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Abstract

Lung cancer is a serious global health issue that requires the development of patient-specific, lung
cancer model for surgical planning to train interventionalists and improve the accuracy of biopsies.
Although the emergence of three-dimensional (3D) printing provides a promising solution to
create customized models with complicated architectures, current 3D printing methods cannot
accurately duplicate anatomical-level lung constructs with tumor(s) which are applicable for
hands-on training and procedure planning. To address this issue, an embedded printing strategy is
proposed to create respiratory bronchioles, blood vessels, and tumors in a photocurable
yield-stress matrix bath. After crosslinking, a patient-specific lung cancer analogous model is
produced, which has tunable transparency and mechanical properties to mimic lung parenchyma.
This engineered model not only enables the practical training of fine-needle aspiration biopsy but
also provides the necessary information, such as coordinates of aspiration, wound depth, and
interference with surrounding tissues, for procedure optimization.

1. Introduction

Lung cancer is one of the most common diseases
among human beings and has become the leading
cause of mortality globally [1-3]. A biopsy is a cru-
cial step in lung cancer diagnosis and therapy, which
provides essential information to guide the treatment
decisions in different stages and/or categories of lung
cancer [4-6].

Among diverse biopsy strategies, fine-needle
aspiration (FNA) biopsy is of great significance and
popularity because of its exceptional advantages, such
as minimal trauma, quick procedure, low cost, rapid
diagnosis, etc [7-9]. In FNA biopsy, a thin, hollow
needle is inserted through the patient’s chest wall to
reach the lung tumor, which directly samples living
cells for examination under a microscope. During
this process, some imaging methods, like computed

tomography (CT) and endobronchial ultrasound
(EBUS), are required to guide the needle to accur-
ately target the tumor [10-12]. Although both CT-
and EBUS-guided FNA biopsies are efficient methods
for diagnosing lung cancer, the accuracy and success
of the procedure are highly dependent on the skill
and experience of interventionalists who perform
the biopsies [13, 14]. Therefore, it is necessary to
develop a patient-specific, in vitro lung cancer ana-
logous model to make interventionalists well-trained
and prepared before the procedure.

The emergence of three-dimensional (3D) print-
ing technology provides a promising tool to create
customized models with complicated architectures
[15-17]. Although in FNA biopsy 3D printing is pre-
dominantly applied to produce individualized guide
plates [18—20], various approaches are still utilized
specifically for lung cancer-relevant applications. For
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example, Mei et al [21] used the digital light pro-
cessing technique to generate a perfusable 3D lung
cancer model. In their work, cancer cells were mixed
with gelatin methacrylate (GelMA) and printed into
0.75 mm thick layers to function as a small-sized 3D
cancer model for drug screening. Herreros-Pomares
et al [22] applied another light-based 3D bioprint-
ing technique, stereolithography (SLA), to construct
GelMA-polyethylene glycol diacrylate (PEGDA) scaf-
folds for culturing lung cancer stem cells. These stud-
ies mainly focused on unveiling cancer cell behavi-
ors based on 3D printed models with simple archi-
tectures, failing to serve for procedure planning
and interventionalist training. For the reconstruc-
tion of anatomical-level lung cancer models, Liu et al
[23] applied SLA to fabricate a sophisticated lung
model from photocurable resin. This model was com-
posed of nodules, bronchi, and pulmonary vessels.
However, the mechanical properties of this model
cannot match with those of human lung tissues.
Therefore, the model was only used for qualitatively
assessing the pulmonary vessel and bronchi branch-
ing patterns in surgery planning. It has not been
applied to offer either quantitative data for further
optimizing the procedure or hands-on opportunit-
ies for surgery training. Yoon et al [24] developed a
hybrid printing-casting method to make a person-
alized model for informed consent for stage I lung
cancer. In this method, fused deposition modeling
(FDM), a popular material extrusion-based 3D print-
ing approach, was utilized to fabricate the trachea and
bronchial tree which was subsequently encapsulated
by transparent resin through casting. The main pur-
pose of this model was to more effectively convey a
personalized explanation to patients about the sur-
gical plan, rather than for hands-on training applic-
ations. Similarly, Baba et al [25] printed a thyroid
gland model from the commercial acrylic resin. Since
its mechanical properties were far away from those of
human tissues, the primary purpose of this model was
educational. In summary, current 3D printing meth-
ods cannot accurately duplicate anatomical-level lung
constructs with tumor(s) which are applicable for
hands-on training and planning for interventional-
ists before the procedure. Therefore, it calls for the
development and innovation of more effective print-
ing processes.

The focus of this work is to use embedded 3D
printing to fabricate an engineered lung cancer model
which not only reproduces the complicated architec-
tures of human lungs with tumors, but also possesses
matching biomechanical properties for training FNA
biopsy operations. In this model, respiratory bron-
chioles, blood vessels, and tumors are created in a
photocurable yield-stress matrix bath with tunable
transparency and mechanical properties to mimic
lung parenchyma. In order to improve the printing
efficiency, a new path design strategy is developed to

W Hua et al

generate the printing path of each vessel as well as the
printing sequence of the vessels. After crosslinking, a
patient-specific lung cancer analogous model is pro-
duced, which enables the practical training of FNA.
Additional, necessary information, such as coordin-
ates of aspiration, wound depth, and interference
with surrounding tissues, can be obtained to further
optimize the procedure. This model functions as a
reliable tool for enhancing lung cancer diagnosis and
therapy.

