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Acoustic field visualisation using local absorption of ultrasound and thermochromic
liquid crystals

0. Trushkevych®?*, M. Turvey?, D.R. Billson?, R. Watson?, D.A. Hutchins® and R.S. Edwards?"
1School of Engineering and 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK
Abstract

Acoustic field and vibration visualisation is important in a wide range of applications. Laser vibrometry is
often used for such visualisation, however, the equipment has a high cost and requires significant user
expertise, and the method can be slow, as it requires scanning point by point. Here we suggest a different
approach to visualisation of acoustic fields in the kHz — MHz range, using paint-on or removable film sensors,
which produce a direct visual map of ultrasound displacement. The sensors are based on a film containing
thermochromic liquid crystals (TLC), along with a backing/underlay layer which improves absorption of
ultrasound. The absorption generates heat, which can be seen by a change in colour of the TLC film. A
removable sensor is used to visualise the resonant modes of an air-coupled flexural transducer operated
from 410 kHz to 7.23 MHz, and to visualise 40 kHz standing waves in a Perspex plate. The thermal basis of
the visualisation is confirmed using thermal imaging. The speed and cost of visualisation makes the new
sensor attractive for use in condition monitoring, for fast assessment of transducer quality, or for analysis of
acoustic field distribution in power ultrasonic systems.

1. Introduction

Ultrasound is commonly used in many applications,
from medical inspection and treatment through to non-
destructive testing (NDT). In each field, quick and
effective ways to visualise ultrasound fields are
necessary. For example, in the aerospace, automotive
and electronics industries, visualisation of how
ultrasound travels in the vicinity of defects can help to
develop new condition monitoring and NDT techniques
and aid understanding of how sound interacts with
defects [1]. In materials research and development, as
well as for high power industrial ultrasonics, and
medical diagnostic / therapeutic ultrasound, imaging of
the wavefield generated by the transducers used can
ensure that they are effective and operating at the
correct frequency. This requires measurements to be
done on the transducer and in the air to measure e.g.
focal points and vibration frequencies [2].

The gold standard for visualisation of ultrasound and
vibration is currently laser vibrometry [3,4,5], where a
laser beam is scanned over the sample surface and the
displacement or velocity of the surface is measured at
each position. Laser vibrometry offers high lateral
resolution and sensitivity to nm displacements,
however, the cost is high, and the point-by-point
scanning puts limitations on the measurement speed.

* o.trushkevych@warwick.ac.uk
*r.s.edwards@warwick.ac.uk

Current commercial systems can probe vibrations with
frequencies of up to 2.4 GHz, but measurements at
higher frequencies are difficult, and systems operating
above 1 MHz are significantly more expensive.
Vibrometry measurements are conducted on the
surface of a sample, with some constraints on surface
finish, and the technique is not suitable for testing beam
profiles in air. Hydrophones or microphones can be
used singly or in arrays for point-by-point scanning, for
measurements in air or water. These have limited
lateral resolution due to the microphone size, and so
are not always suitable.

A third method of ultrasound mapping is
acoustography, which has been developed to map
ultrasonic fields in a water bath [6]. The sensitive
element is a layer of aligned nematic liquid crystal (LC)
held between crossed polarisers [7]. For NDT
measurements, a sample can be placed between a
transducer generating ultrasound plane waves and the
LC sensor, which changes optical properties depending
on the amplitude of ultrasound reaching each point on
the sensor. This gives a visual image of how the
ultrasound has propagated through the material,
indicating the presence of defects by shadows in
blocked regions, in a similar manner to radiography. The
technique allows imaging over an area of several cm?,
and when compared to conventional ultrasonic scans
(C-scans), it has been reported to have higher
resolution, offering almost real-time imaging speed,
and comparable [8-10] or superior defect detection
1



capability [11]. However, acoustography requires a
setup with ultrasound at oblique incidence to the
sensor, and is currently limited to operation at 3.3 MHz,
and must be done in a water bath, limiting sample size.

