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Abstract

While the use of tissue-mimicking (TM) phantoms has been ubiquitous in surgical robotics,

the translation of technology from laboratory experiments to equivalent intraoperative tissue
conditions has been a challenge. The increasing use of lasers for surgical tumor resection

has introduced the need to develop a modular, low-cost, functionally relevant TM phantom to
model the complex laser-tissue interaction. In this paper, a TM phantom with mechanically and
thermally similar properties as human brain tissue suited for photoablation studies and subsequent
visualization is developed. The proposed study demonstrates the tuned phantom response to laser
ablation for fixed laser power, time, and angle. Additionally, the ablated crater profile is visualized
using optical coherence tomography (OCT), enabling high-resolution surface profile generation.
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. Introduction

The development of minimally invasive surgical technologies requires simultaneous
improvement in tissue-mimicking (TM) phantoms for realistic testing conditions. Research
in developing phantoms has been motivated by the desire to identify the tissue

properties responsible for generating certain tissue responses to surgical instruments or
visualization techniques. Tissue-mimicking phantoms developed over the years can be
broadly categorized as phantoms i) to mimic tissue material property [1]-[3], ii) for surgical
instrument testing [4]-[8], iii) for digital reconstruction and visualization [9], [10].

In this paper, we introduce a functionally tunable brainmimicking (BM) phantom

for photoablation studies and subsequent visualization using optical coherence
tomography(OCT) for neurosurgical application. This work addresses the following research
objectives

1. Design and tuning of the elastic property of BM phantom

2. Design and tuning of thermal property of BM phantom
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3. Optical compatibility of BM phantom for OCT visualization
4. Response of tuned BM phantom to photoablation

The ideal BM phantom for neurosurgical application comprises similar mechanical, thermal,
and optical properties to that of brain tissues and tumors. For the application of brain

tissue photoablation, the physics of laser-tissue interaction and OCT attenuation pose

design constraints during development. Although laser fluence and irradiance time mainly
dictate tissue resection properties [11], the elastic modulus and thermal conductivity of

the brain play an important role in the resultant mechanical and thermal response during
photoablation [12]-[14]. Thus, the elastic modulus and thermal conductivity of the BM
phantom are tuned with the addition of a scattering agent for enabling OCT visualization.

A. Relevant Brain Tissue Properties

With various neuroanatomical components, brain tissue is inherently heterogeneous in
nature. Each tissue type has a different elastic modulus. For sake of predominance, and

a common anatomical location for the occurrence of both primary and metastatic tumors,
the extensive cortical surface of the brain (gray matter) was chosen as an ideal type of
brain tissue to mimic as the best representative. The average Young’s modulus (E) for
gray matter range from 1.389 + 0.289 kPa with white matter ranging from 1.895 + 0.592
kPa, testing with a flat-punch indenter [15]. The elastic modulus of various brain tumors is
also quantified within the range of 0.17 to 16.06 kPa using a custom-built multimeterscale
indenter to observe the strain response due to an applied load [16].

Thermal properties of brain tissues have previously been reported in literature [17] for
modeling and other biomedical applications. Thermal conductivity (x) of calf brain was
reported to be 0.524 W(mK)~1 at 22 °C and 0.553 W(mK)~1 at 33 °C [11]. The thermal
conductivity of brain tissue in addition to subsequent laser-tissue response is dependent on
the water content of the tissue. Brain tissue consists of approximately 76% water with a x
of 0.51 W(mK) ™1, and grey matter x is measured between 0.53 to 0.56 W(mK)~ with a
water composition of 83% [18]. With tissues having a high percentage of water content, the
laser-water interaction influences the properties at the time of ablation when the high-energy
laser beam is heating the tissue to vaporization temperature. x for ex vivo calf brains have
been measured to increase to 4 times the value at 97° C compared with xat 22°C[19].

