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Abstract: Ultrasound phantoms are used in research, equipment testing, calibration, and even in the field of medical training. Despite
their importance, commercial ultrasound phantoms are often expensive and may not meet user requirements. While simple phantom
construction methods exist which use readily available materials, they often lack versatility in both their exterior and interior designs.
By using tissue-mimicking materials such as gelatin, agarose, or polyvinyl alcohol mixed with water, simple yet effective ultrasound
phantoms can be created through a heating and hardening process. While designing the outer structure of these phantoms can be
achieved through the creation of various molds, crafting complex inner structures poses a more difficult task. Additive manufacturing,
specifically fused deposition printing with standard 3D printers, presents a promising solution to this challenge. This involves using
soluble materials that can be removed after the phantom hardens. This study aims to simplify the phantom fabrication process and
evaluate non-toxic, water-soluble filaments. Using polyvinyl alcohol (PVA) filament in combination with high-impact polystyrene
(HIPS) is a promising approach. A tumor sacrificial mold is printed with PVA, while the vascular sacrificial structure is printed with
HIPS. First, the tumor-mimicking material is filled into the PVA mold, which is then dissolved with water. Next, the tumor model with
the HIPS flow structure is submerged in the tissue-mimicking material. Subsequently, the flow structure is dissolved with
D-(+) limonene, leaving wall-less flow channels in the ultrasound phantom. The successful fabrication of the phantom is demonstrated
through optical images and 3D ultrasound measurements.

Agarose, gelatin, and polyvinyl alcohol (PVA) are
commonly used TMMs. To fabricate standard ultrasound
phantoms, TMM powder is mixed with a scattering agent
(graphite [1], silica gel [2] or other microparticles [3]) and
ultrapure water. This mixture is heated under constant
stirring and then hardened either in arefrigerator or freezer.

I. Introduction

Ultrasound phantoms play a vital role in research and
development, the training of medical personnel before
transitioning to animal and human subjects, and the
maintenance and calibration of medical equipment.
Conducting experiments directly on animals or humans
raises ethical and moral considerations and needs careful
planning and extensive bureaucratic effort. Hence, it is
important for ultrasound phantoms to closely replicate real -

The effectiveness of ultrasound phantoms depends not only
on their ultrasound parameters, but also on their outer and
inner structure. The phantoms must be designed to simulate

world environments. The ultrasound parameters of these
phantoms primarily hinge on the chosen tissue-mimicking
material (TMMs), alongside the preparation process.
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various biological contexts, such as cardiovascular flow [4]
and cancerous tissue [5]. Given that cardiovascular
diseases stand as the leading cause of global mortality [6],
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Figure 1: lllustration of the fabrication process (gray: supporting scaffold in ABS; violet: sacrificial flow scaffold in HIPS; and
white: sacrificial tumor scaffold in PVA): a) the sacrificial tumor and flow scaffold is printed and placed within the supporting
scaffold; b) tumor mimicking material isfilled inside the sacrificial tumor mold; c) the sacrificial tumor mold is dissolved with water
at 30 °C; d) the scaffold is now placed inside an outer mold; e) tissue mimicking material is filled inside the outer mold, fully
submerging the sacrificial scaffold; and f) the sacrificial flow structure is dissolved with HIPS.

followed closely by the various forms of cancer [7], the
replication of such scenarios within ultrasound phantoms
holds immense importance.

Additive manufacturing, which has already been employed
in the medical field for producing equipment against
COVID-19 [8, 9], medical aids and devices [10], and
scaffolds [11], can enable the replication of complex
scenarios in ultrasound phantoms. To enable the
replication of these scenarios within ultrasound phantoms,
it is essential for both the surface and the underlying
structures to be adaptable to the needs of the experiments.
This adaptability can be achieved through additive
manufacturing.

Fused deposition modeling (FDM) 3D printing was
utilized to craft soluble structures that can be used as model
for cardiovascular flow [12, 13, 14]. These soluble
structures are inserted into the still fluid ultrasound
phantom mixture, and after hardening, the structure is
flushed out. The authors of [12] utilized PVVA to create such
soluble structures and corresponding flow channels. The
principal challenge associated with PVA filament is its
rapid dissolution associated with and deformation in
aqueous solutions, which can impede its use in water-based
ultrasound phantoms. To mitigate this problem, the authors
in [12] used paraffin wax coating on the contact side with
the ultrasound phantom. PVA needs water as a solvent,
which is easy to handle and non-toxic. The authors of [13,
14] used polylactic acid (PLA) filament for the same
process. Here, the solvent is chloroform. PLA does not
dissolve or deform when immersed in water-based
ultrasound phantoms, but the solvent is potentially harmful
for humans.

