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Abstract 

Temperature estimation is a fundamental step to assess the efficacy of thermal therapy. A 
thermochromic material, sensitive within a temperature range of 52.5 °C - 75 °C has been 
developed. The material is based on PVA cryogel with the addition of a commercial 
thermochromic ink. It is simple to manufacture, low cost, non-toxic and versatile. The thermal 
response of the material was evaluated using multiple methods, including immersion in a 
temperature-controlled water bath, a temperature-controlled heated needle and High 
Intensity Focused Ultrasound (HIFU) sonication. Changes in colour were evaluated using both 
RGB maps and pixel intensities. Acoustic and thermal properties of the material were 
measured. Thermo-Acoustic simulations were run with an open-source software and results 
were compared with the HIFU experiments, showing good agreement. The material shows 
good potential for the development of ultrasound therapy phantoms.  

Keywords: phantom, thermal ablation, thermochromic material, High Intensity Focused 
Ultrasound, quality assurance
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Introduction 

Thermochromic materials change colour with temperature. The change can be either 
reversible or permanent. They have been used to manufacture phantoms supporting studies of thermal 
therapies involving ultrasound, electromagnetic, radiofrequency, microwave, or optical radiation 
(Dabbagh et al. 2014a). Reversible changes have been obtained, for example, using thermochromic 
pigments (Butterworth 2012) or non-ionic surface-active agents, such as N-isopropylacrylamide 
(NIPAM) and PolyNIPAM (Dabbagh et al. 2014b). 

Permanent changes in colour allow examination of the samples after an exposure, at the 
expense of showing only the maximum temperature reached in the experiments. Silicone-based 
materials have been developed (Costa et al. 2016), but polyacrylamide-based gels, formed of 
acrylamide monomer cross-linked using a polymerization agent, are the most common base for 
thermochromic materials (Choi et al. 2013). One of the concerns about these materials is that, whilst 
polyacrylamide is safe, its monomer is a neurotoxic substance, likely to be carcinogenic (Besaratinia and 
Pfeifer 2007). 

Natural proteins such as Bovine Serum Albumin or Egg Albumin are commonly used as thermo-
sensitive agents, to produce gels which are optically transparent. In recent years, thermochromic inks 
such as MB Magenta NH 60 °C concentrate (LCR Hallcrest, LLC, USA) have found application for both 
electromagnetic (Mikhail et al. 2016; Negussie et al. 2016) and ultrasound thermal phantoms (Eranki et 
al. 2019). The materials lose their transparency, but the colour change is gradual over a temperature 
range (usually around 10-20 °C).  

Polyvinyl Alcohol (PVA) is a water-soluble synthetic polymer that can be manufactured into a 
crosslinked hydrogel with repeated freeze-thaw cycles. Because of its tuneable acoustic and physical 
properties, several ultrasound tissue-mimicking materials have been developed using different PVA-
based recipes (Chu and Rutt 1997; Surry et al. 2004; Dineley et al. 2006; Cournane et al. 2010; Cannon 
et al. 2011; Ramnarine et al. 2014; Kokkalis et al. 2015; Zhou et al. 2017; Brüningk et al. 2019). The 
physical properties of the final cryogel depend on evaporation during mixing, freezing temperature, 
freezing holding time, thawing rate and number of freezing/thawing stages (Peppas and Stauffer 1991; 
Stauffer and Peppas 1992).  

In this work we present a new permanent colour change thermochromic material based on 
PVA (TC-PVA). The benefits of using PVA include low cost, non-toxicity and the easiness of 
manufacturing it when compared to other gels as acrylamide (Eranki et al. 2019; Mikhail et al. 2016) 
and also the capability to produce large volumes.. Furthermore, before crosslinking, PVA is liquid at 
room temperature and can easily be mixed with thermochromic inks, as opposed to agar-based or 
gelatin-based materials. The acoustic and thermal properties were measured, and the colour change 
and melting point analysed. The size of lesions obtained by various exposures to a characterized focused 
ultrasound field was compared with acousto-thermal simulations.  