B. Tissue Mimicking Phantoms for Mechanical and Thermal Applications

TM phantoms of various mediums have been developed to test various visualization
techniques and surgical instruments. They are used for testing medical imaging applications
such as ultrasound [3] [20], CT scans [8], fluorescence [7] and OCT [21]. Silicone-

based phantoms are developed to mimic breast tissue and tumors for testing autonomous
ultrasound scanning [3], but the modulus of the silicone is too high to emulate soft tissue
such as brain. Agar-gelatin phantoms with tunable electrical impedance are used for CT-
visible thermal ablation [8], but the optical properties for CT visualization of the developed
phantom are not discussed. Hydrogel-based phantoms [1] [2] have been demonstrated to
tune the mechanical properties of brain tissue but require a minimum of two days to cast
and cure the phantom for use. A combination of gellan gum and propylene glycol (PPG)
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has been shown to yield results for tuning both thermal and mechanical properties of TM
phantoms [22]. The proposed phantom in this paper is based on the composition investigated
by Chen et al. [22], but it will be mechanically and thermally tuned to the properties of brain
gray matter. In addition, the proposed phantom will consist of a scattering agent for OCT
visualization and a water content of over 70% due to laser-water dynamics being an integral
part of laser-tissue interactions [13], [19]. Finally, the phantoms that undergo photoablation
are not reusable, which promotes the need to rapidly prototype BM phantoms with minimal
and cost-effective ingredients and mechanically and thermally tuned properties.

. METHODS
A. Brain Mimicking (BM) Phantom Preparation

Preparation of the phantom involves a base matrix, a solution to tune thermal conductivity,
and a scattering agent for OCT visualization. For experiments involving photoablation, the
phantom needs to have high water content in order to simulate laser fluence absorption

and vaporization in real tissue. Based on the suggested composition from [22], we choose
high-acyl gellan gum (VWR, P.A., United States) as the base matrix for BM phantoms as it
provides soft and elastic textures similar to that of brain tissue. In comparison, the low-acyl
gellan gum form is suited for the firm and brittle texture generation [23]. Utilizing gellan
gum also provides the ability to vary the concentration and tune the elastic modulus of the
tissue developed.

Deionized water is used to hydrate the mixture. The water and mass of gellan gum required
to create the desired composition are added to a beaker and covered with aluminum foil to
prevent water vapor from evaporating. The mixture is heated at 120 °C on a heat plate with
a magnetic stirrer for 40 minutes. The result is a homogeneous mixture which is then cured
for at least 3 hours in 3D-printed molds for consistent and repeatable molding, shown in
Fig. 1(a). BM phantoms of 1.0% to 2.0% gellan gum concentration are created for testing
in increments of 0.1% concentration. Compositions ranging from 1.0% to 1.3% yields a
material that is too soft to use in the experiments, so it is left out of the analysis.

Thermal conductivity of the phantoms is controlled by adding Propylene glycol (PPG) (0.17
W(mK)™1) (VWR, P.A., United States), as it has a lower thermal conductivity than water
(0.60 W(mK)~L. The mass or volume fraction can also be tuned to bring down the required
thermal conductivity as needed [24]. Three different compositions of gellan gum phantom
(1.45%, 1.5%, and 1.7%) are used to create 10%, 20%, 30%, and 40% PPG (by volume)
phantoms to test how the concentration of PPG affects gellan gum phantoms with varying
elastic modulus.

Optical properties such as scattering coefficients in TM phantoms have been modified by
using titanium oxide spheres but due to safety concerns with ablation of titanium oxide
spheres, /textcolorred20% Intralipid emulsion (Baxter Healthcare, I.L., United States) is
explored as a surrogate [7]. 0.25, 0.5, 0.75, and 1.0 mL of Intralipid emulsion are mixed

in 1.45% gellan gum phantoms to determine the minimum volume of Intralipid required to
properly visualize the phantom under the OCT laser.
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B. Characterization of Mechanical Properties

The elastic modulus of the BM phantom samples is characterized by calculating Young’s
modulus (£) of the samples by indentation testing. The tests are conducted using a material
testing machine with a 100N load cell (Lloyd Instruments, Bognor Regis, England) as shown
in Fig. 1(b). The flat face of the load cell with an outer diameter of 13.9 mm is used as

the indentation tip and linearly displaced at a rate of 0.05 mm/s until displacement reached

6 mm. Once the stress-strain curves of each sample are plotted as in Fig 2(a), a linear
regression model is obtained using the first 5% of strain to determine soft materials’ true
Young’s modulus [25], [26]. The slope of the linear stress-strain model determines £ (Eqg. 1)
[27]:

_o(t) _ F(0)/A

T 5@~ AL(N/L, @

where F(?) is the force measurements from the load cell, A is the cross-sectional area of the
indenting face, A L(2)is the displacement of the indenting head, and L is the original height
of the sample.