A similar process can also be done using stereolithography
(SLA) 3D printer and water-soluble resin [15]. It is
important to note that complete 3D-printing systems are the
topic of research, which can print arbitrary ultrasound
phantoms, but these are still limited to a small number of

research institutes and are expensive to construct or acquire
[16, 17, 18, 19, 20].

In our previous research [21], we demonstrated the
application of high impact polystyrene (HIPS) in creating
complex flow channels within phantoms. Building upon
this, in our latest study [22] we developed a more
sophisticated practical setting, featuring the fabrication of
a carotid bifurcation tumor. In this setting, the capability of
using multiple soluble filaments (HIPS and VXL70) to
generate not just vascular flow, but also the integration of
a tumor structure was illustrated. VXL70 needs sodium
hydroxide as solvent. This solvent is potentially harmful
for humans and can also affect the ultrasound phantoms,
potentially even dissolving it, which means, that care must
be taken when creating ultrasound phantoms with VXL70.

This contribution evaluates PVA filament as a potential
alternative to VXL70. PVA filament was used as a
sacrificial tumor structure in combination with HIPS as a
sacrificial flow structure. PVA uses water as a solvent,
which does not negatively interact with the water-based
ultrasound phantoms and is non-toxic. Although PVA has
previously been used for fabricating flow structures [12], it
has not been employed in a multifilament approach,
highlighting its significant potential in this context.
However, because PVA is affected by the solvent used for
HIPS, the PVA sacrificial tumor structure must be
dissolved before the HIPS sacrificial flow structure.

Il. Material and methods

Here, the steps of the phantoms fabrication and evaluation
will be described. See Figure 1 for an overview of the
fabrication steps and Figure 2 for the geometric details.

1.1 Sacrificial scaffolds

Until now, PLA [13, 14], HIPS [21] and PVA [12] were
used in the fabrication of normal vascular ultrasound
phantoms. VXL70 (with HIPS as vascular scaffold) was
utilized to include a tumor structure [22]. In this
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Figure 2: a) Illustration of carotid bifurcation with aneurysm
(widening of flow channel) and plaque (narrowing of flow
channel), adapted from [23] (H, = 100 mm, a; = a, = 15°,
D;=8mm,D, =4.6 mm, D; = 58mm, D, =10 mm, L, =
20 mm, Ds = 5 mm, Ly = 12 mm). The tumor is an ellipsoid
with a diameter of 20 mm and a length of 40 mm. b) shows the
printed structures in the supporting scaffold, with polyvinyl
alcohol (PVA, white) filament, high impact polystyrene (HIPS,
pink) and acrylonitrile butadiene styrene (ABS, red).

contribution, a combination of PVA and HIPS are used for
the fabrication of a vascular tumor ultrasound phantom.
These scaffolds were printed with the Flashforge Creator
Pro 2, which is an independent double extrusion system
(IDEX) printer. The IDEX system allows for the seamless
printing of two materials, without any waste, as it features
two extruders.

The sacrificial tumor and vascular scaffold will now be
described:

e  Sacrificial tumor scaffold

The tumor model was a simplified representation
of a Type |1l carotid body tumor, as classified by
the Shamblin system [24]. The tumor, which
typically envelops both carotid arteries, was
depicted as an ellipsoid with a diameter of 20 mm
and a length of 40 mm. To mimic the tumor
material, a mixture of 3 wt% agarose and 1 wt%
silica gel was used. The structure itself was
printed using PVA filament (Xioneer Systems
GmbH, soluble support material), with water
serving as the solvent.

e  Sacrificial vascular scaffold
The vascular scaffold was designed based on a
carotid bifurcation with malformations, adapted
from [23]. A carotid bifurcation consists of the
internal carotid artery (ICA) and the external
carotid artery (ECA). In this model, the ICA is the
narrower artery (left flow channel in Figure 2),
while the ECA is the larger one (right channel in
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Figure 2). The malformations include a plaque
(narrowing of the flow channel) below the tumor
structure and an aneurysm (widening of the flow
channel) on the ECA. This structure is printed
using HIPS filament (Nunus filament, Keycoon
GmbH), with D-(+)-limonene (Carl Roth GmbH
& Co. KG) used as the solvent.

PVA was chosen for the tumor scaffold and HIPS for the
vascular scaffold, with the dissolution process starting with
the tumor scaffold followed by the vascular scaffold. Since
PVA is affected by the solvent D-(+) limonene, it had to be
dissolved before the HIPS scaffold.

