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Abstract

Ideal tissue engineering scaffolds need interconnected pores and high porosity to enable cell survival, migration, prolifera-
tion, and differentiation. However, obtaining a high-resolution structure is difficult with traditional one-temperature control
fused deposition modeling (FDM). In this study, we propose a dual-temperature control method to improve printability. A
numerical model is developed in which the viscosity is a function of temperature and shear rate to study the influence of
two different temperature control modes. Quantitative tests are used to assess filament formation and shape fidelity, including
one-dimensional filament printing, deposition at corners, fusion, and collapse. By using dual-temperature control, the width
of the deposited poly(e-caprolactone) filament is reduced to 50 jwm. The comparative results of both the experimental method
and numerical simulation suggest that the dual-temperature control FDM can manufacture spatially arranged constructs and
presents a promising application in tissue engineering.
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Introduction

Biomedical polymers, namely poly(lactic acid) (PLA) [1],
poly(e-caprolactone) (PCL) [2], and poly(lactic-co-glycolic)
acid (PLGA) [3], are popular scaffold materials for tissue
engineering. Compared with ceramics and metals [4-6],
polymers have better biocompatibility, a more controllable
degradation rate, and excellent processability. Convention-
ally, polymer scaffolds are fabricated by using salt leaching
[71, solvent casting [8], gas foaming [9], and phase separation
[10]. However, conventional fabrication techniques gener-
ally lack the capability to construct regular porous structures,
and fully removing toxic organic solvents after fabrication is
difficult, resulting in the poor biocompatibility of conven-
tional polymeric scaffolds [11]. Recently, three-dimensional
(3D) printing technologies [12], including extrusion-based
printing [13], selective laser sintering [14], and melt elec-
trospinning writing [15], have developed rapidly. Compared
with conventional manufacturing technologies, 3D printing
technologies present several advantages in tissue engineer-
ing, including high printing resolution, fast fabrication speed,
and the ability to customize objects to meet the demands of
specific applications [16-20].

A widely used 3D printing method is fused deposition
modeling (FDM), which is easier to implement than other
3D printing methods [21-25]. During FDM, thermoplastic
polymeric materials are melted at the nozzle and extruded
as filaments, which are deposited and fused layer-by-layer
onto the receiving platform to solidify into final parts [26,

27]. FDM can precisely control the diameter and location
of deposited filaments, resulting in overall control of scaf-
fold shape and pore morphology [21]. In addition, FDM
has no toxic chemical solvents that need removal in tissue
scaffold fabrication [28—30]. Based on these aforementioned
advantages, FDM has been used to print different polymers,
including PLA and its copolymer [31] and PCL [32-36].
Recently, research has increasingly focused on the FDM of
PCL as a tissue engineering scaffold. By using two lay-down
patterns, 0°/90° and 0°/60°/120°, Zein et al. [34] manufac-
tured PCL scaffolds with different pore shapes and a fully
interconnected channel network. Zhang et al. [35] fabricated
PCL scaffolds with different pore sizes for meniscus tis-
sue engineering; the PCL scaffold with a mean pore size of
215 pm demonstrated optimized cell behaviors, extracellular
matrix (ECM) production and deposition, and the resultant
mechanical properties. Manjunath et al. [37] used FDM to
fabricate PLA/PCL composites to improve the Young’s mod-
ulus of bone tissue engineering scaffolds.

The ideal tissue engineering scaffolds must have inter-
connected pores and high porosity to ensure cell migration,
nutrition diffusion, and metabolic waste removal [38—41].
Larger pores in scaffolds are conducive to cell diffusion and
migration, whereas smaller pores provide a higher scaffold
surface area for cell adhesion [34, 35]. Therefore, the accu-
rate control of the porosity and pore size of tissue engineering
scaffolds is of great importance. Previous literature rarely
reports achieving FDM-printed PCL filaments with a diam-
eter smaller than 200 wm, which is much larger than the
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dimension of cells (Iess than 50 wm) [42, 43]. Thus, printing
PCL tissue engineering scaffolds with a smaller size and high
porosity using FDM is difficult. Efforts have been made to
increase the printing resolution of FDM. Kumar et al. [44]
reduced the width of FDM-printed filaments by 42.42% when
the printing speed was increased from 700 to 1300 mm/min,
but the filament diameter was still larger than 1 mm. Hira
et al. [45] used the optimized nozzle channel geometries
to improve the dimensional accuracy (deviation of width is
within 6%—-8%) of the FDM-printed acrylonitrile butadiene
styrene (ABS), PLA, and chlorinated polyethylene (CPE)
parts, but the optimization mechanism of the nozzle geome-
try was difficult to extend to other printers.