C. Characterization of Thermal Properties

Thermal conductivity, the constant of proportionality («) in Fourier’s law of heat conduction
in Eq. 2, is characterized using the longitudinal heat flow method [28]:

% = — KA% ®)
where « refers to thermal conductivity, the left side of the equation representing heat transfer
per unit time, and with d7 and dx representing the temperature and distance between
thermocouples along x. The experimental setup is presented in Fig. 1(b). A heating pad
(Protherm, M.N., United States) of heat flux per unit time (5 W/ir?) is used at 30%
power as a constant heat flux source. A thin foil of aluminum is placed as a layer to
cover both sides of the phantom. The thickness of the samples ranges from 3.0 mm to
5.5 mm, with the aluminum foil thickness measured at 0.04 mm. The four sides exposed
to air are covered with insulating material such as cotton to prevent heat from escaping.

Two J-type thermocouples (Fluke Electronics, W.A., United States), one at the base near
the heat source and the other at the top surface of the phantom, are used to measure the
temperature of the top and bottom sides of the phantom, similar to the method adopted

in [28]. A third thermocouple is also used to record a baseline temperature value of the
testing environment. A data acquisition system (National Instruments Corp, T.X., United
States) is used to interface with the computer and thermocouples. Once the steady state is
reached (approximately 90 minutes), the temperature difference between the two sides of
the phantom is constant and the known values can be used to determine the constant of
proportionality, &.

D. Photoablation and Visualization Study

The robotic laser scalpel used in this study has been developed previously for automated
surface ablation studies for neurological procedures [29] [30]. In this work, a 10 W CO2
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laser (Synrad Inc., W.A., United States) cuts the sample, and an inline solid-state visible red
guide laser is used for guidance during sample positioning. Both lasers follow the same optic
path. The lasers are outfitted with 2 galvanometers to control the point source angle with
respect to the surface normal of the BM phantom. By varying the voltage supplied to the
galvanometer, the incident angle can be adjusted.

For a high-resolution visualization of the photoablation crater, 1310 nm Spectral Domain
- Optical Coherence Tomography (SD-OCT) (Lumedica, N.C., United States) is used. The
SD-OCT system is calibrated to convert the scan to the image as mm depth and width per
pixel. For calculating the depth and width of the ablated cut, a B-scan is obtained and the
center of the crater observed in the B-scans is used to measure the depth and width of the
cut. The samples with Intralipid emulsions are scanned to observe the visibility of gellan
gum under the OCT.

lll. EXPERIMENTS AND RESULTS

A. Characterization of Mechanical Properties

Each gellan gum sample (total of 8) is indented five times and the average Young’s modulus
(£) from the first 5% of strain is extracted, as the viscoelastic properties of gellan gum and
soft tissues react to mechanical stimulus in a nonlinear behavior [31]. Thus, the quasi-static
assumption of low-frequency excitation within the first 5% of strain is utilized to observe the
linear behavior of the phantom. The resultant stress-strain curves and the linear regression
model implemented to obtain Young’s modulus are depicted in Fig. 2(a). The stress-strain
curves illustrate the increase in slope as the gellan gum concentration increases as well.
After extracting £from the 40 stress-strain curves recorded, the average and standard
deviations of £ for each gellan gum composition are calculated, recorded in Table I, and
illustrated in Fig.2(b). A linear regression model is fit to the average gellan gum Young
Modulus values, and an /2 value of 0.9486 is calculated.

After observing the data recorded and values calculated, a gellan gum phantom between
1.4% and 1.45% concentration results in Young’s modulus between approximately 1.507 to
2.398 kPa. These values are within the range that Budday et al. [15] reported (1.895 + 0.592
kPa), thus successfully tuning the gellan gum phantoms to mimic Young’s modulus of brain
tissue.

B. Characterization of Thermal Property

Using the 1.45% gellan gum concentration determined after tuning for the proper Young’s
modulus, the BM phantom’s thermal response to PPG concentration is measured and
evaluated. 1.5% and 1.7% gellan gum phantoms are also tested with varying PPG to observe
how thermal conductivity changes as gellan gum concentration is altered. The 12 samples
(four for every gellan gum composition) undergo steady-state heating using the testing
apparatus illustrated in Fig. 1(b).

