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ABSTRACT: In situ bioprinting enables precise 3D printing inside the human body using ===t
modified bioprinters with thermosensitive bioinks such as gelatin methacrylate (GelMA). D+ [lJ'lIll
However, these devices lack refined temperature-regulated mechanisms essential for ensuring ”
bioink viscosity, as compared to traditional bio-3D printers. Addressing this challenge, this E’E x?"
study presents a temperature-regulated printhead designed to improve the fabrication of s .
thermosensitive bioink scaffolds in in situ bioprinting, integrated into a URS robotic arm. m.,:::::“..-.,mﬁ
Featuring a closed-loop system, it achieves a temperature steady error of 1 °C and a response

time of approximately 1 min. The effectiveness of the printer was validated by bioprinting
multilayer lattice 3D bioscaffolds. Comparisons were made with or without temperature
control using different concentrations of GelMA + LAP. The deformation of the bioscaffolds
under both conditions was analyzed, and cell culture tests were conducted to verify viability.
Additionally, the rheology and mechanical properties of GelMA were tested. A final
preliminary in situ bioprinting experiment was conducted on a model of a damaged femur to
demonstrate practical application. The fabrication of this printhead is entirely open source, facilitating easy modifications to
accommodate various robotic arms. We encourage readers to advance this prototype for application in increasingly complex in situ
bioprinting situations, especially those utilizing thermosensitive bioinks.

1. INTRODUCTION Advancing from traditional ectopic bioprinters, the develop-
ment of in situ biological 3D printing has emerged as a
transformative approach in the field, enabling direct tissue
fabrication within the patient’s body, which improves cell
health and surgery results and minimizes the rejection risks
associated with traditional ex vivo bioprinters.'*~"® This area is
rapidly evolving, with research concentrated on developing
hand-held and robotic bioprinters for highly customized
therapeutic approaches.w_21 Recent progress in in situ
bioprinting has led to the creation of intuitive hand-held
bioprinting devices, such as biopens and bioguns.””** These
innovations simplify the bioprinting process, significantly
reducing the requirement for comprehensive training. Con-
currently, the introduction of robotic-assisted bioprinting seeks
to address instability associated with hand-held bio-
printers.”*~*° By utilizing robotic arms, this approach enhances
the accuracy of the bioprinting process, ensuring more precise

Biological 3D printing is revolutionizing regenerative medicine
and personalized healthcare by fabricating living tissues that
mimic human body parts.' > This innovation enables the
production of tailor-made implants and systems, significantly
advancing treatments in tissue regeneration, with notable
applications in skin, cardiac, and neural engineering.~'* At the
core of biological 3D printing is the use of hydrogel-based
bioinks, with GelMA and Pluronic F-127 emerging as
promising thermosensitive materials due to their biocompat-
ibility, adjustable physicochemical properties, and efficient
photo-cross-linkability.'' GelMA, a widely used hydrogel,
exhibits increased viscosity and gellike behavior at lower
temperatures, facilitating extrusion and printing; however, at
higher temperatures, its viscosity decreases, making it too fluid
and unsuitable for printing. Therefore, it is optimal to maintain
GelMA at temperatures below room temperature.'” Pluronic
F-127, a thermoresponsive polymer, remains in a highly liquid

state at lower temperatures (below 10 °C), making it Received: May 8, 2024 D
unsuitable for printing as it extrudes as a liquid. For effective Revised:  August 29, 2024
printing, Pluronic F-127 should be maintained at temperatures Accepted:  September S, 2024

just below its gelation point but not too low to avoid excessive Published: September 18, 2024

fluidity."> Both materials require precise thermal control for
optimal print quality and structural integrity.
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Figure 1. 3D design schematic of the temperature-regulated printhead. (A) The aluminum alloy cartridge holds a S mL bioink syringe, with grooves
for two 29 X 9.8 mm Peltier modules. (B) 3D assembly view of the printhead, all components are integrated with screws. (C) Top view (D) the
hinge allows for easy bioink replication by opening the printhead, while a buckle serves as a switch to secure it. (E) The end bracket features a
central piston for pneumatic supply connection. (F) Complete printhead assembly. (G) The cross-section shows an S-shaped cooling cycle for heat

dissipation from Peltier modules.