 

Materials and methods 

Preparation of the TC-PVA 

The material is prepared using components listed in Table 1. With the exception of the 
thermochromic ink, all the components were mixed in a beaker and stirred continuously using a 
hotplate stirrer at approximately 700 rpm. The beaker was covered with aluminium foil to minimise 
evaporation, and the mixture was slowly heated to a temperature of 95 °C ± 1 °C. A thermocouple was 
used to monitor the temperature while the compounds were stirred at the target temperature for 30 
minutes. The solution was then allowed to cool down unstirred at ambient room temperature. Once 
cooled, the thermochromic ink (Kromagen Magenta MB60-NH) was added and the mixture was 
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manually stirred gently to avoid bubble formation for a further 5 minutes. Finally, the solution was 
poured into dedicated moulds which were placed inside a commercial freezer with a timer to enable 5 
freeze-thaw (Stauffer and Peppas 1992). Each cycle lasted 48h (24h ON – 24h OFF). Custom built 
moulds, of internal diameter 55 mm and two different heights of 20 mm and 30 mm, were used for the 
manufacturing of samples for acoustic and thermal measurements. Commercially available propylene 
tubes (Fisher Scientific, Leicestershire, UK) of internal diameter 25 mm and height of 115 mm were 
used to manufacture the samples for thermal response measurements. 

Table 1: List of components and concentrations by weight percent (wt %) for the new TC-PVA. 

Component Concentration (wt %) Supplier  

Deionised water 76.50  ----  

Polyvinyl Alcohol 

(99+% hydrolysed, Mw 89000-98000) 
10 Sigma-Aldrich 

 

Glycerol (99+%, extra pure) 8 Acros Organics  

Benzalkonium chloride  

(50 wt% aqueous solution) 
0.5 Acros Organics 

 

Kromagen Magenta MB60-NH 5  LCR Hallcrest LTD  

 

Thermal response 

To assess the relationship between temperature and colour change, an adaptation of the 
method described by Eranki et al. (2019) was used. The propylene tubes (Fisher Scientific, 
Leicestershire, UK) containing 20 mL of PVA based thermochromic material (TC-PVA) were submerged 
in a temperature-controlled water bath for fifteen minutes at temperatures ranging from 50 °C to 65 °C 
± 1 °C. The tubes were removed from the water bath and allowed to cool down to room temperature 
(20 °C) before colour analysis.  

An image of the different tubes was taken using a 12MP camera and a 240 by 164 pixel Region 
of Interest (ROI) for each tube was analysed in MATLAB (Mathworks, MA, USA). The average values and 
the standard deviation of red, green and blue intensities in the ROIs were calculated and compared. 

The material melting point was assessed using the setup shown in Figure 1. The extremities of 
a needle were connected to the terminals of a 180 W digital power supply (RS Components LTD, 
Northants, UK). When electric current flows through the needle, electric energy is converted into heat 
through resistive losses in the material. A thermocouple was placed approximately in the centre of the 
needle and connected to a portable reader (OMEGA Engineering, CT, USA). The needle was pushed 
through a small (approximately 10x10x5 mm) TC-PVA sample, until the sample was in correspondence 
with the thermocouple junction (± 1 mm). The current was varied manually using the power supply 
controller to achieve the desired temperature. Once the target temperature was reached, the 
temperature was kept constant (± 1 %) for 5 s. The power supply was then switched off, and the sample 
removed and sectioned. Melting was defined as having occurred when a permanent hole in the sample 
specimen larger than the diameter of the needle was seen. The procedure was repeated at least twice 
for different TC-PVA samples for temperature ranging from 40 °C to 80 °C in steps of 5 °C.  
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Figure 1- Temperature controlled needle experimental setup for the evaluation of colour change of the 
thermochromic PVA-based material.  

 

Measurement of acoustic and thermal properties 

Characterisation of the TC-PVA acoustic properties was performed at the National Physical 
Laboratory (NPL, Teddington, UK). Attenuation coefficient (Att) and speed of sound (SoS) were 
measured in the range 1 MHz to 20 MHz using a broadband through-transmission substitution 
technique. The method and the characterization facility are described by Rajagopal et al. (2015) and 
Zeqiri (2000). The method uses a single element broadband transducer (Force Technology, Brøndby, 
Denmark) with a 10 mm active element diameter as a transmitter, and a membrane hydrophone (GEC-
Marconi, Essex, UK) with a sensitive element of 30 mm diameter as a receiver. Different samples with 
55 mm diameter, and thicknesses of 20.5 mm and 32.5 mm, were placed into a custom-built acoustic 
holder with a 40 mm aperture.  

