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Abstract— Hydrogel-based tissue phantoms are widely used
in ultrasound imaging research due to their ability to replicate
the acoustic and mechanical properties of biological tissues.
However, conventional hydrogels suffer from rapid dehydration
and poor long-term stability, limiting their effectiveness in
reliable or repeatable imaging studies—particularly for delicate
structures such as the retina. To address this limitation, we
present a scalable method for extending hydration stability in
hydrogel-based retinal phantoms through the development of a
hydro-locking polymer network. Two sulphuric acid (H:SO.)
treatment approaches were investigated: (1) pre-polymerization
incorporation into the hydrogel precursor, and (2) post-
polymerization immersion. Acid concentrations ranging from
10% to 40% (w/w) were evaluated, with thermal processing at
65°C applied to stabilize chemical bonding. Supplementary
storage measures, including refrigeration and cling film
wrapping, were implemented to further preserve phantom
integrity. Results demonstrate that H.SOs« promotes ionic and
hydrogen bonding between water and methacrylated monomers,
significantly reducing water loss. The most effective treatment
extends hydration stability from minutes to several weeks
without compromising acoustic performance. These findings
support the development of durable, reusable hydrogel-based
retinal phantoms suitable for ophthalmic ultrasound system
calibration and testing, with ongoing imaging validation studies
in progress.
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I. INTRODUCTION

1.1 Phantoms

Eyeball phantoms are synthetic models fabricated from
tissue-mimicking materials that replicate the acoustic
characteristics of ocular structures, including the retina, lens,
cornea, and vitreous and aqueous humour. Commonly used
materials—such as silicone-based compounds, agarose,
gelatine, polyacrylamide, alginate, polyurethane, and epoxy—
are carefully calibrated to match the speed of sound and
attenuation coefficients of biological tissues [1].

A range of fabrication techniques, including 3D printing,
bioprinting, and precision moulding, has been developed to
capture the complex anatomical features of the eye. These
phantoms have diverse applications in ultrasound imaging
research and clinical practice, including diagnostic imaging,
therapeutic ultrasound development, and professional training,
offering a safe and cost-effective platform prior to pre-clinical
and clinical studies. Hydrogel phantoms are widely used in
these applications and are also employed as scaffolds in tissue
engineering and as models of the extracellular matrix in
biological studies [2].

Despite significant progress, challenges remain in
achieving high anatomical fidelity, long-term material stability,
and reproducibility [3,4]. In particular, dehydration and
microbial contamination limit the durability of gel- and agar-
based models. A further challenge for ultrasound ocular
phantoms lies in maintaining these acoustic properties over
extended periods. Hydrogels, while ideal for mimicking soft
tissue acoustics, are prone to dehydration and microbial
degradation, compromising their long-term stability and
usability. Addressing these limitations, this study explores the
integration of a sulphuric acid-based hydro-locking strategy
into hydrogel-based eyeball phantoms to enhance water
retention, preserve acoustic performance, and extend shelf life,
thereby enabling reliable use in ophthalmic ultrasound
calibration, training, and therapeutic development.

1.2 Hydrogels

Hydrogels are increasingly utilised in the development of
ophthalmic phantoms for ultrasound applications due to their
ability to replicate the acoustic properties of biological tissues
by allowing fine-tuning of their mechanical and acoustic
properties. Their high water content and biocompatibility make
them particularly effective for simulating ocular structures such
as the retina, cornea, and vitreous humour.

Hydrogel synthesis includes polymeric precursors, which
need to undergo crosslinking by either a chemical, thermal, or
photo-initiated method. Commonly used polymers include
polyethylene glycol diacrylate (PEGDA), behenyl methacrylate
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(BEMA), gelatin, methacryloyl (GelMA), polyacrylamide, and
agarose [5]. The preparation process involves dissolving these
polymers in aqueous solutions, adding crosslinking agents or
photo-initiators, and then curing the solution under controlled
conditions to achieve a solid hydrogel with specific structural
properties [6].

Tuning the acoustic properties of hydrogels is critical for
their application in ultrasound imaging. Parameters such as
polymer concentration, crosslink density, and the inclusion of
additives or scatterers are adjusted to replicate the acoustic
properties of ocular tissues [6]. As an example, the hydrogel’s
density and stiffness can be induced by increasing the polymer
concentration, which can directly influence its acoustic
behaviour; or using additives (such as microspheres or
nanoparticles) to improve the hydrogel’s echogenicity, making
it more reflective [8].