1.2 Fabrication steps

To fabricate vascular ultrasound phantoms with a tumor
inclusion, the first step in the presented attempt was to print
the soluble scaffolds using two filaments (Figure 1a), with
two distinctive solvents, which do not affect the respective
other filament, when dissolved in the correct order. PVA-
filament for the sacrificial tumor scaffold and HIPS for the
sacrificial vascular scaffold are utilized. This order was
chosen, as the tumor scaffold was dissolved before the
vascular structure. Water (solvent of PVA) does not affect
HIPS, but D-(+)-limonene (solvent of HIPS) does affect
PVA.

In the second step (Figure 1b), the tumor mimicking
material was prepared. Here, agarose with scattering agents
is used. The generation of the tumor and tissue mimicking
material will be described in more detail in
Subsection 11.3 Tumor and Tissue Mimicking Phantoms.
The tumor mimicking mixture was then poured into the
sacrificial tumor scaffold and allowed to harden in a
refrigerator for 6 hours. After hardening, the sacrificial
tumor scaffold was dissolved in water for 24 hours
(Figure 1c), where only the tumor mimicking phantom
remained. Subsequently, the whole scaffold was placed in
the outer mold (Figure 1d). The tissue mimicking material,
which was agarose without scattering agent, was prepared,
and poured in the outer mold, submerging the whole
scaffold (Figure 1e). It was then placed in the refrigerator
for 6 hours to allow the mixture to harden. After hardening,
tubes and a pump were connected to the scaffold and the
solvent for the sacrificial vascular  structure
(D-(+)-limonene for HIPS) was pumped through it using a
peristaltic pump (Pharmacia LKB P-1). The dissolution
process took at least 6 hours. After dissolution of the
sacrificial vascular structure, the ultrasound phantom was
completed (Figure 1f).

1.3 Tumor and tissue mimicking phantoms

To evaluate the fabrication process of the complex
ultrasound phantom, the TMMs used for the tumor
inclusion and the tissue were slightly different. The tissue
mimicking phantom will be described first, as the tumor
mimicking phantom is only aslight alteration. Agarose was
used as TMMs for these phantoms, as agarose-based
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Figure 3: Ultrasound measurement setup showing (1) the
Verasonics vantage 64 LE ultrasound system, (2) the
ultrasound transducer, (3) the Dobot Magician robotic arm,
(4) the ultrasound phantom, (5) the peristaltic pump, and (6)
the blood mimicking fluid.

phantoms can be easily modified using difference wt%
agarose to mimic different types of tissue or different levels
of stiffness [25].

For the tissue mimicking phantom, 99 wt% of ultrapure
water was mixed with 1 wt% agarose powder (Agarose
Standard; CHEMSOLUTE). The water-agarose mixture
was then heated to 90 °C while constantly stirred with a
magnetic stirrer (C-MAG HS 7, IKA-Werke GmbH & CO.
KG) until the mixture was completely clear. Then, it could
be poured into the outer mold. For the tumor mimicking
phantom, 3 wt% of agarose and 1 wt% of silica gel (used
as scattering agent; ROTH silica gel 60, particle size from
40 pm to 60 um) was used instead, with all other steps the
same. A higher wt% of agarose and added scattering agents
were used to track the tumor mimicking phantom using
ultrasound B-mode information, as described in the next
subsection.

1.3 Ultrasound Measurements

To confirm the successful fabrication of the vascular tumor
ultrasound phantom, different ultrasound measurements
were taken in a three-dimensional manner. For that, a
measurement setup as shown in Figure 3 was used. An
ultrasound system (Verasonics Vantage 64 LE) with a
linear array (Verasonics L11-5v; center frequency of
7.6 MHz; 128 elements; 0.3 mm pitch; and 77 % relative
bandwidth) acquired ultrasound B-mode and ultrasound
Doppler information of the ultrasound phantom, where a
blood mimicking fluid (BMF) was pumped through the
phantoms using a peristaltic pump (Pharmacia LKB P-1).
The acquired ultrasound Doppler data was integrated over
a period of one second for each position to allow complete
imaging of the flow channel, as turbulent flow was present.
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Figure 4: Results of the dissolution process in step ¢) and f) of
Figure 1. In a) the polyvinyl alcohol filament is dissolved,
leaving only the tumor mimicking phantom. In b) the complete
phantom is shown with the tumor inclusion slightly visible and
the wall-less flow channel. Note that background lighting was
needed, which leaves a yellow tone in image b).