Each sample was measured at four different separations in a range of 200 mm to 250 mm 
between the transducer and the sensor, and the results were averaged. The distance between the 
sample and the transducer was 60 mm. Water temperature was measured with a calibrated 
thermometer (IP 39C, G H Zeal LTD, London, UK) during the experiments, and was 20.0 °C ± 0.5 °C. 

Thermal conductivity (k), diffusivity (D) and volumetric heat capacity (cv) were measured for 
each sample using a hand-held thermal property analyser (Tempos, METER Group, Pullman, USA). The 
SH-3 sensor of the analyser has two needles (dual-needle sensor) of length 30 mm and diameter 1.3 
mm, separated by 6 mm. The needles were inserted into the material and data were collected for at 
least 30 s to determine the temperature drift. Once the drift was below a pre-set threshold, current 
was applied to one of the two needles (heater needle) for 30 s and temperature was monitored by the 
second needle (monitoring needle). After 30 s, current was switched off and temperature monitoring 
continued for a further 90 s. The starting temperature of the sample and the drift were then subtracted 
from the temperatures giving a temperature gradient that was used to calculate thermal conductivity 
(k), diffusivity (D) and volumetric heat capacity (cv) of the sample (Knight et al 2012). Before performing 
measurements on the TC-PVA samples, the SH-3 sensor was tested using a plastic Delrin cylinder as a 
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reference. Data were collected and results were compared with the values indicated by the Certificate 
of Quality Assurance of the Manufacturer.  

 
Acoustic characterisation of the HIFU transducer 

High Intensity Focused Ultrasound (HIFU) sonication were carried out using a 2 MHz single 
element HIFU transducer (H-106, Sonic Concepts, WA, USA) with a radius of curvature of 63.2 mm. The 
transducer was driven in continuous wave mode using a function generator (33220A, Agilent, CA, USA), 
in line with a power amplifier (150A100B, Amplifier Research UK, Buckinghamshire, UK). The transducer 
was characterised experimentally in degassed and deionised water using a calibrated needle 
hydrophone (0.2 mm, Precision Acoustics, UK). During characterization, the transducer was driven with 
a toneburst of 30 cycles. The drive voltage, monitored on an oscilloscope (MSOX3054T, Keysight 
Technologies, CA, USA), was 96 VP-P. A 6 mm by 6 mm 2D scan was acquired in the focal plane, with step 
size 0.1 mm. 

A further 27.6 mm by 27.6 mm 2D scan was carried out in the near field of the transducer, 12 
mm pre-focally, with a step size of 0.3 mm. The pressure from the near field scan was used to evaluate 
the time averaged intensity, which was then integrated over the -24dB area to obtain the acoustic 
power, as described in IEC 62127-1 (IEC 2007). 

 
 

HIFU exposures 

A 20 mm thick, 55 mm dimeter sample was exposed to HIFU fields. The HIFU sonication setup 
used in the present study is shown in Figure 2. 

 

 
Figure 2 – HIFU exposures- experimental set-up. Sonication were performed by moving the HIFU H-106 

transducer 5 mm along the x-axis, perpendicular to the beam-alignment axis of the transducer 

 
A total of seven sonication locations were performed as shown in Figure 3. The needle 

hydrophone used for characterization was used to ensure that the focal plane of the transducer was 
within the sample, nominally at half its depth.  

The sample was moved along an axis perpendicular to the beam axis in 5 mm increments, and 
each sonication was carried out with different exposure conditions as shown in Table 2. After each 
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sonication a 5 min cool-down time was applied. Table 2 shows the configurations used in each 
sonication. 

Sonication 1 and 7 (Table 2) were carried out using higher acoustic powers in order to facilitate 
identification of the direction of the beam axis for later cutting. The large lesion resulting from high 
acoustic power sonications (1 and 7), resulted in visible spots on the back surface, which were used to 
facilitate cutting of the TC-PVA block perpendicular to the transducer beam axis. Sonication 2 to 6 were 
performed with the H-106 transducer being driven with the same voltage (96 Vp-p) but different 
exposure times, at different target locations. 

