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1. Introduction

Developing tuneable viscoelastic silicone
gel-based inks for precise 3D printing
of clinical phantoms
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Xavier Tarrado,® Laura Calvo-Duarte,” Arnau Valls-Esteve, (2 ¢ Lucas Krauel,®
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Tissue and organ phantoms with realistic anatomical features are becoming increasingly popular in
the medical field due to their potential to revolutionize surgical planning and practice. Despite
advancements in the production technology using 3D printing and development of materials, the
availability of 3D printable materials that accurately replicate human organs’ mechanical properties is
limited. Therefore, we developed a family of silicone gel-based inks that can be 3D printed using direct
ink writing (DIW) with tuneable viscoelastic properties that mimic a wide range of soft tissues. The
control over viscoelastic properties is achieved by fine tuning of silicone formulations with a rheology
modifier to promote the encapsulating silicone oil. This strategy not only allows for the recreation of the
viscoelastic behaviour profile of a wide range of soft tissues through amplitude and frequency sweeps
but also is entirely compatible with DIW printing for medical model manufacturing. Thus, this study
stands as one of the few in the literature presenting a DIW printing technology enabling the printing of
silicone with such precise control over viscoelastic properties that it allows for different sensations to be
experienced by the evaluating medical team.

tissue and organ phantoms are rapidly gaining popularity in
the medical field,” with a growing number of research studies

Tissue and organ phantoms with realistic anatomical features
are becoming increasingly popular in the medical field, parti-
cularly for preoperative planning, medical training, and patient
understanding." These models accurately simulate biological
structures, providing surgeons with a safe environment to
practice and fine-tune their skills, as well as providing a
versatile platform for training and testing.” In addition, tissue
and organ phantoms are cost-effective,’ easier to manipulate
than traditional tools such as virtual reality, and more ethical
and precise than animal models.* Particularly, 3D-printed
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and clinical trials highlighting their potential to revolutionize
surgical planning®™® and practice."™"*

Despite widespread interest, serious constraints prevent
phantoms that mimic human tissues and exhibit realistic
behaviour from becoming a reality. Firstly, from a manufactur-
ing perspective, phantoms have been created using traditional
techniques such as casting."®"® These technologies are time-
consuming and costly due to the need for tooling preparation
and waste disposal.’® As a result, personalized medical phan-
toms for individual patients are often impractical due to the
high cost and time of production. Instead, most of these
models are produced in large quantities as generalized, idea-
lized versions for educational purposes that are not persona-
lized. Additionally, these moulded phantoms lack the ability to
precisely replicate internal characteristics and complex features
of the human anatomy, such as blood vessels or nerve struc-
tures, making it difficult to accurately visualize the anatomical
reality.”°

3D printing technologies offer a solution to the limitations
of traditional manufacturing processes, as they allow for
the rapid and cost-effective production of patient-specific,
high-fidelity medical phantoms without the need for tooling.”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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These technologies offer a solution to the challenge of replicat-
ing the intricacy of anatomical structures by producing high-
resolution phantoms, making it the primary manufacturing
technique for medical phantom fabrication. Despite 3D printing
technologies’ potential, they are currently hindered by limita-
tions in the availability of 3D printable materials that can
accurately replicate the mechanical properties of human organs
and tissues. From a materials perspective, conventional 3D
phantoms are composed of commercially available materials
such as thermoplastics,”*>* and polymer resins,”>*® due to their
straightforward production process; however, their mechanical
properties are vastly different from those of soft tissues found in
the human body.> This mismatch in the mechanical properties
can limit the realism of conventional 3D phantoms and com-
promise their usefulness for certain medical applications. It has
been demonstrated that practising on materials that are harder
than the tissue can lead to an increase in surgical complications
due to the use of excessive force during surgery.>” Consequently,
although they reproduce anatomical structure complexity, they
still fall short in replicating the full biomechanical complexity.
For this reason, these models are useful for visualizing and
learning anatomy, but they cannot be used for surgical
planning®® and rehearsal because they do not represent the true
texture of tissues.

In this sense, 3D printing technologies, such as the J850
Digital Anatomy printer from Stratasys S.L, try to recreate the
softness and density of native tissues by unique material
combination®*?*° or playing with the infill density and
pattern.*** However, they are focused on replicating specific
properties such as Young’s modulus values, shore hardness,*
tensile strength, density or elasticity.” This approach oversim-
plifies the models using simple mechanical models to be
compared with soft tissues. Therefore, it fails to capture the
complexity of biomechanical soft tissues which are highly
complex materials that exhibit viscoelastic behaviour,*® which
means that their mechanical properties change in response to
different loading rated and time-dependent deformations,
especially when tissue touch and cutting sense has to be
recreated. In addition, this viscoelasticity is frequency-
dependent, meaning that the mechanical properties of the
tissue change with the frequency of the applied force. To create
phantoms that can serve as tactile tools for presurgical plan-
ning, it is necessary to avoid using simple mechanical models
that assume linear and elastic behaviour, and accurately char-
acterize the viscoelasticity of soft tissues®® in terms of both
elasticity and viscosity®* depending on the frequency applied.
Therefore, not only the processability through 3D printing
techniques is required to precisely recreate the anatomic
regions, but also a deeper understanding of the viscoelastic
properties of soft tissues will improve the phantom realistic
surgeon feelings. Despite meeting materials performance
requirements and overcoming technological limitations, the
clinical utility of these models is yet to be fully established due
to a lack of validation from healthcare professionals. All the
issues raised above suggest that despite significant advance-
ments in fabrication technologies and available materials,
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there are still limitations in creating organ phantoms with
desired mechanical and physicochemical properties to mimic
soft tissues. Therefore, a compromise between the ability to
recreate anatomical morphology and the recreation of physical
characteristics is still necessary.

