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Multimodal Three-Dimensional Printing for Micro-Modulation
of Scaffold Stiffness Through Machine Learning
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The ability to precisely control a scaffold’s microstructure and geometry with light-based three-dimensional
(3D) printing has been widely demonstrated. However, the modulation of scaffold’s mechanical properties
through prescribed printing parameters is still underexplored. This study demonstrates a novel 3D-printing
workflow to create a complex, elastomeric scaffold with precision-engineered stiffness control by utilizing
machine learning. Various printing parameters, including the exposure time, light intensity, printing infill, laser
pump current, and printing speed were modulated to print poly (glycerol sebacate) acrylate (PGSA) scaffolds
with mechanical properties ranging from 49.3– 3.3 kPa to 2.8– 0.3 MPa. This enables flexibility in spatial
stiffness modulation in addition to high-resolution scaffold fabrication. Then, a neural network-based machine
learning model was developed and validated to optimize printing parameters to yield scaffolds with user-
defined stiffness modulation for two different vat photopolymerization methods: a digital light processing
(DLP)-based 3D printer was utilized to rapidly fabricate stiffness-modulated scaffolds with features on the
hundreds of micron scale and a two-photon polymerization (2PP) 3D printer was utilized to print fine structures
on the submicron scale. A novel 3D-printing workflow was designed to utilize both DLP-based and 2PP 3D
printers to create multiscale scaffolds with precision-tuned stiffness control over both gross and fine geometric
features. The described workflow can be used to fabricate scaffolds for a variety of tissue engineering appli-
cations, specifically for interfacial tissue engineering for which adjacent tissues possess heterogeneous me-
chanical properties (e.g., muscle–tendon).
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Impact Statement

Fabricating three-dimensional (3D) printed scaffolds with complex stiffness gradients poses a fabrication challenge in light-
based 3D printing. In this study, we demonstrate a novel 3D printing workflow that allows for a precise spatial stiffness
control over both the macro- and microstructures of 3D printed scaffolds in addition to fine geometrical control over 3D
printed scaffold’s macroarchitecture. The proposed 3D printing workflow is promising for various applications, including
the fabrication of interfacial scaffolds for tissue engineering.
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Introduction

Over the past decade, three-dimensional (3D) printing
technology has transformed tissue engineering research

and innovation.1–10 With many types of additive
manufacturing platforms available, fabrication of tissue-
engineered scaffolds with complex microarchitectural de-
signs to create biomimetic in vitro tissue models and implants
has become possible.1–5,8,9,11–16 Recently, 3D printing ap-
proaches have been applied to fabricate various complex
tissues such as vasculature,12,17 skin,18,19 liver,20 heart,21

muscle,13,22–25 bone,26–29 and cancer models.4,11,14,15,30–32

Vat photopolymerization technologies, such as digital
light processing (DLP)-based 3D printing and two-photon
polymerization (2PP)-based 3D printing, are widely used
due to their superior printing resolution, speed, and flexible
printing pattern input over conventional extrusion- or inkjet-
based 3D printing approaches8,12 (Fig. 1). Despite their
popularity, the use of conventional and light-based 3D
printers to fabricate tissue-engineered scaffolds has been
mostly confined to the creation of geometrical cues for cell
guidance,25,33 various 3D shapes for cell encapsula-
tion,4,11,14 and growth factor incorporation.34 The 3D
printing allows one to deposit cells in specific patterns and

modulate tissues using geometrical cues, mechanical cues,
and biological cues.35–43 To create physiologically relevant
tissues through 3D printing, scaffolds need to possess nec-
essary geometrical and biological cues with microscale
precision to recapitulate the native microenvironment.

In addition, the capability to modulate scaffold stiffness to
match that of the native tissue it is attempting to regenerate is
equally significant,40–42 as microscale durotactic cues govern
cellular migration and differentiation through contact-
mediated guidance from focal adhesion between cells and
the microenvironment through rigidity mechanosensing.37–43

Scaffold stiffness modulation is commonly achieved
through the modulation of crosslinker concentration,44 de-
gree of acrylation,45,46 and material selection.47–51 How-
ever, these methods can be quite time-consuming, difficult
to control, and economically inefficient. In addition, the
creation of scaffolds with complex stiffness gradients or
regions can pose a fabrication challenge. In light-based 3D
printing, various printing parameters such as the printing
speed, light intensity, and exposure time can be easily ad-
justed. However, the relationship between those printing
parameters and the resulting mechanical properties is yet to
be studied across different printers and various printing
materials.