After completing all sonication, the sample was cut using a sharp knife, and images were taken. 
The cross-sectional image of the sample was postprocessed in MATLAB to estimate width and length 
of the regions of interests, using the pixel intensity of the as an indicator of the colour shade. A pixel 
intensity baseline was calculated by averaging ~300k points outside the acoustic exposures region. 

 
Table 2 – Driving voltage (Vp-p) and exposure time (s) used for each sonication.  

Target location Drive Voltage (Vp-p) Time of exposure (s) 

1 192 10 
2 96 20 
3 96 30 
4 96 40 
5 96 50 
6 96 60 
7 192 10 

 

 
Figure 3 – Schematic diagram illustrating HIFU sonication in the TC-PVA sample. Drive voltage (Vp-p) and exposure 
time (s) for each target location are listed in Table 2. 
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Acousto-Thermal simulation of the acoustic field 

Acousto-Thermal simulations were performed using HITU-Simulator v2.0 (Soneson 2020), a 
software package developed by the Food and Drug Administration (FDA) and freely available online. 
The software contains two main modules which can be modified/adapted from the user in MATLAB 
environment. The first module computes the wide-angle Khokhlov-Zabolotkaya-Kuznetsov equation 
(WAKZK), for calculating pressure distribution of an axisymmetric focused ultrasound transducer. The 
second module computes the bioheat transfer equation (BHT), for mapping heating and thermal dose 
distribution. The geometrical specifications of the transducer and the acoustic and thermal properties 
were used to specify the domain. As no scatters are added to the recipe, all of attenuation was 
attributed to absorption. Variations of the properties of the material with temperature were not 
considered. The acoustic power measured as described above was used as input for the field 
simulations. Thermal maps were obtained for exposure times of 20 s, 30 s, 40 s, 50 s and 60 s. A 60 s 
cooling time was computed after the end of each exposure. 

 
Results 

Thermal response 

Figure 4 (b – e) shows the colour change of TC-PVA samples after 15 min exposure to water 
bath heating at four different temperatures (50 °C; 55 °C; 60 °C; 65 °C) in comparison to an unheated 
phantom sample (a). Intensity curves for colour and temperature show the RGB values extracted in 
Figure 4f.  

The results in Figure 4 show a clear drop of the green component of the RGB intensity between 
50 °C and 55 °C. The melting point, evaluated as described in the previous section, was found to be 
between 70 °C and 75 °C. 
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Figure 4 - Colour of TC-PVA samples (a) without heating and after 15 min water bath heating temperatures (b) 
50 °C, (c) 55 °C, (d) 60 °C, (e) 65 °C and associated intensity curves for colour and temperature relation quantifying 
the RGB colour () red, () green and () blue channel values. Colour intensity (AU) and error bars in the figure 
refer to average and standard deviation values calculated on 50,000 points selected from the sample image. 

 

Measurement of acoustic and thermal properties 

The acoustic properties of TC-PVA are shown in Figure 5. The values are reported with 
expanded measurement uncertainty (U), determined using both Type A (random) and Type B 
(systematic) uncertainty evaluations and a coverage factor of (p = 0.95), as described by Baêsso et al. 
(2019). 

The attenuation was fitted as a function of frequency to a power law expression in the form of 
y = a f n. The coefficients a and n for the TC-PVA samples are 0.13 and 1.5 respectively. 

Table 3 summarizes the results in comparison with typical soft tissues for acoustic and thermal 
properties. The uncertainty quoted by the manufacturer for the three thermal parameters is 10%.   
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Figure 5 – Acoustic properties of TC-PVA measured in the 1 – 20 MHz range. Speed of Sound (SoS) and 

Attenuation (Att). Repeated measurements were performed on two samples of 55 mm diameter and 
thicknesses of 20.5 and 32.5mm. 

 
Table 3 – Acoustic and Thermal properties for TC-PVA and soft tissues.  