Generally, in most FDM printers, the one-temperature
control system is implemented, and the temperature control
is set on the metal printing syringe (Fig. 1a). Thus, the tem-
perature gradient clearly decreases from the syringe to the
nozzle, leading to a much lower temperature at the nozzle
outlet than the setting temperature. Therefore, controlling the
needle temperature by regulating the syringe temperature is
highly difficult. Moreover, the viscosity of the melting poly-
mer fluid is sensitive to printing temperature, and a higher
viscosity results in poor or even failed extrusion, while a
lower viscosity leads to the melt spreading of the polymeric
filament. Therefore, accurate control of the printing tem-
perature is of great importance for FDM of thermoplastic
polymers. Based on this contradiction, this study proposes
dual-temperature control of FDM printing. A higher heating
temperature is applied at the syringe to improve the fluidity
of the upper part of the melt PCL, while a lower temperature
is applied at the needle to achieve better formability of the
extruded PCL.

In this study, we present a viable, cost-effective, and
simple process modification to decrease the filament width
to 50 wm and below by changing the traditional one-
temperature control to dual-temperature control. Using
experimental methods and numerical simulations, this
study explores the printability with different temperature
control modes and examines the mechanism by which
dual-temperature control has better printability than one-
temperature control. By using dual-temperature control, the
width of the deposited PCL filament is reduced, and the print-
ability of the FDM is improved, thereby providing a new idea
for further application of PCL scaffolds in tissue engineering.

Materials and methods
Materials and characterization
Melted PCL (Mw=150,000) with a density of 1146 kg/m?

was purchased from Daigang Biomaterial (Jinan, China). The
thermal conductivity coefficient and specific heat capacity
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of PCL were tested using a flash thermal conductance tester
(DXF500, USA) and were found to be 0.203 W/(m-K) and
1843 J/(kg-K), respectively. Images of deposited filaments
were taken with an optical microscope (Nikon AZ100, Japan)
for further measurements.

The rheological properties of the melted PCL were deter-
mined using a fast-rotating rheometer (MCR 102, Anton Paar,
Austria). The experiments were performed by using a 25-mm
diameter parallel-plate configuration (diameter 25 mm, gap
1 mm). Experiments on the temperature and viscosity of PCL
samples were carried out at 60 °C and 140 °C in a step of
2 °C as the shear rates ranged from 0.1 to4 s ~!. Subsequently,
experiments on the shear rate and viscosity were carried out
on PCL samples with temperatures ranging from 65-140 °C
and shear rates of 0.1-30 s~

FDM with dual-temperature control

To achieve an appropriate temperature at the printing noz-
zle outlet, we propose dual-temperature control (Fig. 1a). A
higher heating temperature was applied at the syringe (high-
temperature heating zone) for PCL melting, while a lower
temperature was applied at the needle (low-temperature
heating zone). When the melted PCL flowed from the high-
temperature heating zone to the low-temperature heating
zone, the printing temperature gradually decreased, and the
rheology of melted PCL became appropriate for extrusion.

The FDM printing platform consists of a 3D motion plat-
form, a system of air pressure mediation and a temperature
controller. Figure 1a shows the schematic diagram of the
printing head. In dual-temperature control, a long needle
(17 mm) was used and wrapped with a syringe with an alu-
minum heating block. By comparison, the one-temperature
control used a short needle (7 mm), and only the syringe was
wrapped with an aluminum heating block. The temperature
sensor was used to provide an accurate actual temperature for
proportional-integral-derivative (PID) control to precisely
control the heating temperature. Needles with different inner
diameters (100 and 200 pm) were purchased from Deli Pre-
cision (Shenzhen, China). Under the control of computer
software, the nozzle can move vertically (x—y plane), and
the substrate can move horizontally (z-direction), as shown
in Fig. 1b. All printing processes were performed at room
temperature.