FIG. 1. Schematics for light-based 3D printers. (A) Schematic for DLP-based 3D printer. Digital masks with arbitrary
geometrical design were continuously uploaded through the synchronized computer-machine system, and the micromirrors
inside the DMD chip would flip on or off according to pattern uploaded. A 385-nm light source projected light onto the
DMD chip and was reflected off into a group of projection optics, which directed and guided the patterned light into the 3D
printing platform containing the PGSA prepolymer reservoir between the PDMS spacers and below the methacrylated
coverslip. The patterned light crosslinked PGSA prepolymer into a scaffold with patterned structure. (B) Schematic for 2PP
3D printer. The 780 nm femtosecond laser projected a high-power laser through the projection optics and the objective lens
onto the top of the photo-ink, where the photo-ink was polymerized on the methacrylated coverslip. The polymerized
patterns were guided by the three-axis motorized stage and the electrical shutter controlled by a computer program. 2PP,
two-photon polymerization; 3D, three-dimensional; DLP, digital light processing; DMD, digital micromirror device;
PDMS, polydimethylsiloxane; PGSA, poly (glycerol sebacate) acrylate.
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In this study, poly (glycerol sebacate) acrylate (PGSA)
was selected to demonstrate how 3D printing parameters can
be modulated to precisely tailor the stiffness of a scaffold
over several orders of magnitude. PGSA is compatible with
both DLP and 2PP light-based 3D printing sys-
tems13,33,44,46,52 and its tough, robust mechanical properties
make it an attractive material for musculoskeletal tissue
engineering applications.13,33,44–46,52–61

With recent advances on machine learning, this efficient
data analysis approach has been actively studied in many
experimental engineering fields, including 3D printing.62

Previously we have introduced a machine learning assisted
tool to enhance the printing fidelity of DLP-based 3D
printers affected by the light scattering effect in both acel-
lular63 and cellular scaffolds.64 Among the previous studies,
the major focus of machine learning in 3D printing was on
analyzing the structural and morphological aspect, while the
manipulation of mechanical properties of printed were un-
derexplored. In our study, we apply a neural network (NN)-
based machine learning model to study the mechanical
properties of scaffolds fabricated under a range of printing
parameters and 3D printers. A fully trained NN model
would provide a novel method to precisely modulate digital
stiffness for precision tissue-engineered scaffold fabrication.

Utilizing the advantages of multiple 3D printing systems, a
new workflow to fabricate precision-engineered scaffolds is
introduced (Fig. 2). This approach combines macroscopic
DLP-based 3D printing to create scaffolds with geometric
features on the hundreds of micron scale, followed by the
decoration of the scaffold with submicron features fabricated
using a 2PP-based 3D printing system. Together with the ma-
chine learning algorithm, this workflow (Fig. 2) enables si-
multaneous control over both geometric cues and mechanical
cues during the light-based 3D printing process to engineer
scaffolds with tunable geometric features ranging from 1mm to
1 mm and material properties ranging from kPa to MPa.

Methods

Materials

Ethyl acetate, glycerol, and sebacic acid were purchased
through Fisher Scientific (Waltham, MA). Acryloyl chloride,
triethylamine (TEA), 4-dimethylaminopyridine (DMAP), an-
hydrous dichloromethane (DCM), diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO), fluorescein sodium salt,
and tartrazine were purchased through Millipore Sigma
(St. Louis, MO).

FIG. 2. Schematics outlining the research strategies employed. (A) PGSA prepolymer underwent polymerization at
various printing parameters through DLP-based 3D printing. (B) PGSA prepolymer underwent polymerization at various
printing parameters through 2PP 3D printing. Structures 3D printed at varying parameters then underwent nanoindentation
to investigate the effect of printing parameters on the Young’s modulus of the printed structure. The Young’s modulus data
was then fed into a machine learning model, which then output printing parameters for either a DLP-based 3D printer or
2PP-based 3D printer that would fabricate structures possessing intended stiffness values (values which served as input into
the machine learning model). Once the 3D structures were printed according to the NN model-generated printing param-
eters, they underwent nanoindentation testing to compare the measured Young’s modulus versus the target Young’s
modulus values (input values into the machine learning model). (C) PGSA prepolymer underwent sequential, multiprinter
3D printing process to fabricate complex scaffolds possessing hundreds of micron structures (printed through DLP-based
3D printing) with submicron features (printed through 2PP-based 3D printing) and investigate and verify that independent
stiffness control was possible for each modular printed structure. PGSA base matrices, which were either soft or stiff, were
printed through DLP-based 3D printing. Microstructures printed through 2PP-based printing were then printed on top of the
base matrices and subjected to nanoindentation testing to verify that the microstructure stiffness printed through the 2PP
platform was independent of the substrate or base matrix stiffness printed through the DLP-based printing platform. This
serves to verify that the control of 2PP microstructure stiffness is possible in a multiprinter hybrid print.
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PGS synthesis

PGS synthesis was based on a previously published pro-
tocol.13 Under constant argon gas flushing, sebacic acid and
glycerol were mixed in a 1:1 equimolar ratio at 140�C with
constant stirring for 1 h until they are evenly melted and
mixed. After that, the temperature was reduced to 120�C, and
pressure was set to 35 Pa for the polycondensation reaction
to occur. The pressure of 35 Pa was maintained throughout
the 15-h period for the polycondensation reaction.