deposition of biological materials.””*° However, the develop-
ment of efficient temperature regulation systems for in situ
bioprinting has seen limited research. Despite the focus on
creating functional ex wvivo 3D bioprinters with bioink
temperature control, significant limitations exist for their in
situ applications: (1) the devices are too large, rendering them
unsuitable for transplantation into target environments;>' (2)
they depend on external sensors and control systems for
temperature regulation, which are not adaptable to environ-
ments that cannot be directly monitored;’* (3) there is no
assurance that these devices will not adversely affect the
surrounding biological tissues.”® Fortunato et al (2023)
highlighted challenges in extending the duration of experi-
ments using an automated photo-cross-linking system in
robotic in situ bioprinting due to the absence of a
temperature-regulated mechanism.’* Despite initial cooling,
GelMA bioinks would eventually liquefy when exposed to
room temperatures, limiting experiment times to under 30
min. Alternatively, Garciamendez-Mijares et al. (2023) led to
the creation of an economical temperature-controlled print-
head, designed for integration with the modified Anet A8 3D
printer.*> Furthermore, Sanz-Garcia et al. (2020) successfully
adapted their do-it-yourself (DIY) temperature-controlled
printhead for compatibility with three distinct brands of 3D
printers.”® Nevertheless, these two temperature control
systems are designed specifically for standard ex vivo 3D
bioprinters (an enclosed printing chamber to print tissue and
transplant it into the wounded area) and fail to meet the needs
of in situ bioprinters, indicating a gap in current bioprinting
technology.

Addressing this gap, this study introduces a cost-effective
temperature-regulated printhead designed for optimizing
bioscaffold structure in in situ robot-assisted bioprinting
applications ($600). Compared to existing temperature-
controlled printheads, the structure of the temperature-
controlled printhead in this study is specifically designed for
mounting on a robotic arm. Table S1 in the Supporting
Information lists the printhead names, functions, application
scenarios, bioink temperature regulation capabilities, and
compatibility with robotic arms. Currently, temperature-
controlled printheads are only installed on conventional ex
vivo box-type bioprinters. As shown in Table S1I, there are no
temperature-controlled printheads for robotic arm-assisted in
situ bioprinting, and our research aims to fill this gap.

We open-source the design principles, fabrication processes,
control strategies, and biological assessments of our prototype,
aiming to enable widespread customization of the printhead.
The interior of the printhead contains Peltier modules that can
regulate the environmental temperature of the syringe filled
with bioink between 0 and 40 °C range, thereby maintaining
its ideal viscosity for high-resolution printing. Steady-state
thermal analysis and response tests validated the printhead’s
temperature control ability and efficiency. Mounted a URS
arm, the printhead printed GelMA scaffolds, then underwent
cell viability testing. Additionally, a preliminary experiment on
a 3D-printed femur model assessed the clinical potential of the
temperature-regulated printing system.

2. METHODS AND MATERIALS

2.1. Printhead Structure Design and Mount Fabrica-
tion. In this study, an advanced printhead was designed with a
temperature regulation mechanism to address the issue of
maintaining a constant bioink’s temperature in in situ 3D
bioprinting. This printhead is engineered to maintain the
temperature of biological materials within a 5 mL plastic
syringe, offering affordability, compactness, and ease of
disassembly. The design was drafted using Unigraphics NX
12.0., and underwent precision machining from aluminum
alloy (6061, T6) for its excellent thermal conductivity. For
fabrication, the printhead integrates a cartridge, dual Peltier
modules (29 X 9.8 mm), two S-shaped cooling shells, and
casings with straight fittings, as depicted in Figure 1. The
aluminum alloy cartridge enhances thermal conductivity by
wrapping the bioink syringe, while Peltier modules embedded
in the cartridge with thermal grease enable precise temperature
control through heating and cooling (Figure 1A—C). A water-
cooling shell connected to a custom pump system at the Peltier
modules’ rear efficiently dissipates heat (Figure 1G). Straight
fittings on the outside shell are used for water connections.
The lower port is the water inlet, and the upper port is the
water outlet (Figure 1F). Accessories for ease of use and
maintenance, such as a fixed bracket, a buckle, and a quick-
access articulated hinge for bioink replacement, are 3D printed
with PLA+ material (Figure 1D,E). Thermal efficiency was
validated through ANSYS Workbench simulations. 2D
engineering drawings and assembly models are available in
Supporting Information (see 2D engineering drawings.doc and
assembly.stp).
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Figure 2. (A) The temperature-regulated system. A 100 K NTC thermistor collects the bioink syringe’s Rt inside the printhead, relays it to an
STM32 that performs a PID algorithm with St from a PC. The STM32’s PWM output controls a L298N to modulate a 12 V power supply for the
Peltier modules, enabling precise heating and cooling. (B) The relationship between the temperature measured by an NTC thermistor and the

corresponding ADC values.