In this context, lots of studies have used hydrogels to
fabricate phantoms using 3D printing. Hydrogels are three-
dimensional networks of hydrophilic polymers that display
viscoelasticity and can absorb and retain a large amount of
water. These trapped water molecules act as a lubricant and
allow the polymer chains to move and slide more easily, giving
them viscoelastic properties. In addition to their similarity in
mechanical properties, hydrogels can also be tailored easily,
mimicking the geometrical, architectural, and mechanical
features of soft tissues. For example, Desheng Liu et al>’
developed a 3D printable tissue-mimicking elastomeric double
network hydrogel that matches Young’s modulus of diverse
biological soft tissues by regulating the composition of the
hydrogel matrix and the density of metal coordinator bonds.*”
Additionally, Wang et al.*® used a combination of GelMA/HAMA
inks and DLP-based 3D printing to create a range of complex
soft tissues with a compressive modulus similar to those of
actual tissues with high structural sophistication and accuracy.
Moreover, Hinton et al.>* developed a method for 3D printing
biological structures such as arterial branches using alginate,
collagen, and fibrils gels as inks and gelatin slurry as the
support. The technique achieved a resolution of about
200 pm, but the stiffness was found to be higher than the
human brain or lungs. Leibinger et al.”® compared two different
models that try to mimic brain tissue: while gelatin models
show insertion forces that agree closely to the brain, composite
hydrogel models better mimic the viscous nature of this soft
tissue. Both materials match different characteristics of the
brain, but neither of them is a perfect substitute. The afore-
mentioned studies serve as examples describing the utility of
hydrogels as a material for fabricating medical phantoms;
however, they also show that hydrogels have also certain
limitations and drawbacks that must be considered such as
the limited shelf-life, and variability in their properties depending
on small variations of the manufacturing process.”' Additionally,
biopolymers are not stable for long term use and allow bacterial
growth in a material.**

Silicone can be used as an alternative to hydrogels for 3D
printing medical phantoms due to its viscoelasticity, durability,
thermal stability, and higher tensile strength especially when
compared with hydrogels. These properties are important
because, phantoms are often used in procedures or tests that
involve exposure to heat or changes in temperature, therefore,
thermal stability is required. In addition, they are often sub-
jected to repeated use and handling, and they need to with-
stand the stresses of manipulation and testing without
degrading over time, hence, long durability in combination
with mechanical stability is necessary. And finally, high tensile
strength ensures that they can maintain their shape and
properties during use, which is essential for accurate and
reliable testing and training that involve stretching, pulling
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and compressing the sample. Thus, these properties are impor-
tant for creating long-lasting and realistic phantoms that
accurately simulate the properties of human tissues. For exam-
ple, silicone has been used to replicate the internal structure of
the human bronchial vasculature®® due to its versatility in
tensile strength (ranging from 0.2 to 165 MPa, with PDMS being
the gold standard at 5 MPa),** and elongation at break (5% to
1490%).** However, intrinsic issues of silicone processing, such as
its high viscosity for formulations of higher elastic modulus, and
the complexity of controlling the polymerization reaction, make it
more challenging to process silicone formulations through 3D
printing, relegating the fabrication of complex structures to more
simple fabrication procedures such as casting.

In this study, we developed a family of UV photocurable
silicone gel-based inks that meet the stringent requirements for
producing realistic medical phantoms. These inks have advan-
tageous qualities that successfully address the primary issues
encountered in phantom manufacturing. They are specifically
compatible with direct ink writing (DIW) technology, feature
tuneable viscoelastic properties that effectively imitate the
tactile sensations of various soft tissues, and have been tested
by a multidisciplinary team of surgeons. The achievement of
these properties is attributed to tight control over the silicone
gel structure, which achieves a compromise between rheo-
logical properties important for material processing and the
viscoelastic behaviour of the material. Our approach employs a
modification of the photocurable silicone network to accurately
reproduce the elastic and viscous modulus profiles of several
soft tissues, such as the brain, kidney, muscle, and cartilage, by
encapsulating different amounts of silicone oil. Furthermore,
considerable improvements in printability are achieved by the
addition of fumed silica. Finally, we conducted assessments
with a team of surgeons from Sant Joan de Déu Children’s
Hospital, who are known for their expertise in 3D simulation
and surgical planning, to evaluate the capabilities of the
printed medical phantoms to simulate tissue behaviour during
medical procedures. Using a survey-based approach, surgeons
evaluated the realism of our materials in replicating the tactile
experience of soft tissues and executing surgical activities such
as cutting and suturing. This examination not only sheds
information on the relationship between the recreated visco-
elastic properties and tissue behaviour, but it also emphasises
the significant advantage that our materials give over available
alternatives for soft tissue replication.

2. Materials & method

2.1. Materials

Commercial liquid silicone rubber (LSR 2060) obtained from
Momentive has been used in this study. This silicone is a
photocurable silicone that cures via a platinum-catalysed system
under UV light. UV light initiates the hydrolysation reaction®®
between silicone polymer chains and the curing agent.*®
To produce a silicone gel, non-commercial polydimethylsiloxane
(silicone oil) with a viscosity of 1000 Cst is added to the mixture.
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The methyl group*” terminating silicone oil polymer chain is non-
reactive. Thus, they do not participate in the silicone network
formation during the curing reaction and remain encapsulated in
the silicone network. Aerosil 200" (purchased from EVONIK),
a hydrophilic fumed silica widely utilized in industry to control
the rheology and thixotropy of liquids, binders, and polymers,*® is
included in the mixture as a reinforcing agent. Nivea Créme® is
used as the gold standard of printable materials for extrusion
printing. 3D-printed DragonSkin silicone 2ShoreA is used as a
control for surgeons’ clinical validation given that it is the gold
standard phantom material.