Thin film removable sensors and paint-on ultrasound
sensors which can give an image of ultrasound
wavefields similarly to acoustography are an attractive
concept for a variety of applications, particularly for
wavefield imaging, as they would offer a much simpler
inspection, without the need for a water bath. Earlier
research has developed film sensors based on nematic
LC droplets dispersed in a polymer film, which could be
applied to a material for imaging ultrasound vibrations
[12-14]. In these materials, the LC has a different
refractive index depending on whether or not it is
aligned, and the polymer’s refractive index is chosen to
match that of the aligned LC state. An applied field such
as ultrasound can turn the film from scattering
(unaligned) to clear (aligned), leading to cleared regions
on the sensor where the ultrasound amplitude is
sufficient to align the LCs within the droplets. These
polymer dispersed LC films (PDLC) were demonstrated
to visualise displacement patterns of an air-coupled
ultrasound transducer at 320 kHz — 10 MHz when
placed onto the transducer. However, the dynamic
range of the film is small, with almost on-off switching
characteristic, and increased sensitivity is required.

A different class of LC called thermochromic liquid
crystals (TLC) offers potential for improved thin film
sensors [15]. These materials display a temperature-
dependent structural colour, and are used extensively
in simple visual forehead thermometers. The colour
comes from the helical structure into which the
molecules in the LC state assemble. Light is selectively
reflected from the helix (Bragg diffraction), and as the
helical pitch changes with temperature, so does the
colour of the TLC. The helical pitch and the temperature
range in which it scatters light in the visible range can
be controlled by careful choice of the composition of
the LC mixture. TLC sheets for temperature mapping are
commercially available for a variety of temperature
ranges [16]. The sheets contain droplets of TLC that are
encapsulated and embedded into a polymer sheet with
a black background for contrast. Water based paint-on
TLC inks are also available [17].

The use of TLC for mapping ultrasound was first explored
in the 1970s [18-21], mainly for ultrasound beams in a
water bath, with applications limited as TLC-loaded
polymer sheets had not been developed. The TLC layer
was painted onto a bath window, or TLC-coated plates
were placed inside the water bath. In the late 1970s

research on using LCs to map ultrasound shifted towards
using nematic LCs [21], because nematic LCs, being
directly sensitive to pressure, were more sensitive in the
water bath arrangements used at the time, leading to the
development of acoustography [22]. TLCs have been
revisited more recently for beam profile mapping, again
in water baths [23,24,25], with similar measurements
performed using plates with thermochromic dye (not
TLC) [26,27]. The mechanism behind the ultrasound
visualisation in TLC is thermal. Local absorption of
ultrasound in the TLC film leads to vibrational energy
being converted to heat, with the local heating visible as
a colour change. When the TLC film is placed in a water
bath, water’s high thermal conductivity reduces the
thermal contrast significantly, and hence this is a very
ineffective way of operating a TLC sensor. This may
explain why the technology has not become widely
used.

In this work we apply a new, removable film sensor,
based on a TLC film with an absorbing underlay to a
variety of samples. The resonances of an air-coupled
flexural transducer are imaged over a wide frequency
range, with the thermal basis of the imaging confirmed
by applying just the absorbing underlay to the transducer
and using thermal imaging. In addition, operation at very
low ultrasonic frequencies (40 kHz) is demonstrated by
imaging standing waves in a thin Perspex plate. The new
sensor is removable and reusable, offering an alternative
to the current expensive and slow methods for wavefield
imaging, with the potential to be used on a sample or in
air or water.

