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Introduction: The image formation process of conventional pulse-echo Ultrasound mainly uses the backscattered amplitude and assumes constant attenuation and speed of sound in the penetrated media. Thus, many commercially available ultrasound imaging phantoms use only a limited choice of materials with simple geometric shapes. Part of today’s research in ultrasound is to gain more information on the acoustic properties of the object imaged. These advanced imaging and reconstruction procedures require more complicated phantom designs that contain different materials with precisely designable acoustic properties for validation and quality assurance (QA).Methods: To fabricate such phantoms, we produced molds for casting ultrasound phantoms using additive manufacturing. Phantom materials used were based on agar and polyvinyl alcohol. To adapt the speed of sound glycerol was added to the mixtures. As glycerol diffuses out of the phantom material, polluting the surrounding water, we designed a watertight sample holder. The effect of the freeze-thaw cycles (FTCs) on the acoustic properties of the polyvinyl alcohol (PVA)-based phantoms was also investigated. Speed of sound and attenuation were determined for both phantoms materials, and Shore hardness measured for the PVA-based phantoms.Results: Shore hardness of the PVA phantoms increased by up to 79% of the initial value with increasing number of freeze-thaw cycles, but showed a saturation after 5 FTCs. However, the number of FTCs had only a small effect on the speed of sound and attenuation, as the sound speed increased slightly from 1,530.14 m/s to 1,558.53 m/s, (1.86%) and the attenuation exhibited only an increase of 6.75%. In contrast, differences of around 100 m/s in the speed of sound in the PVA phantoms (from 1,558.53 to 1,662.27 m/s), as well as in the agar-based phantoms (from 1,501.74 to 1,609.36 m/s) could be achieved by adding glycerol, making these materials appropriate candidates for the design and fabrication of US phantoms with defined sections and details with different speed of sound and attenuation. The use of the sample holder showed only an influence of 0.63% on the measured speed of sound.Discussion: 3D printed molds led to an improved manufacturing process as well as a free choice of the shape of the phantoms. A sample holder could prevent contamination of the water with no significant differences in the measured speed of sound.Keywords: ultrasound phantom, speed of sound, attenuation, additive manufacturing, polyvinyl alcohol, agar
1 INTRODUCTION
The image formation process of conventional pulse-echo Ultrasound uses mainly the backscattered amplitude [1, 2]. An important assumption for image reconstruction is that attenuation and speed of sound are constant in the penetrated media. Thus, many commercially available ultrasound imaging phantoms used for quality assurance (QA) or performance evaluation consist of a limited choice of materials, e.g., scattering objects embedded in a background material, for example, the 3D calibration phantom ATS560 [3]. However, backscatter is caused by the differences in impedance and, as densities for soft tissues are quite similar, mainly by differences in the speed of sound [1, 4]. Quantitative reconstruction of acoustic properties, like attenuation or sound velocity, has a wide variety of applications from breast imaging to liver fat quantification [5–8]. Such imaging procedures require more complicated phantom designs containing different materials with precisely known acoustic properties for validation and QA [9–12]. Modern ultrasound image formation and reconstruction algorithms have a great potential for highly specific applications in particular body regions [13]. The design of phantoms using materials and shapes that can be adapted to the applications and development stages of these algorithms is paramount for their validation.
An interesting field of application for custom-made imaging phantoms opens up with the advent of AI methods in medical image analysis with applications in almost every medical field [14–19]. In a recent editorial, the issue of accountability of AI tools was connected to the black box effect AI methods often have, [20]. Imaging phantoms tailored to their particular areas of application are therefore expected to contribute to an improved understanding of how the AI systems come to their conclusions.
Using polyvinyl alcohol (PVA) based phantom material from [21] and additively manufactured molds, we produced Ultrasound phantoms in simple shapes. PVA-based materials need several freeze-thaw cycles (FTC) to form a gel network and increase the strength of the material, see [22, 12]. The gelation process was monitored by Shore hardness measurements.