2.2. General procedure for the synthesis of silicone
formulations

Silicone inks are prepared using a liquid silicone in combi-
nation with a 5% of commercial catalyst. Different quantities of
non-commercial silicone oil are added to generate different
viscoelastic properties (from 0 to 10 ratio of silicone oil versus
silicone). To improve printability and to ensure the long-term
stability of 3D-printed silicone components, hydrophilic fumed
silica is added to the formulations (at 0.05 g ¢ ). The complete
formulation details of each material can be found in Table S1 of
the ESLt A centrifugal mixer (Speedmixer DAC 600.2 FlakTek)
blends all materials at 3000 rpm. for 3 min. To identify the
different formulations used in this study, we have assigned
them specific names based on their composition. Formulations
composed of silicone and silicone oil are named SS, while those
containing silicone, silicone oil, and hydrophilic fumed silica
(Aerosil) are named SSA. The number that follows SS or SSA is
the grams of silicone oil per gram of silicone.

2.3. Rheological properties to predict printability

The storage and loss modulus, the shear-thinning behaviour, and
the recovery capacity of all the formulations were evaluated before
curing to determine 3D printability. Rheological characterization
of the silicone ink formulations was performed using an AR 2000
rheometer from TA Instruments. The rheometer was equipped
with a flat 20 mm plate made of steel and the gap was fixed at 300
pm. The silicone ink samples were loaded onto the rheometer
plate, ensuring that the entire gap was filled with silicone. To
determine the linear viscoelastic region, an amplitude sweep was
performed at 1 Hz from 0.1 to 100% strain. After this, a frequency
sweep from 0.1 to 100 Hz at 2% strain was conducted to obtain
consistency and information about the structure of the material.
Shear thinning behaviour was determined by the evaluation of the
viscosity across a shear rate ramp (from 0.02 to 2000 1 s~ ). The
recovery test had three phases, the first one using a low shear rate
(0.1 1 s7") to determine resting state viscosity, the second one at a
high shear rate (100 1 s™') to determine viscosity when the
material is flowing, and finally, the last step using the low shear
rate, to show how quickly the material recovers the initial
viscosity. All tests were performed at 25 °C.

2.4. 3D printing of silicone formulations

The silicone mixtures were loaded into 10cc opaque syringes
barrels (Nordson EFD) minimizing air bubbles. Opaque nozzles

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PowerDIW 3D printer by CIM UPC. Details of the 3D printing moving part, DIW extrusion system and marble platform.

with a diameter of 0.58 mm were used for printing. Samples
were printed using a direct ink writing (DIW) machine®®
(PowerDIW, CIM UPC, Barcelona, Spain) equipped with one
DIW printheads inside a closed enclosure with temperature
and humidity control (Fig. 1).

The same printing settings were used for all silicone-based
formulations (SS0.5, SS1.8 and SSA7), including a layer height
of 0.2 mm, a printing speed of 20 mm s~ ', two wall perimeters,
and a 100% infill density. During the printing process, a UV
photocuring process was employed using Hamamatsu UV light
(LC-L1V5) at 7% (SSA0.5), 10% (SSA1.8) and 30% (SSA7) irra-
diance. This ensured optimal curing of each formulation keep-
ing maximum shape fidelity. PDMS and other silicone samples
have been processed to obtain solid specimens as described
previously in other publications of the group.”®

To assess printing resolution, a grid of 40 x 40 mm and a
pore size of 4 x 4 mm are 3D printed. Filament diameters
(verticals and horizontals) and pores sizes of each printed grid
were quantified using Leica IC 3D. To assess printing resolu-
tion when fabricating a phantom model, a scaled kidney is
printed using SSA0.5, SSA1.8 and SSA7. Mimics Materialise
software was used to design a 3D kidney model, and PrusaSlicer
was utilized for the slicing process.

To conduct a qualitative cutting and suturing tests by
surgeons, two distinct samples were printed using a custo-
mized silicone 3D printer (called P3) created by CIM-UPC
(further details can be found in the ESIt section). The samples
consisted of semi-spheres (27 mm in diameter and 11 mm in
height) and squares (55 x 55 mm squares and 3 mm in height).
The printing parameters used are the same as 3D printed
kidney phantoms except a concentric infill pattern was used
to fabricate semi-spherical samples (Video S1, ESIf), while a
rectilinear infill pattern was used for squares (Video S2, ESIt) to
improve sample resolution. UV light at 7% (SSA0.5), 10%
(SSA1.8) and 30% (SSA7) irradiance is used to ensure shape
fidelity.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.5. Viscoelastic behaviour determination

The viscoelastic behaviour of cured silicone formulations and
tissues was carried out using dynamic mechanical analysis
(DMA Q800 V21.2 TA) under frequency scans from 0.1 to
100 Hz at 2% strain using a compression clamp at 25 °C with
a preload force of 0.5 N. Cylindrical samples with an approxi-
mate diameter of 13 mm were obtained from fresh organs and
3D-printed silicone samples. Fresh organs were purchased
from local suppliers, and samples were obtained on the same
day to ensure consistency and minimize any potential degrada-
tion of tissue properties. To capture the heterogeneity of the
organs, efforts were made to select representative samples from
various regions of each organ. The selected samples were
carefully dissected to extract cylindrical tissue samples, ensur-
ing uniformity in size and shape. Upon extraction, the samples
were immediately placed in a refrigerated environment to
maintain their freshness and structural integrity until tested.
The thickness of all samples was approximately 3 mm to ensure
consistency in the experimental setup. To account for varia-
bility within each organ, five replicates of each organ sample
were obtained. This approach allowed for robust statistical
analysis and enhanced the reliability of the experimental
results. Similarly, 3D-printed silicone samples were fabricated
to match the dimensions of the tissue samples, ensuring direct
comparisons between biological and synthetic materials
(13 mm of diameter and 3 mm of thickness).