PGSA synthesis

To create PGSA, PGS underwent an acrylation reaction
according to a previously published protocol.13 Under argon
atmosphere and constant stirring, 300 mL of DCM was ad-
ded to 30 g of PGS to fully dissolve it. After 1 h, 30 mg of
DMAP was added to the mixture under argon gas. Once the
temperature was reduced to 0�C, dropwise addition of 7 mL
of TEA was performed, which was followed by the addition
of 3.3 mL of acryloyl chloride in a dropwise manner. Under
the dark, acrylation reaction was carried out for the next 24 h
at room temperature. Rotary evaporation at 40�C was then
used to remove DCM from the solution. This was followed
by the precipitation of TEA through the addition of excess
ethyl acetate. Finally, the prepolymer solution was filtered
and rotary evaporated at 45�C and 5 Pa to remove the re-
maining excess ethyl acetate. PGSA was then stored at
-20�C until use. PGSA compound used in this study was
from the same batch used in a previously published litera-
ture with 57% of acrylation.13

PGSA-based printing solution preparation

To make the PGSA prepolymer solution printable with
DLP-based 3D printing platform, the PGSA prepolymer
solution was mixed with 4% (w/v%) TPO and 0.01%
(w/v%) tartrazine. The resulting PGSA solution was further
mixed with sodium fluorescein at 100:1 dilution to provide
fluorescent tracing for the 2PP 3D printer.

3D printing of PGSA through DLP-based 3D
printing system

The first 3D printer we used was an in-laboratory-
developed DLP-based 3D printing system.12 The system
contains multiple main components, including 385 nm light
source (Hamamatsu Photonics), digital micromirror device
(DMD) chip (Texas Instruments, Dallas, TX) for light pat-
tern control, projection optics for light guidance, a static
printing stage serving as the prepolymer reservoir, and
specialized computer software for controlling projected
photomasks, light intensity, exposure time, and hardware
synchronization. The digital patterns were created through
an in-house-developed MATLAB script and were then up-
loaded as BMP files to the specialized 3D printing software.

Setup of the DLP-based 3D printing platform consisted of
two 300-mm-thick polydimethylsiloxane (PDMS) spacers
with methacrylated glass coverslip located on top and
PDMS-coated static stage located at the bottom of the
PDMS spacers. The PGSA prepolymer solution was then
injected in between the PDMS spacers through a positive
pressure pipette. Then, the 385 nm light was projected from
the light source to the DMD chip to form a pattern, and

through optical projection lens into the PGSA prepolymer
solution at specific exposure time and light energy density.
The printed scaffold was then washed and rinsed in isopropyl
alcohol (IPA), deionized water, and phosphate-buffered
saline (PBS).

2PP 3D printing

The in-lab 2PP 3D printing system was composed of a
780 nm femtosecond laser (Calmar Laser), projection optics,
a three-axis digital control system made of motorized linear
stages and a motion controller (Newport Corp.), a digital
shutter (Sutter Instrument), a 50 · /NA 0.5 objective lens
(Carl Zeiss AG), and a desktop computer with custom
software control system written in C# to control the shutter
and stages (Fig. 1). After the software read a G-Code script
to guide the stage movement path and shutter controls, the
open-source slicing software Slic3r (Slic3r v.1.3.0) was used
to generate G-Code from 3D models.

The printing platform consisted of a microscope glass
slide, two 250mm PDMS spacers, and a methacrylated glass
coverslip on top. The photo-ink was injected in between the
PDMS spacers. The printing platform was then placed on
top of the digital stage system for controlled movement. The
femtosecond laser projected a high-power laser through
the projection optics and the objective lens onto the top of
the photo-ink, which is in contact with the coverslip, and the
photo-ink polymerized on the methacrylated coverslip. Note
that due to the femtosecond laser pulses, polymerization
only happens in a tiny region at the focal point of the laser
beam where just enough energy was deposited to execute
the photopolymerization process, enabling ultrahigh-resolution
printing of submicron structures. After that, the stage moves
based on the given path defined by G-Code, and the photo-
ink gradually polymerizes to create the complete 3D struc-
ture from the coverslip downward into the photo-ink while
the shutter controls the laser on and off. After printing, the
printed scaffolds were washed and rinsed in IPA (Fig. 3).

Combining DLP-based 3D printing with 2PP
3D printing

After the capabilities of the DLP-based 3D printer and the
2PP printer were investigated, a combined printing process,
which utilized the rapid fabrication speed of the DLP printer
to make complex scaffolds hundreds of microns in scale and
the 2PP printer to decorate structures of submicron to a few
microns in size on top of the DLP printed scaffolds, was
demonstrated.