2. Methodology

Compound sensors were produced by adhering the TLC
film to an elastic underlay (backing layer) which
improved energy absorption, and ensured that the film
had sufficient sensitivity to the ultrasound displacements
used. TLC films are available commercially with different
operating temperatures and sensitivity range, and a
suitable underlay was chosen following tests of different
commercially available materials. A set of differently
sized compound sensors were produced, with the size
dependent on the application. TLC films operating over a
temperature range of 25-30°C were obtained from Eliott
Scientific, with the sheet changing from red to blue over
this temperature range with a black background to
provide contrast. This was chosen to enable detection at
room temperature, with a sensitivity range suitable for
the expected amount of heating due to absorption of
ultrasound. Note that room temperature was around
21°C but was not strictly controlled, to ensure conditions
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matched those in which the sensors would be used. Each
sensor is removable and reusable.

The films were placed onto several different samples in
order to demonstrate different applications. A flexural
ultrasound transducer with a fundamental resonance
mode at 40 kHz was used as a generator in order to test
the sensitivity of the compound sensor to ultrasonic
vibrations of different frequencies. This was operated
over a frequency range of 320 kHz — 10 MHz, which
offered a set of higher order resonant modes with
interesting vibration patterns. The transducer contained
a 9 mm diameter piezoelectric element glued onto an
aluminium cap which was 25 mm in diameter [28]. The
transducer was excited by a continuous sine wave using
a function generator and a 25 W RF power amplifier.
Imaging of higher frequency vibrational modes of this
transducer using a laser vibrometer and a nematic LC
based film sensor was reported earlier [12, 13]. TLC films
with and without underlay were coupled to the face of
the flexural transducer with ultrasound coupling gel
(Ultragel). A schematic of the set-up is given in figure
1(a). Measurements were also performed with the
elastic underlay applied directly to the transducer face
without TLC film. For this set-up the heat generation in
the underlay was measured directly using a Cedex
Titanium 20 thermal camera with 320x240 pixels
resolution and 0.1K sensitivity.

() T — et
sensor -

Backing layer

Aluminium cap
Couplant/ Piezoelectric element Flexural
Glue 9 mm ultrasonic
transducer
25 mm
Ultrasound horn
(b) 40kHz
TLC sheet Gel
Backing couplant
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Perspex plate
Shear pexp

couplant

Figure 1: Experimental set-ups for the compound sensor, for (a)
measurement of the vibrations of a flexural ultrasound transducer,
and (b) measuring standing waves on a Perspex plate.

The resonances of the flexural transducer were analysed
using a finite element model (FEM, using PZFlex) and an
Intelligent Optical Systems (I0OS) two-wave mixer
interferometer pointed at the centre of the transducer,
in order to measure the expected displacements of all
modes. The model data was taken from the sum of the
Fourier transforms for a line of elements across the

centre of the transducer and will show asymmetric and
axisymmetric modes, while only axisymmetric modes
where there is significant displacement at the centre
would have been captured by the interferometer.
Results from both are shown in figure 2, where a series
of peaks show that the amplitude of the displacement
varies depending on the mode and the frequency with
higher amplitudes generally observed at lower
frequencies. A Polytec laser vibrometer was also used to
map one of the high order modes of the flexural
transducer without the compound sensor in place, to
confirm the displacement behaviour pattern observed.

For low frequency experiments, an ultrasonic horn 40
kHz (Sonics Ltd.) with a power supply unit was used
(figure 1(b)). This was applied to a 3mm thick Perspex
plate in order to generate Lamb waves [29]. The horn
was placed in different positions on the plate and was
recoupled using ultrasound gel for each position. The
compound sensor formed from a TLC sheet with elastic
underlay was coupled to the Perspex plate using shear
couplant, so that both the out-of-plane and in-plane
displacement characteristic of Lamb waves was coupled
into the TLC sheet. The compound sensor was placed so
that the sensor protruded over the edges of the plate.
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Figure 2: Resonant frequencies of flexural transducer measured by
laser interferometer and calculated using FEM.