2.6. Medical opinion. Protocol

Qualitative cutting and suture tests (Videos S3 and S4, ESI¥)
were performed by surgeons to assess the samples’ suitability
for surgical applications. To evaluate the usefulness, fidelity
and experience of the surgeon using our formulations, a pro-
tocol of 8 questions has been developed that is valued from
1 to 5 (totally disagree to completely agree). On the other hand,
each of the formulations has been evaluated as a candidate to

Mater. Adv., 2024, 5, 3706-3720 | 3709
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reproduce different tissues and organs (brain, adipose tissue,
pancreas, kidney, liver, muscular tissue, skin, tumoral tissue
and cartilage). Questions can be found in the ESI{ section.
In addition, each of the formulations has been compared with a
commercial silicone (DragonSkin of 2ShoreA) that is already
used to make phantoms to ensure the utility of our formula-
tions. The protocol was followed by seven surgeons of Sant Joan
de Déu Hospital.

3. Results and discussion

3.1. Optimization of silicone inks printability

Silicone-based ink formulations presented in this work com-
promise four main components that are crucial in controlling
viscoelasticity while maintaining high printability using DIW
techniques: silicone chains, platinum-catalysed curing agents,
silicone oil and fumed silica (as shown in Fig. 2). The silicone
chains and curing agent react under UV light to form a solid
elastomeric network. Meanwhile, the silicone oil, which is
composed of vinyl-terminated silicone chains, is encapsulated
within the polymeric network to form a silicone gel with
different viscoelastic properties compared to bulk silicone.
Fumed silica, which are ceramic particles with a high specific
surface area, are functionalized with hydroxyl groups on their
surface. These groups promote the formation of hydrogen
bonds with silicone oil chains, preventing their diffusion out-
side the polymeric network and promoting the thixotropic
behaviour of the ink.

Despite the addition of silicone oil and Aerosil being
explored before to modify bulk silicone, the optimization of
the proportions of these components and the control over the
tunability of the silicone is key to develop new inks with
mimicking properties while processability using DIW. This
led us to investigate the impact of silicone oil and Aerosil
(fumed silica) on the rheological properties of the inks and
their printability. In addition, this study aims to develop 3D
printable inks that are versatile and can be used with different
printers, including those with varying pressure forces. The
challenge of developing such inks lies in the need to balance
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the viscosity and flow properties of the ink to ensure that it can
be extruded consistently across different printers. To address
these challenges, we will investigate the rheological properties
of the ink.

To obtain good printability in DIW, the material must fulfil
specific rheological behaviour where three main phases are
identified: first, silicone ink must present a resting state, where
it needs to have enough consistency to remain inside the
syringe without leaking. Next, it undergoes a transition to a
high shear state where it must flow while passing through the
nozzle. Finally, it must quickly recover to its initial resting state
properties to maintain the printed shape’" (see Fig. 3A).

The key rheological properties that describe these three
phases of the DIW process are the elastic and viscous moduli,
viscosity related to shear thinning behaviour, and elastic recov-
ery (Fig. 3B). By measuring the storage and loss moduli, we can
assess the material’s ability to withstand deformation during
printing, which is critical for achieving accurate and high-
quality 3D prints. They also indicate the elastic and viscous
components of each formulation. Inks more elastic than vis-
cous are desirable for 3D printing because it means that the
material can be extruded and shaped without losing its shape
or collapsing.

We also examined shear thinning behaviour, which is the
behaviour of the fluid whose viscosity changes as it is subjected
to increasing shear stress,”® to ensure that the material can
be extruded through the nozzle when shear stress is applied
during the printing process. This property can be beneficial for
3D printing because it allows the material to flow more easily
through the printer nozzle while still maintaining its shape
once it exits the nozzle.

Finally, we conducted a recovery test where the materials are
subjected to controlled deformation and then the extent to
which the material recovers its original shape and properties
after the deformation is measured. This information can pro-
vide insight into the material’s ability to maintain its shape and
mechanical properties during printing and can help to predict
collapse during the printing process.

To assess whether our silicone-based formulations are sui-
table for 3D printing, we compared the rheological results with

Silicone oil Covalent
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o-Londs
[
S [ ]
Si—on ° 7
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Fig. 2 Schematic overview of the strategy used in this paper. Precursors of photocurable LSR 2060 are silicone polymer chains (in grey) and platinum-
catalysed curing agents (red). Silicone oil chains (in blue) and fumed silica (in orange) are incorporated into the mixture to obtain tuneable viscoelastic

properties and 3D printability.
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Fig. 3 Rheological properties affecting printability and shape fidelity in extrusion-based 3D printing. (A) Phases of materials extrusion in 3D printing. (B)
Interplay of rheological properties. (C) Evaluation of the effect of silicone oil and fumed silica on elastic and viscous modulus, shear thinning behaviour
and recoverability. (C)(i) Nivea Creme's results were used as a gold standard for rheological characterization. (C)(ii) Silicone oil effect on key rheological
properties for extrusion-based 3D printing and the (C)(iii) effect of the incorporation of fumed silica to SS formulations. The data presented in each panel
demonstrate the importance of these rheological properties in achieving high-quality, accurate prints.

those of Nivea Créme™
material for extrusion 3D printing in several studies
(Fig. 3C(i)). Nivea presents higher elastic than viscous moduli
ensuring extrusion without losing integrity of the printed
shape, shear thinning behaviour which guarantees fluidity
and rapid recovery after deformation that assure shape fidelity.