Once the PGSA base matrix was printed through DLP-
based 3D printing platform (3D printing of PGSA through
DLP-based 3D printing system), the 3D printed scaffold was
washed with IPA and air dried. Then, a printing platform for
the 2PP printer was prepared in the same manner as previ-
ously described in 2PP 3D printing, except that the metha-
crylated coverslip was replaced by the one with DLP printed
scaffold on it. The coverslip was placed with DLP-printed
scaffolds facing downward. The DLP-printed scaffolds were
then carefully immersed into the fluorescein-PGSA pre-
polymer ink (1:100 dilution). After that, the 2PP laser po-
lymerized the photo-ink on the surface of the DLP scaffold,
resulting in the fabrication of a complex large scaffold with
submicron fine features.
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Nanoindentation

The Young’s moduli of the 3D printed PGSA-based
specimens were measured using a Piuma nanoindenter (Op-
tics11 Life). To prepare the samples for nanoindentation, all
the samples were glued to the bottom of the Petri dish and
submerged in PBS solution before testing. The nanoindenta-
tion test was carried out at room temperature. For all the
nanoindentation experiments, a spherical probe with cantile-
ver stiffness k= 4.24 N/m and tip radius r= 48.5mm was used.
Hertz contact model65 and a Poisson’s ratio of 0.533,66 were
assumed for this study for data analysis purposes. For each
sample, at least three indentations were carried out and the
results were averaged. For each experimental condition, 5–10
individual samples (n= 5–10) were tested.

PGSA rectangular nanoindentation specimens measuring
2 mm· 2 mm· 300mm fabricated through DLP-based print-
ing system, and specimens measuring 400· 400· 10mm
were fabricated through 2PP printing. The printing parame-
ters used can be found in Tables 2 and 3. All printed spec-
imens were subjected to nanoindentation for Young’s
modulus measurement to analyze the effect of 2PP printing
parameters on printed scaffold stiffness (Fig. 4).

Machine learning

For each 3D printing system, once we obtained the
Young’s modulus values of the 3D printed samples, a fully
connected NN model was applied to learn the correlation
between the printing parameters and the scaffold stiffness.
The resulting trained model was able to predict the sample
stiffness with any given set of printing parameters.67 On top
of that, any desired sample stiffness could be achieved by
brute-force searching from the possible printing parameter
combinations according to the trained NN predictions.

The fully connected NN model, also named as multilayer
perceptron, was composed of an input layer with the print-
ing parameters, three hidden layers with 20, 10, and 5

neurons, and an output layer with a single neuron re-
presenting the predicted Young’s modulus as a scalar value
(Fig. 2). Each neuron calculates the weighted linear sum-
mation of the previous layer neurons plus a bias variable.
A rectifying linear unit (ReLU) activation function was also
applied to hidden layer neurons to allow the NN model to
predict nonlinear relationship.68

The NN model was programmed in Python with the Py-
Torch package.69 The NN model training applied the Adam
optimizer to optimize the model weights and biases based on
mean square error between the model output and the mea-
sured stiffnesses.70 After training, the NN model could ac-
curately predict the scaffold stiffness for arbitrary printing
parameters. A brute-force searching method was then ap-
plied to search for any desired scaffold stiffness values and
their corresponding printing parameters (Fig. 5).

Statistical analyses

All statistical analyses were performed using GraphPad
Prism 9 (GraphPad Software). To determine the effect of 3D
printing parameters, including the light intensity, exposure
time, printing infill, printing current, printing speed on
Young’s modulus, and one-way analysis of variance (AN-
OVA) with post hoc Sidak’s tests with multiple comparisons
were performed to compare the tested groups. To compare
the accuracy of the NN model to the actual mechanical
properties’ measurement, the coefficient of variation (R2) of
the measured stiffness was calculated with respect to the
predicted data from the NN model. Differences between
treatment groups were considered significant when p < 0.05.
All data are reported as mean – standard deviation.

Experiment

3D printing of PGSA

The capability of DLP 3D printers to fabricate PGSA 3D
scaffolds with dimensions tens of microns up to centimeters

FIG. 3. SEM images of 3D-printed PGSA structures through 2PP. (A) SEM image of printed log-pile spiral staircase of
different heights. (B) SEM image of the zoomed-in view of the log-pile unit demonstrated in (A). (C) SEM image of the
zoomed-in view of the middle of the log-pile spiral staircase demonstrated in (A). (D) SEM image of the straight log-pile
staircase of different heights. (E) SEM image of the zoomed-in view of the individual log-pile unit imaged at 20� angle.
(F) SEM image of the zoomed-in view of the junction between two log-pile stairs in (D) to demonstrate the height
difference. Scale bars are 20 mm for (A, D), and 2 mm for (B, C, E, F). SEM, scanning electron microscopy.
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has been previously reported.13,44 The 2PP 3D printer
demonstrated the ability to print PGSA 50mm log-pile
structures. Individual logs had a 2mm width while keeping a
5 mm hollow cavity region around the logs (Fig. 3). Ad-
ditionally, micro-ring structures with a 2 mm inner diameter
and 1 mm lateral line thickness were fabricated (Supple-
mentary Fig. S1).

