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Parts are fabricated layer-by-layer in most three-dimensional (3D) printing methods. Such a layer-based
approach brings obstacles to fabricate layer-sensitive objects, such as space structures and surface tex-
tures. We present a photocuring-while-writing strategy for 3D printing. A nozzle is used to extrude pho-
tocurable material, and a laser is used to dynamically solidify the newly extruded materials instantly into
desired features. Two scanning galvo mirrors control the laser spot based on a developed mathematical
model. As a proof of concept, we successfully built free-standing structures and surface textures. The
developed strategy may shed light on fabricating conformal features, free-standing scaffolds, and
multi-material textures.

� 2021 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
1. Introduction

Most three-dimensional (3D) printing processes are layer-based
manufacturing [1–12], in which materials are added layer by layer
using different energy sources and material deposition methods.
By repetitively solidifying two-dimensional (2D) layers, the tool-
path planning is significantly simplified. However, the layered-
based fabrication methods also impose critical limitations. For
example, massive support structures are required for overhanging
features since the material is deposited layer by layer along the Z-
axis direction [13]. Also, the 3D-printed parts have a rough surface
quality with staircase defects, especially for the close-to-flat sur-
faces [14,15]. The layer-based 3D printing processes also have dif-
ficulties in printing features on freeform surfaces, such as 3D
circuits [16–18] and 3D antenna [19].

Many non-layered 3D printing processes have been developed
to address these limitations [20–25]. However, these non-
layered-based 3D printing processes have various restrictions on
resolution, accuracy, materials, etc. In this paper, we present a
novel 3D printing strategy based on photocuring-while-writing
(PWW) to build free space structures without supports and surface
textures on a freeform surface. The printed materials considered in
our study are photocurable resins or the mixture of the resins with
fillers such as particles and fibers. Essentially, we integrate a scan-
ning laser into the direct ink writing (DIW) process, and the
dynamically controlled laser can instantly photocure the extrude
material into desired features. Hence the PWW process is
support-free and can write features on freeform surfaces, which
is different from the laser-based stereolithography that uses a plat-
form in a liquid resin tank. Also, the PWW process can work with
all kinds of photocurable resins, even with the ones that have
low viscosity. The printing resolution of the surface textures can
be determined by the laser spot instead of the DIW process. These
properties are different from the UV-assisted DIW process that
uses flooded light from light emitting diodes or fixed laser diodes
[26–28].
2. Material and methods

2.1. Methods

A prototype system has been built to verify the PWW process.
As shown in Fig. 1a, a pneumatic extrusion system deposits liquid
photocurable ink using controlled pressure. Integrated with the
extrusion system in the printing head module, a 405 nm laser
(Nichia NDV4512) was used to cure the ink extruded out from
the nozzle tip. The laser used in the system was 250 mW, and
the laser spot diameter was set between 100 lm to 300 lm. A pair
of galvo mirrors dynamically adjust the position of the laser spot.
The dynamic positioning control of the laser spot related to the
nozzle tip is critical to ensure the PWW process to be successful.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mfglet.2021.07.016&domain=pdf
https://doi.org/10.1016/j.mfglet.2021.07.016
mailto:yongchen@usc.edu
https://doi.org/10.1016/j.mfglet.2021.07.016
http://www.sciencedirect.com/science/journal/22138463
http://www.elsevier.com/locate/mfglet


Fig. 1. Photocuring-while-writing 3D printing system. (a) The designed hardware setup of the photocuring-while-writing system; and (b) illustration of the changeable target
curing point.
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The galvo mirrors were controlled by a laser controller (Macpod
LLC). The motion system was controlled by an open-source con-
troller (RAMPS 1.4) with Marlin firmware embedded. A digital
microscope was mounted on the printing head module to calibrate
the laser system and to observe the 3D printing process in real-
time.

During the translation of the printing head module, the target
curing point of the newly deposited ink is not located right below
the nozzle tip to avoid the photocuring of the liquid ink on the noz-
zle tip. Due to the changeable orientation of the extrusion traction,
as shown in Fig. 1b, the position of the target curing point is asso-
ciated with the moving direction of the nozzle. Thus, it is critical to
dynamically track the desired target curing point for the laser spot
during the extrusion process.
2.2. Material

Photocurable slurry by mixing liquid resin (40 wt% SI500 Yellow
from Envision Tech.) with 60 wt% PN AP220-1 alumina powder
(South Bay Tech.) was selected to build free-standing structures.
Another photocurable resin (MakerJuice G+) was selected to build
freeform surface textures.
3. Modeling of dynamic focusing

For an arbitrary 3D movement, the laser spot’s desired position
will be dynamically controlled between the center of the nozzle tip
and the photocured material (refer to Fig. 2a). It is critical for the
Fig. 2. A schematic drawing of the pro
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PWW process to dynamically change the laser spot’s position to
following the moving nozzle with a certain offset distance. Two
galvo mirrors were used to navigate the laser spot dynamically
and precisely. The dynamic focusing problem is to calculate the
laser spot toolpath based on the liquid deposition toolpath. As

shown in Fig. 2b, D
*

tð Þ denotes the designed laser spot toolpath,

and S
*

tð Þ denotes the nozzle tip position controlled by the XYZ lin-
ear stage.