The effect of silicone oil on the rheological properties of
silicone inks has been studied an is shown in Fig. 3C(ii). First,
the moduli were found to be frequency-dependent for all
of them, increasing with increasing frequency as expected in
viscoelastic materials. Later, it was found that silicone oil
reduces elastic and viscous moduli, leading to less consistency
and softness. Besides, the percentage of silicone oil is critical in
determining the shear-thinning behaviour, as higher amounts
do not display shear-thinning behaviour and instead present
constant viscosity over the range of studied shear rates. The
initial viscosity of these formulations was found to be insuffi-
cient in preventing leakage, with viscosities 50 or 100 times
lower than optimal. The recovery test showed that increasing
the ratio of silicone oil significantly reduced the initial viscos-
ities, dropping the values to 10 Pa s, and no differences in
viscosities are found between the three phases of the test, thus,

, which has been used as a gold standard
53,54

© 2024 The Author(s). Published by the Royal Society of Chemistry

they do not display recoverability. All these results are expected
given that the viscosity of silicone oil is 600 times lower than
silicone’s viscosity. This leads to significant changes in the
composition of the mixture as the percentage of silicone oil
increases, making the silicone oil-based formulations unsuita-
ble for 3D printing.

To address this, Aerosil 200" is added as an agent to
regulate the rheological properties of silicone inks and opti-
mized to display the optimum printable properties for DIW.
As shown in Fig. 3C(iii), the addition of 0.05 g g " of Aerosil
causes the convergence of moduli of all formulations, and the
consistency of formulations with higher silicone oil percen-
tages increases. This resulted in moduli very similar to Nivea
Créme across the studied frequency range. The initial viscos-
ities of all formulations increased and approached the initial
viscosity of Nivea Créme. Moreover, viscosities decreased
when the shear rate was increased, indicating shear thinning
behaviour. In addition, all formulations showed flow behaviour
and elastic recovery in the recovery test. Therefore, formula-
tions containing fumed silica display favourable rheological
properties for DIW printing regardless of silicone oil content.
These promising results suggest that fine tuning of silicone
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formulations is achieved, and they could be well-suited for the
3D printing of medical phantoms.

3.2. Printability through DIW

Printing resolution is crucial for 3D-printed medical phantoms
to achieve accurate and reliable simulations of human anatomy
and tissue properties, and for improving the accuracy and
reliability of medical imaging and surgical procedures. As seen
in rheology tests, silicone gel-formulations with high amounts
of silicone oil are far from Nivea Créme rheological behaviour.
Nevertheless, when fumed silica is incorporated into the for-
mulations, they exhibit both shear-thinning behaviour, which
is crucial for maintaining the ink’s fluidity, and quicker reco-
verability, expecting better shape fidelity.

To corroborate these results, the resolution of the 3D print-
ing process is evaluated using a 3D printed grid (Fig. 4A), which
is the reference model to evaluate 3D printing resolution.>>>’
All formulations are used as inks to print this lattice and
determine silicone oil and fumed silica effect over printability.
The uniformity of filaments (Fig. 4Bi) is determined by quanti-
fying the diameter of the filament along different points of the
printed structure (d1, d2 and d3), and a smaller average value
indicates a higher printing resolution. In addition, the stan-
dard deviation of the filament diameter of different regions
provides insight into the uniformity of the deposited filament.
Additionally, the transversal pore geometry is assessed
(Fig. 4Bii) comparing the measured pore area from the printed
sample with the pore area of the 3D model. Ideal filament
stacking results in an optimal rectangular pore shape with a
Printability Rate (Pr) value equal to 1. Printability rates below 1
indicates that the area of the final printed pores is higher than

A Nivea Creme
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the ones designed in the 3D model revealing that the material
of the filament flows narrowing the pore size.

The evaluation of printability of silicone inks can be quali-
tatively assessed through visualization of a printed reference
grid. Fig. 4C shows that with low silicone oil concentrations
(0.5 g silicone oil per g of silicone), a uniform filament is
formed when extruding and a uniform lattice with differen-
tiated filaments is formed when 3D printing. Increasing the
silicone oil content had an undesired effect in terms of print-
ability, given that a droplet is created when extruding and the
pore size of the grid is reduced due to the inherent reduction of
viscosity as observed in Fig. 3C(ii). Moreover, it was observed
that formulations with high content of silicone oil do not
present good printability because they exhibit collapsing dur-
ing printing, and inconsistent and non-uniform patterns due to
their low viscosity compromising the quality and accuracy of
the printed object.