2.2, Design of Temperature Control System. In
alignment with the design principles specified in Section 2.1,
the printhead integrates Peltier modules for refined thermal
management. Half of the temperature control system is
externalized to maintain the compactness and efficiency of
the printhead, as shown in Figure 2A. Despite the recent
popularity of machine learning (ML) for enhancing additive
manufacturing quality control,””*® a closed-loop control
system (PID control) was chosen for the thermally controlled
print head in this study. This decision was based on the
following considerations: PID control offers high reliability and
real-time performance, ensuring stable print head temperature,
which is crucial for bioink performance. The PID algorithm is
mature, simple to implement, widely used in industrial control,
and easy to integrate into resource-constrained systems like
STM32. In contrast, ML algorithms, while flexible, require high
computational power and storage, making them unsuitable for
embedded systems. At the heart of this setup is the
STM32F103C8T6Microcontroller Unit (MCU). The system
is divided into two main parts: real-time temperature data (Rt)
collection with a 100 K NTC (negative temperature
coefficient) thermistor (Xindongxin Weiye Electronics,
Guangzhou, China) placed outside the syringe and implement-
ing the PID (Proportional-Integral-Derivative) temperature
control algorithm. The MCU connects to PC software via a
TTL serial port, allowing Rt and setting temperature (St)
modifications to user preferences. The comprehensive temper-
ature value list of NTC thermistor (ranging from —40 to 250
°C) and corresponding resistance values are provided by the
manufacturer. The relationship between temperature and
resistance values has been modeled

R = 31199 X ¢~%% 4+ 10.99 (1)

where R is the resistance value and ¢ is the temperature value.
Upon recognizing temperature fluctuations, the NTC
thermistor’s resistance will change, which generates a voltage
indicative of the surrounding temperature. The STM32’s ADC
(analog-to-digital converter) channel captures this signal, using
its 12 bit resolution to convert analog voltage into digital value
ranging from 0 to 4095. The mathematical relationship
between the R and the corresponding ADC digital output is

_ 4096 X R
R + R,

ADC
()
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where 4096 is the maximum resolution of the ADC and R; is
the 100 K series shunt, other shunts can also be selected. To
replace R in both (1) and (2), we can calculate the relational
equation between ADC value and temperature value

)

Figure 2B shows the curve from eq 3, implemented in
STM32 programming to obtain temperature readings.
Choosing an ultrathin NTC thermistor enhances printhead
versatility and allows for seamless integration across various
design configurations.

The PID algorithm, essential for feedback control, is utilized
extensively in various engineering fields to stabilize and
regulate systems.”” In this study, the PID control parame-
ters—proportional (KP), integral (K;), and differential (Kj)
gains—were finely adjusted to manage thermal regulation
accurately. The algorithm, developed in KeilSMDK and
deployed on the STM32 microcontroller, interprets temper-
ature readings from an NTC thermistor and modulates a PWM
signal. This signal controls an L298N H-bridge driver, which in
turn adjusts the temperature of the Peltier modules, ensuring
alignment with predetermined targets (St) by comparing them
to Rt. The integrated code including harnessing the NTC
thermistor for temperature data acquisition and PID algorithm
is thoroughly documented in the Supporting Information (see
stm32 PID & NTC.zip).

2.3. Temperature Control Performance. The thermal
performance was investigated of the printhead by analyzing its
temperature stability and the efficiency of its heating and
cooling cycles. The NTC thermistor’s data collection with an
STM32 was first calibrated with a TP101 temperature probe
(Shenzhen Shenghui Tech.). Both sensors, placed in four water
cups, recorded temperatures for a minute. After verifying the
NTC thermistor’s temperature sensing accuracy, the Peltier
modules under PID algorithm control were manipulated to
modify the starting room temperature of 18.8 °C to targeted
values (cooling to S and 10 °C and heating to 25 and 30 °C).
The NTC thermistor tracked the Rt changes at the location of
the bioink syringe. Another test recorded the printhead’s
temperature changes in five-degree increments, offering a
detailed examination of its thermal response and efficiency
during both the heating and cooling phases, thereby providing

more insights into its operational performance.

0.3205 X ADC + 0.0352
ADC — 4096

t=—19.8413 ln(
()
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2.4. Inks Preparation, Rheological Characterization,
and Mechanical Properties Tests. GelMA was selected as
bioink in the following printing experiments due to its
temperature-responsive rheological properties at different
temperatures. Several studies have analyzed GelMA hydrogels’
performance across key temperature ranges.*”** Different
ratio GelMA solution was prepared in-house, following
protocols from similar bioprinting research.” The Gelatin
was dissolved in Dulbecco’s phosphate-buffered saline (DPBS,
Sigma-Aldrich, USA) at 60 °C for 1 h. This GelMA was
combined with lithium phenyl2,4,6-trimethylbenzoylphosphi-
nate (LAP) (Cellink, Sweden) photoinitiator. The final ink was
stored at 4 °C in a refrigerator until used for bioprinting.
Before being fitted into the printhead, the GeIMA is heated in
a water bath at 37 °C for 1 h.