The BMF was composed of 85 wt% pure water, 3 wt%
dextran (ROTH dextran 40), 10 wt% glycerol (ROTH
glycerol ROTIPURAN), and 2 wt% silica gel (ROTH silica
gel 60, particle size from 40 pm to 60 um). The ultrasound
transducer was placed into a 3D printed holding structure,
which was fixed to a robotic arm (Dobot Magician). The
ultrasound transducer was oriented orthogonally to the start
and end of the flow channels, as shown in Figure 3. The
robotic arm displaced the ultrasound transducer in 0.5 mm
steps along the ultrasound phantom. The obtained 2D
ultrasound slices were aligned along the displacement
direction to form a 3D ultrasound volume, providing either
Doppler information for flow assessment or B-mode
information for tumor evaluation. Due to the higher wt%
of agarose and the added scattering agent, the tumor
mimicking phantom can be distinguished in the ultrasound
B-mode images.

lll. Results and discussion

The results of the dissolution processes for either PVA or
HIPS filament is shown in Figure 4. In Figure 4a, the
sacrificial tumor scaffold is already dissolved, which only
leaves the tumor mimicking phantom. The tumor
mimicking phantom was now held in place thanks to the
sacrificial vascular scaffold. Figure 4a represents the
successful step ¢, whichis presented in Figure 1c. The final
phantom is depicted in Figure 4b, where a backlight
illuminates the phantom for better visibility of the tumor
and vascular structures. The tumor mimicking phantom is
slightly visible, but the now wall-les flow channels are
clearly visible. Figure 4 demonstrates the successful
fabrication of a vascular tumor ultrasound phantom using
PVA and HIPS as soluble structures. The solvents used for
PVA (water) and HIPS (D-(+) limonene) did not dissolve
the ultrasound phantom, indicating promising potential for
use. However, further evaluation is necessary to determine
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a) 3D Ultrasound Doppler Measurements
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Figure 5: 3D ultrasound measurements of the completed
complex ultrasound phantom shown in Figure 4b. a)
demonstrates the flow inside the phantom using ultrasound
power Doppler imaging; b) shows the tumor inclusion suing
B-mode measurements; in c) these measurements are overlaid
illustrating the regions of interest; and in d) the CAD-Model
is shown as comparison.
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if these solvents alter the ultrasound parameters of the
phantoms, especially for D-(+) limonene.

In Figure 5, the resulting ultrasound measurements of the
ultrasound phantom shown in Figure 4b are presented. In
Figure 5a, the 3D ultrasound power Doppler information is
shown. Here, the flow channels and the malformations are
visible. A narrowing of flow is shown at the beginning
(plaque in Figure 5a), while a widening is also present
(aneurysm in Figure 5a). In Figure 5b, the 3D ultrasound
B-mode image of the tumor inclusion is shown, and the
flow channels are slightly visible. In Figure 5c, both 3D
Doppler and 3D B-mode are overlaid. Comparing the 3D
ultrasound volume to the CAD-Model in Figure 5d, the
complete and successful fabrication of the vascular tumor
ultrasound phantom is demonstrated again.

IV. Conclusions

In this contribution, an approach for the fabrication of
vascular ultrasound phantoms with a tumor inclusion using
a novel combination of soluble filaments was
demonstrated. In our previous work, the combination of
VXL70 and HIPS was used, where VXL70 needed a
solvent, sodium hydroxide, which is potentially harmful
and can also dissolve the ultrasound phantom material, if
not carefully used. In this contribution, a combination of
PVA and HIPS was used, with PVA serving as the
sacrificial tumor scaffold and HIPS as the sacrificial
vascular scaffold. This arrangement enabled the
straightforward fabrication of complex ultrasound
phantoms. Due to the effect of D-(+) limonene on PVA,
PVA had to be dissolved first, followed by HIPS. The
successful creation of these phantoms was demonstrated
through optical images and ultrasound measurements.

PVA, compared to the previously used VXL70, was more
easily dissolved without the use of a potentially harmful
solvent. The disposal of the remaining solvent (water with
PVA) can be done easily over the sink, while sodium
hydroxide with VXL70 needs special disposal. These two
advantages show that P\VA was a better fit than VXL70 for
the fabrication of vascular tumor ultrasound phantoms. If
more than two dissolution steps are needed, which
necessitates more than two distinct soluble filaments,
VXL70 can still find application in the fabrication. Other
possible filaments are PLA with chloroform as solvent,
ABS with acetone, BVOH with water and VXL90 with
sodium hydroxide. All these types of filaments have their
advantages and disadvantages, which must be carefully
evaluated for the fabrication of complex ultrasound
phantoms.

In future work, the solution process of different filaments
and their suitability for the fabrication of complex
ultrasound phantoms will be evaluated. Additionally, more
complex structures will be created and utilized in ultrasonic
experiments.
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