Fig. 3(a) shows the temperature vs time response for 40 % PPG. The calculated values are
shown in Table Il. Fig. 3(b) depicts the relationship between xand % PPG. 20% PPG at
1.45 % gellan gum is an outlier and does not fit the trend. Unexpected outcomes observed
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are attributed to thermocouple probe displacement from the initial position, resulting in a
deviation from the intended methodology and the occurrence of errors.

C. Photoablation Response and OCT Visualisation

BM phantoms composed of pure gellan gum are optically transparent to the OCT laser

light. The addition of Intralipid emulsion increases the scattering coefficients of the material.
Samples of the 1.45 % gellan gum phantom (£= 1.507 £ 0.313 kPa) with varying Intralipid
volumes (0.25, 0.5, 0.75, 1.0 mL) are prepared and ablated at a fixed duty cycle (4 W laser
power) and irradiance time (1 sec). The laser parameters are selected to generate a crater
with a depth greater than 72 1m based on empirical results. Fig. 4 and Table I11 show the
generated B-scans of the 1.45% BM phantoms both with and without Intralipid.

IV. DISCUSSION

The developed BM phantom properties are tuned to match reported values of brain tissue
(gray matter) based on experiments. The mechanical properties of the phantoms are
validated by conducting indentation tests to measure Young’s modulus, reaching a desired
gellan gum concentration of 1.4 to 1.45% for mimicking grey matter. In addition, gellan gum
phantoms with concentrations above and within 2% can be used to produce BM phantoms to
mimic the mechanical properties of brain tumors [16]. Phantoms containing PPG result in a
faster curing time compared to phantoms comprising only gellan gum. The stiffness of the
phantoms also increases due to the addition of PPG. Incorporating Intralipid emulsion into
the gellan gum phantoms also increases the stiffness of the sample.

Although the two components used (gellan gum and PPG) for the BM phantom are similar
to [22], the values for Young’s modulus and thermal conductivity differ significantly. The
proposed work utilizes a different method to calculate £compared to Chen et al. [22]. The
measured £ values are to be compared to the £ values of brain tissue in [15]. Thus, the
proposed work calculates £ using the method described in Budday et al. [15] for a fair
comparison. Possible reasons for the difference in thermal conductivity can be attributed

to the use of the longitudinal heat transfer method, which can produce inherent error

in the values due to the assumption of one-dimensional heat flow, imperfect insulation,
difference in distances between thermocouples at higher temperatures, and contact between
phantom, heat source, and heat sink. Methods utilizing a single thermistor can be explored
to calculate xand observe the progression at different temperatures rather than only steady-
state conditions. This will also reduce the experiment duration and allow for repeatability
tests which are lacking in the presented work.

The x for BM phantoms consistently decrease with the addition of PPG and is close to the
values in the literature. Based on the literature, it is to note that the location and method of
reporting of thermal conductivity of brain tissues is an important consideration, as the « for
in vivov.s. in vitro measurement of tissue properties can vary [32]. Similar observations are
reported regarding elastic properties of rabbit brain with approximately 47% higher shear
modulus value /7 vivo, compared to ex vivo [33]. Although the study in [33] focuses on
shear modulus, the difference in /n vivoand ex vivo environments can result in different
Young’s modulus values as well.
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As seen in Fig. 4, the addition of Intralipid increases the scattering coefficient of BM
phantoms with 0.50% Intralipid and above, showing clear ablated crater shapes under the
OCT. Increasing Intralipid concentration provides a more dense and higher resolution shape
to the crater. A delineating boundary line between air and phantom is also visible in all five
cases. No substantial change in crater depth and width is observed due to the addition of
Intralipid, as shown in Table I1I.

A. Limitation

The results presented show that gellan gum phantoms can be tuned both mechanically
and thermally independently, but the thermal parameters affect the mechanical properties.
Additional work must be done to implement both properties simultaneously to produce a
realistic brain phantom for photoablation studies.

The BM phantoms developed in this study have a shorter shelf life than desired, as it
dehydrates and becomes stiffer over time. A method to preserve such phantoms over a
longer period of time is essential for longitudinal medical robotics experiments. The current
phantom design comprises a single layer and does not represent the multi-layer structure of
a real brain. Addressing multi-layer tissue design utilizing CT-derived positive molds will
also allow embedding tumor phantoms inside BM phantoms for photoablation and OCT
visualization.