To better understand the effect of temperature on the
bioink’s rheology, which is directly related to the results for
bioprinted scaffolds. The rheology properties were measured
on a Discovery HR 20 rotational rheometer (TA Instruments,
New Castle, DE, USA). Ten mL solutions of GelMA + LAP,
each at S different concentrations, were subjected to a
controlled cooling process from 40 to 10 °C at a rate of 1
°C per minute and a constant shear rate of 1 s~'. During this
cooling ramp, the viscosity (17), storage modulus (G’), and loss
modulus (G”) were continuously recorded to generate
respective temperature-dependent profiles. The hydrogel
samples for mechanical properties tests were extruded into
cylindrical shapes with a diameter of S mm and a height of §
mm. These samples underwent biaxial compression testing
using an Electronic Universal Testing Machine (Bairoe
Instruments, Shanghai, China). A strain rate of 1% of the
initial height was applied, and the compression modulus
(elastic modulus) was calculated from the recorded strain (%)
and stress (MPa).

2.5. Printing Methods and Parameters Optimization.
The printhead was equipped with a 12 Vdc solenoid valve
(SMC ITV2050-312], SMC Company, Tokyo, Japan) for
bioink extrusion and connected to this valve through an air
tube. The experimental apparatus combined this printhead
with a six-degree-of-freedom (6-DOF) URS robotic arm with
bolts, facilitating the creation of geometric figures and
multilayered scaffolds.**

Initial experiments focused on optimizing key printing
parameters, including air pressure for bioink extrusion and
robotic arm velocity, to enhance scaffold structural integrity."
In biological 3D printing, controlling these parameters is
crucial: air pressure regulates the bioink flow rate and
consistency, while printing speed influences the accuracy and
quality of the printed structure. Proper adjustment of these
factors ensures precise and reliable bioprinting results. A 23G
nozzle (inner diameter = 0.34 mm) was selected for bioink
extrusion. For the selection of the needle inner diameter, a
smaller inner diameter results in a higher shear rate during
extrusion. Based on current research on bioprinting, needle
diameters rangingg from 0.28 to 0.4 mm are the most
commonly used.*”* This is likely because these needle sizes
generate a higher shear rate, reducing the viscosity of the
bioink, making extrusion easier, and preventing needle
clogging. Therefore, in this study, we chose a 0.34 mm inner
diameter needle to be installed on the developed printhead.
Additionally, printing on pillars with varied spacings was
explored to identify the optimal spacing between strands,
which was crucial to prevent the upper layers of multilayer

scaffolds from collapsing, thereby maintaining their structural
and functional integrity."” The line width and collapse tests
were performed five times, with measurements taken using
electron microscopy (Guangzhou Xinlun Technology Co.,
Ltd, Guangzhou, China) for detailed observation. Subse-
quently, the images were visualized using the S-EYE software
(Shenzhen Hayear Electronics Co., Ltd., Shenzhen, China),
employing its measurement tools to accurately determine the
lengths.

2.6. Printability Assessment. To comprehensively assess
the performance of the developed bioprinter, the experiment
utilized the method of printing multilayered biological
scaffolds. This approach was selected because the ability to
print complex scaffolds accurately reflects the printer’s
capability in maintaining structural precision and material
consistency, essential elements for successful bioprinting.***’
The multilayer lattice scaffolds were printed in situ, both with
and without temperature control. The scaffold printing
protocol in this study entailed precooling the GelMA bioink
in a refrigerator for an hour, maintaining the bioink at a
constant temperature, determined through rheological tests as
optimal for GelMA’s viscosity, inside the printhead throughout
the entire printing process, solidifying scaffolds via UV cross-
linking layer-by-layer and immediately putting scaffolds into a
37 °C water bath to simulate the temperature environment of
the human body (Figure 3). The path of the URS robotic arm

Pre-cooled bio-ink

A 4

Maintain temperature
in printhead

!

Upload G-code and
start bioprinting

!

UV cross-link layer-by-layer

Put printed bioscaffold into
37°C water bath

Figure 3. Schematic drawing of the in situ bioprinting process.

was programmed using G-code, with the movement speed and
extrusion pressure set based on optimization experiments. Pore
dimensions of the scaffolds were analyzed using Image], with
area measurements conducted under temperature-regulated
and unregulated conditions for comparative analysis. Finally,
an in situ bioprinting test was performed on a defective 3D-
printed femur model, the model was obtained from a human
CT database in Shanghai Ninth People’s Hospital. The
pigment-infused GelMA bioink was extruded onto the
damaged area of the model.
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Figure 4. (A) Machined components and assembly of the printhead. (B) The thermal analysis of the printhead. The ambient temperature is set at
22 °C, the Peltier modules were set at 10 °C. The heat transfer shows the maximum temperature is 10.092 °C and the minimum temperature is

9.99 °C. (C) The printhead mounted on the end-effector of URS.