As shown in Fig. 2a, we first calibrate the laser spot to be exactly
under the nozzle tip. We then offset the laser spot from the initial
position by a certain distance to avoid the nozzle clogging. Denote
the offset length L, which defines the extruded liquid ink that is
currently not cured. The length L is determined by the fluid prop-
erty of the liquid ink. It was set between 0.5 mm and 3 mm in our
study. Hence

k S
*

tð Þ � D
*

tð Þk ¼ L ð1Þ
As shown in Fig. 2b, the position of the nozzle has the relation-

ship with the designed tool path:

S
*

tð Þ ¼ D
*

tð Þ þ rD
*

tð Þ
krD

*

tð Þk
� r þ h

*

ð2Þ

where, rD
*

krD
*
k
is the normalized direction of the tool path. The

designed tool path D
*

is given, and h
*

is a constant gap between
the nozzle and the curing plane to ensure successful ink extrusion.
posed dynamic focusing system.



Fig. 3. Fabrication results. (a) Demonstration of printing a vertical pillar; (b) the 3D-printed result of the vertical pillar; (c) demonstration of printing a ‘‘Z” in 3D space; and
(d) the 3D-printed result of the 3D ‘‘Z”.

Fig. 4. Surface texture fabrication. (a) and (b) simulation of the designed toolpaths
for two types of surface textures; and (c) two types of printed textures on the
existing curved surfaces.
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Solving the above equations yields the necessary offset distance
r as
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rD

*

tð Þ
krD

*

tð Þk
� h
*

0
@

1
A

2

þ L2 � h2

vuuut � rD
*

tð Þ
krD

*

tð Þk
� h
*

ð3Þ
115
This equation shows that the offset needs to be changed
dynamically. Plugging it into equation (2) yields the paths for
the ink nozzle. Note two special cases can be derived directly.
The first one is when the designed tool path is moving along

the XY plane, i.e., rD
*

tð Þ � h
*

¼ 0. Hence the offset distance is

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 � h2

p
. Another one is when the designed tool path is

moving along the Z-axis, i.e., rD
*

tð Þ � h
*

¼ 0, and the offset dis-
tance is just r ¼ L� h.

By converting the XY offset into the galvo mirror angles, we
can obtain the correct laser spot dynamically. In the implemen-
tation, we used an open-source RAMPS motion controller to con-
trol the XYZ linear stage and use the LaserShark controller to
control the galvo mirrors. The RAMPS controller passes the cur-

rent vector rD
*

¼ ðdx; dy; dzÞ to the galvo mirror controller via a
personal computer in real-time and compute the offset of mirror

angle to get the required � rD
*

kr D
*
k
� r offset of the laser spot in the

XY plane. Considering the small angle deviation, the transforma-
tion from XY offset to mirror angle can be regarded as linear
transformation:

A

B

� �
¼ A0

B0

� �
þ a11 a12

a21 a22

� � � dxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx2þdy2þdz2

p � r

� �dyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx2þdy2þdz2

p � r

2
64

3
75 ð4Þ

In our system, the initial mirror position is A0

B0

� �
¼ 1860

580

� �
,

where the laser spot is exactly under the nozzle tip.
a11 a12
a21 a22

� �
¼ 0 �110

300 0

� �
, the unit is mirror rotation step/mm.

Accordingly, we can calculate the laser spot toolpath for a given
shape utilizing this dynamic position compensation technique.
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4. Results

4.1. Printing free-standing structures

Fig. 3a shows a printed vertical pillar to verify the PWW pro-
cess. In this experiment, the nozzle diameter is 300 lm, and the
lifting speed is 2 mm/s. The input constant air pressure in the syr-
inge was set to 2 psi. The offset length L is 2 mm. The target curing
point in the XY plane did not change in this experiment, and the
laser spot hit on the ink trace right below the nozzle tip.

A 3D ‘‘Z” as shown in Fig. 3b was built to verify the PWW’s capa-
bility of building general free-standing structures. In this case, the
nozzle diameter is 600 lm, and the constant moving speed is
4 mm/s. The input constant air pressure in the syringe was set to
2 psi, and the offset length L is 2 mm. The horizontal overhanging
structure was printed successfully without any supporting struc-
tures. Essentially this is a layerless DIW process for photocurable
liquid resin and slurry that can be instantly solidified using a pow-
erful laser.

4.2. Printing textures on an existing curved surface

Some surface textures, as shown in Fig. 4c were printed to
demonstrate the capability of the PWW process in fabricating fea-
tures on a freeform surface. In this experiment, the nozzle diameter
is 200 lm, and the offset length L is 1.5 mm. Note in the traditional
DIW processes, the extruded liquid resin will not stay on an
inclined surface and will flow to make the extrusion resolution
low. In comparison, we incorporated a laser scanning system to
cure the extruded ink immediately after it comes out from the syr-
inge tip. It ensures the dispensed material stays in the desired
place, even when the target surface is curved, as shown in Fig. 4.
Also, the texture feature resolution can be controlled by the laser
spot size besides the extrusion process. Multimaterial surface tex-
tures can be built by incorporating additional printing head mod-
ules into the system.

5. Conclusion and discussion

A photocuring-while-writing strategy has been presented for
3D printing to build free space structures and conformal surface
textures. The extruded ink is immediately photocured by a dynam-
ically controlled laser spot behind the nozzle tip. In our study, a
mathematical model was developed to control the laser spot’s
position with a certain offset distance. The fabrication results of
some representative cases have been presented to verify PWW’s
capabilities in building free-standing structures and freeform sur-
face textures. Considerable future work remains to mature the
developed AM process, including (1) demonstrate multi-material
printing with less material waste by integrating syringes with dif-
ferent liquid resins in the setup; (2) explore functional materials
that are suitable for the photocuring-while-writing process and
how material properties affect the PWW process; and (3) explore
ultrafast laser lithography and novel applications that may benefit
from the photocuring-while-writing strategy [29,30].
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