2. Materials and methods

2.1. Material preparation

For the photocurable yield-stress matrix bath, a
nanoclay-Pluronic F127-PEGDA  nanocomposite
was developed and prepared per the following pro-
tocol. A stock solution of PEGDA (Mn 700, Sigma-
Aldrich, St. Louis, MO) was diluted with deion-
ized (DI) water at room temperature. Then, the
photoinitiator (2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone, Sigma-Aldrich, St. Louis,
MO) was added to the diluted PEGDA solution
and thoroughly mixed using an overhead stirrer
(LACHOI, Shaoxing, China) at 800 rpm for at
least 10 min. After that, an appropriate amount of
Laponite® RD powder (BYK Additives Inc., Gonzales,
TX) was dispersed into the PEGDA solution at room
temperature and continuously stirred using the over-
head stirrer (800 rpm) until the nanoclay powder
was fully hydrated. Finally, an appropriate amount
of Pluronic F127 powder (P2443, Sigma-Aldrich,
Burlington, MA) was added to the nanoclay-PEGDA
suspension and mixed by the stirrer (1000 rpm) at
4 °C until the nanocomposite was clear and homo-
geneous. To investigate the effects of nanocomposite
formula on rheological properties, transparency, and
mechanical properties, the PEGDA concentration
was varied at 10%, 15%, and 20% (v/v), the pho-
toinitiator concentration was changed from 0.2% to
0.5%, and 0.8% (w/v), the nanoclay concentration
was tuned at 1%, 2%, and 3% (w/v), and Pluronic
F127 was added at 10, 15, and 20% (w/v). After pre-
paration, all nanocomposites were degrassed using
a centrifuge (Cole-Parmer® VS3400, Cole Parmer
Instrument Company, Vernon Hills, IL) at 3000 rpm
for 2 min to remove entrapped air bubbles and then
stored in sealed containers at 4 °C for one-day aging
before use.

A commercial clear epoxy resin (EcoPoxy Inc.,
Manitoba, Canada) was selected to print the respir-
atory bronchioles, blood vessels, and tumors within
the photocurable yield-stress matrix bath. Based on
the manufacturer’s protocol, the epoxy-based ink was
prepared by uniformly mixing parts A and B at the
volume ratio of 1:1. For improving the printability
of the epoxy-based ink, fumed silica (Aerosil R812,
Evonik, Parsippany, NJ) was mixed in the pure epoxy
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base at 6% (w/v) by the overhead stirrer (600 rpm
for 20 min). To distinguish different structures, a dye
(RIT, Nakoma Products LLC, IL) was added to the
epoxy mixture at 0.5% (v/v). Specifically, the red,
black, yellow, and ochre dyes were used to demon-
strate the printed arteries, veins, tracheae, and tumor,
respectively.

2.2. Measurements of rheological properties

The rheological properties of the nanocomposites
and epoxy ink were measured using a rotational rheo-
meter (MCR 92, Anton Paar USA Inc., Ashland, VA)
equipped with a cone-plate measuring system (angle:
1°, diameter: 50 mm, and cone-to-plate gap dis-
tance: 0.102 mm). The oscillatory tests were employed
to quantify the yield stress values of the nanocom-
posite samples, which were subjected to the shear
stress varying from 1 to 1000 Pa at a constant fre-
quency of 1 Hz. The shear moduli were recorded.
The yield stress value of each sample was determ-
ined from the point of intersection between the stor-
age modulus and loss modulus on the shear moduli-
shear stress curve. After that, the three-interval thixo-
tropy tests were applied to the nanocomposite with
3% (w/v) nanoclay, 20% (w/v) Pluronic F127, 20%
(v/v) PEGDA, and 0.2% (w/v) photoinitiator to test
its recovery capability at room temperature. In the
first interval, the nanocomposite was subjected to the
shear rate of 0.1 s~! for 100 s. In the second interval,
the shear rate was increased to 100 s~ ! for 20 s. In the
third interval, the shear rate was reverted to 0.1 s~ ! for
100 s. The viscosity variation was recorded during this
process. Then, the dynamic time sweeps were conduc-
ted on the same nanocomposite at room temperature
with a frequency of 1 Hz. The purpose was to char-
acterize the reversibility of the nanocomposite when
serving as a yield-stress matrix bath. In the sweeps,
the nanocomposite was sheared at the strain of 1%
for 300 s. Then, the strain was increased to 100%
for another 300 s. These processes were repeated for
1500 s totally to record the storage and loss mod-
uli in response to strain variation. Finally, the steady
shear rate sweeps were performed on the pure epoxy
and fumed silica-epoxy mixture at room temperature
with the shear rate increasing from 1 to 1000 s~ !. The
shear stress at each shear rate was measured. Based on
the Herschel-Bulkley model [26], the yield stress val-
ues were calculated.