2.7. Cell Culture and Cell Viability. Cell viability assays
were performed on the bioprinted two-layer scaffolds. Rat
bone marrow mesenchymal stem cells (rBMSCs) were seeded
on these scaffolds and maintained at 37 °C in a 5% CO2 atm.
For the LIVE/DEAD assay, fluorescein isothiocyanate (FITC)
and propidium iodide (PI) (Sigma) stains were applied to
evaluate cell survival. After the incubation period (7 days),
scaffolds were examined under a STELLARIS 8 STED
confocal laser scanning microscope (Leica, Germany) at
100X magnification. In this assay, live cells were identified
by green fluorescence emitted by FITC, whereas dead cells
were marked by the red fluorescence of PI. For the cell
counting kit-8 (CCK-8) assay, scaffolds seeded with cells were
incubated for 7 days. The CCK-8 solution was respectively
added to the culture medium on day 1, day S, and day 7,
followed by a 2 h incubation. Subsequently, a microplate
reader measured the absorbance at 450 nm to assess cell
proliferation on these specific days. The cell viability rate on
the scaffolds was documented. For accuracy, five replicates
were performed at each time point.

2.8. Statistical Analysis. Data were expressed as mean +
standard deviation and analyzed using one-way ANOVA for
continuous variables. A p-value less than 0.05 was considered
to indicate statistical significance.

40622

3. RESULTS

3.1. Printhead Development. All parts of the print head
are machined from aluminum alloy. Figure 4A shows printhead
components and assembled state diagram. The rounded
housing and water cycle plates are fastened with eight bolts
and nuts. A cartridge fits into the cylinder formed by the
housing and water cycle. To circulate coolant, four male
straight fittings on the housing connect to a water pump.
Temperature control is achieved by placing two Peltier
modules on each side of the cartridge. Within the cartridge,
an NTC thermistor is embedded in a groove for temperature
monitoring. A flexible articulated hinge links half of the
printhead to a 60 mm bracket, enabling versatile positioning.
The whole printhead weighs 202 g and measures 82.6 mm in
length. Figure 4C shows the actual printhead assembly
mounted on the URS robotic arm. A steady-state thermal
analysis was conducted in ANSYS Workbench: the printhead
model was segmented into 96,000 nodes, with ambient
temperatures set at 22 °C and Peltier modules adjusted to
maintain a temperature of 10 °C. This analysis concentrated
on the heat transfer processes from the Peltier modules to the
bioink cartridges. The analysis results, illustrated in Figure 4B,
reveal a minimal internal temperature differential within the
printhead at 10 °C, solidly supporting the printhead’s ability to
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stabilization patterns.

maintain optimal performance temperatures, crucial for high-
quality bioprinting applications.

3.2. Temperature Control Performance. The print-
head’s heating and cooling efficiency was assessed. By inputting
the desired temperatures via the serial port interface, we could
monitor in real time the ambient temperature changes on the
bioink inside the printhead. Figure SA presents the temper-
ature discrepancies measured by the NTC thermistor
compared to a probe in four separate glasses of water at
different temperatures. The data revealed a maximum error of
1 °C at elevated temperatures but otherwise exhibited close
agreement, validating the NTC’s precision in real-time
temperature monitoring. Figure 5B illustrates the performance
of a temperature control system under PID algorithm. Target
temperatures were input via the serial port interface, triggering
the STM32 to control the Peltier modules for heating/cooling.
Real-time temperature values were then accurately recorded
via the NTC. The room temperature (18.8 °C) increased to 25
and 30 °C and subsequently decreased to S and 10 °C. The
results showed that heating is notably more rapid than cooling,
requiring less than a minute to reach 25 and 30 °C. In contrast,
cooling to 10 °C took approximately 2.7 min, and stabilizing
just above 5 °C nearly 3.5 min. The gray dotted line indicated
the temperature errors (ranging from +0.1 to 1 °C) when
readings stabilized. Additionally, Table 1 detailing the control
system’s response times for both heating and cooling at various
initial temperatures was analyzed. It was observed that cooling
times for Peltier modules from 30 °C, in § °C intervals,
exhibited a gradual increase in response time. Conversely,
when the temperature was incrementally raised from 5 °C in §
°C steps, the response time remained more consistent. The
printhead’s temperature control accuracy was observed to be
relatively ideal, with future improvements aimed at reducing
the cooling time to approximately 1 min.

3.3. Rheology and Mechanical Properties of GelMA.
Formulations were chosen with GelMA concentrations ranging
from 5% to 15% and LAP concentrations from 0.25% to 0.75%
due to their temperature-sensitive rheological properties. As
shown in Figure 6A, the GelMA demonstrates a significant
increase in viscosity as temperature decreases from 15 to S °C,
ensuring enhanced control over bioink flow during printing.