Additionally, agar-based phantoms were made according to the recipe of [23]. Agar is a commonly used material for ultrasound phantoms, see, e.g., [24–26], and is used here because of its simple production process.
Basic properties of these phantoms were measured using a simple, specially developed measurement setup. Such a basic evaluation of, e.g., speed of sound is supposed to be performed prior to the usage of the phantoms, as their acoustical properties might change with time and cannot be assured with the accuracy necessary for the evaluation of reconstruction algorithms otherwise [12]. Additively manufactured phantom mounts were developed and used to avoid pollution of the measurement setup by the phantom material.
2 MATERIALS AND METHODS
2.1 Phantom design
2.1.1 Phantom material
The PVA-based phantoms were made using [image: image]99%+ hydrolyzed PVA with a molar mass of 85,000-140,000 g/mol (Sigma-Aldrich, St. Louis, MO, United States) and deionized water (DI water) to obtain a 10% PVA solution. Methylparaben (Methyl-4-hydroxybenzoate, Sigma-Aldrich, St. Louis, MO, United States) was added to reduce degradation by bacteria and fungi. A slightly altered additional phantom was based on the material as above adding glycerol (Sigma-Aldrich, St. Louis, MO, United States) to increase the speed of sound.
The same additives were used for the agar-based phantoms. However, as base material, instead of PVA agar (E406, Biomus, Lublin, PL) with a gelation power of 900 g/cm2 was used. The ingredients of the phantom materials can be found in Table 1.
TABLE 1 | The ingredients of the phantom materials.
[image: Table 1]2.1.2 Phantom mold design
After mixing in a water bath under controlled temperature, the still hot viscous phantom material was transferred into the 3D printed molds for gelation. To design the molds, Fusion 360 (Autodesk, San Francisco, CA, United States, software version 2.0.16985) was used. We printed the molds with an Ultimaker 2 Fused Deposition Modeling (FDM) printer, (Ultimaker, Geldermalsen, NL) with polylactic acid (ecoPLA Tough, 3D Jake, Paldau, AT) as filament material. For uniform freezing of the PVA we allowed air circulation by adding spaces between the chambers of the mold, see Figure 1. Covers were printed to close the chambers and prevent the evaporation of water from the material.
[image: Figure 1]FIGURE 1 | Model and finished 3D printed molds for the phantom materials.
For measurement, it is often necessary to submerge the phantoms in water for a considerable amount of time. Phantom base material not perfectly polymerized or added substances like glycerol might then dissolve from the phantom material, contaminating the water and modify the proportion of, e.g., PVA to Glycerol in the phantom. This results in compromising measurements by changing both, water and phantom parameters. A setup was developed that prevents direct contact between water and the phantom, see Figure 2. This setup resembles a drum and consists of four rings, a tube, and 25 µm thick Saran [image: image] (Extol, OH, United States). The individual parts were also designed in Fusion 360 and printed using the Form 3B + printer and the Clear resin V4, from Formalbs (Formlabs, MA,United States). Due to the drum-like structure, the Saran foil can be stretched to prevent wrinkles. Additionally, the construction can be assembled underwater and therefore no air is trapped between the phantom and the foil. This design also allows the use of liquid and semi-solid phantom materials.
[image: Figure 2]FIGURE 2 | Model and setup to avoid contact of water and phantom.
2.1.3 Preparation of the PVA base material
For the PVA cryogel we used 30 g PVA powder and 0.8 g Methylparaben. Both substances were dissolved in 269.2 g of DI water at 23.2°C. The solution was mixed for 60 min at 253 rpm and heated up to 85°C, the temperature was measured every 10 minutes. Evaporation was monitored by weighing the solution before and after mixing. The water lost due to evaporation was replenished after mixing to obtain the concentrations intended. The solution was then kept at 85°C for 60 min for degassing of the PVA. Air bubbles were removed by skimming the surface of the mixture with a metal blade.