ACOUSTIC PROPERTIES 

 
Power fit: 𝑨𝒕𝒕 = 𝒂𝒇𝒏 

SoS 

(m s-1)  
𝒂 

(dB cm-1 MHz-n) 
𝒏 

𝑨𝒕𝒕 

(dB cm-1) 

Sample Mean Std Mean Std 2 MHz Mean Std 

TC-PVA* 0.13 0.01 1.50 0.01 0.37 1562 12 

Muscle (porcine) (a)** 0.54 0.14 1.33 0.06 1.36 1578 28 

Skin with fat (porcine)(a)** 0.37 0.11 1.72 0.28 1.22 1486 15 

Skin (porcine) (b)** 0.22 0.19 1.15 0.25 0.49 1631 35 

Brain (human) (c) --- --- --- --- --- 1546 20 

Kidney (human) (c) --- --- --- --- --- 1555 18 

THERMAL PROPERTIES 

Sample 
k 

(W m-1 K-1) 

D 

(mm2 s-1) 

cv 

(MJ m-3K-1) 

T 

(° C) 

TC-PVA 0.59 0.16 3.72 19.3 

Muscle (porcine) (a) 0.46 0.16 --- 37.0 

Skin with fat (porcine) (a) 0.33 0.11 --- 37.0 

Brain (human) (c) 0.51 --- 3.80 --- 

Kidney (human) (c) 0.53 --- 4.01 --- 
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Liver (human) (d) 0.52 0.14 --- --- 

Skin (human) (e) 0.37 0.04 – 0.16  --- --- 

 *Measured at 20 °C and valid in the range of 1 – 20 MHz. 

 **Measured at 37 °C. 

 (a)(El-Brawany et al. 2009; (b)Hoskins 2007; (c) Hasgall et al. 2018 (d) Benjamin M. Davis, Glen F. Rall 2017; (e) Giering; et al. 1995) 

 

 Acoustic characterisation of the HIFU transducer 
Fig. 6 shows the results of the acoustic characterization of the HIFU transducer. 
The focal length was found to be 64.5 mm (from the concave surface of the transducer). Peak-

positive acoustic pressure in the focal plane and in the near field (used to evaluate the power) are 
shown. The peak-positive and peak-negative acoustic pressures in the focal plane are also shown in 
comparison with simulation results. Figure 6 (c) and (d) show the peak-positive and peak-negative 
acoustic pressures in the focal plane derived using a calibrated hydrophone, and the results of the 
simulation in water. 

The power evaluated from the raster scan in the near field was 12.05 W for a drive voltage of 
96 VP-P. 

Figure 6 – Acoustic field characterisation of the 2.0 MHz HIFU transducer (H106, Sonic Concepts, WA, USA) 
employed. Experimentally measured two-dimensional HIFU peak-positive pressure in the (a) focal plane and in 
the (b) near field with contour beam profiles along the lateral directions and one dimensional (c) peak-positive 
and (d) peak-negative acoustic pressures in the focal plane measured in water by the needle hydrophone, 
compared with the output of the simulation. 

 
HIFU exposures 
 

As previously described, seven spatial locations were targeted in each TC-PVA sample (Figure 
3).  The sectioned gel shows the resulting colour change at each location (Figure 7).   
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Exposure times longer than 40 s (positions 4 - 6) displayed signs of melting in the centre of the 
coloured area. This is not visible for shorter exposure times (2 and 3). 

The intensity analysis is shown in Figure 8, in which the 5 sonicated areas are clearly 
identifiable. The image represents pixel intensity on a scale 0-255.The length and the width of each 
area were measured with reference to the central point of the focus and are reported in Table 4. The 
pixel intensity baseline, estimated to be 130 (± 8%) on 300k points, was subtracted from the intensity 
map. Therefore, the zero point on the colour bar corresponds to regions where the thermochromic 
function of the ink was either not activated or was not identifiable. 

 
Figure 7 – Photograph of sonicated TC-PVA sample (a) rear surface before cutting and (b) after a perpendicular 

cut through the HIFU beam path showing the results of each sonication performed in this study. 

 
Figure 8. Intensity map of the 5 sonicated areas selected on Figure 7b. An example of how width and length 

measurements of the area were performed is also shown. 
 