3. Results and discussion

Figure 3 shows imaging of the 720 kHz, 11:0 vibrating
plate mode of the transducer using different techniques.
Figure 3(a) shows a measurement using the laser
vibrometer, scanned across the face of the transducer,
which took around 8 hours to complete (previously
reported in [12]). The vibrational pattern is shown as a
number of rings of higher displacement amplitude, with
yellow representing the largest positive amplitude
(peaks) and dark blue the largest negative amplitude
(troughs). There are 6 peaks and 5 troughs, hence 11
nodes. The central spot has the largest amplitude.
Imaging using the vibrometer allows the positive and
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negative vibration amplitudes to be distinguished,
whereas the compound sensor only images the
magnitude of the vibration, leading to the positive and
negative resonance rings both showing as bright rings.
Figure 3(b) shows the same mode imaged using the
removable compound TLC sensor placed onto the
transducer and coupled using gel. Again, a series of rings
are observed, with the largest amplitude shown for the
central spot. As the TLC sensor measures the magnitude
of the displacement rather than absolute value, the
maxima and minima both are shown as 11 bright rings.
Non-uniformity of the rings is observed for both images.
This is due to mode mixing with nodal-line modes, and
non-uniformity of the transducer due to variability of the
cap thickness and piezoelectric element, with the largest
contribution likely to come from the irregularities of the
glue bond between them [30].

y-position (mm}
Displacement (nm)

o

5 0 5
x-position (mm)

Figure 3: 720 kHz (vibrating plate mode 11:0) resonance of the air
coupled transducer with 25mm diameter, driven at 1W, imaged
using (a) laser vibrometer measurement (8-hour scan); (b) TLC sensor
on the transducer, with elastic film underlay, coupled with
ultrasound gel (2 s); (c) Thermography, with transducer coated with
black paint for even IR emissivity, with the section below the dashed
line covered with the elastic underlay.

Photographs showing the sensing capabilities of TLC
sensor with backing when placed on a flexural
transducer, for a variety of frequencies from 410 kHz to
7.23 MHz, are given in figure 4. Circular patterns covering
the whole face of the transducer were observed at all
frequencies, although some wavemodes had a much
stronger pronounced central displacement, such as the
mode shown in figure 5(b). This contrasts with our work
on PDLC [13,14], where only the central displacement
could be visualised at frequencies above 1 MHz; this is
due to the increased sensitivity of the TLC compound
sensor when using a suitable underlay.

O

2.43 MHz

410 kHz 2.66 MHz

4.75 MHz

7.23 MHz

Figure 4: Visualisation of displacement of the higher vibrational
modes of a flexural transducer (a-e) using thermochromic liquid
crystal.

Resonances are clearly observed over a wide range of
frequencies. For lower frequencies the correct number
of rings are observed, while at higher frequencies the
resolution of the film is limited by the thermal
conductivity of the aluminium cap and thermal diffusion
within the TLC sensor [31]. The smallest observable
distance between two resolved antinodes in figure 5 is
1.2 mm, suggesting sub-mm resolution may be possible
with these sensors. The switching speed of TLC sensor
films can be as fast as milliseconds [15], and in our
experiments the time until a suitable image is obtained
is governed by the starting temperature of the
transducer, the TLC film temperature sensitivity range,
and the acoustic intensity for a given frequency (the
amount of energy available for absorption that drives the
local heating). The “on” and “off” times were 1-2 seconds
(measured based on the video of switching; the video in
real time is available as supplementary data).

2550

2525+

25.00 -

24.75 -

Temperature (°C)

2450 -

2425

24.00
0
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Figure 5: Temperature plot extracted from 720 kHz image excited at
2 V. No underlay to the left of the dashed line.



