a non-destructive type reflec-
tor in the waveguide, as shown in Figure 2c and d. Bend 
reflectors were more suitable, easy to make, and re-config-
urable while designing the waveguide sensor using ductile 
materials. The bend acts as a better reference signal reflec-
tor for making an ultrasonic temperature sensor without a 
temperature gradient, as reported by Periyannan [8]. While 
using a notch reflector, the waveguide sensors couldn’t be 

Table 1. Material properties of SS304 and FEM parameters 
used in the simulation

Material properties FEM parameters
Material – SS304 Solver – Abaqus CAE
Density – 7960 kg/m3 Module – Dynamic, explicit
Young’s modulus – 195 GPa Time increment (t) – 1e-8

Poisson’s ratio – 0.27 Element type – C3D8R
Element size – 0.25 mm
Frequency (f) – 0.250 MHz
No. of cycles (n) – 3

Figure 1. (a) Frequency vs. Phase velocity plot from Dispersion calculator (b) 2D FFT plot.
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re-configured, as we wouldn’t obtain the waveguide’s orig-
inal geometry. Single-bend waveguides could be useful for 
single-location measurements, and multiple-bend wave-
guides could be useful for multi-location measurements. 
The strength of the ultrasonic reflected signals from the 
bend reflector could be tuned/varied based on require-
ments by varying the bend radii. Hence, studies were car-
ried out to determine suitable bend radii for designing the 
waveguide with distributed bend reflectors, as shown in 
Table 2, through case A to case D, by varying the radii from 
4.5 mm to 10.5 mm for bends.

Stress wave propagation FEM simulations with S0 wave 
mode were performed using Abaqus CAE software. A 
3-cycle 250 kHz Hanning pulse signal (input excitation) 
was applied at one end of the waveguide in the FEM sim-
ulations, as shown in Eqn. (1). The A-scan (wave propa-
gation time vs. displacement amplitude) plots for all the 
waveguides (Fig. 2b-d) were obtained, as shown in Figure 
3 a-c. The bend reflectors’ dimensions were optimized by 
studying the ultrasonic wave reflections (analyzed using 
the Hilbert transform tool, Fig. 4) at different bend radii of 
strip waveguide (Fig. 2 d) using the FEM approach in four 

Cases (A-D), as shown in Table 2, based on early reported 
work by Periyannan [8]. Nearly uniform amplitude reflec-
tions were obtained from each bend reflector for Case C, 
as shown in the Hilbert Transform in Figure 4. However, a 
uniform reflected signal strength was appropriate for mak-
ing multiple bent sensors [8]. Hence, Case C  was found 
to be a more suitable bend reflector configuration based 
on results obtained using the FEM approach, as shown in 
Figure 3c. Then, studies were carried out for the single-bend 
reflector in the waveguide while varying bend radii from 3 
mm to 12 mm, as shown in Figure 3b. Then, it was observed 
that as the radius decreased, the amplitude of the reflected 
signal increased, nearly equal to the end reflection for a 3 
mm radius. Hence, a 3 mm bend radius was found to be 
more suitable. Similarly, it was observed that the amplitude 
of the reference reflected signal increased from the rectan-
gular notch reflector (destructive type) while increasing 
the width of the notch from 0.3 mm to 1 mm, as shown in 
Figure 3a. Here, the strength of the reflected signals from 
the notch and waveguide end was nearly the same when the 
width of the notch was 1mm.

Table 2. Bend radii in different cases

Cases R1 R2 R3 R4 R5
Case A 1.5w 1.75w 2.0w 2.25w 2.5w
Case B 2.5w 2.25w 2.0w 1.75w 1.5w
Case C 3.0w 2.75w 2.5w 2.25w 2.0w
Case D 3.5w 3.25w 3.0w 2.75w 2.5w
All dimensions in mm. Note: width of the waveguide (w) = 3 mm.