Numerical model of dual-temperature control FDM

In this study, the computational fluid dynamics approach was
conducted to evaluate the printability of FDM printing with
two temperature control modes using the software ANSYS
(Ansys, Canonsburg, PA, USA). To guarantee the precision
of the computational simulation, the geometry was meshed
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Fig. 1 Fused deposition modeling (FDM) system: a schematic diagram with one- and dual-temperature control and the nozzle geometry; b front
view of a simulation model of filament deposition; ¢ geometry and boundary conditions of the numerical model (PCL: poly(e-caprolactone))

using hexahedrons, and the maximum size of the control vol-
umes was set as 0.02 mm. Figure 1b shows a representative
image of the printed whole filament. In this numerical model,
the melted PCL fluid at the nozzle is assumed to be laminar
and fully developed.

Governing equations

In the numerical simulation, the mass conservation of the
incompressible flow is given as

?)—’;+V.(p7)=o 1)

and the Navier—Stokes equation is used to describe the melted
PCL fluid flow

%(pﬂ’)w(? VU =V [—pl + (VU +(Vu))]

+,0§)+I7;, ()

where p is the density, u is the flow velocity, p is the pressure
applied to the fluid, / is the identity matrix, u is the dynamic
viscosity of the fluid, g is the gravity field, F'y represents the
surface tension, and ¢ is time. The temperature distribution of
PCL and air can be obtained by solving the energy equation:

pCpii - VT +V - (=kVT) = Q, (3)
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where C}, is the specific heat capacity at constant pressure, k
is the thermal conductivity, Q is the heat flow rate, and 7 is
temperature. The volume of fluid method is used for tracking
the interface between the liquid and gas [46-50].

Geometric model and boundary conditions

In the simulation model, plane symmetry is used on the mid-
dle plane (x—z plane) of the nozzle in Fig. 1c. The nozzle is a
cylindrical tube with inner diameter D and a fixed position,
while the substrate moves with a controlled (printing) speed.
Below the printing head, the moving substrate is modeled by
a perpendicular stiff plane, with a gap distance H to the noz-
zle outlet. The long needle that is used in dual-temperature
control has a heating section L. The syringe and the nee-
dle are filled with the melted PCL at the beginning of the
simulation. With a constant inlet pressure, the melted PCL
fluid is extruded and deposited onto a moving substrate. The
deposited PCL gradually cooled and began to solidify when
the polymer temperature was below the melting point of PCL.
Notably, fixed temperature boundary conditions are used at
the inlet. The temperatures of the syringe and needle of the
dual-temperature control FDM were 140 and 120 °C, respec-
tively, while those of the one-temperature control FDM were
set to 120 °C. There is convective heat transfer between the
wall and the air and thermal conduction between the wall
and the fluid; thus, the nozzle wall is set to be coupled under
thermal boundary conditions (coupled wall). Table 1 lists the
necessary material properties for computational simulations.

Constitutive equations of PCL

According to the Cross-Williams—Landel-Ferry (Cross-
WLF) viscosity model [51, 52], an empirical model is
proposed to describe the rheological behavior of melted PCL
under different temperatures. The Cross-WLF model can be
described as

T,
a1,y = o) @)
(%)
and
a AT Ty
no(T, y) = D1 eXP[ (T Ty Tg)}, o)

where viscosity () is a function of temperature (7") and shear
rate (), T is the critical shear stress for the fluid to change
into a pseudoplastic fluid, » is a non-Newtonian index, g
is the zero-shear viscosity and is defined by Eq. (5), and Ty
is the glass transition temperature. When 7 is higher than
the glass transition temperature (T'g), the zero-shear viscos-
ity is considered a function of temperature (Eq. (5)). Ty is
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Table 1 Parameters for computational simulations