The mechanism behind the visualisation in the TLC
sensor is thermal. All transducers heat up in operation,
but the heating for the transducer used here is relatively
uniform due to the very high thermal conductivity of the
aluminium cap; this was shown in figure 4 of reference
[12]. Such heating does not produce the patterns
observed here. However, local absorption of ultrasound
within the sensor (both the underlay and the TLC) leads
to local heating, which can be observed by the change in
colour of the TLC film. To confirm this effect,
thermography was performed on the transducer without
the TLC film. The transducer face was coated with black
paint to ensure even IR emissivity, with a piece of elastic
underlay film covering just over half of the transducer
face. The result is shown in Figure 3(c), with the edge of
the underlay marked by a dashed line; above the line (no
underlay) the temperature is fairly constant, while the
same series of bright rings are observed for the underlay
(below the line). Figure 5 shows the temperature profile
of the 720 kHz resonance for a line taken through the
centre of the transducer, passing through a region with
no underlay (above the dashed line) through the centre
and to a region where peaks are observed. The
transducer surface (no underlay) shows a very small
amount of heating across the transducer face, but heat
is produced in the underlay, with a maximum
temperature rise of around 1.25°C at the centre. The
series of peaks in temperature increase observed using
this technique matches the ring positions observed using
the TLC (figure 3(b)), confirming that the rings are caused
by heating. Further heating will also occur in the TLC film,
ensuring that the overall temperature rise is sufficient to
change the colour of the TLC.

The heating observed in the TLC is a function of the
frequency (wavelength) of the ultrasound, the
displacement at the surface, the efficiency of ultrasound
absorption (which is worse at higher wavelengths), and
the chosen TLC temperature range and room
temperature. TLCs are viscoelastic and effective
absorbers of ultrasound, in particular at MHz
frequencies. A frequency-dependence to the efficiency
of the heating is expected; the longer the wavelength,
the “thinner” the TLC film is relative to the wavelength,
so less energy can be absorbed. The speed of ultrasound
propagation in a typical LC is 1500 m/s [32]. At 1 MHz,
the ultrasound wavelength in TLC is approximately 1.5
mm, while at 5 MHz it is 300 um, and at 40 kHz it is 37.5
mm. Therefore sensitivity is expected to be higher for
higher frequencies. However, the resonance amplitudes
of the transducer drop off at higher frequencies (shown
in figure 2), hence for this transducer the sensor shows
the most thermal contrast for the 2-3 MHz modes.

Our previous work using PDLC sensors showed that
clearing was efficient for frequencies over 2 MHz, but
that for sub-MHz frequencies a very large displacement
was required for clearing [12]. However, lower
frequencies are used for some NDT applications,
including frequencies from around 40 kHz for inspection
of defects on the surfaces of plates and billets [33], and
operation using just the TLC layer is not possible for such
low frequencies due to the wavelength of ultrasound
within the TLC. Previous researchers have used a layer of
paraffin with a TLC paint to act as an absorbing layer to
improve sensitivity [20]. In this work, the underlay takes
the same role, allowing the sensor to be removable and
reusable. Figures 3(b) and 4(a) show that the compound
sensor works efficiently down to frequencies in the
hundreds of kHz range, a significant improvement over
the PDLC sensors.

In order to demonstrate operation at lower frequencies
an alternative set-up was used, which offered large
enough displacements at 40 kHz, and also enabled both
in-plane and out-of-plane displacements to be detected.
An ultrasonic horn was applied to a Perspex plate and
standing Lamb waves were generated, with Perspex
chosen due to its acoustic properties and low thermal
conductivity. Figure 1(b) shows the measurement set-up
used, with figure 6 showing the positioning of the horn
and the standing wave pattern expected. The Perspex
plate was 3 mm thick, and at this thickness the
frequency-thickness product is very low: 0.12 MHz*mm.
In this region only two Lamb wavemodes are supported:
So and a highly dispersive A,. The horn was placed at
approximately 49 mm from the sample edges, and
moved around until a standing wave was obtained.

Point source

wavefront
«——

— 7/ Standing wave pattern

Figure 6: Measurement set-up for imaging Lamb waves in Perspex
plate.