2.3. Characterization of transparency

To characterize the transparency of the nanocompos-
ites with different formulas, the specimens were pre-
pared by pouring the given volume of nanocompos-
ites into the Petri dishes (Acrylic jars, Beauticom Inc.,
CA) and crosslinked using an ultraviolet (UV) cur-
ing system (OmniCure Series 2000, wavelength: 320—
500 nm, Lumen Dynamics, Mississauga, Canada).
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The exposure time was 10 min. After UV crosslink-
ing, the specimens with a diameter of 27 mm and
thickness of 6 mm were placed on a high-precision
measurement system (VERTEX 251UC, Micro-Vu,
Windsor, CA) to take photos. The Image] software
(https://imagej.nih.gov/ij/) was applied to analyze the
brightness. By contrasting the brightness of nano-
composite specimens (B,) to that of the clear Petri
dish (By), the transparency ratio was characterized by
the following equation:
. By,
Transparencyratio = 3
0

2.4. Measurements of mechanical properties

The mechanical properties of the nanocomposites
after UV crosslinking were measured at room tem-
perature using a mechanical tester (AGS-X, Shimadzu
Corporation, Kyoto, Japan). The uniaxial compres-
sion tests were performed on the nanocomposite spe-
cimens, which were prepared by filling the nanocom-
posites into the homemade cylindrical polydimethyl-
siloxane molds (®13.0 mm x 9.0 mm) and cross-
linking via the UV curing system. The specimens
were then released from the molds and loaded to the
mechanical tester for compression at a strain rate of
1 mm min~!. The force and displacement data were
recorded to plot the stress—strain curves based on the
specimen geometries. The elastic modulus of each
nanocomposite specimen was determined from the
slope of the corresponding curve.

2.5. Filament printing and characterization

A homemade embedded ink writing system was util-
ized to print filaments from the epoxy-based ink
at different path speeds, which was modified based
on an FDM 3D printer (SOVOL 3D, Shenzhen
Liandian Technology Co., Ltd, Shenzhen, China).
The printing conditions were summarized as fol-
lows: dispensing nozzle of 14-gauge (inner diameter
of 1.52 mm and length of 25.4 mm, EFD Nordson,
Vilters, Switzerland) and dispensing pressure of 10 psi
(0.7 x 10° Pa). The filaments were printed at two path
speed ranges (i.e. from 2 to 100 mm s~ ! and from 2
to 8 mm s~!) to investigate the effects of path speed
on filament diameter as well as to determine the suit-
able speeds for printing respiratory bronchioles and
blood vessels. To improve the visibility, the red dye
was added to the epoxy ink at 0.5% (v/v). A cam-
era (120fps USB Camera, ELP, Shenzhen, China) was
applied to record the filament formation process and
filament diffusion in the matrix bath over time (24 h).
The dimensions in the filament images were meas-
ured using Image].

For making the tumor model, the same nozzle
was used to deposit the epoxy-based ink at zero path
speed. The same dispensing pressure was applied for
different time durations (1-10 s) to generate spherical
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tumors with varying diameters, which were recorded
by the camera and measured by Image].

2.6. Path generation

A healthy lung model was directly downloaded from
a website (www.3d66.com/). After confirming with
the clinicians at the Affiliated Hospital of Hebei
University, a tumor model with an overall size of
6.0 mm in diameter was integrated with the lung
model as the patient-specific lung cancer model. To
save the fabrication time, only a portion of the model
was extracted for printing which had a length of
46.0 mm, width of 46.0 mm, and height of 22.0 mm.
This portion possessed all necessary components (i.e.
arteries, veins, tracheae, and tumors) to represent
the whole lung cancer model. To generate the print-
ing trajectory of each component, the lung cancer
model constructed using SolidWorks 2023 (Dassault
Systemes SolidWorks Corp., Waltham, MA) was first
exported as an STL file. This file was then impor-
ted into Rhino 8 (trial version available from www.
rhino3d.com/), where the model was converted into a
NURBS surface. Using the Grasshopper plugin within
Rhino 8, the model was divided into a uniform lattice
structure with a side length of 1.0 mm. The Crystallon
plugin was then employed to merge the lattice lines
into a single path that described the model’s printing
paths.

Subsequently, a customized Python script was
used to sequentially export the spatial coordin-
ates of the path segment endpoints into a CSV
file. An edge validation algorithm, developed in-
house using MATLAB (The MathWorks Inc., Natick,
MA), was then applied to determine if the line seg-
ments forming the path interfered with one another.
Finally, interference-free segments were used to gen-
erate printable paths according to a path planning
algorithm developed in MATLAB, and exported as G-
code commands suitable for execution by 3D printers.