Parameter  Definition Value Unit

Cpa Specific heat capacity 1000 J/(kg-K)
of the air

Cpn Specific heat capacity 500 J/(kg-K)
of the nozzle

Cop Specific heat capacity 1843 J/(kg-K)
of the PCL

Cps Specific heat capacity 800 J/(kg-K)
of the substrate

D Inner diameter of the 100/200 pwm
nozzle

H Gap distance between 80 pm
nozzle and substrate

ka Thermal conductivity ~ 0.034 W/(m-K)
coefficient of the air

kn Thermal conductivity 17 W/(m-K)
coefficient of the
nozzle

kp Thermal conductivity ~ 0.203 W/(m-K)
coefficient of the
PCL

ks Thermal conductivity 2.5 W/(m-K)
coefficient of the
substrate

Ly Heating length 10 mm

Ly Taper length 6 mm

L3 Capillary length 1 mm

P Air pressure 0.4 MPa

T Syringe/needle 140/120 °C
temperature

T Atmosphere 25 °C
temperature

v Printing speed 0.2-2.1 mm/s

Na Viscosity of the air 22 %107 Pa-s

Np Viscosity of the PCL n (T,y)" Pa:s

Pa Density of the air 0.9 kg/m3

Pn Density of the nozzle 7800 kg/m?

op Density of the PCL 1160 kg/m?

Ps Density of the 2200 kg/m?
substrate

o Surface tension 1.00 mN/m
coefficient of the
PCL in air

* This parameter is described in Section “Constitutive equations of
PCL”. PCL: poly(e-caprolactone)

the reference temperature, mainly related to the glass transi-
tion temperature of the melted PCL. D, A1, and A; are the
material constants of melted PCL to be fitted.
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Fig. 2 Constitutive model of melted poly(e-caprolactone) (PCL): a experimental and fitted data; b viscosity—temperature curves of PCL at different

shear rates

Table 2 Parameters of the

cross-Williams—Landel-Ferry Parameter n

T* (Pa)

Dy (Pa-s) Ty (K) Ay Az (K)

(cross-WLF) model

Value 0.9495

9.97x103

7.429%10° 213.15 21.51 63.49

Results and discussion
Determining melted PCL constitutive equations

Figure 2a shows the experimental results of rheological char-
acterization of melted PCL, and the fitting data based on the
constitutive model (Egs. (4) and (5)) are found to be in good
agreement with the experimental data (Fig. 2a). Table 2 lists
the fitting parameters of the PCL constitutive model.

The glass transition temperature (7'g) of melted PCL is
approximately —60 °C. Based on the constitutive model
(Eq. (4)), the melted PCL fluid demonstrates shear-thinning
behavior under different temperatures. The viscosity—tem-
perature curve under a series of shear rates is shown in Fig. 2b.

Printing of one-dimensional (1D) filament

To compare the printability of 1D filaments with two dif-
ferent temperature control modes, we deposited linear fibers
with different printing speeds to explore the mechanisms of
formability, fiber width, and cross-sectional variation [53].
Figure 3a shows that when the printing speed was small, the
melted PCL was deposited on the substrate to form continu-
ous filaments. However, as the printing speed increased to a
critical value, the filament became unstable, and continuous
filaments could not be formed. Notably, the critical print-
ing speed of the dual-temperature control FDM (2 mm/s)
is greater than that of the one-temperature control FDM

(1.7 mm/s). In addition, at the same printing speed, the width
of the filament printed by the dual-temperature control FDM
is smaller than that printed by the one-temperature control
FDM, as shown in Fig. 3b. Figure 3c shows that with increas-
ing printing speed, the cross section of the deposited filaments
gradually changes from a rectangular to a circular shape.
At the same printing speed, the deposited filaments printed
by the dual-temperature control FDM had a higher shape
fidelity, and the cross section of deposited filaments printed
by one-temperature control FDM was easier to collapse.
Figures 4al and a2 show the radial temperature distribu-
tion at the nozzle outlet. Compared with the dual-temperature
control FDM, the one-temperature control FDM has a less
uniform radial temperature distribution, which leads to a less
uniform viscosity distribution of the melted PCL at the nozzle
outlet (Fig. 4a3). Therefore, the radial velocity distribution
at the outlet is not uniform (Fig. 4a4), and the shear rate at
the outlet of the one-temperature control FDM is approxi-
mately 10 times that of the dual-temperature control FDM
(Fig. 4a5). Figure 4b2 shows that the viscosity of the melted
PCL fluid at different positions is significantly different and
smaller than that of the dual-temperature control FDM. Given
the lower viscosity at the outlet of one-temperature control
FDM, the outlet flow rate is larger at the same printing speed,
which causes the accumulation of the melted PCL at the outlet
(Fig. 3c). Therefore, the one-temperature control FDM has
wider filaments during printing, meaning a lower printing
resolution. The viscosity distribution at the nozzle outlet is
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simulated result and the red line represents the experimental result);
¢ exploration of the shape of the cross section of the filament, scale
bar=100 pm
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less uniform with one-temperature control (Fig. 4b2), result-
ing in a velocity gradient in the x-direction of the z-direction
deposited PCL filament (Fig. 4c2). The velocity gradient
leads to the shear rate between layers, which leads to unstable
filament formation (Fig. 3a).