After cooling down to 23.0°C the mixture was poured into the molds. The molds were then sealed with plastic lids to avoid further evaporation of water and put in a freezer at −20°C. For initiating the gelation process, 8 h freezing were followed by 16 h thawing at 6°C in the refrigerator. Up to ten FTCs were applied consecutively. Afterwards, the phantoms were removed from the molds and stored in a plastic container filled with DI water.
For the phantom material containing PVA and glycerol we applied the same process with the appropriate amount of glycerol added into the liquid phase. We used 70 g PVA powder, 1.4 g Methylparaben, 502.6 g DI water and 126 g glycerol resulting in a 10% PVA hydro-cryogel with 18% glycerol w/w.
2.1.4 Preparation of the agar based phantom materials
To prepare the agar phantoms, also methyl-4-hydroxybenzoate was added to reduce bacterial and fungal decay. After mixing, the solution was placed in an oven preheated to 90°C and heated for 4 h. Then, the mixture was removed from the oven and weighed again to determine how much water had evaporated during the heating process. The missing weight was compensated for with DI water. The mixture was allowed to cool to 50°C and was then poured into the prepared containers. Finally, the foam that had formed on the surface of the material was removed and the mixture was cooled to room temperature (22°C). In addition, agar-based phantoms were prepared with glycerol to change their physical properties. The quantities of the individual ingredients are shown in Table 1.
2.2 Measurements of acoustical properties
2.2.1 Measurement set up for speed of sound and attenuation
For the measurement of the speed of sound and attenuation we used the transmission principle as described in the AIUM standard [27]. In our setup, the transmitter and receiver consisted of single-element liquid flow sensors (US0072 and US0075, Audiowell Electronics Zhaoqing, China). These sensors emit an ultrasonic wave with 1 MHz center frequency. The transmitter was controlled using a Teensy 4.0 microcontroller (PJRC.COM, LLC., 14,723 SW Brooke CT Sherwood, OR 97140 United States). The received signals were acquired by an oscilloscope (Picoscope 5244D, Pico Technology, Steinfurt, DE), and the data is processed with MATLAB (R2023a; Mathworks, Natick, MA, United States). For measurements the mount and the fastening parts are placed in a water tank filled with DI water. Because the speed of sound is temperature dependent, see [28], the temperature in the water tank is constantly monitored during a series of measurements using a thermometer. The setup also included a construction that aligns the sensors and the phantom to each other, see Figure 3.
[image: Figure 3]FIGURE 3 | Left: overview of the measurement setup, right: alignment setup for transmitter, phantom sample holder and receiver.
2.2.1.1 Speed of sound
In the above described transmission setup, the speed of sound is measured using the substitution method. During a first measurement, the sound wave travels from transmitter to receiver without a phantom. In a second measurement, the phantom to be measured is placed between the two sensors. The difference in arrival time [image: image] can be used to determine the speed of sound [image: image] in the material, given its thickness [image: image] and the speed of sound [image: image] in water. For both measurements, without and with phantom in place, five pulses were read into MATLAB and a band pass filter (900 kHz–1.1 Mhz) applied and an envelope placed over the averaged pulses using the Hilbert transform. The maxima of the envelopes define the arrival times of the measurements determining their difference [image: image]. The speed of sound in the phantom is determined according to Formula 1
[image: image]
2.2.1.2 Attenuation
The attenuation coefficient of the phantom is also determined using the substitution method using the amplitudes of the arrived pulses. Also, measurements of five pulses were averaged. The amplitude values of the maxima [image: image] without phantom and [image: image] with the phantom are compared in Formula 2 for the calculation of the attenuation, where [image: image] is the amplitude transmission coefficient from water to the phantom material, and [image: image] the material thickness, respectively.