Regardless of their versatility, they can face similar
challenges, such as dehydration, material degradation, or long-
term stability, which are based on the materials applied to
create the hydrogel [7]. Their adaptability compensates for
their disadvantages, making them essential in the development
of ultrasound phantoms, and thereby contributing to the
improvement of ophthalmic diagnostic techniques in the long
term.

The concept of “hydro-locking” using sulfuric acid for
hydrogels, particularly alginate-polyacrylamide  double
networks, was introduced by Zhang et al. [9]. This approach
immobilizes water molecules within the polymer network,
thereby protecting the primary chemical structure from
collapsing under wide temperature ranges. As a result, the
hydrogels retain their stretchability and functional integrity
across extreme circumstances. The method is hypothesized to
be broadly applicable to other hydrogel systems, offering
potential for the preservation of diverse hydrogel materials.

II. METHODS

The development of the retina phantom involved designing
the phantom based on the specific acoustic properties of the
retina and the hydrogel materials, including speed of sound,
attenuation, acoustic impedance, thickness, and density. The
acoustic parameters of various ocular components were
systematically compared with those of potential candidate
materials. The material closest to the eyeball characteristics
was the 20% bisphenol-A ethoxylate diacrylate (BEMA)
hydrogel. With either direct incorporation, or post-
polymerization immersion, different concentrations of 1M
solution of sulphuric acid (10%, 20%, 30%, 40%) were
introduced, followed by thermal processing at 65 °C. Ethyl
phenyl(2,4,6-trimethylbenzoyl) phosphinate (TPO-L) was used
as a photo-initiator, and tartrazine (TTZ) as a photo-blocker.
These materials were photo-crosslinked using an ASIGA MAX
X27 (385 nm) 3D printer, with varying exposure times
systematically applied. For each exposure time, measurements
were conducted in triplicate across all material concentrations.
Thickness measurements were obtained using a calliper and
subsequently analysed in MATLAB to calculate the precise
energy required for gelation.

Acoustic testing of the materials was conducted in a water
tank using ultrasound transducers with center frequencies of 5
and 10 MHz to measure their speed of sound, attenuation, and
impedance. Once the phantom achieved the desired acoustic
accuracy, simulation results were validated using COMSOL to
compare the real-life eye values with experimentally obtained
data. To facilitate this comparison, 2D computer models were
developed for COMSOL and set up using the nonlinear
pressure acoustics module, simulating a realistic eyeball, and
then the phantom eyeball. Ultrasound simulations were
performed on this model at 10MHz, thereby establishing a
benchmark for analysing ultrasound propagation through the
eye.

III. RESULTS AND DISCUSSION

A. BEMA phantoms

The baseline phantom models were fabricated using 20%
bisphenol-A ethoxylate diacrylate (BEMA) hydrogels with
photoinitiator (TPO-L) and photoblocker (TTZ). Two
sulphuric acid treatment pathways were evaluated: (1)
immersion of fully polymerized phantoms in solutions of
varying acid concentrations, and (2) direct incorporation of the
acid into the pre-polymer mixture prior to printing. Material
formulations and component ratios were systematically tested
and adjusted to achieve acoustic properties closely matching
those of the human eye. The acoustic properties of the BEMA
material closely matched those of the retina, with measured
sound speeds of 1527 m/s and 1528 m/s, acoustic impedances
of 1.63 MRayl and 1.59 MRayl, and densities of 1070 kg/m?
and 1036 kg/m?, respectively.

B. Adding the Sulphuric Acid

The introduction of sulphuric acid induces protonation and
facilitates the formation of both ionic and hydrogen bonds
between water molecules, the acid, and the methacrylated
monomers (Fig. 1).

Fig. 1. Molecular structure of the developed material, showing the
original BEMA monomer prior to bonding and its transformation in the
presence of water and sulphuric acid. Hydrogen and ionic bonding
interactions facilitate the formation of a modified molecular network.

This molecular interaction effectively immobilizes free
water molecules, thereby markedly reducing dehydration.
Hydrogen bonding occurs when a hydrogen atom covalently
bonded to a highly electronegative atom—such as nitrogen,



oxygen, sulphur, or phosphorus—acquires a partial positive
charge, creating an electrostatic attraction to another
electronegative atom. In this system, hydrogen bonds form
between the nitrogen-bound hydrogen atoms in BEMA and the
sulphur atoms of the sulphuric acid, stabilizing the hydrogel
network through combined electrostatic and hydrogen-bonding
effects.

Both treatment methods improved water retention, with the
most effective approach extending hydration stability from a
few minutes to multiple weeks.