PCL deposition at corners

The deposition of ink at the corners significantly affects the
geometric quality of parts fabricated by extrusion printing. To
quantify the corner filling performance, we propose a dimen-
sionless number to evaluate the deviation between the design
and the actual path as (Fig. 5b1),

Ad _ Adeviation i (6)
Adesign

where Ageviation=Aoverfill +Aunderfill, and Agesi gn is the designed
area. The deviation area (Ageviation) consists of two parts: one
part is the amount of overfill (Agyerfill), and the other is that
of underfill (Aynderfinn)- As Aq decreases to 0, the deposition
of PCL at the corner is closer to the designed path, resulting
in an excellent geometric quality of the corner. Figure 5a
shows that the filling quality of the corner worsens with
increasing printing speed. At the same printing speed, the
temperature control of the corner filling performance is bet-
ter with the dual-temperature control FDM than with the
one-temperature control FDM (Fig. 5b2). In addition, the
numerical results agree well with the experimental results
(Fig. 5a).

To understand the mechanism of the smaller deviation of
dual-temperature control FDM, we use a numerical model
with a printing speed of 1.6 mm/s for analysis. Notably,
regardless of moving in the x-direction (Fig. 5cl) or the y-
direction (Fig. 5c¢2), the velocity gradient is smaller in the
dual-temperature control FDM. Based on the viscosity dis-
tribution at the outlet, the viscosity of the melted PCL in
dual-temperature control FDM is larger than that of the one-
temperature control FDM; when the viscosity of the melted
PCL is larger, the speed of filament deposition is closer to
the printing speed. When printing from the x- to y-direction,
the velocity gradient in the latter bends the filament, and the
bending degree increases with the velocity gradient. There-
fore, the design and the actual path show a slight difference
in the dual-temperature control FDM.

Filament fusion test

Instead of maintaining the 3D constructs, the two adjacent
filaments are fused, which significantly influences the print-
ing resolution. The resolution of the printed filaments in the
x—y plane was assessed by measuring their width (W), gap
(G), and fusion length (F) (Fig. 6¢). Notably, filaments fuse
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when they have a small gap distance (Fig. 6a). Thus, F/W is
defined as the degree of filament fusion, and F/W=1 indicates
that the filaments at the corner have the same width along
both the x and y directions and that no fusion occurs. When
F/W decreases, the width of the filaments in the two vertical
directions tends to be close, and the deposited filaments have
a higher shape fidelity. Figure 6b shows that the values of
F/W in the dual-temperature control FDM are smaller than
those in the one-temperature control FDM, which means that
dual-temperature control can improve the printability of PCL
in FDM.

The filament fusion test is performed by printing the 90°
corner, and its quality is assessed by using the corner length
(Lc) (Fig. 6¢1), which refers to the deviation between the
actual and designed paths. Notably, when G<W , the filaments
completely fused (Fig. 6¢2); when W<G<L,, the filaments
only fused at the corner (Fig. 6¢3); when G>Lc, the filament
did not fuse, and F/W=1 (Fig. 6¢4). When the printing speed
is 1.0 mm/s, W is 138 wm and L.; is 630 wm with the one-
temperature control FDM, while W5 is 132 wm and L) is
310 pm with the dual-temperature control FDM (Fig. 6d1).
Changes in G lead to four results (Fig. 6d2): (1) when L1 <G
< L¢», the filament does not fuse; (2) when W < G < L., and
G > L, filament fusion occurs with one-temperature control
but not with dual-temperature control; (3) when W1<G<L,;,
and Wy<G<L», filament fusion occurs in both temperature
modes; and (4) when G < W1, and G < W5, complete filament
fusion is found in two modes.