[image: image]
2.2.2 Shore hardness
To determine when there is no further progress in the gelation process, Shore hardness of the PVA phantoms was measured using a durometer (HPE II, Bareiss GmbH, Baiersbronn, Germany) applying the Shore 000s hardness scale. The measurements were carried out in accordance with the guideline D2240-15 of [29]. Care was taken to ensure that the measuring points were not too close to the edges of the phantoms, as this could result in incorrectly measured values. A minimum distance of 10 mm was left to the edges. A total of 10 measurements were obtained for each phantom and averaged. In order to determine the effect of the number of FTCs on the hardness of the phantoms, three PVA phantoms were measured after each of 10 subsequent FTCs.
3 RESULTS
3.1 Speed of sound
3.1.1 Speed of sound in PVA depending on the FTCs
The measured speed of sound for phantom material PVA, which underwent a different number of FTCs, can be found in Table 2. The values shown were determined from three PVA phantoms, each of which was subjected to 1, 2, 3 and 10 FTCs, consecutively. The temperature of the phantoms was 23.5 [image: image] 0.2°C, the surrounding water had a temperature of 21.8 [image: image] 0.1°C.
TABLE 2 | Sound velocity of PVA phantom material versus numbers of FTCs.
[image: Table 2]The measured speed of sound of the PVA phantoms containing glycerol can be seen below in Table 3. Two phantoms went through ten FTCs and were stored in DI water, whereas three phantoms went through three FTCs and were stored in a container with DI water with the same concentration of glycerol added as used for the phantom material. During the measurement the temperature of the phantoms was 23.4 [image: image] 0.2°C and the water in the tank had a temperature of [image: image]. A significant difference in sound speed in the two columns of Table 3 was found (t-test, p < 0.01).
TABLE 3 | Speed of sound of PVA + Glycerol material after storage in containers filled with DI water or with DI water with 18% Glycerol.
[image: Table 3]For the Agar based phantoms the effect of glycerol on the speed of sound was measured. The phantoms had a temperature of 19.72 [image: image] 1.21°C, the temperature of the surrounding water was 20.91°C during the measurement. The determined sound speeds can be seen in Figure 4 and Table 4.
[image: Figure 4]FIGURE 4 | The effect of glycerol on the speed of sound in agar-based phantoms.
TABLE 4 | The effect of glycerol on the speed of sound in agar-based phantoms.
[image: Table 4]To investigate the influence of the phantom sample holder (see Figure 3) on the speed of sound of an Agar + Glycerol (20%) phantom we measured three times without the device and with the device. The water temperature during the measurement was 22.3°C and the temperature of the phantoms was 20.1°C. The results of the sound speed of the phantoms showed a 0.63% difference if the phantom was sealed in the construction.
3.2 Attenuation
The attenuation coefficient was measured for Agar + Glycerol (20%) and for PVA with 3 and 10 FTCs. The temperature of the water during the measurement was 22.3°C and the temperature of phantom material was 22.3°. The numbers can be found in Table 5.
TABLE 5 | Attenuation coefficient of a PVA phantoms with 3 and 10 FTCs and for the Agar-Glycerol (20%) phantom.
[image: Table 5]3.3 Shore hardness
To determine the plateau where no further or only minimal material changes occur with additional FTCs we measured the Shore hardness of three PVA phantoms after each of 10 consecutive FTCs, see Figure 5 and Table 6.
[image: Figure 5]FIGURE 5 | Progression of the Shore hardness of PVA based phantoms over the course of 10 FTC.
TABLE 6 | Progression of the Shore hardness of PVA based phantoms over the course of 10 FTC.