Figure 2. Waveguides with (a) no reflector, (b) rectangular notches through the thickness, (c) single bend, and (d) multiple 
bends.
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Different ultrasonic reflectors (Fig. 2) were studied using 
the FEM approach to find a suitable ultrasonic reflector. It 
was observed that bend embodiments (non-destructive 

reflectors) were appropriate ultrasonic reflectors due to 
their reconfigurability and ability to tune the reflector’s sig-
nal strength based on our requirements, as shown in Figure 
3b and c. However, a single-bend reflector was initially pre-
ferred when designing the ultrasonic sensor to measure the 
waveguide materials’ temperature and elastic moduli.

Figure 4. Hilbert transforms different cases to determine suitable bend radii.

Figure 3. A-Scans of S0 wave for a waveguide with (a) rectangular notch (b) single bend, and (c) multiple bends.
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EXPERIMENTAL METHODOLOGY

At elevated temperatures, the properties of met-
als/alloys show significant variation. Periyannan et al. 
reported the variation of elastic moduli at elevated tem-
peratures of various metals/alloys [2]. Using cylindrical 
waveguides, they estimated the temperature-dependent 
Young’s and Shear modulus of Inconel-690, Copper, 
Aluminum, Kanthal, etc. Simmons and Van Echo had 
well-documented elastic moduli of various types of stain-
less steel [40]. This research work was intended to develop 
an ultrasonic strip waveguide sensor that could be uti-
lized to estimate temperature-dependent Young’s mod-
ulus. Here, a rectangular cross-section (strip) waveguide 
was used, which provides better surface contact with the 
transducer surface than cylindrical waveguides. FEM 
simulation studies on various reflector embodiments sug-
gested that bend reflectors with appropriate bend radii 
were more suitable based on the reflected signal’s ampli-
tudes of A-scan plots, as shown in Figure 3 and Figure 4. 
The strip waveguide (with bend) approach was followed 
for estimating the temperature and temperature-depen-
dent Young’s modulus of waveguide material. An SS304 
strip waveguide with an L-bend (which acts as a sensor 
region) was used for experiments. The straight portion of 
the waveguide was 925 mm, and the bend portion was 75 
mm long. The technique is illustrated in Figure 5 through 
a schematic diagram of the experimental setup, where we 
can see the strip waveguide coupled to the shear trans-
ducer (Olympus, V151, 500 kHz, 1-inch diameter, USA) 
at an angle of 0° to excite the S0 wave mode and the shear 
transducer further connected to a personal computer and 
analog to digital converter as well as to record the data 
using Pico-Scope. Using silicone grease couplant at one 
end of the waveguide avoids air gaps between the trans-
ducer and the waveguide. We used a pulse-echo approach 
to transmit and receive S0 wave mode in the waveguide 

using JSR Ultrasonic DPR 300 and Pico Scope 3000 series, 
respectively. During the experiments, control parameters 
were input voltage 475 V, gain 36 dB, bandpass filter 0-7.5 
MHz, pulse-echo frequency 250 kHz, and 100 MHz sam-
pling rate.

The waveguide was exposed inside the tempera-
ture-controlled furnace with the L-bend as a measurement 
point. A thermocouple was co-located with the sensor 
region to record temperature data at uniform intervals. 
The transducer was fixed outside the furnace to avoid dam-
age due to high temperature. A bend radius of 3 mm was 
found to be better for a single-bend sensor design (L-bend) 
from the FEM simulation study using different bend radii, 
as shown in Figure 6a. Rose documented the ultrasonic S0 
wave propagation in waveguides [38]. And S0 velocity was 
ensured under the non-dispersive region with the help of the 
Dispersion calculator [42]. Experiments were carried out at 
room temperature with different bend radii. The results of 
the simulation studies and experiments were in good agree-
ment, as depicted in the A-scan signals (Fig. 6a-b). Here, 
the ultrasonic reflection was reduced from the bend while 
the bend radius was increased, and simultaneously, the end 
reflection was increased. If the bend radius decreased, then 
ultrasonic reflection from the bend was increased, and end 
reflection was decreased, which can be observed from FEM 
studies and experimental studies, as shown in Figure 6c-d, 
and finally, observed that a bend radius of 3 mm to 4.2 mm 
was appropriate to make an optimum bent reflector. Air 
was the surrounding medium in the furnace, whose physi-
cal properties were known a priori. The ultrasonic parame-
ter’s difference in time of flight (δToF) was used to calibrate 
the sensor. We evaluated the δToF by a peak tracking algo-
rithm on reflected signals obtained from the bend and end 
of the waveguide at different temperatures, as reported by 
Periyannan [2]. 