Using the in-house-developed DLP and 2PP 3D printing
systems, the ability to efficiently 3D print complex scaffolds
hundreds of microns in size using a DLP printer with finer
features at submicron scale printed on top by a 2PP printer
was demonstrated. Following the workflow in Combining
DLP-based 3D printing with 2PP 3D printing, the combined
printing process with both printers could be achieved,
whereby a 2PP printer was used to fabricate fine detailed
decorations on top of the bulk DLP printed scaffolds.
A simple cubic 2PP structure was printed on top of another
larger cubic DLP printed scaffold, which was later me-
chanically tested. Additionally, a complex muscle–tendon
microstructure design was fabricated based on a transmission
electron microscopy (TEM) image of a myotendinous junc-
tion (MTJ) tissue section (Fig. 6).

Digital modulation of mechanical properties
through the adjustment of DLP-based 3D printing
parameters: exposure time and light intensity

An investigation to explore the range of mechanical
properties of PGSA that could be achieved through the
tunable printing parameters of DLP-based 3D printing was
performed.

First, the effect of exposure time used during DLP-based 3D
printing on resulting PGSA scaffold stiffness was explored, as
exposure time had been shown to be directly associated with
crosslinking density71,72 and was a printing parameter that can
be easily adjusted. PGSA scaffolds were printed with 15, 30,
45, and 60 s exposure times while the light intensity was kept
constant during the printing process at 18.5 mW/cm2. The re-
sultant Young’s modulus values are shown on Table 1 and
Figure 4D. A significant effect of exposure time on scaffold
stiffness was observed (p< 0.0001). Post hoc tests revealed
significant differences between all exposure times ( p<
0.0002), except for 15 s versus 30 s exposure. These results
indicate that the Young’s modulus of PGSA can be precisely
tuned through varying exposure time during DLP printing.

FIG. 4. Young’s Modulus for 2PP (A–C) and DLP (D, E) printed structures, and a sample stress and strain curve (F). (A)
Young’s modulus of structures 3D printed through 2PP as a function of printing speed. Significant effect of printing speed
on scaffold stiffness was observed. ( p < 0.0001). Sidak’s post hoc test revealed significant differences between each printing
speed ( p < 0.0119). (B) Young’s modulus of structures 3D printed through 2PP as a function of laser current. Significant
effect of laser current on scaffold stiffness was observed ( p < 0.0001). Sidak’s tests revealed significant differences between
each laser current ( p < 0.0025). (C) Young’s modulus of structures 3D printed through 2PP as a function of infill density.
Significant effect of infill density was observed ( p < 0.0001). Sidak’s tests revealed significant differences between each
infill density ( p < 0.0005). (D) Young’s modulus of structures 3D printed through DLP-based 3D printing as a function of
exposure time. Significant effect of exposure time on scaffold’s Young modulus was observed ( p< 0.0001). (E) Young’s
modulus of structures 3D printed through DLP-based 3D printing as a function of exposure time. Significant effect of light
intensity on scaffold stiffness was observed ( p < 0.0001). (F) Stress–strain curve of a structure 3D printed through 2PP at
300 mm/s printing speed.
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In addition, the influence of light intensity adjustment on
scaffold stiffness was investigated. PGSA mechanical test-
ing specimens were printed with light intensities of 5.6, 7.4,
11.1, 14.8, and 18.5 mW/cm2 at 60 s exposure time. The
Young’s modulus of tested PGSA scaffolds can be found on

Table 1 and Figure 4E. From Figure 4E, a correlation be-
tween light energy density used during the DLP-based 3D
printing process and Young’s modulus of the printed scaf-
fold was observed. As light energy density used for DLP
printing of PGSA increased, the stiffness of the printed

FIG. 5. Machine learning result and verification. (A) The 3D heat map representing the stiffness distribution with respect
to the changes of three 2PP printer parameters, namely printing speed, laser current, and infill density. (B) The 2D heat map
representing the stiffness distribution with respect to the changes of two DLP printing parameters, namely exposure time
and light intensity. (C) The comparison between the desired stiffness and the 2PP printed sample stiffness using printing
parameters generated by machine learning for 0.125, 1.5, and 3 MPa, respectively. (D) The comparison between the desired
stiffness and the DLP printed sample stiffness using printing parameters generated by machine learning for 0.5 and 1 MPa,
respectively. (E) The uniformity plot where the points represent the actual measured stiffness of the printed samples versus
the target stiffness, and the coefficient of determination for all the data points on the plot. 2D, two-dimensional.
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scaffold also increased and vice versa. Interestingly, a large
increase in the Young’s modulus of printed PGSA was noted
for the light intensity between 11.1 to 14.8 mW/cm2, sug-
gesting a nonlinear relationship between the light intensity
and resulting scaffold stiffness.