2.7. Lung cancer model printing and
characterization

The homemade embedded ink writing system was
applied to reconstruct the selected portion of the lung
cancer model using the 14-gauge nozzle and dispens-
ing pressure of 10 psi. For the arteries, the path speed
was continuously adjusted at 4 and 7 mm s™! to
achieve the vessel diameters of 3.73 and 2.74 mm,
respectively, based on the generated printing traject-
ories. For the veins, the path speed was controlled at
5and 8 mm s~! to make the vessel diameters equal
to 3.33 and 2.44 mm, respectively. For the tracheae,
the path speed was changed to 3 and 4 mm s~!
during printing to obtain the filament sizes of 4.38
and 3.73 mm, respectively. For the tumor, the nozzle
was moved to the corresponding coordinates without
depositing inks and extruding the epoxy-based ink at
the coordinates for 3 s. After embedded printing, the
matrix bath with different components was exposed
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to UV radiation for 20 min to crosslink the nanocom-
posite and then kept at room temperature for 24 h to
crosslink the components from the epoxy-based ink.
To evaluate the accuracy of printed results, OpenCV
and scikit-image were called from Python libraries
to calculate the structural similarity index measure
(SSIM) between the designed and printed models.
Three datum planes from polylactic acid (EP e36,
Shenzhen Creality 3D Technology Co, Ltd, Shenzhen,
China) were printed using an FDM 3D printer
(SOVOL 3D, Shenzhen Liandian Technology Co., Ltd,
Shenzhen, China) and integrated with the lung can-
cer model. A homemade inserting device was estab-
lished to punch a fine needle (0.3 mm in diameter,
Uxcell, China) into the model at different locations.
An angle finder (Hyper Tough™, Walmart Inc., AR)
was used to measure the angles of the needle projected
into different datum planes. Additionally, the inser-
tion depths at different locations were also character-
ized by measuring the needle length inside the model,
which was used to quantitively assess the wound
area during procedure. A digital camera (DC-FZ80,
Panasonic, Osaka, Japan) and two USB cameras were
utilized to record the procedure from different angles.

2.8. Statistical analysis
All quantitative values in this work were reported as
means + standard deviation (SD) with #n = 3 samples

per group.
3. Result and discussion

3.1. Mechanism of embedded printing of
engineered lung cancer model

Embedded printing is an emerging extrusion-based
3D printing strategy, in which liquid ink material is
extruded through a dispensing nozzle moving in a
yield-stress fluid. The fluid can switch its status based
on externally applied shear stress. When the nozzle-
induced shear stress exceeds the critical yield stress,
the fluid presents a liquid state, allowing the nozzle
movement to print a 3D structure from the ink in
a layer-by-layer manner [27, 28]. When the nozzle
moves away, the localized shear stress decreases below
the yield stress, making the fluid behave solid-like to
stably hold the structure in place until a crosslink-
ing step is performed to either solidify the fluid as
a matrix [29, 30] or the structure [31, 32] or both
[33, 34]. Because of the excellent supporting cap-
ability of the matrix, embedded printing has been
extensively utilized to fabricate diverse devices, such
as scaffolds [28, 35], organ/tissue equivalents [32, 36],
microfluidic chips [30, 37], for a variety of biomedical
applications.

In this work, embedded printing is selected as the
tool to fabricate a patient-specific lung cancer analog-
ous model. The schematic is summarized in figure 1.
Before printing, a CT scanner is applied to collect the
geometrical data of the lung and tumor in a patient’s
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Clinical need: Detection of optimal inserting coordinates

b) Engineering solution:

Patient with
lung cancer

~ Needle projections

Reconstruction of lung
cancer model

Lung cancer
model

Embedded bioprinting

Embedded bioprinting
(rheological property)

Nanoclay Pluronic F127 micelle

43)

Lung model

CT images

c) Technical challenge I: Sophisticated matrix material design

Solid matrix (transparency & el)
mechanical property)

PEGDA

d) Technical challenge IT: Complicated printing path design

Vein Tumor

Artery Trachea

Figure 1. Embedded 3D printing of lung cancer analogous model. (a) Clinical need: (al) CT imaging of lung and tumor in a
patient’s body and (a2) resulting virtual 3D model for procedure planning. (b) Engineering solution: reconstruction of lung
cancer model for pre-procedure training and detection of optimal inserting coordinates. Two major technical challenges in
embedded printing: (c) sophisticated matrix material design and (d) complicated printing path design. (e) Potential applications
of the lung cancer model: (e1) FNA biopsy and (e2) brachytherapy.

¢) Potential applications:

Tumor Fine needle

Fine-needle aspiration

Photoinitiator (FNA) biopsy

e2)  Radioactive pellet

Path extraction

Brachytherapy

body, as shown in figure 1(al). A 3D model can be
generated based on the CT images for planning the
procedure virtually. Although this model provides an
overarching picture of the tumor in the patient’s lung,
it is still challenging to quantitatively and accurately
determine the optimal inserting coordinates for FNA
biopsy (figure 1(a2)). Additionally, interventionalists
cannot receive hands-on training through this vir-
tual model. With the help of embedded printing, it is
technically feasible to convert the virtual model into a
practical model by reconstruction of the complicated
respiratory track-blood vessel-tumor system within a
matrix, as illustrated in figure 1(b).