[image: Table 6]4 DISCUSSION
We produced 3D printed molds for ultrasound phantom materials and used a simple setup to measure their acoustical properties. Such a setup should be supportive in demand-oriented phantom design as some ultrasound phantoms materials might change their acoustical properties as a consequence of storage or aging [12]. We could see this effect clearly for the PVA + Glycerol phantoms, see Table 3 where the phantom stored in DI water leaked glycerol from diffusion into the storage solution, resulting in a reduction of the speed of sound measured. For evaluation of novel innovative US imaging and reconstruction algorithms, or in the emerging field of AI methods, but also in quality assurance, it might be more appropriate or even necessary to produce phantoms from a pre-fabricated material on demand and then measure elementary acoustical properties immediately before use. On the other hand, appropriate storage (in the case of PVA + Glycerol material in a Glycerol solution) or suitable design might ensure long time stability of parameters [30, 31].
For PVA based phantoms the speed of sound slightly increased with the number of FTCs, see Table 2. This might be due to the fact that the PVA chains become longer with each FTC, which also increases the density of the phantom, resulting in a higher speed of sound. In [21] a similar effect is described for the first three FTCs, but like in our data with overlapping standard deviations of the measurements, no uniform effect was found in [32].
Phantoms made from PVA with added glycerol, and the series of agar phantoms with increasing amounts of glycerol, showed that the speed of sound can be increased with the addition of glycerol. This results align with of [33].
It could be observed that the phantoms begin to shrink and thus lose thickness visibly after four to five FTCs (see Figure 6). This was also evident in the measurement of Shore hardness. The phantoms exhibited an increase in hardness with FTCs, which leveled off to approach a plateau after the fifth FTC (see Figure 5).
[image: Figure 6]FIGURE 6 | One of the PVA phantoms after three (A), five (B) and ten (C) FTCs. Shrinkage and deformation of phantoms can be seen over the course of the freezing cycles.
Furthermore, previous tests have shown that storage during the FTCs affects the phantom material as well as medium in which it is stored or emersed. It was found that the glycerol tends to diffuse out of the phantom material into the surrounding water if stored in a solution without glycerol added, like pure DI water. In the containers in which the phantoms were stored as well as in the water tank in which they were measured, PVA threads and impurities were found. For the PVA + Glycerol phantoms this could be observed when comparing speed of sound for the phantoms stored in a glycerol solution to the values measured with those phantoms, which were stored in DI water, see Table 3.
Additionally, this effect can be seen in the measurement with and without the sample material holder being used to accommodate the phantom. There, the speed of sound of the Agar + Glycerol (20%) phantom is in both cases lower than in earlier measurements with the same material (see Figure 4; Table 7).
TABLE 7 | Comparison of speed of sound, where a Agar + Glycerol (20%) was measured with and without the measuring construction.
[image: Table 7]Phantom measurements for testing purposes are typically performed in a hydrophone scanning system (e.g., the Acoustic Intensity Measurement System (AIMS) by ONDA (ONDA Corporation, Sunnyvale, CA, United States) [34]) with a much bigger tank, where the water quality is important for the hydrophone. To avoid pollution of the tank and the sensitive measurement equipment, a protective cover shielding the phantom material from the surrounding water similar to the one shown in Figure 2 could be helpful. The influence of the sample holder was negligible, which is in accordance with a comparable result in [11].
The determination of the attenuation coefficient with the simple setup from Figure 3 proved to be challenging. The fluctuations in the signal amplitude, probably caused by considerable noise from the amplifier circuit, needed additional filtering in software to stabilize the results.
An additional calibration procedure comparing the results to those of standardized materials with well known and tabulated properties, and more elaborate measurement equipment with a calibrated hydrophone would be desirable.
5 CONCLUSION
The 3D printed molds led to an improved manufacturing process as well as a free choice of the shape of the phantoms. As phantom materials can change in their acoustical properties during storage, a cheap and easy-to-use evaluation setup like the one presented in Figure 3 is helpful to re-check these properties before actual measurements or QC procedures.
Applying a sample holder as shown, contamination of the water can be prevented, allowing more accurate and reliable measurements. The use of this construction showed no significant differences in the measurement results, as speed of sound (see Table 7).
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