Filament collapse test

To quantify the effects of different printing speeds and span-
ning distances on filament collapse, a filament collapse test
was performed (Fig. 7a). Here, this study introduces the col-
lapse distance, which is the distance between the lowest point
of collapse and the substrate. The collapse distance gradu-
ally increases with the spanning distance at the same printing
speed (Fig. 7cl) but gradually decreases with increasing
printing speed at the same spanning distance (Fig. 7¢c2). In
addition, the collapse distance in the one-temperature con-
trol FDM is always larger than that in the dual-temperature
control FDM with the same printing parameters (Fig. 7c).
Therefore, the dual-temperature control FDM of PCL pro-
vided a better shape fidelity of PCL scaffolds than the
one-temperature control FDM.

The deformation of the suspended filaments is caused by
the weight of the material. Given that the high viscosity of
melted PCL leads to a smaller deformation caused by gravity
and that the viscosity of melted PCL in one-temperature con-
trol FDM is lower than that in dual-temperature control FDM
(Fig. 7d), the collapse distance is larger in one-temperature
control FDM.
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Fig. 6 Exploration of the filament fusion test: a experimental and simu- fusion between filaments, ¢3 fusion between filaments at the corners, ¢4
lated results when printing speed v=1.0 mm/s, scale bar=300 wm; F/W no fusion between filaments; d1 schematic diagram of filament fusion
as a function of gap with dual- and one-temperature control: b1 experi- test explained by deposition at corners and d2 filament fusion test with

mental results and b2 simulated results; ¢l exploded view, ¢2 complete gap changes
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(c2)

Fig.8 Structures printed with dual-temperature control: al hexago-
nal architecture, scale bar=600 wm and a2 zigzag architecture, scale
bar=600 pm; bl hexagonal scaffold with one layer when the print-
ing speed is 1.0 mm/s, scale bar=200 pm. Rectangular scaffold when
printing speed is b2 0.2 mm/s, b3 0.3 mm/s, and b4 0.5 mm/s, scale
bar=200 pm; cl length of the tube scaffold and ¢2 micrograph of the

Demonstration of dual-temperature control FDM

All structures in Fig. 8 are printed by the dual-temperature
control FDM. Figure 8al shows the structure of the hexag-
onal network, and Fig. 8a2 shows the architecture formed
by zigzag mesh (inner diameter of the nozzle D=100 pm).
Figure 8b also shows the PCL scaffolds printed by the dual-
temperature control FDM using the nozzle with an inner
diameter of 60 um. The hexagonal scaffold was printed when
the printing speed was 1.0 mm/s (Fig. 8b1). Figure 8c shows
a tube scaffold with a diameter of 3.8 mm and a height of
15 mm (inner diameter of the nozzle D=200 pm). Figure 8d
is a PCL square scaffold (10 mm x5 mmx5 mm, D=10 pm).
Figure 8e shows the schematic diagram and image of the
tendon scaffold (15 mmx5 mmx 1.5 mm, D=200 pwm). The

@ Springer

(b2)

cross section of the tube scaffold, scale bar=500 pm; d1 schematic
diagram of the square scaffold and d2 image of the PCL square scaf-
fold; el schematic of the PCL tendon scaffold, e2 image of the PCL
tendon scaffold, and e3 micrograph of the PCL tendon scaffold, scale
bar=600 wm. PCL: poly(e-caprolactone)

dual-temperature control FDM shows precise manufactur-
ing and spatially arranged constructs and is a highly efficient
tool for generating bioengineered structures. Therefore, dual-
temperature control FDM significantly extends 3D printing
in future scaffold applications.

Conclusions

Scaffolds with high porosity and specific surface area used
in tissue engineering significantly influence the physiological
activities of cell survival, migration, proliferation, and differ-
entiation. In this study, a dual-temperature control method is
proposed to improve the resolution of FDM printing. The
deposited PCL filament with a width of 50 wm is achieved
by using a nozzle with an inner diameter of 100 pm. More
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importantly, a numerical model is developed by implement-
ing the constitutive model, in which the viscosity is a function
of temperature and shear rate, and both numerical and exper-
imental investigations are carried out to study the influence
of two different temperature control modes on viscosity. By
comparing the results of 1D, 2D, and 3D PCL printing, the
dual-temperature control mode provides a higher viscosity
and lower velocity gradient of deposited PCL during FDM
printing, leading to better printing with satisfactory accu-
racy. Therefore, the dual-temperature control FDM presents
a promising application of PCL FDM in tissue engineering.
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