To fabricate the system, two major engineering
challenges need to be tackled. The first challenge is
the design of matrix material to fulfill three fun-
damental requirements, including: (1) suitable rhe-
ological properties for embedded printing diverse
branched vessels, (2) acceptable transparency before
and after crosslinking for better observation of FNA,
and (3) mechanical properties similar to those of
human tissues for hands-on training purpose, as

shown in figure 1(c). Herein, a nanocomposite is
developed to function as the matrix for embed-
ded printing, which is composed of four compos-
itions: nanoclay, Pluronic F127, PEGDA, and pho-
toinitiator. Specifically, nanoclay is a classic yield-
stress additive with positive charges on the edge
and negative charges on faces [38, 39]. When dis-
persed in an aqueous solvent, electrostatic interac-
tions between nanoclay particles result in the form-
ation of a given microstructure, called a ‘house-
of-cards’ arrangement. Moreover, this chargeability
enables nanoclay to be miscible with diverse hydrogels
to generate even more complicated microstructures
through different mechanisms [40—42]. Thus, higher
stress is needed to disrupt the formed microstructure,
which not only makes the nanoclay and/or nanoclay-
hydrogel system possess a yield-stress property [43]
but also enhances the mechanical stiffness of the sys-
tem. Thus, the main purpose of involving nanoclay
in the matrix is to tune the rheological and mech-
anical properties. Pluronic F127 is a thermosensitive
hydrogel composed of a central hydrophobic block
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of polypropylene oxide (PPO) flanked by two hydro-
philic blocks of polyethylene oxide (PEO). At room
temperature and/or higher concentration [44, 45],
the PPO blocks aggregate to form a core while the
PEO blocks extend outward to generate a corona
around the core, leading to the formation of a micelle,
as shown in figure 1(c1). Numerous micelles aggreg-
ate together to create a jammed microstructure,
which integrates with the ‘house-of-cards’ arrange-
ment from nanoclay to further tune the rheological
properties [40, 46]. Moreover, the previous studies
demonstrate that nanoclay-Pluronic F127 nanocom-
posites exhibit a good flowability at low temperat-
ures to facilitate the easy perfusion of matrix into a
container without bubbles [40, 46]. In addition, it is
found that Pluronic F127 may also affect the trans-
parency when mixing with other materials [47, 48].
Therefore, the major functions of Pluronic F127 in
the matrix include the enhancement of rheological
properties and adjustment of transparency. PEGDA
is a photocurable hydrogel, which serves as the cross-
linkable component in the matrix. With the help
of photoinitiator, a 3D networked microstructure is
formed from PEGDA polymer chains under UV radi-
ation, converting the matrix from a yield-stress fluid
to a soft solid (as shown in figure 1(c2)). However, it
is observed that the transparency deteriorates in this
phase transition. Therefore, it is feasible to adjust the
transparency and mechanical properties by changing
the concentrations of PEGDA and photoinitiator.
The second challenge is the design and optim-
ization of complicated printing paths (figure 1(d)).
Based on the CT images (figure 1(d1)), a virtual lung
model can be created which consists of numerous
veins, arteries, and tracheae (figure 1(d2)). As illus-
trated in figure 1(d3), a tumor surrounded by mul-
tiple aforementioned vessels yields a complex sys-
tem in the selected region with limited size. Although
the traditional layer-by-layer strategy can simplify
the generation of printing paths, the ink depos-
ition in the matrix has to be intermittently ceased
as the nozzle moves between different vessels in one
layer, which significantly decreases the fabrication
efficiency. To quickly reconstruct such a complicated
system, a vessel-by-vessel strategy is proposed in this
work, which faces two key issues in the path plan-
ning stage: (1) it is necessary to extract the spatial
coordinates of each vessel and tumor; and (2) an
optimization step is needed to determine the print-
ing sequence of all components, aiming to prevent
any undesired interference between components, as
shown in figure 1(d4). Therefore, a new path plan-
ning algorithm must be explored to customize tra-
jectories for the reconstruction of this patient-specific
lung cancer model. The engineered model not only
benefits the FNA biopsy by providing optimal insert-
ing coordinates (figure 1(el)) but is also expand-
able to facilitate other lung cancer treatments, e.g.
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brachytherapy [49] (figure 1(e2)), offering a reliable
technical solution for enhancing lung cancer dia-
gnosis and therapy.