B. Future Work

The relationship between Intralipid, PPG, and gellan gum needs to be further explored to
generate a singular phantom that mimics the mechanical, thermal, and optical properties
similar to that of real brain tissue. Additional experiments in determining x can address the
uncorrelated results shown in Fig. 3(b), as only one experiment per PPG concentration is
conducted. To add, solutions that reduce the thermal conductivity of the phantom without
increasing the stiffness can be explored and tested.

The proposed work also conducts optical property experiments qualitatively. Future work
will explore a quantitative analysis of the scattering coefficient of BM phantoms. To add,
BM phantom response characterization to ablation will be explored with a singular phantom
component that follows the geometrical constraints of the brain.

V. Conclusion

The proposed work presents a functionally tunable brain-mimicking (BM) phantom with

the ability to emulate the mechanical, thermal, and optical properties of brain tissue for
photoablation studies and OCT-based visualization. This work builds upon previous years

of TM phantom research to present model designs addressing the specific constraints of
laser-tissue interaction, such as high water content and mechanical and thermal properties
similar to brain tissue. By tuning the gellan gum concentration of BM phantoms, Young’s
modulus as low as 2 kPa and thermal conductivity values of 0.5240 W{mK)1 similar to gray
matter (0.53 to 0.56 WAmK)™1) are achieved. The results of the experiments also show that
scattering agents added to the BM phantom can tune the visibility of the phantom under the
OCT laser. The resulting BM phantom responds to photoablation, and the resulting crater
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can be clearly visualized using OCT. For applications involving OCT or other laser-based
imaging methods, it is recommended to add a minimum of 0.5 mL of Intralipid for clear
visualization. Creating such phantoms that serve as surrogates for real brain tissue is an
integral component of preparing realistic and repeatable experimental platforms to test
future research advancements in robotic and laser-based high-precision surgery.
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Fig. 1.
(a) Cured gellan gum phantom in 3D-printed two-part mold. (b) Indentation testing setup for

obtaining stress v.s. strain curves. (c) Thermal conductivity testing setup for BM phantoms.
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Fig. 2.
(a) Stress v.s. strain curves for each tested gellan gum composition, ranging from 1.4%

to 2.0% concentrations. (b) Average £ and standard deviations for each gellan gum
composition with linear regression (R2 = 0.9486).
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Fig. 3.
(a) Temperature response of BM phantom (1.7% gellan gum and 40% PPG) at constant heat

flux and subsequent cooling over time. (b) The relationship between xv.s. PPG Volume%
for BM phantom.
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a.

Fig. 4.
B-scan of ablation crater (in red) under the OCT for a BM phantom with 1.50% gellan gum

and: (a) 0 mL Intralipid (b) 0.25 mL Intralipid (c) 0.50 mL Intralipid (d) 0.75 mL Intralipid
(e) 1 mL Intralipid.
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TABLE |

Gellan gum Composition and corresponding young’s modulus

Gellan Gum (% Mass)

E (kPa)

1.4 1.5075 +0.3127
1.45 2.3980 +0.3065
15 4.7119 +0.8235
1.6 6.3523 +0.9785
17 7.4092 £1.1573
1.8 13.5773 £1.2327
1.9 18.4069 +1.9105
2.0 24.2901 +2.2788
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TABLE Il

PPG concentration and corresponding thermal conductivity for gellan gum

PPG % Volume

x [W(mK)™] (1.45% gellan gum)

x [W(mK)™] (1.5% gellan gum)

x [W(mK)™] (1.7% gellan gum)

10 0.995 1.3036 1.3011
20 1.269 0.6273 0.9397
30 0.743 0.5240 0.8056
40 0.391 0.4529 0.5677
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TABLE Il

Page 17

Intralipid emulsion concentration and corresponding young’s modulus of BM phantom with gellan gum 1.50%

mass fraction

Intralipid % mass

Observation

0mL Air tissue interface distinct

0.25 mL Ablation crater can be visualized

0.50 mL Ablation crater can be visualized. Speckle noise present

0.75 mL Denser phantom visualization below the surface. Speckle noise present
1.00 mL Denser phantom visualization below the surface. Speckle noise present
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