Table 1. Response Time of Using Printhead’s Temperature-
Regulated System to Heat up and Cool Down in Five
Incremental Steps Respectively

operating starting temperature  target temperature  response time

mode (°C) (°C (s)
cooling 30 25 39
25 20 79

20 15 87

15 10 115

10 N 216

heating N 10 6
10 15 22

15 20 33

20 25 36

25 30 34

Figure 6B illustrates the transition of GelMA’s storage and loss
modulus with temperature, showcasing its adaptability from a
solid-like glassy state to a more fluid-like rubbery and flow
state. A constant shear rate in Figure 7A,B is of 1 sL Higher
concentrations of GelMA lead to increased viscosity and higher
storage and loss modulus while varying LAP ratios do not
significantly affect these rheological properties. Additionally,
Figure 6C,D illustrate the mechanical properties of the bioink.
Compression tests on cylindrical samples using an electronic
universal testing machine revealed that the elastic modulus of
GelMA + LAP mixtures remained stable despite changes in
LAP concentration. However, higher concentrations of GelMA
improved the structural stability and load-bearing capacity of
the samples.

3.4. Printing Parameters Optimization. To determine
the optimal printing parameters for GelMA scaffolds, a series
of experiments were conducted at S °C to maintain an ideal
viscosity as indicated by the viscosity-temperature curve
presented in Figure 6A. From Figure 7A, the printing process
involved extruding GelMA through a 23G nozzle onto a
smooth substrate. It was noted that the formation of coherent
strands was unachievable at air pressures below 0.04 MPa and
speeds exceeding 15 mm/s.
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In the initial experimental phase, with a constant robotic arm
speed of 11 mm/s, the air pressure was in increments of 0.01
MPa from 0.04 to 0.09 MPa. Subsequently, with the air
pressure fixed at 0.06 MPa, the arm’s speed was adjusted across
a range from S to 15 mm/s in increments of 2 mm/s. The
resulting strand appearances, visualized using electron
microscopy, are illustrated in Figure 7B,C. These images
corroborate that increased air pressure leads to wider strands,
while increased movement speeds result in narrower strands.

The quantitative outcomes of these manipulations are
graphically summarized in Figure 7D,E, where statistical
analyses of line widths are presented across varying air
pressures and movement speeds. This analysis was specifically
conducted to determine the optimal settings of air pressure
and moving speed for the subsequent printing of bioscaffolds.
We aimed to ensure that the filament dimensions closely
match those of the nozzle, thereby minimizing any variability
that could affect the pore size measurements of the printed
bioscaffolds. A direct correlation was observed: as air pressure
increased or speed decreased, the width of the GelMA strands
also increased. Taking into account the 0.34 mm inner
diameter of our nozzle, the optimal printing parameters for
follow-up multilayer scaffold printing were determined to be
around 0.06 MPa for air pressure and 11 mm/s for the
movement speed, where the produced strand widths closely
matched the nozzle’s inner diameter. Figure 8A shows the
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effect images of varying spacing on pillar stability in collapse
printing tests, with each pillar standing 6 mm tall and spacings
incrementing from 1 to 6 mm. Figure 8B measures the distance
from the lowest point of the collapsed strand to the horizontal
plane under different printing parameters using electron
microscopy. Theoretically, a collapse distance closer to 6
indicates a lower degree of strand collapse, thus determining
the best spacing for each line when printing this GelMA
scaffold. Figure 8C,D demonstrate the distances of strand
collapse under different printing parameters, revealing that the
most significant collapses—and those most affected by printing
parameters—occurred at spacings 5 and 6. The trends of
collapse at other spacings were relatively flat and values were
similar, around 5.5 mm. Therefore, in subsequent experiments
for printing 3D scaffolds, the grid width was set at 3 mm per
cell.

3.5. Bioprinting Multilayer Bioscaffolds. The “stack-
ability” of the printhead was evaluated using URS to in situ
print multilayer lattice scaffolds. The printing pathway was
designed using CAD software (SolidWorks), followed by
slicing the STL files to generate distinct G-codes on ideaMaker
(Raise3D). These codes were then uploaded to the URS
robotic arm for execution. Initially, precooled GelMA was
printed on Petri dishes to form a lattice scaffold without
temperature regulation. Subsequently, we activated the print-
head’s cooling system to maintain the bioink’s ambient
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Figure 7. (A) Specifying a range of air pressure and robotic arm’s moving speed through printing strands on a platform. (Scale bar: 2 mm) (B,C)
Strands printed at varied air pressures and the robotic arm’s moving speed, screened by electron microscopy. (Scale bar: 0.5 mm) (D) Line width
(mm) increases with air pressures from 0.04 to 0.09 MPa. (E) Decreasing line width (mm) with increasing moving speeds from S to 1S mm/s. (n =

S independent samples).