In good agreement with the rheological tests of Fig. 3C(iii),
the incorporation of Aerosil prevents the silicone oil diffusion
while viscosity is increased improving the filament uniformity
when extruding for the whole range of studied formulations
(Fig. 4C). During the printing process the filament flowed
smoothly through the printer nozzle, maintaining the shape,
adhering to the build platform and previous layers, and produ-
cing a finished part with dimensional accuracy, meeting the
acceptable printability region. In addition, it is important to
highlight that all the formulations with Aerosil, regardless of
the amount of silicone oil, achieve very similar resolutions,
although the printing parameters used to print them are the
same. This indicates that fumed silica can be used to generate a
wide range of printable silicone formulations with different
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quantities of silicone oil while managing to facilitate the
printing process. Fig. 4 presents the quantitative analysis of
filament distance (Fig. 4D(i)) and Pr (Fig. 4D(ii)) of the 3D
printed reference grid. Fig. 4D(i) shows that Nivea Créme filament
distance is exactly the value of the nozzle diameter and the 3D
model designed (0.58 mm) indicating this value as the maximum
XY resolution achievable with the selected nozzle.

For formulations without Aerosil (0 g Aerosil g '), the
filament distance increases proportional to the oil content,
while, for formulations with Aerosil (0.05 g Aerosil g”') the
filament distance values remain close to the 0.58 mm. Simi-
larly, Fig. 4D(ii) show that Nivea Créme and Aerosil formula-
tions exhibit a Pr = 1 or similar, while formulations without
Aerosil exhibit a Pr value of lower than one, showing poor
resolution. The results presented in this section match with the
rheological study performed before, showing that rheology is
an excellent and quick tool to predict 3D printability.

Although there are highly specific technologies that enable
the printing of elastomeric materials using DIW with excep-
tionally high resolution (in the range of 50 pm),*® the resolution
of most DIW processes for processing silicone-based materials
typically falls between 1000 and 100 pum.’® Therefore, the
resolution of our printing process is within standard para-
meters in DIW. Considering DIW processes where materials
with storage and loss moduli are as low as those described in
this article, resolutions around 1000-200 pm are found for the
printing of hydrogel-based DIW. Hence, the resolution
achieved in our prints also meets or exceeds standard resolu-
tion criteria.*’
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3.3. 3D printing of kidney phantoms as a proof of concept

Once it has been validated that all silicone gel formulations can
be printed with good resolution, a proof of concept of a kidney
phantom is fabricated using DIW 3D printing technology from
a digital 3D model. To obtain this model, the first step was to
import a computed tomography abdominal scan of a patient
(DICOM file) into Materials Mimics software. There, the kidney
was selected with manual segmentation, which is the process of
extracting anatomical structures from medical images using an
appropriate segmentation algorithm (in pink in Fig. 5A). Then,
the software generated a 3D model of the organ by combining
the segmented slices. The resulting 3D model is then utilized to
evaluate the 3D printing resolution achievable with silicone-
based formulation. As demonstrated in Fig. 5B the 3D printed
phantom exhibits high fidelity to the 3D model in terms of its
external and internal features such as internal cavities of the
kidney. All silicone gel-based formulations containing Aerosil
(0.05 g g~ ') are employed to create the kidney phantoms, as
shown in Fig. 5C to demonstrate that despite differences in the
amount of silicone oil used in the formulations, which can
adversely impact resolution (as seen before in the rheology
section), incorporating fumed silica produces comparable reso-
lution across all formulations. It is noteworthy that the printing
settings used to print each formulation are the same, and the
resolution remains constant. The printing of the kidney with
the three formulations has been successfully accomplished
while maintaining the anatomical geometry, partly owing to
the kidney’s inherent “self-sustainability.” For manufacturing
anatomical structures with highly pronounced cantilevers, it

SSA1.8

Fig. 5 Kidney phantom model. (A) Segmentation of a kidney using the specialized medical software to obtain a kidney's 3D model. (B) Comparison of the
3D kidney's model and silicone-based kidney's phantom, showing high precision of the 3D printing. (C) Comparison between the same 3D model printed

with SSAQ.5, SSA1.8 and SSA7 silicone formulations.
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will be necessary to implement these inks in a printing tech-
nology equipped with the support material to fully exploit
their potential. In this sense, this strategy can be used alone
or into a different printing extrusion technology to print
phantoms with different silicone formulations that can be used
as a medical and surgical simulator, and as valuable tools to
train practitioners, plan surgeries, and inform patients of the
procedure.

3.4. Recreation of viscoelastic properties of soft tissues

After achieving fine tuning of silicone-based formulations
obtaining optimum printability requirements by adding Aero-
sil, it is crucial that our materials have biological mechanical
properties. Soft tissues have mechanical characteristics ranging
from a few Pascals (Pa) to hundreds of Mega Pascals (MPa). The
enormous mechanical differences between these biological soft
tissues and organs must be covered by new materials. To attain
the desired tissue-matching mechanical qualities, we here
present a silicone-gel-based material with tissue-like softness,
whose mechanical properties can be tuned over a large range by
controlling the composition of the formulation and the cross-
linking density of the silicone network.
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Silicone mechanical properties after the curing process are
evaluated to be compared with soft tissue properties. Although
mechanobiology research has focused on the elastic compo-
nent of soft tissue mechanical properties, soft tissues in the
human body have viscoelastic behaviour.®" Viscoelasticity is the
property of materials that exhibit both viscous and elastic
behaviour.®” The elastic or storage modulus is related to the
specimen’s stiffness, and the viscous or loss modulus correlates
with the specimen’s ability to dissipate mechanical energy. For
this reason, we evaluate the viscous and elastic moduli in a
wide range of frequencies using dynamic mechanical analysis
(DMA), to understand soft tissue mechanical properties under
different conditions.