3.2. Design of yield-stress matrix material

Because of the coupling effects of four composi-
tions in the proposed nanocomposite, the orthogonal
experiments are designed and conducted to evalu-
ate the role of each composition in tuning rheolo-
gical properties, transparency, and mechanical prop-
erties, as shown in figure 2(a). First, yield stress is
selected as the core rheological parameter to quantify
the nanocomposite serving as a matrix. The yield
stress values are measured in figure S1. By changing
the matrix formulas, the nanocomposites present a
large variation of yield stress. Particularly, the nano-
composite IN10F10P0.2I with 1% nanoclay, 10%
Pluronic F127, 10% PEGDA, and 0.2% photoinitiator
does not have a yield-stress behavior. This is because
both the nanoclay and Pluronic F127 concentrations
are below their thresholds (~3% for nanoclay [50]
and ~20% for Pluronic F127 [51]) to form neither
‘house-of-cards’ arrangement nor jammed micro-
structure within the nanocomposite. In contrast, the
nanocomposite 3N20F20P0.21 has higher concentra-
tions of nanoclay and Pluronic F127, which drive the
formation of dual microstructure. One is made of
jammed micelles of Pluronic F127 with PPO core sur-
round by PEO corona. The other is the ‘house-of-
cards’ arrangement from nanoclay. These two micro-
structures coexist in either face-centered cubic or
body-centered cubic configuration [40, 44]. Besides,
neutral PEGDA molecules may penetrate through the
‘house-of-cards’ arrangement and have interactions
with PEO blocks due to their similar chemical struc-
tures, as both are hydrophilic polymers composed of
repeating ethylene oxide units. This structural sim-
ilarity facilitates favorable interactions between PEO
blocks of Pluronic F127 and PEGDA chains based
on the literature [52, 53]. The complicated micro-
structure of the nanocomposite results in a high yield
stress of over 200 Pa [40, 46]. Based on the ortho-
gonal experiments, the coupling effects of four com-
positions on yield stress are further analyzed per the
protocol in the previously published article [54]. The
results are calculated in table S1 and illustrated in
figure 2(b). It is observed that although all compos-
itions affect the rheological properties, the change of
nanoclay and Pluronic F127 concentration results in
the most significant variations of yield stress, which
indicates that it is more efficient to tune the rhe-
ology by adjusting these two compositions. The range
analysis also supports this conclusion. As shown in
table S1, the difference values (§) of nanoclay and
Pluronic F127 are 100.79 and 66.77, respectively,
much higher than those of PEGDA and photoiniti-
ator (~40). Therefore, if high yield stress is targeted,
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Figure 2. Design of yield-stress matrix material. (a) Orthogonal experimental design. Evaluation of the coupling effects of
nanoclay, Pluronic F127, PEGDA, and photoinitiator on (b) yield stress, (c) transparency ratio, and (d) elastic modulus. (e)
Recovery time of the nanocomposite after shearing. (f) Repeatability of the nanocomposite during alternatively shearing.

it is necessary to increase the concentration of nano-
clay and Pluronic F127.

After that, the matrix’s transparency after UV
crosslinking is quantified by using the transparency
ratio of 1.0 as the criterion, which is defined as
the ratio of matrix transparency to the transpar-
ency of a Petri dish. The results are summarized in
figure S2. The nanocomposite 1IN15F20P0.5I has a
ratio of around 1.4, much higher than the target
ratio of 1.0, which indicates that this nanocomposite
presents a poor transparency as demonstrated in the
inset of figure S2. In contrast, some nanocomposites,
e.g. IN10F10P0.2I and 2N20F10P0.5I, possess ratios
close to 1.0. Their transparencies are acceptable based
on the inset of figure S2. The range analysis results are
shown in figure 2(c) and table S2. Among the four
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compositions of the matrix material, PEGDA has the
most significant effect on the transparency with the
highest  value. With the increase of PEGDA concen-
tration, the transparency of nanocomposite deteri-
orates. However, both nanoclay and Pluronic F127
have positive effects on the improvement of transpar-
ency. As shown in figure 2(c), when the nanoclay and
Pluronic F127 concentrations increase from 1%-3%
and 10%-20%, respectively, the transparency ratio
decreases from around 1.2 to 1.0. This may be because
the existence of more nanoclay particles and Pluronic
F127 micelles enlarge the 3D networked microstruc-
ture formed by PEGDA polymer chains, making vis-
ible light easily penetrate through the crosslinked
nanocomposite to finally enhance the transparency
[55, 56]. Therefore, by controlling the concentration
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of nanoclay and Pluronic F127, it is technically feas-
ible to gain the nanocomposite with acceptable trans-
parency even at a higher PEGDA concentration.

Finally, the elastic modulus is selected to assess
the coupling effects of the compositions on the mech-
anical properties. The measurements are summar-
ized in figure S3. Different from the brittle nature of
crosslinked PEGDA with a low molecular weight, all
nanocomposites exhibit better flexibility. This may
be attributed to the interactions between PEGDA
molecules and PEO blocks of Pluronic F127, result-
ing in the plasticizing effects to enhance the extensib-
ility and softness of the crosslinked material, as repor-
ted in the published studies [52, 57, 58]. Based on the
measurements, the nanocomposites present a variety
of elastic modulus ranging from 0.09 to 1.72 kPa with
the change of the formula. Particularly, the nanocom-
posite 2N10F20P0.81 has the maximum elastic mod-
ulus which is composed of the highest concentration
of PEGDA. Based on the range analysis in figure 2(d)
and table S3, the nanocomposite’s mechanical prop-
erties are more sensitive to PEGDA: when its con-
centration increases from 10% to 20%, the elastic
modulus increases from almost 0 to around 1.2 kPa.
This is because more PEGDA polymer chains in the
crosslinked nanocomposite can densify the formed
3D networked microstructure, enhancing the mech-
anical stiffness of the matrix at the macroscale. By
comprehensively evaluating the role of each compos-
ition, the nanocomposite 3N20F20P0.21 is determ-
ined as the optimal matrix in the orthogonal experi-
mental design for 3D printing the lung cancer model,
which has a yield stress value of 203.16 Pa, falling
in the desired range of 100-500 Pa [27, 40, 43, 46],
acceptable transparency (0.91), and elastic modulus
(1.13 kPa) close to that of lung tissues (1-5 kPa) [59].