An ordinary one-way ANOVA statistical analysis re-
vealed a significant effect of the light intensity used during
DLP-based 3D printing on PGSA scaffold’s stiffness ( p <
0.0001). Significant differences between different light in-
tensities on scaffold stiffness were found for most groups
( p < 0.0067), with the exception of 5.6 mW/cm2 versus
7.4 mW/cm2 (p=0.5924) and 7.4 mW/cm2 versus 11.1 mW/cm2

( p = 0.2436). These results suggest that mechanical prop-
erties of PGSA scaffolds fabricated through DLP-based 3D
printing can be precisely manipulated by adjusting the light

intensity used during printing. As the light intensity for
photopolymerization increases, the kinetic chain length of
PGSA decreases, forcing the PGSA polymer chains into a
more restricted conformation.44,71,72 As the crosslinking
density increases, the available space for the PGSA polymer
chains to move decreases,44,72 resulting in an increased
stiffness of the 3D printed scaffold.

Digital modulation of mechanical properties
through the adjustment of 2PP parameters: printing
speed, laser current, and infill density

Similar to the DLP-based printer, the 2PP printer has
several printing parameters that can be manipulated to
modulate the printed sample stiffness, including: (1) printing
speed, (2) laser pump current, and (3) infill density.

To investigate the effect of the 2PP printing speed on the
scaffold’s Young’s modulus, PGSA scaffolds were printed
at 100, 300, and 500mm/s with a default setting of 50% infill
and a current of 2.50 A. The resulting Young’s modulus is
shown on Table 2 and Figure 4A. A significant effect of the
2PP printing speed on scaffold stiffness was observed
( p < 0.0001). Sidak’s post hoc multiple comparison tests
revealed significant differences among all the 2PP printing
speeds ( p < 0.0119).

To investigate the effect of the 2PP laser pump current on
the scaffold’s stiffness, we printed the PGSA scaffolds at a
current of 2.0, 2.25, 2.50, and 2.65 A (equivalent laser power
of 40, 58.5, 80.5, and 95.4 mW/cm2) with a default printing
infill of 50% and a printing speed of 300mm/s. The resulting
stiffnesses were shown on Table 2 and Figure 4B. A sig-
nificant effect of 2PP printing current on scaffold’s Young’s
modulus was observed ( p < 0.0001), and post hoc tests
demonstrated significant differences among all 2PP printing
currents ( p < 0.0025).

FIG. 6. Design and combined fabrication of DLP and 2PP 3D printing for engineering design of MTJ. (A) The engi-
neering design of a two-segment structure to showcase the combined DLP and 2PP printing process. The ribbon-shaped
structure was designed for DLP printer, and the muscle and tendon structures were designed for 2PP printer. (B) The TEM
image of a MTJ region with the outline separating the muscle and tendon regions. (C) The SEM image of a 3D printed
engineering design (A). (D) A zoomed-in view of (C). (E) A zoomed-in view of (D). The scale bar is 1 mm for (B), 100mm
for (C, D), and 20mm for (E). MTJ, myotendinous junction; TEM, transmission electron microscopy.

Table 1. Experimental Stiffness Measurements

of Digital Light Processing-Based Printed

Structure and the Corresponding

Printing Parameters

3D printing
system

Printing parameters

Measured
stiffness

Exposure
time (s)

Light intensity
(mW/cm2)

DLP-based 15 18.5 49.3 – 3.3 kPa
30 18.5 67.1 – 5.9 kPa
45 18.5 236.0 – 30.6 kPa
60 18.5 1.3 – 0.1 MPa
60 5.6 148.3 – 25.0 kPa
60 7.4 225.8 – 53.8 kPa
60 11.1 337.5 – 59.8 kPa
60 14.8 864.7 – 98.0 kPa
60 18.5 1.3 – 0.1 MPa

3D, three-dimensional; DLP, digital light processing.
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To investigate the effect of varying 2PP printing infill on
printed structure’s stiffness, we printed the PGSA scaffolds
with an infill of 10%, 30%, 50%, and 70% with a printing
speed and current kept constant at 300mm/s and 2.50 A,
respectively. The resulting Young’s moduli are shown on
Table 2 and Figure 4C. A significant effect of 2PP printing
infill on the scaffold’s Young’s modulus was observed
( p < 0.0001). Sidak’s post hoc tests also revealed significant
differences among all 2PP printing infills ( p < 0.0005). The
effect of infill density on the stiffness can also be visually
observed with variations in the resulting microstructure
density through scanning electron microscope (SEM)
(Supplementary Fig. S2).

Combining DLP-based 3D printing with 2PP
3D printing

An investigation to explore the potential to fabricate a
more complex tissue engineering scaffold by combining
DLP-based 3D printing with 2PP 3D printing was carried
out following the method described in Combining DLP-
based 3D printing with 2PP 3D printing. In this experi-
ment, 2PP printed PGSA scaffolds printed at either 300 or
500 mm/s printing speed (50% infill, 2.50 A current) were
fabricated on top of a soft DLP printed PGSA matrix, stiff
DLP printed PGSA matrix, or a coverslip.