To recreate the viscoelasticity of a variety of soft tissues, the
incorporation of different ratios of silicone oil has been used as
a strategy to generate materials with different viscoelastic
properties. As shown in Fig. 6 (left), after photopolymerization,
we obtain solid viscoelastic materials in all cases considering
that elastic moduli of all formulations are higher than viscous
moduli. This tells us that all materials have enough consistency
to be able to be handled and are correctly cured. Moreover,
moduli of five orders of magnitude are achieved just by
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Fig. 6 Dynamic Mechanical Analysis to evaluate viscoelastic properties of silicone gel-based formulations after the curing process. (A) Compression
modulus to determine silicone oil effect on viscous and elastic moduli. Formulations with ratios 0, 0.5, 1.8, 7 and 10 of silicone oil versus silicone are
represented using an orange palette. The higher the quantity of silicone oil, the darker the orange colour. (B) Compression modulus to evaluate soft

biological tissues (cartilage, muscle, kidney, and brain).
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increasing the ratio between silicone oil and silicone by
10 times. Therefore, by controlling the quantity of silicone oil
added, it is possible to control silicone’s viscoelastic properties.
This is because silicone oil is working as a plasticizer, and it
acts by decreasing the interactions between the polymer chains,
thereby increasing the distance between them. This results in
an increase in the free volume of the material making it more
flexible and less stiff.

To demonstrate if the range of viscoelastic properties
obtained with our strategy is interesting to mimic soft tissues,
and to ensure that the DMA method evaluates accurately
viscoelasticity, different tissues are evaluated using the same
method as silicone formulations. As can be observed in Fig. 6A,
the storage modulus is higher that the loss modulus over the
entire frequency range, validating the solid-like behaviour of
the biological tissues. Lamb brain storage moduli range from
0.001 to 0.01 MPa, porcine kidney storage moduli range from
0.02 to 0.1 MPa, ox muscle range from 0.1 to 0.2 MPa, and
human cartilage storage moduli range from 2 to 10 MPa. The
loss moduli for lamb brain range from 0.0002 to 0.01 MPa, for a
porcine kidney from 0.008 to 0.02 MPa, for ox muscle from
0.01 to 1 MPa and, for human cartilage from 1 to 10 MPa.
As expected, viscoelastic moduli of cartilage are higher than
those of muscle, and those of muscle are higher than those of
kidney and brain. Soft tissues’ value of elastic modulus ranging
from 0.1 kPa to 10.000 kPa have been described in other
studies® being the brain the organ with the lowest mechanical
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properties and the muscle, the tissue with one of the highest.
Thus, the values obtained in our study match the recent
bibliography on this topic. These results indicate first that this
method can differentiate between biological tissues with
diverse mechanical properties, thus, it can be used to evaluate
the mechanical properties of biological tissues. Second, they
give an idea of which are viscoelasticity values interesting to
mimic if the focus is the reproduction of soft tissue elastic and
viscous moduli.

When comparing silicone and tissue DMA, it is demon-
strated that by varying the quantity of silicone oil, it is possible
to mimic viscoelastic moduli of different biological tissues.
SSAO0 can be comparable with cartilage, SS1.8 to ox muscle,
SSA7 to kidney and finally SSA10 to the brain. Thus, the strategy
presented in this paper can cover a great variety of soft
biological tissues’ mechanical properties. Although these sili-
cone formulations cannot fully replicate the complexity of
natural tissue, the viscoelastic properties achieved using sili-
cone oil demonstrate promising for improving the mimicking
of soft tissues.

3.5. Accuracy evaluation method. Surgeons’ practice

The main purpose of this study is to demonstrate the importance
of the evaluation of the viscoelastic properties of materials used in
the production of surgical phantoms, as they play a critical role
in improving the texture and overall quality of these phantoms,
when they are used as tools for planning and practising surgical

e Control
o SSA0.5
A SSA1.8
v SS7

Qs

Q7

Fig. 7 Validation of materials by experienced surgeons. (A) Semi-spherical and squared samples are used to evaluate silicone-based formulations.
Different cuts and sutures are performed into each sample to qualify each formulation using a protocolized questionnaire and comparing it to
DragonSkin silicone. (B) Graphical representation of the results obtained from the first part of the protocolized questionnaire. Questions to evaluate
fidelity (in yellow), usefulness (in green) and experience (in orange) when using these materials for rehearsing surgical plans.
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Table 1 Description of the different guidelines provided to surgeons to evaluate the silicone samples to evaluate its perception in terms of realism,

usefulness and experience

Evaluated perception Guidelines provided to surgeons Question
Realism e The tactile sensation of the tissue is realistic. Q1

o The tissue behavior when cutting is realistic. Q2

e The behavior in suture techniques is realistic. Q3
Usefulness e The model is useful for educating students. Q4

o The material is useful for procedure planning. Q5
Experience e The model is easy to use. Q6

e The model met the needs for producing a medical phantom. Q7

e I would use a specific 3D anatomical model for surgical practice with this material. Q8

procedures. To validate the DMA results and demonstrate the
significance of viscoelasticity in simulating biological tissues and
organs, we enlisted the feedback of seven skilled surgeons from
Sant Joan de Déu Hospital. They tested our materials by suturing
and cutting semi-spherical and squared samples (as shown in
Fig. 7A), following a qualitative protocol that involved two phases.
The first phase involved answering eight questions to assess the
surgeon’s perceptions when using samples of our materials printed
in DIW, while the second phase involves comparing the sample
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being manipulated by the surgeon with their perception of manip-
ulating different tissues and organs, studying if there is a relation-
ship between the surgeon’s sensation and the viscoelastic
behaviour of the sample.