Figure 7 shows the results obtained once a standing
wave was formed. The laboratory was at a higher
temperature than is optimal for the TLC sensor, but a
standing wave image was still obtained, shown as green
stripes on a red background in figure 7(a). The image was
processed and hue extracted for better visibility, with the
processed results shown in figure 7(b). Despite the non-
optimal experimental conditions, a standing wave
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pattern can clearly be seen. By measuring the distance
between peaks, a wavelength of 7mm *1mm was
estimated. This corresponds to the A; mode (velocity 280
m/s for Perspex), which is predominantly out-of-plane at
this frequency-thickness. The edges of the sample, and a
temperature increase measured outside of the sample
edges, can also be seen. The mechanism behind the
heating observed away from the plate is currently being
investigated.

4. Conclusions

We have demonstrated the use of removable TLC-based
sensors for visualisation of vibration over a broad
frequency range, with operation demonstrated between
40 kHz and 7.23 MHz. The lateral resolution of the
sensors allowed detailed characterisation of ring-like
wavemodes on the face of a flexural air-coupled
transducer, with resolution of at least 1 mm. The
switching speed of the sensors is 1-2 seconds, with the
exact timing dependant on the experimental
arrangement, ultrasound power, and environmental
factors. The speed of visualisation at much lower cost
compared to vibrometry makes the new sensor
attractive for use in condition monitoring, for fast
assessment of transducer quality, or acoustic field
distribution in power ultrasonic systems.

\
8

Figure 7: Visualisation of standing Lamb waves on a Perspex plate
using TLC sensor, showing (a) green stripes on red background, (b)
processed image extracting hue for better visibility.

The TLC based sensors do not require external power and
will be compatible with robotic vision, with ongoing work

focused on converting a photograph to a heatmap to
quantify the temperature increase across the sensor, as
an alternative to thermal imaging [30]. The suggested
visualisation method is a fast and low-cost alternative to
laser vibrometry, or could be used as an addition to
vibrometry for quick tests, for example when choosing
which area on the sample to scan. The suggested
approach to ultrasound visualisation will be synergistic
with thermosonics [34-36] — where defects are detected
through local heating of a surface crack due to its edges
rubbing together when excited by ultrasound.
Thermography, which is widely used for defect detection
in NDT, could also be performed using the same film
sensor, without the need for a thermal camera.
Alternatively, thermal imaging could be used for acoustic
field imaging when the absorbing underlay is applied to
a sample; however, this is at significantly increased cost
compared to the TLC compound sensor.

The use of a compound sensor comprising TLC film plus
an absorbing underlay allows operation at much lower
frequency than has been obtained previously when using
PDLC sensors. The temperature of operation is solely
dependent on the choice of TLC and underlay materials,
with high temperature inspection possible with suitable
choices. Future work will aim to extend the frequency
range of the technique by investigating sensitivity for
different material choices, with the aim to push
detection capabilities towards the audible range. The
sensors offer significant promise for visualisation of
different wavefields. Kagawa [19] has shown that in-
plane displacement (shear waves) can be detected
through the use of viscous couplant and heating due to
rubbing inside the couplant. This is highly promising to
develop further as shear waves are widely used in NDT,
but are much more difficult to map with vibrometry, and
a wavefield imaging technique that will work for purely
in-plane motion will be of great interest.
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Acoustic field visualisation using local absorption of ultrasound and thermochromic liquid crystals

Authors: O Trushkevych, M Turvey, DR Bilson, R Watson, DA Hutchins and R.S. Edwards

e A passive sensor for ultrasound based on thermochromic liquid crystals (TLCs) is introduced.

e Its use for characterising ultrasound sensors and for visualising wavefields in plates is
presented and explained.

e The sensor offers the potential for immediate visualisation without the need for scanning,
and can be applied directly onto a sample or in air. No water bath is required.

e Ultrasound is visualised via local heating of the TLC and an absorbing backing layer.
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