Figure 5. (a) Schematic diagram of the experimental setup, (b) bent waveguide.
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RESULTS AND DISCUSSION

Experiments were performed in a range of temperatures 
from 30 °C to 630 °C using a furnace. At an interval of every 
10 °C, A-scan signals were obtained at different tempera-
tures due to S0 wave mode reflection from the bend and end 
of the waveguide. A clear time/phase shift was observed in 
A-scan plots due to the changing behaviors of ultrasonic 
waves at different surrounding temperatures and thermal 
expansion of waveguide material, as shown in Figure 7, 
reflected signals shifting towards the right with the increase 
in temperature from 30°C to 600°C. A peak tracking algo-
rithm was employed to estimate δToF using equations (2) 
and (3).

	 ToFo = (ToFe - ToFb)	 (2)

	 δToFi = [(ToFei - ToFbi) – (ToFe - ToFb)]	 (3)

Where, ToFe, b – Time of flight from end (e) and bend (b) at 
room temperature
ToFei, bi – Time of flight from the end (e) and bend (b) at the 
instantaneous temperature

ToFo – Difference in time of flight from the end and bend at 
room temperature	
δToFi – Difference in time of flight at instantaneous 
temperature.

A thermocouple was co-located near the bend region 
to collect the temperature data throughout the experiment. 
The ultrasonic sensor was calibrated using the δToF and 
thermocouple data at various time instants. The co-located 
thermocouple and waveguide sensor’s δToF measurements 
were used to calibrate the sensor for surrounding tempera-
ture measurement. We conducted multiple experiments, 
and the data from all three experiments were in close agree-
ment, ensuring repeatability evident from the calibration 
curves of all three experiments, as shown in Figure 8 (a).

 Periyannan measured Young’s modulus (E) of cylin-
drical waveguide materials based on L (0,1) wave mode at 
various temperatures and reported the empirical constant 
“A=2.5” suitable for cylindrical waveguides. [2]. In this 
work, the Ei of a strip waveguide was measured using equa-
tion (4) based on the S0 wave mode. The empirical constant 
fund A =2 for the strip-like waveguide material while com-
paring (Ei vs Ti) with the literature. 

Figure 6. (a) Simulation A-scans, (b) experimental A-scans, (c) simulation amplitude decay with bend radii, and (d) ex-
perimental amplitude decay with bend radii.
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(4)

Here, Ei - Young’s modulus at instantaneous temperature
Eo - Young’s modulus at room temperature (195 GPa).
The sensor was calibrated based on temperature-depen-

dent E measurement using ToF and δToF data in equation 
(3). The calibration curve is shown in Figure 8b.

Equation (5) denotes the calibration equation for tem-
perature sensing, where “y” denotes temperature and “x” 
denotes δToF. Equation (6) denotes the calibration equa-
tion for temperature-dependent Young’s modulus estima-
tion for the waveguide material (SS304) using an ultrasonic 
strip waveguide sensor, where “y” denotes Young’s modu-
lus and “x” denotes temperature. The error was calculated 

using equation (7). Ei computed using equation (4) was 
compared to the Ei given in literature data [40].

	 y = -12.92x2 + 185.02x +42.18	 (5)

	 y = -2.00e-5x2 – 0.061x + 197.10	 (6)

	 	  (7)

Table 3 shows the % error in measuring Ei at various 
temperatures using a strip waveguide sensor compared to 
the literature data from ASTM [40]. The results were com-
pared to the recent technique and available ASTM liter-
ature [2, 40]. The maximum error observed using a strip 
waveguide was 3 %, whereas the maximum error for the 
cylindrical waveguide sensor was 6.2 % [2]. Strip waveguide 

Figure 8. Calibration curves (a) δToF vs. Temperature, and (b) Temperature vs. Young’s modulus.