temperature at approximately S °C, thereby reprinting the
scaffolds. The temperature of S °C was selected based on the
viscosity-temperature curve from rheological testing. This
choice was due to lower temperatures requiring longer cooling
times, which would extend the experiment duration. Based on
the experimental results from Section 3.4, the air pressure for
bioink extrusion was set to 0.06 MPa, and the robotic arm’s
printing speed was established at 11 mm/s. The initial grid
spacing, set at 3 mm based on collapse test results, was
increased to S mm to account for the widening line widths as
scaffold layers multiplied. This modification resulted in a
scaffold comprising nine lattices, each 15 X 15 mm? Figure 9A
shows the bioprinting process on the Petri dish. Figure 9B,C
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shows the printed 2-layer 15 X 15 mm? scaffold. A 405 nm UV
light model UVLD8 (Shenzhen Guanghuashi Technology Co.,
Ltd., Shenzhen, China), with an 8 mm diameter speckle size, is
used for layer-by-layer photo-cross-linking, followed by
imaging via electron microscopy. Photocuring accompanied
the entire printing process. The UV light was turned on as
soon as the bioink extrusion began to form filaments and
remained on until the printing process was complete. To
safeguard the Petri dishes from UV light exposure, we covered
the dishes with Teflon high-temperature insulation cloth.

As shown in Figure 10A, photographs of 2-layer, S-layer, and
8-layer scaffolds printed under temperature control (S °C) and
without temperature control were captured using an electron
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Figure 9. (A) in situ bioprinting scaffolds on a Petri dish. (B) The scaffold model with certain layers. (C) The printed 2-layer GelMA scaffold after

UV cross-linking.

microscope. It can be observed that the scaffolds have a more
complete and uniform structure under temperature control.
Without temperature regulation, the increased number of
layers and extended printing time reduced the viscosity of
precooled GelMA, causing it to liquefy upon long-term
exposure to ambient temperature. Figure 10B presents a
comparison of pore area measurements conducted on each
grid using Image] software, clearly demonstrating a trend of
decreasing pore area with an increasing number of layers. The
2-layer scaffolds were immediately placed in a 37 °C water
bath after printing to simulate a real human scenario.
Observations were made at 0, 24, and 72 h. Figure 11A
shows that the lattice structure stretched over time in the water

bath. Figure 11B,C demonstrate changes in line width and
pore size. Despite these changes, Figure 11A,D reveal that the
2-layer structure maintains high shape fidelity, clear contours,
and favorable mechanical properties, allowing it to be picked
with tweezers.

A preliminary in situ bioprinting test on a defective femur
model is presented in Figure 12 presents. This model was
previously converted into STL format via CT scanning and has
been 3D printed (Figure 12A). The defective area (diameter 8
mm, depth 3 mm) was sliced into a G-code file to establish the
printing path (Figure 12B). Throughout the printing process,
the printhead temperature was maintained at 5 °C. As depicted
in Figure 12C, the printed scaffolds filled the entire defect on
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the femur model, with most of the printed outcomes being
filamentous and not merging into a single blur. However, the
relatively small area may limit clear observation, particularly
due to its size and depth, which affects the visibility of the
scaffold’s “stackability” from a side view. Future in situ
bioprinting tests should be conducted on a larger area with
shallow depth.

3.6. Cell Viability. LIVE/DEAD assay outcomes for a
bioprinted two-layer scaffold are shown in Figure 13A, using a
STELLARIS 8 STED confocal laser scanning microscope.
Live/dead cells were stained using the Calcein-AM/PI
(Beyotime Biotechnology, Shanghai, China) staining kit as
cell dyes. Colmages are categorized into live (green), dead
(red), and merge sections, demonstrating predominant cell
viability after S and 7 days of culture. However, we could not
capture clear imaging of cross-shaped scaffolds due to the
confocal microscope’s minimum 10X magnification limit;
conversely, utilizing a lower magnification microscope enables
distinct visualization of these structures, albeit compromising
the clarity of cellular morphology. Figure 13B illustrates cell
viability trends via CCK-8 assays. Initial viability peaks near
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100% on day 1, with a slight decrease by days S and 7, yet
viability remains high, indicating sustained cell health. This
slight reduction in viability may stem from limited pore size (5
X 5 mm?) and lattice number (nine), we speculate that
increasing the number of lattices may expand the cell
attachment area, thereby enhancing cell viability. Overall, cell
viability proved relatively consistent, suggesting that the
scaffolds printed with a temperature-regulated printhead
support effective cell growth and survival.

4. DISCUSSION

This study has developed a temperature-regulated printhead
for robot-assisted in situ bioprinting, enhancing the precision of
printing with thermosensitive bioinks, and maintaining cellular
activity to a certain degree. By incorporating an advanced
temperature control system, it ensures the bioink maintains
optimal viscosity throughout the printing process, leading to
high-resolution bioprinted scaffolds.