 
Acousto-thermal simulation of the acoustic field 

The simulated temperature map after an exposure of 60 s is shown in Figure 9. The baseline 
temperature was set to 20 °C, corresponding to the initial sample temperature during experimental 
HIFU sonication. The peak temperature at the focus reached 78.3 °C. The time-temperature curves for 
the 5 exposures in the focus are also shown. 

The region with temperatures above 52.5 °C was extracted for each simulated exposure time. 
The threshold of 52.5 °C was chosen as the mid-point between 50 °C and 55 °C, where the colour 
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intensity changes significantly (see also Figure 4). The widths and lengths of the regions were extracted 
and compared to the experimental results in Table 4. 

 

Figure 9. Temperature distribution after 60s exposure, and peak temperature at the focus simulated with HITU-
Simulator v2.0 (Soneson 2020).  

 
Table 4 – Comparison between experimental and simulated data for length and width. 

Exposure Time 

(s) 

Simulation Experimental Difference  
(simulation vs 
experimental) 

Peak Temperature 

(°C) 

Length 
(mm) 

Width 

(mm) 

Length 

(mm) 

Width 

 (mm) 

Length 

(mm) 

Width 

 (mm) 

20 66.5 4.2 1.2 3.1 0.8 1.1 0.4 

30 70.1 5.1 1.6 4.6 1.4 0.5 0.2 

40 74.0 5.7 1.8 5.6 1.9 0.1 -0.1 

50 76.4 6.4 2.1 6.6 2.3 -0.2 -0.2 

60 78.3 6.8 2.3 7.1 2.5 -0.3 -0.2 

 
 

Discussion 

In this paper we have presented a new thermochromic material based on PVA, with the 
addition of a thermochromic ink. The change in colour with temperature is non-reversible, which 
implies that the material is single use. The gel is easy to manufacture, cheap and non-toxic. The recipe 
did not include scatterers. This allowed the simplifying assumption that absorption is the main 
contribution to its attenuation, as the latter can be experimentally measured. Although this condition 
does not mimic realistic tissue properties, and the resulting attenuation is slightly lower than that of 
soft tissues, the choice is considered convenient for both simulation, thermal measurements and 
quality assurance.  

The acoustic, thermal and mechanical properties of PVA materials can be tuned by varying the 
concentration of the components listed in Table 2, varying the number of freezing-thawing stages, or 
adding new ingredients. The addition of scatterers, such as Al2O3, SiC or TiO2, can be explored to 
simulate soft tissue attenuation of approximately 0.5 dB cm-1 at 1 MHz (Rabell-Montiel et al. 2018). 
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Similar materials to the new TC-PVA have shown compatibility with ultrasound and Magnetic 
Resonance Imaging (Chu and Rutt 1997; Surry et al. 2004; Fortune et al. 2012), the two main modalities 
used for monitoring and guiding HIFU treatment in clinical practice. 

The thermochromic material provides information about the geometry of the region in which 
the temperature exceeded a threshold. Rigorous quantification of temperature with change in colour 
requires more effort. However, two main target temperatures were identified: the activation 
temperature of the thermochromic ink, which is close to the target temperature for thermal ablation 
during clinical treatments with HIFU (56 °C for 1 s), and the melting point, which occurs between 70 
and 75 °C. 

The change in colour with temperature has been assessed using RGB intensities. The method 
is not quantitative, as it depends on different parameters such as the camera settings and ambient 
lighting levels in the room. However, a distinct change can be clearly observed between 50 °C and 55 °C.  

The results of the simulation and the experimental data show good agreement, with an average 
difference of 0.2 mm on width and 0.6 mm on length in the size of the lesion. These values are higher 
for short exposures due to greater experimental uncertainty, for example errors due to the position of 
the cutting plane and pixel resolution. The melting point of the TC-PVA was found to be between 70 °C 
and 75 °C. Exposures of 40 s or longer at 12 W acoustic power show signs of producing gel melting and 
a simulated maximum temperature above 73 °C. There were no signs of melting for 20 s and 30 s 
exposures. 

The material presented here may have several uses in medical ultrasound and more widely in 
thermal therapies (Fedele et al. 2019). These include validation of acousto-thermal simulations, testing 
of new ultrasound devices, quality assurance for existing systems, research and development of 
patient-specific 3-dimensional models for optimisation of HIFU treatments.  
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