The soft DLP printed PGSA matrices were printed with a
30 s exposure time and a light intensity of 18.5 mW/cm2 with
a Young’s modulus of 67.1– 5.9 kPa (Fig. 4D and Table 1).
The stiff DLP printed PGSA matrices were printed with 60 s
exposure time and light intensity of 18.5 mW/cm2 with the
Young’s modulus of 1.3– 0.1 MPa (Fig. 4E and Table 1).
The stiffness of the 2PP printed structure printed on top of
the soft matrix, stiff matrix, and the coverslip at 300mm/s
printing speed was 981.7– 31.1 kPa, 948.4– 22.3 kPa, and
942.8– 38.7 kPa, respectively (Supplementary Fig. S3). The
stiffness of the 2PP printed structure printed with 500mm/s
on top of the soft matrix, stiff matrix, and the coverslip at
500mm/s printing speed was 623.6– 43.8 kPa, 626.8–
47.9 kPa, and 618.2– 50.9 kPa, respectively (Supplementary
Fig. S3).

These results suggest that 2PP printed structures could
maintain their own individual local stiffness value according

to the specified printing parameter, independent of the base
matrix’s stiffness. Thus, the modular control of 2PP printed
microstructure stiffness is possible in a multiprinter hybrid
printing platform as the 2PP printed microstructure stiffness
is independent of the DLP printed substrate stiffness.

Utilization of machine learning and NNs toward precise
stiffness control of 3D printed scaffolds

The previous experiments verified that stiffness-
modulated 3D scaffolds could be fabricated given a proper
selection of printing parameters. With the application of
machine learning, we want to extend the flexibility of me-
chanical property modulation on the domain of nonstandard
printing parameter combinations. After training the NN as
described in the Machine Learning section, the NN model
generated a mapping from a variety of printing parameters
to the expected sample stiffness for both the DLP printer and
the 2PP printer (Fig. 5A, B). Once the parameter stiffness
mapping was ready, a brute-force search could be applied to
search for a user-defined stiffness and retrieve the printing
parameters that could fabricate scaffold with such stiffness.

We further experimentally verify that the NN informed
printing parameters could indeed yield the targeted stiffness.
The printing parameters that correspond to the stiffness of
500 kPa and 1.0 MPa were generated from the machine
learning module on the DLP-based 3D printer. The same
approach was applied to the 2PP printer to print structures
with targeted stiffness values of 125 kPa, 1.5 MPa, and
3 MPa. Then, the accuracy of the developed NN model was
analyzed by comparing the targeted stiffness values with the
actual stiffness of the scaffolds printed with those model-
generated printing parameters. Note the selected validation
stiffnesses were all unseen from the training data and were
at least 100 kPa away from all the stiffnesses in the training
dataset. The resulting model-generated parameters as well
as the measured stiffness of the printed scaffolds are listed in
Table 3 and compared in Figure 5.

The variances in the model predictions were also studied.
The R2 between the NN predicted and measured stiffness
was 0.95, meaning that the majority of the variances on the
measured mechanical properties were accounted for by the
machine learning model (Fig. 5E).

Table 2. Experimental Stiffness Measurements of Two-Photon Polymerization Printed Structure

and the Corresponding Printing Parameters

3D printing system Print speed (lm/s)

Printing parameters

Measured stiffnessLaser current (A) Laser power (mW/cm2) Infill density (%)

2PP 100 2.5 80.5 50 2.7 – 0.3 MPa
300 2.5 80.5 50 942.8 – 38.7 kPa
500 2.5 80.5 50 618.2 – 50.9 kPa
300 2.0 40 50 396.7 – 42.9 kPa
300 2.25 58.5 50 762.4 – 30.0 kPa
300 2.5 80.5 50 942.8 – 38.7 kPa
300 2.65 95.4 50 1.3 – 0.1 MPa
300 2.5 80.5 10 67.1 – 17.5 kPa
300 2.5 80.5 30 396.5 – 102.3 kPa
300 2.5 80.5 50 942.8 – 38.7 kPa
300 2.5 80.5 70 1.6 – 0.2 MPa

2PP, two-photon polymerization.
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Multimodal light-based 3D printing
with stiffness modulation

Once the machine learning model was trained on both the
DLP and 2PP printers with PGSA sample stiffness mea-
surements, an extended application could be applied to
combine both printers for the fabrication of arbitrary DLP
printed stiffness-modulated 3D macrostructures with
stiffness-modulated microstructural features from 2PP
printing. In this process, both the micro- and macrostruc-
tures can be modified with user-defined stiffness value by
simply modifying the printing parameters of DLP and 2PP
printers (Supplementary Fig. S4). The capability to modify
the stiffness of both the microstructural features and the bulk
macrostructure could enable future applications of precise
fabrication of engineered tissue scaffolds with a range of
adjustable mechanical properties.