Despite recent advancements in robot-assisted in situ
bioprinting technology, most current studies have concen-
trated on optimizing the robot’s printing path planning,””'
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Figure 11. (A) The same 2-layer scaffold after being placed in a 37 °C water bath for 0, 24, and 72 h. (B,C) The quantified results of the scaffold’s
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Figure 12. (A) An STL format femur model, highlighting a defect area circled in red. (B) G-code paths for bioprinting a scaffold, generated from
slicing the defect. (C) In situ bioprinting on the femur model: employing a temperature-regulated printhead mounted on a URS robot to extrude

GelMA onto the defect.

often overlooking the necessity to control the physical
properties of thermosensitive materials commonly used in
this field. As the viscosity of bioinks can vary significantly,
becoming either too thick or too liquid when printed at room
temperature, there arises a critical need for temperature
regulation. Addressing this issue, the printhead presented in
this study introduces an innovative solution that precisely
controls the temperature of the bioink, thereby significantly
improving the printing process.

In terms of technological innovation, one of the key
novelties of the temperature-regulated printhead is its uniquely
designed S-shaped water-cooling plate, which significantly
enhances cooling efficiency. This design allows for direct heat
dissipation, eliminating the need for external fans or temper-
ature control enclosures that increase the size and complexity
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of installation in conventional bioprinters. However, it has
been observed that as the number of layers in the bioprinted
scaffold increases (Figure 10), the gaps between the strands
gradually narrow. Regardless of whether temperature control is
used, the pore size of higher-level scaffolds tends to decrease.
This phenomenon may be attributed to the pressure from the
upper layers causing the lower layers to collapse, thereby
reducing the pore size. Therefore, while temperature control
significantly improves the print quality of the initial layers, its
impact diminishes when printing multilayered structures.
Future research should focus on improving the structural
support capability of multilayered scaffolds. On the other hand,
while the structure of the printed 2-layer scaffold stretched
after prolonged exposure to the 37 °C water bath, the
mechanical integrity remained strong and complete despite the
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Figure 13. Cell viability assay of 7 days culture in printed 2-layer GelMA scaffold. (A) Live/Dead test shows fluorescent staining of live (green) and
dead (red) cells at different time points (day 1, day S, day 7). (B) The CCK-8 assay shows a minor decrease in cell viability, but overall rates remain

high, indicating strong cell health. (Scale bars: 100 ym).

overall lattice size increasing. This demonstrates that the
printed GelMA scaffold can maintain structural integrity in
vivo.

Moreover, the design of the photopolymerization device
remains a critical focus for the quality of the formed bioprinted
scaffolds.”>>® In clinical settings, the printing and photo-cross-
linking processes of bioink should occur simultaneously,
particularly when performing in situ bioprinting directly on
human or animal skin. Thus, it is vital to ensure that the
photopolymerization device can effectively cross-link the
bioink during the printing process while avoiding harm to
surrounding healthy tissues or cells. However, this study
employed a method where UV light was used for additional
curing postprinting, which may be impractical in clinical
applications. Considering the focus of this research is the
development of a temperature-regulated printhead for robot-
assisted in situ bioprinting, future endeavors should involve
refining the photopolymerization device and bioink formula-
tion to meet the in situ printing demands and conditions in
clinical environments.

5. CONCLUSION

In this study, we introduce a compact, temperature-regulated
printhead designed to improve thermosensitive bioink
performance for bioscaffold fabrication in robot-assisted in
situ bioprinting. We have designed and fabricated the printhead
with machined parts and electronic components. Utilizing URS
robotic arm assistance, the bioprinted multilayered scaffolds
with GelMA bioink under certain temperature settings showed
good integrity. Further, the enhanced cell viability and
proliferation evidenced by LIVE/DEAD assays and CCK-8
tests underpin the printhead’s potential to produce viable,
functional tissue constructs. Ultimately, our findings under-
score the pivotal role of temperature control in optimizing the
performance of temperature-sensitive bioinks like GelMA,
thereby facilitating advanced in situ bioprinting strategies for
tissue engineering and regenerative medicine.

Future work should address these limitations: (1) bioink
capacity is limited to S mL due to device miniaturization,
causing potential material shortages during bioprinting.
Solutions for midprocess syringe refilling are needed. (2)
The suitability of current GeIMA for subcutaneous tissue
reconstruction is uncertain due to challenges in internal bioink
cross-linking. The development of new materials that combine
strong mechanical properties with enhanced cell viability is
necessary. (3) The printhead’s cooling function is less efficient
than its heating capability. Enhancements in the cooling
system, possibly through updated Peltier modules or PID
algorithms, are required. (4) Conducting in situ bioprinting
experiments on models with large, damaged areas and shallow
depth, such as wounded skin, as well as on actual animals.
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