In the first phase, three categories are evaluated based on
the surgeon’s perception: Realism, usefulness, and experience
(Table 1). The ‘Realism’ category aims to assess whether the
surgeon considers the tactile sensation, cutting, and suturing
of the different materials realistic. Thus, the surgeon’s
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Fig. 8 Representation of similarities between different organs and tissues with DragonSkin (in black), SSAQ.5 (lightest orange), SSA1.8 (middle orange)
and SSAY (darkest orange). Each of the silicone-based formulations is compared with different human organs or tissues to evaluate similarities. Surgeons’
clinical validation is rated out of 5 and expressed in the Y axis and the four different silicones (SSA0.5, 1.8, 7 and DragonSkin) are represented in the X axis.
The colour of the box in each graph represents the formulation with the highest score in the questionnaire.
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perspective is evaluated regarding whether our strategy is
perceived as ‘more realistic’ than the material they are accus-
tomed to using (Dragonskin silicone). In the ‘Usefulness’
category, the surgeon’s perception of the model’s utility for
educational purposes as well as surgical planning is evaluated.
Finally, in the ‘Experience’ category, we assess the surgeon’s
willingness to use medical models manufactured with these
materials.

Fig. 7B presents the results of each silicone formulation
tested on the first part of the questionnaire. For the ‘Realism’
section, it is interesting to note that surgeons perceive softer
materials (SSA1.8 and SS7) as more realistic, as they received
higher scores in all questions of this category. This could be
interpreted as surgeons considering softer materials more
realistic for practicing with medical models, confirming the
need to improve the functionality of current phantoms. This
perception is further confirmed in the ‘Usefulness’ section,
where surgeons also believe that softer materials would be
more useful for educational purposes as well as surgical plan-
ning. Similarly, in the ‘Experience’ section, overall, all surgeons
showed a greater predisposition to use samples SSA1.8 and
SSA7 rather than the gold standard DragonSkin.

At this point, it is evident that the surgical team values the
use of softer materials for recreating tissues in surgical plan-
ning. However, it remains unclear whether subtle differences in
the elastic modulus of the material could be recognized from a
surgeon’s perception perspective when manipulating tissues.
To address this, in the second phase of the questionnaire, the
surgical team is required to provide their perception of simi-
larity between the silicone-based material samples and a selec-
tion of organ tissue. The results of this second phase are shown
in Fig. 8. Silicone formulation with the lowest viscoelastic
moduli (SSA7) is observed to be more analogous to tissues with
lower elastic and loss moduli, such as brain, adipose tissue,
and pancreas. Conversely, SS1.8 appears to simulate the
mechanical properties of the kidney, liver, muscular tissue,
and skin, while SSA0.5 shows similarity to cartilage. This
finding demonstrates that these subtle differences in the
viscoelastic behaviour of the phantom’s models can be detected
and appreciated by the surgical team. It is interesting to
observe how the respondents have a clear preference for which
material more accurately recreates the behaviour to be manipu-
lated of a soft tissue (brain, adipose tissue) or a rigid one
(cartilage) but show less agreement for tissues with an inter-
mediate modulus (liver, muscle). This reflects that, while
recreating the viscoelastic behaviour of tissue represents an
initial universal level of improvement in the recreation of more
representative medical models, further studies should be con-
ducted considering additional factors such as stiffness gradi-
ents inherent to each tissue peculiarities.

4. Conclusions

In summary, we have presented a refined approach to formu-
late silicone-based 3D inks for printing medical phantoms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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using DIW, employing highly accessible and widely utilized
materials. Through careful control of the rheological properties
via optimized Aerosil concentration, we have achieved precise
resolution in the printed materials for producing anatomically
accurate medical phantoms. Additionally, by manipulating the
silicone oil concentration in the formulations, we have success-
fully replicated various viscoelastic patterns that mimic the
distinet mechanical properties of different soft tissues. In this
sense, our article presents a different perspective to the field by
highlighting the use of dynamical analysis of soft tissue visco-
elasticity as the pivotal characteristic to be replicated when
fabricating medical phantoms for surgical practice. This per-
spective has been validated through surveys with a team of
surgeons, obtaining evidence that a surgeon accustomed to
working with medical models for surgical planning can per-
ceive subtle changes in the viscoelastic behaviour of a model
when manipulated, greatly valuing the possibility of the viscoe-
lastic behaviour closely resembling that of the tissue to be
recreated. This finding reflects the potential of our approach to
markedly improve upon existing alternatives through the fab-
rication of 3D printed medical phantoms with a fine-tuning
of its viscoelastic behaviour depending on the characteristics of
the body part being recreated. Even with the limitations of
survey-based methodology, it is evident that replicating viscoe-
lastic behaviour for all tissues may not be the only factor at
play, and further in-depth study is required to consider the
recreation of medical models, considering the internal struc-
tural differences of each tissue. In this regard, our proposal
allows for advancement in this direction, studying the imple-
mentation in higher-resolution printing systems for the micro-
metric recreation of these geometries, as well as the analysis of
specific clinical cases to examine how our approach can facil-
itate the development of more realistic surgical phantoms,
thereby enhancing models for medical professional training
and improving the accuracy of treatment planning.

Abbreviations

3D Three-dimensional
DIW Direct ink writing
DMA  Dynamic mechanical analysis

SS Silicone and silicone oil formulations

SSA Silicone, silicone oil and Aerosil formulations
Pa Pascals

MPa Mega pascals

Pr Printability rate
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