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a  b  s  t  r  a  c  t

Material  extrusion-based  3D  printing  processes  have  shown  importance  in  the  overall  development  of
the field  of  additive  manufacturing  and displayed  tremendous  potential  to becoming  a  cross-cutting  tool
for  research,  engineering,  developmental  work  in  a wide  array  of  disciplines.  In the context  of  the  Fused
Deposition  Modeling  (FDM,  one  form  of  Materials  extrusion-based  3D  printing),  one of  the  main  process
issues  lies  in  the  property  anisotropy  of  parts  built  using  this  method,  even  with  process  optimization.  To
address  this  issue, we  report  a  near-IR  laser-based  pre-deposition  heating  method  to  locally  heat  up  the
region  of  an  existing  layer  near  the nozzle  before  an  extrudate  comes  in  contact  with  the  heated  region.
This  in-process  approach  raises  the  inter-layer  interface  temperature  to above  the  critical  temperature  to
increase the interpenetrating  diffusion,  and  therefore  the  inter-layer  bond  strength.  A 50%  increase  in  the
inter-layer  bond  strength  in  parts  built  with  this  approach  is demonstrated.  The  in-process  pre-deposition
local  heating  approach  reported  here represents  an  effective  means  to increase  the  inter-layer  bond
strength,  and property  isotropy  of FDM  parts.  Further,  this  approach  is capable  of  real-time  monitoring
and  controlling  of temperatures  at the  inter-layer  and  inter-filament  interfaces  across  the  entire  volume
of a built  part,  allowing  control  of  the  physics  of the FDM process  to achieve  desired  mechanical  properties.

Published  by  Elsevier  Ltd on  behalf  of  The  Society  of Manufacturing  Engineers.

1. Introduction

Current AM processing capability limitations prevent many
applications from being economically viable at production vol-
umes and often require extensive secondary post processing to
achieve the same characteristics as conventionally manufactured
parts. In the context of the Fused Deposition Modeling, FDM, tech-
nology, property anisotropy of the built component is the main
barrier to typical engineering applications. The FDM technology
represents a capable, flexible, and cost effective-option in the addi-
tive manufacturing industry. However, for FDM to evolve into a
true manufacturing tool, and be widely adopted into production of
engineering products, the material property, geometry, dimension
tolerance and accuracy, surface finish, process rates, part size and
resolution limits, as well as the predictability and uniformity of all
of these characteristics need to reach high levels of standard.

While over the past two decades, the FDM technology has
seen breakthrough in many areas of development, there are still
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technological gaps that need to be bridged to bring the FDM tech-
nology to the next level of adoption as a manufacturing tool. An
example is the low part strength in the build direction of FDM parts.
Though the material and process capabilities of this technology
have evolved over the years and are now at a point where end-
user products can be directly produced, a main property anisotropy
issue is still present in FDM parts with optimized build process
parameters: the part strength in the direction normal to the build
layers is only 10% to 65% of that in the directions along the filaments
with low predictability. This issue places significant design con-
straints in the growing number of unique engineering applications
of FDM-fabricated parts where dynamic loads or multi-direction
static loads are present.

So far the FDM process has seen research efforts in mainly five
areas: part quality improvement, process improvement, new mate-
rials development, materials properties, and applications. Among
them, three key areas are relevant to the work presented here: (1)
material properties, (2) process improvement, and (3) part qual-
ity improvement. In material properties, significant work has been
focused in the areas of materials testing, and the use of design of
experiments to optimize known process parameters for given part
properties. While in process improvement work has been done to
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improve support generation process, and to establish numerical
simulations of the FDM process, research and development work
in FDM part quality improvement has seen progress in accuracy,
surface finish, build orientation of parts, and in extension, repeat-
ability. Here we will provide a review of works most relevant to our
proposed effort.

In the context of FDM part mechanical behavior, significant
amount of work has been put in by various groups that focused
on the investigation of effects of FDM process parameters includ-
ing extruder temperature, raster angle, layer thickness, air gaps in
between layers and FDM roads, as well as road widths on the ten-
sile and flexural strengths, elastic behaviors, and residual stresses
[1–19]. The conclusions from these studies all point in the same
direction: each parameter in the FDM process has different effects
on different properties of a part, and that an optimal set of param-
eters for one property can result in worsening of other properties.
An example is that when a minimal dimensional deviation and sur-
face roughness are desired, lower extruder temperatures or active
cooling should be used. However, lowering the extruder tempera-
ture or the use of active cooling reduces the overall part strength
due to less inter-filament and inter-layer bond strength [5].