The functionality of the optimal nanocompos-
ite as a matrix is further characterized by rheological
measurements. On one hand, the recovery time is
quantified by shearing the nanocomposite at a higher
stress to disrupt its microstructure and then decreas-
ing the shear stress, as shown in figure 2(e). It takes
around 15 s for the nanocomposite to recover 80%
of the microstructure and 30 s to be fully recovered.
This recovery time is comparable with the pub-
lished results [60-62], which validates the potential
of the nanocomposite for embedded printing pur-
poses. On the other hand, the nanocomposite exper-
iences alternatively shearing at low and high strains
to mimic the repeated nozzle movement in a mat-
rix bath. As shown in figure 2(f), the storage mod-
ulus (G’) is higher than the loss modulus (G”) at a
lower strain, which demonstrates the nanocomposite
behaves like a solid. When the strain is increased to a
higher level, G’ exceeds G, showing a solid-to-liquid
transition. The measured shear moduli in multiple
cycles are consistent, which proves the good repeat-
ability of the nanocomposite.
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3.3. Design of printing path

Because multiple components (veins, arteries,
tracheae, and tumor) coexist in the selected lung
area, conventional layer-by-layer strategy cannot
effectively generate printing paths for such a com-
plicated system. In this work, a new path generation
platform is proposed and developed, as shown in
figure 3(a). First, a 3D model is generated based on
the CT images. Each component is distinguished in
the model. Then, one component is imported into
a commercial software Grasshopper to generate the
lattice. The print track of this component is extrac-
ted according to the lattice. After collecting the print
tracks of all components, their coordinates are expor-
ted to determine the edge validity using the algorithm
in figure S4. The purpose is to evaluate whether adja-
cent components conflict with each other or not. One
example is illustrated in figure 3(b1). When deposit-
ing a vein and a tumor in the matrix, the tumor needs
to be printed first because the nozzle may conflict
with the vein if it is previously created in the mat-
rix. Another example is the printing of a trachea and
vein. As shown in figure 3(b2), the branch of the vein
has an edge conflict with the trachea. As a result, the
trachea must be printed first to prevent the interfer-
ence. Finally, using the validity results, the printing
path is generated through the algorithm in figure S5.
Specifically, the selected area of the lung cancer model
is composed of 5 veins, 4 arteries, 3 tracheae, and 1
tumor. The printing sequence of these components
is summarized in figure 3(c).

3.4. Determination of printing parameters

In this work, an epoxy-based ink is used to print all
the components in the matrix bath. It is noted that the
pure epoxy solution exhibits significantly low viscos-
ity, which has a poor printability and shape fidelity for
3D printing [46, 63]. To address these issues, fumed
silicais incorporated and mixed with the epoxy, trans-
forming it from a shear-thinning liquid into a yield-
stress fluid, as shown in figure S6. Although the dia-
meter of an extruded filament is affected by many
parameters (such as nozzle size and dispensing pres-
sure), path speed is the most practical way to continu-
ously adjust the filament geometry during printing.
After summarizing the truck and branch sizes of the
veins, arteries, and tracheae in table S4, the path speed
is varied in a large range to filter the candidate speeds
for embedded printing the filaments with target dia-
meters, as shown in figure S7. Then, the path speeds
are refined to make the filament diameters close to
the size range of veins, arteries, and tracheae, as illus-
trated in figure 3(d). For tumor printing, the extru-
sion time is applied to control the diameter of the
deposited spheroid. As shown in figure 3(e), the dis-
pensing nozzle is moved to the pre-defined location,
inserted into the matrix bath, and starts to extrude the
epoxy-based ink. With the increase of the extrusion
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Figure 3. Design of printing path and determination of printing parameters. (a) New platform to generate printing path for the
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time, the spheroid diameter increases from around 4—
9 mm.

3.5. Embedded printing of lung cancer model and
FNA biopsy demonstration

Based on the designed virtual model (figure 4(al))
and optimized printing paths, a 3D lung cancer
model is successfully printed within the matrix bath,
as shown in figure 4(a2) and movie S1. Because
the epoxy-based ink is hydrophobic while the nano-
composite is composed of many hydrophilic com-
positions, interfacial tension exists between ink fila-
ment and matrix, which serves as a barrier to effect-
ively prevent the diffusion-induced filament swell-
ing, as shown in figure S8a. In addition, due to the
high yield stress of the nanocomposite, each depos-
ited component is stabilized in situ during printing.
Filaments demonstrate negligible shrinkage, as val-
idated in figure S8(b). Furthermore, the acceptable
transparency of the matrix enables the observation
of all components. Specifically, the tumor analogue
is clearly detected in the model (figure 4(a2)). After
printing, UV radiation is applied to chemically cross-
link the matrix and entrap the components, as illus-
trated in figure 4(a3). Movie S2 also records this
process. After treatments, the engineered lung can-
cer model (figure 4(a4)) is achieved which can be
released from the container for FNA biopsy planning
purposes. The similarity between the designed model
and the printed one was quantitatively assessed in
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figure S9 with the SSIM of around 79.92%, indicating
a high level of accuracy.