	

Figure 7. Phase and time shifted A-scan signals at 30°C, 300°C, and 600°C.
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sensors’ lower and upper error limits were 0.03 % and 3 
%, respectively. Also, the observed error difference in both 
techniques may be due to experimental settings, the type 
of material/compositions, the initial E0 values, and their 
geometries [43].

Since bend reflectors are non-destructive, material 
removal (notches) is not required to make ultrasonic reflec-
tors. Hence, the waveguide is not permanently damaged but 
is reconfigurable and reusable. The intensity of the reflected 
signals can be tuned by varying the bend radius for sensor 
design. Especially using long waveguides with more bends 
for distributed temperature sensing. The effect of tem-
perature gradient can be negligible in the horizontal bend 
region, which can be a better sensor [8]. 

CONCLUSION

We developed an ultrasonic strip waveguide sensor 
based on a symmetric wave mode to measure the elastic 
modulus and the surrounding medium temperature. The 
notch and bent reflectors were studied using the SS304 strip 
waveguide using the finite element method approach. The 
different bend radii were simulated using the finite element 
method approach to obtain a suitable bend radius and were 
compared to experimental studies. The bend radius of 3 
mm was more appropriate, corresponding to the wave-
guide thickness for obtaining better signal reflection from 
the bend reflector. A thermocouple was placed in the bend 
region to monitor the temperature data at various intervals. 
We calibrated the sensor based on thermocouple data and 
the flight time difference. Then, the ultrasonic sensor’s dif-
ference in time of flight and time of flight data were used 
to measure the temperature-dependent elastic modulus 
of the waveguide material at different temperatures. An 
empirical equation was obtained for the sensor by measur-
ing the temperature-dependent elastic modulus at various 
temperatures. The measured Ei was compared to the avail-
able literature data and recent techniques; it was found to 
be in good agreement, and the error was ≤ 3 %. Multiple 
experiments were conducted to develop the ultrasonic 

temperature sensor and the E measurement as a function of 
temperature. The empirical constant “A=2” was found for 
strip waveguide material, and it was appropriate for eval-
uating the measure of the temperature-dependent elastic 
modulus of the material. Also, the sensor’s repeatability was 
observed from multiple trials. 

The ultrasonic sensors are more suitable in highly flam-
mable or hazardous regions, such as furnaces for steel and 
glass melting industries. The stiffness of high-temperature 
materials/metals can be measured using this ultrasonic strip 
waveguide sensor concept for high-temperature industrial 
applications. A waveguide with multiple bend reflectors 
can also measure the hot chamber’s distributed tempera-
ture. The further scope of ultrasonic waveguide sensors 
using bend reflectors includes optimizing bend designs 
and exploring advanced materials to enhance sensor per-
formance at high temperatures. Multiple thermocouple 
measurements can be done using a single wire (any solid/
elastic medium) acting as a waveguide with the distributed 
sensors: a simple concept and cost-effective technique for 
measuring multiple parameters simultaneously. Also, the 
ultrasonic sensor has no junction that can fail. This sensor 
concept can be extended to real-time monitoring systems 
for structural health, temperature sensing in power plants 
and oil industry pipelines, and non-destructive testing for 
monitoring various industrial components. Efforts toward 
commercialization and scalability will make this technol-
ogy more accessible and impactful across diverse fields in 
industrial applications.
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400 166 169 2.0 168 1.2
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