With the technology evolving for the past few decades mainly
under Stratasys, the optimization of process parameters for “best
possible” combinations of part dimensional accuracy, surface
roughness, and strength is mainly determined in the factory. From
end-user’s perspective, there isn’t much that needs to/can be done
to improve part qualities. With the original patent expiring in 2009,
many low-cost FDM-based 3D printing solution surfaced and have
become an important part of the Additive Manufacturing revolu-
tion taking place in the design community. Irrespective of the level
of the FDM machine, for part strength isotropy, the “as-built” tensile
strengths of parts in the inter-filament/-layer directions fall in the
range of 10–65% of that in the direction along the filaments [20]. For
the part strength along the directions on a slice/layer, though it also
depends on the inter-filament bond strength, it can be remedied
by alternating raster angles of adjacent layers (tool path planning)
such that in any given direction along the layers the filament-
direction strength can contribute to the overall strength of that
layer. Here we introduce a “strength isotropy factor” to describe
the ratio of the tensile strength of FDM parts in the normal-to-
layer direction to the strength in the directions along-the-filament.
By this definition, the strength isotropy values would range from 0
to 1 with 0 being the case where there is no strength in the normal-
to-layer direction, and 1 being the case where the strengths are the
same in both along the layer and across-layer directions. Current
FDM parts have a strength isotropy factor ranging from 0.1 to 0.65
with 0.65 being the case with optimized process parameters and
a heated build envelope. Almost all work existing in the literature
studying part strength properties takes the viewpoint of process
parameters and build orientation and their optimization, but only
a handful of studies examine the physics of the inter-layer bonding
process taking place during FDM and its relation to process inputs.

In a handful of studies, the effect of various process parameters
on the bond formation between a “hot” polymer filament and a
“cold” existing polymer surface has been investigated. The findings
of these studies all indicated that the critical factors that determine
the extent of the bond strength between a filament to its adjacent
ones lie in the temperatures of the nozzle and the build environ-
ment, as well as the heat transfer processes in the vicinity of the
bond site [21,22]. Of the two temperatures, the build environment
temperature has a more significant effect on the bond strength.
While it suggests that one could simply increase the build enve-
lope temperature to increase the inter-filament bond strength, the
ramification of doing so is that the part dimensional and structural
accuracy and tolerances goes way down as the build envelope tem-
perature increases beyond a certain point. One team devised a way

of heating the entire part surface with hot air during a build pro-
cess [23]. Though the effect of using hot air was inconclusive due
mainly to the approach, the observations very much were in agree-
ment with earlier studies that a critical interface temperature needs
to be reached and maintained for a given amount of the time for
the bond formation between the filament and the existing surface
to go through its three stages of formation: wetting, diffusion, and
randomization, much like the reptation model introduced by De
Gennes [24] and later adopted by Wool et al. [25].

In this work an in-process laser local pre-deposition heating
method is reported wherein a near-IR laser supplies thermal energy
to a focused spot located on the surface of an existing layer in front
of the leading side of the extrusion nozzle as it travels. The principle
of this process is shown in Fig. 1. As the polymer extrudate comes
in contact with the laser-heated region of the surface of the exist-
ing layer, the wetting, diffusion, and randomization stages needed
to form a strong intermolecular-penetrated bond takes place to a
larger extent as compared to deposition processes without local
pre-heating. In the results reported here a 50% increase in inter-
layer bond strength has been observed. Unlike the current build
envelop heating method where the highest temperature used is
around half of most polymer’s Tg to prevent dimensional and geo-
metrical issues, the laser-based local pre-heating demonstrated in
this report is capable of heating extremely locally at only the actual
bond site-to above its Tg without a negative impact on the part
dimension and geometry.

2. Experimental

The experimental FDM platform was built upon a commercial
open source desktop 3D printer (lulzbot mini). 2.89 mm diameter
ABS filament and a 0.5 mm nozzle were used for all samples built. A
filament liquefier temperature of 230 ◦C, and a built platform tem-
perature of 110 ◦C were used for all prints. Open source pre-process
programs “Slic3r” and “Printrun” were used to perform slicing of stl
file, generation of g-codes, and machine interface and control.

The localized laser heating was  accomplished through a custom
laser and optics system adapted into the open source 3D printing
platform. Shown in Fig. 2 is a schematic of integrated system. An
802 nm solid-state laser at a maximum intensity of 2 Watt was used
as the laser source for optical heating. In this study, black-color ABS
filaments were used. Carbon black was used as the color pigment
in the material. As shown in Fig. 2, the laser beam first passes a
Glan polarizer-rotating polarizer beam attenuator to allow optical
intensity control and modulation of laser pre-deposition heating of
the polymer surface along the deposition path. The beam is then
directed by two  Au-coated mirrors and a focusing lens (20 mm
diameter, NIR coated Achromatic lens, 100 mm focal length, and
an NA of 0.13) to allow the beam to be projected onto a spot 1 mm
away from one side of the extruder nozzle.

Test coupons in the dog-bone geometry with the dimensions as
shown in Fig. 3 were built using an identical set of raster, layering,
and fill parameters for variables of nozzle travel speed and laser
intensity. These raster, layering, and fill parameters are tabulated
in Table 1. 3-Point bending tests were used to determine the bend-
ing load required to fracture the samples the bending load-beam
deflection relations were also collected.

In order to allow the in-process laser local preheating to take
effect during the build process, the built orientation and raster pat-
terns were set such that the build direction are along the length
direction of the test samples. In addition, the width direction of
the samples was in-line with the nozzle-laser spot orientation. As a
result, in each layer of the test sample during their build one of the
long edges would see pre-deposition heating, and the other edge
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