To demonstrate the functionality of the printed
model, two datum planes (XZ and YZ in figure 4(b1))
are established first to receive the projections of a fine
needle at different angles. The needle can be inserted
into the engineered lung cancer model from different
locations and directions (x;, y;, aj, B i), as shown
in the schematic in figure 4(b2). The optimal proced-
ure plan can be determined by comprehensively eval-
uating the insertion depth (d; in figure 4(b3)) as well
as examining the potential interferences with veins,
arteries, and tracheae. In this work, five points are
selected on the surface of the matrix based on the
observation, which are used as the candidate insert-
ing locations. As illustrated in figure 4(c), the center
of the model is set as the origin and the coordinates
of each point are measured accordingly and summar-
ized in table S5. At each location, the fine needle is
inserted towards the tumor analogue within the mat-
rix, as shown in figure 4(d1). The angles of the needle
in XY, XZ, and YZ planes are measured in the top
(figure 4(d2)), front (figure 4(d3)), and side views
(figure 4(d4)), respectively, which can be used as the
directional information to guide the FNA biopsy. The
process is recorded in movie S3.

The insertion depth at each location is meas-
ured and the results are summarized in figure 4(e).
At Positions 1 and 2, the fine needle can reach the
tumor analogue with the insertion depths approach-
ing 20 mm. Position 3 has a minimum insertion depth
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of 10.58 mm. In addition, the fine needle does not
interfere with veins, arteries, or tracheae during inser-
tion. At Positions 4 and 5, the fine needle is inser-
ted into the veins within the engineered model, which
indicates that these two locations are not suitable for
ENA biopsy. Thus, Position 3 is one of the optimal
choices which not only prevents any needle-vessel
conflicts but also offers the shortest insertion depth
to minimize the wound area. The directional inform-
ation (as, (3, 7v3) at Position 3 can be provided to
interventionalists to guide the procedure.

3.6. Discussion
In this study, the new path design strategy enables the
construction of veins, arteries, and tracheae within

the model in a vessel-by-vessel manner, which is
more efficient than the current layer-by-layer printing
manner, especially when creating scaled-up vascular
architectures. The path generation platform is there-
fore promising to plan and optimize printing paths
for the biofabrication of diverse tissues and organs
in the future. Additionally, the coupling effects of
multiple components (i.e. nanoclay, Pluronic F127,
and PEGDA) on the rheological and mechanical
properties as well as transparency are comprehens-
ively evaluated, which can guide the design of yield-
stress nanocomposites for different embedded print-
ing purposes.

Although the engineered lung cancer model
demonstrates the feasibility of guiding the FNA
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biopsy procedure, some concerns still remain that
need to be further investigated. First, the matrix bath’s
transparency is acceptable in this work to observe
the fine-needle inserting process as well as detect
the interferences between the needle and the prin-
ted veins, arteries, and tracheae, as shown in movie
S3. A high-molecular-weight PEGDA can be used to
prepare the matrix, if an improved transparency is
required, which has been reported as an effective way
to enhance the transparency of hydrogel or composite
after UV crosslinking [64, 65]. Second, elastic modu-
lus of the matrix is selected as the indicator to evalu-
ate the mechanical properties, which may not be suf-
ficient. More biomechanical properties, such as ulti-
mate tensile strength, plasticity, stiffness [66, 67], etc
will be considered in the future, which are expected to
comprehensively assess the functionality of the engin-
eered model in accurately mimicking human lung
tissues. Third, although the vessel-by-vessel manner
shortens the printing time to around 1 min (movie
S1), the long-term crosslinking of the commercial
epoxy extends the fabrication cycle to around 24 h.
Fast crosslinking materials can be used as inks in the
future studies, if a high fabrication efficiency is the
target. Fourth, one major limitation of the embedded
printing strategy developed in this work is the shape
diversity of the lung model. Because the printing
process is embedded within a container, the overall
shape of the model is constrained by the container’s
shape, which is far away from a real human lung.
The advancements of other 3D printing strategies,
such as sequential printing in a reversible ink template
[68], hybrid direct ink writing/embedded 3D printing
[69], and inverse embedded 3D printing [63, 70], can
be integrated with the strategy in this study to pro-
duce anatomic-level lung cancer models, even with
skins and muscles, for clinical FNA biopsy training.
Finally, since the purpose of the model is for FNA
biopsy training, living cells are not used in the print-
ing process. In the future, cellular models (with both
normal and tumor cells) will be printed using the
same strategy by replacing PEGDA and epoxy-based
ink with more biocompatible materials, which can be
used for brachytherapy.

4, Conclusion and future work

In this study, an embedded 3D printing strategy
is developed and utilized to reconstruct a patient-
specific lung tumor model. The coupling effects of
different compositions in the nanocomposite on its
rheological property, transparency, and mechanical
property, are systematically investigated. In addition,
a new platform is established to generate printing
paths in a multi-component system. To prove the
effectiveness of the 3D printing strategy, a lung tumor
model composed of veins, arteries, tracheae, and
tumor is successfully printed, which can predict the
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optimal inserting location and direction for planning
FNA procedure.

To reduce the fabrication time, only a portion
of the lung cancer model is selected and reconstruc-
ted. A full-scale human lung cancer model will be
printed in the future which can provide more accur-
ate information for procedure planning. Also, in this
work, only one spherical tumor is integrated with the
healthy lung to make the lung cancer model. From
the clinical perspective, tumors may exist randomly
in a patient’s lung with irregular shapes. More soph-
isticated path planning algorithms will be explored in
the future that can assist in the fabrication of high-
precision lung cancer models, which are promising to
guide the clinic FNA biopsy in the future.
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