As an example, the DLP printer was used to fabricate a
ribbon scaffold, which was 125mm thick, *100mm wide at
the center and up to 1.2 mm wide at the two edges (Fig. 6).
Then, engineered MTJ features, based on the TEM image
of a native rat muscle–tendon tissue section, were fabri-
cated on top of the center region of the ribbon scaffold.
Microchannels measuring 6 mm in width were fabricated
through 2PP 3D printing on the muscle side as an engi-
neering design to aid muscle cell alignment, since promot-
ing cellular alignment is an important factor in skeletal
muscle tissue engineering.73 This simple model could po-
tentially help investigate the effect of different stiffness
regions on muscle cell growth and migration. Furthermore,
native stiffness of healthy and diseased tissues can be ex-
perimentally measured and incorporated into scaffolds to
create better physiologically informed models of pathologic
tissues.

Mouse myoblast (C2C12) viability

To ensure that this developed platform could be applied
for tissue engineering applications, in vitro cell viability
testing of C2C12 cells seeded on the PGSA scaffolds printed
at different stiffness conditions was performed. C2C12 cells
seeded on PGSA scaffolds with varying stiffnesses showed
excellent cell viability (>95%) at days 1 and 7 after cell
seeding (Supplementary Fig. S5).

Discussion

User-defined material properties in a scaffold are typically
achieved through manual optimization of printing parame-
ters, which consumes a large amount of time and resources.
NN informed printing parameters to create scaffolds with
user-defined material properties will allow for efficient fab-
rication of precision-engineered scaffolds. Our method
demonstrated the ability to precisely control the stiffness of
PGSA scaffolds in both the DLP-based and 2PP 3D printing
systems through the variation of the light intensity, exposure
time, printing infill, printing current, and printing speed. This
would be highly beneficial in interfacial tissue engineering
applications, such as muscle–tendon or tendon–bone scaffold
engineering,47–51 where stiffness gradients are present.

Previous studies have demonstrated the ability to tailor
mechanical properties of crosslinked polymers through ad-
justing degree of acrylation, subjecting polymerized material
to postprocessing methods, or creating a composite poly-
meric network.44,46,49,50 While effective, these methods—
such as synthesizing multiple formulations of PGSA with
different degrees of acrylation—are time-consuming and
economically inefficient. In addition, the precision tuning of
scaffold material properties and precise deposition of these
materials can be challenging. By simply adjusting the
printing parameters, our method shows the potential to
quickly fabricate a 3D printed scaffold with heterogeneous
local mechanical properties from a single bioink. This may
lead to the fabrication of tissue engineering scaffolds aiming
to mimic the complex milieu of interfacial tissues.

To minimize the error between targeted stiffnesses and
measured stiffnesses, one could potentially apply the train-
ing data collection on a larger set of printing parameters. In
addition, this machine learning workflow is easily translat-
able to other materials as well as printing systems.

By combining the two printing platforms, the rapid fabri-
cation speed of the DLP-based 3D printer for a bulk structure
and the submicron resolution of the 2PP 3D printer for fine
detailing can be simultaneously exploited. This allows one to
fabricate more complex scaffolds with ‘‘larger’’ geometrical
and mechanical cues fabricated with DLP-based printer
complemented with ‘‘smaller’’ submicron geometrical and
mechanical cues fabricated with 2PP printing, taking ad-
vantage of the strengths of both printing platforms.

Table 3. The NN Model-Generated Printing Parameters and Corresponding

Target Stiffness and Measured Stiffness Values

3D printing system NN-generated parameters Target stiffness (MPa) Measured stiffness (MPa)

DLP-based Light intensity: 12.95 mW/cm2

Exposure time: 59 s
0.5 0.53 – 0.025

Light intensity: 16.84 mW/cm2

Exposure time: 59 s
1.0 1.1 – 0.062

2PP Infill: 36%
Printing current: 2.0 A (40 mW/cm2)
Printing speed: 0.36 mm/s

0.125 0.13 – 0.014

Infill: 60%
Printing current: 2.29 A (61.8 mW/cm2)
Printing speed: 0.22 mm/s

1.5 1.5 – 0.084

Infill: 63%
Printing current: 2.64 A (94.3 mW/cm2)
Printing speed: 0.14 mm/s

3.0 2.8 – 0.26
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In conclusion, this study investigated mechanisms of
scaffold stiffness modulation using multimodal light-based
3D printing and a NN-based machine learning approach.
Control of material properties using both DLP-based and
2PP 3D printing systems with a range of stiffness over two
orders of magnitude was achieved within the same bioma-
terial. In addition, a hybrid printing system utilizing both the
DLP-based and 2PP 3D printing systems was used to fabri-
cate scaffolds with multiscale resolution and spatial stiffness
heterogeneity. Furthermore, the ability to precision tune 3D
printed scaffold with user-defined material properties using a
machine learning algorithm trained on experimental data was
showcased. The flexibility of adjusting the printing param-
eters allows not only user-defined adjustment of stiffness, but
also local regional stiffness of the printed scaffold, which
enables us to fabricate complex microstructures with custo-
mizable stiffness distributions. This approach lays the
foundation for future studies in areas where fine control over
both geometry and mechanical properties is required, such as
interfacial tissue engineering applications.
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