C. Resistance and conductivity

Given the chemical composition and structural
characteristics of these materials, it is hypothesised that, while
sulphuric acid molecules form hydrogen bonds with the BEMA
monomers and ionic bonds with water molecules, the number
of available binding sites is finite. Consequently, a fraction of
water molecules remains unbound, and some sulphite ions
(HSO4 or SO42") may be protonated but not fully bonded. This
results in the presence of free protons (H") and ions within the
hydrogel matrix, adding potential ionic conductivity to the
material.

To wverify this hypothesis, ionic and electrical
characterisation tests were performed, including measurements
of conductivity, resistivity, and resistance (Fig. 2). These
parameters were calculated according to the relationship
defined in (Eq.1.), where resistance (R) and conductivity (o)
can be calculated from the material’s resistivity (p), sample
length (/), and cross-sectional area (4):

I(m)
g == ——--
p R(Q)A(m?)
(1

This approach allows conductivity and resistance to be
determined directly from measured resistivity, providing
quantitative insight into the ionic transport behavior of the
modified hydrogel network.
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Fig. 2. The ionic and electrical resistance and conductivity of the
materials based on their sulphuric acid concentration, with confirming the
theory that there are free ions in the materials.

The results support the theory that these materials are
ionically conductive but electronically insulating, with ion
conductivity increasing as the acid concentration rises, while
the resistance decreases, remaining below 6 S/m. Investigating
the point of saturation would be of interest to fully characterize
the conductivity behavior and determine the concentration at
which ion transport reaches a plateau.

D. Comparison of hydro-locked phantoms

Water retention capacity was assessed by measuring sample
dimensions before and after a three-week dehydration period to
evaluate hydro-locking performance. Measurements were
performed using calipers, with three replicates per sample, and
averaged for analysis.
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Fig. 3. Graph illustrating the percentage of water retention of the

hydrogels after three weeks, relative to their original size, calculated based on
the size reduction before and after the dehydration period.

This study includes materials treated via immersion in
sulfuric acid (10%, 20%, 30%, and 40%) as well as direct
incorporation (10% and 20%), without additional measures
being introduced (Fig. 3). Directly incorporated samples (10%
and 20%) were further subjected to extra precautions, including
cling film wrapping and refrigerated storage.

The results indicate that water retention decreased with
increasing sulfuric acid concentration during immersion,
whereas direct incorporation showed minimal variation. When
additional precautions were applied, both concentrations
maintained over 99% of their original size after three weeks
without water exposure. The highest performance was
observed for BEMA materials directly incorporated with a
10% sulfuric acid solution, extending their effective water
retention from a few minutes to three weeks.

IV. SUMMARY AND FUTURE WORK

Hydrogel-based tissue phantoms are widely used in
ultrasound imaging research due to their ability to replicate the
acoustic and mechanical characteristics of biological tissues;
however, conventional formulations exhibit rapid dehydration,
limiting their long-term applicability. This study presents a
method for enhancing hydration stability in hydrogel-based
retinal phantoms through the integration of a hydro-locking
polymer network. Bisphenol-A ethoxylate diacrylate hydrogels
were modified using two sulphuric acid (H.SO.) treatment
strategies—pre-polymerization  incorporation and  post-
polymerization immersion—at concentrations of 10-40%
(w/w), followed by thermal processing at 65 °C. The acid
promoted ionic and hydrogen bonding between water
molecules and methacrylated monomers, effectively reducing
free water loss while preserving acoustic performance.

Acoustic characterisation at 5 MHz and 10 MHz confirmed
the values of speed of sound, attenuation, and impedance.
Electrical measurements indicated ionic conductivity
proportional to acid concentration, consistent with the presence

of protons and ions within the hydrogel matrix. Hydration
stability testing demonstrated that direct incorporation of 10%
and 20% H>SOs, combined with refrigeration and cling film
wrapping, retained over 99% of the phantom’s original size
after three weeks, extending usability from minutes to weeks.
The proposed approach enables the fabrication of durable,
reusable retinal phantoms suitable for ophthalmic ultrasound
calibration and testing.

Future work will focus on longitudinal monitoring of
acoustic parameters during the dehydration period to assess
temporal changes in performance. Extended usability trials
beyond the three-week period are planned to evaluate long-
term stability under varying storage conditions. Further
investigations will examine the influence of a broader range of
sulphuric acid concentrations on ionic resistance and
conductivity, enabling a more complete understanding of
saturation effects. In addition, alternative chemical agents with
similar water-binding mechanisms will be explored to
determine their efficacy in enhancing hydration stability and
preserving acoustic stability in hydrogel-based retinal
phantoms.
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