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Void reduction in fused filament fabrication (FFF) through in situ nozzle-
integrated compression rolling of deposited filaments
Darshan Ravoori, Swapnil Salvi, Hardikkumar Prajapati, Momen Qasaimeh, Ashfaq Adnan and Ankur Jain

Mechanical and Aerospace Engineering Department, University of Texas at Arlington, Arlington, TX, USA

ABSTRACT
The rastering of discrete polymer filaments during Fused Filament Fabrication (FFF) results in the
formation of voids between filaments, leading to poor properties and performance of the printed
part. Minimising voids and improving filament-to-filament adhesion remains a key technological
challenge for FFF. While mechanical rolling is commonly used in traditional manufacturing, its
use in polymer 3D printing has not been explored much. This paper discusses the in situ
compression of just-deposited filament using a roller that is integrated with the filament-
dispensing nozzle. The roller travels with the filament nozzle, and compresses the filament
immediately after deposition when it is still soft. The rolling process is characterised using high
speed imaging and infrared (IR) thermography. The effects of compression force and roller
temperature on print quality is investigated. In situ compression of the filaments is shown to
result in 10X reduction in void formation. Tensile test results show 154% improvement in
Ultimate Tensile Stress (UTS) and 417% improvement in material toughness due to compressive
rolling. It is expected that implementation of the rolling technique discussed in this work may
help print parts with improved properties and functionality.
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1. Introduction

Additive Manufacturing (AM) is widely used to manufac-
ture parts with complicated geometries that are challen-
ging to produce through conventional manufacturing
methods. Typically, a three-dimensional geometry is
sliced into multiple layers along the build direction,
and the part is fabricated through layer-by-layer
addition of material (Kruth, Leu, and Nakagawa 1998;
Horn and Harrysson 2012; Wong and Hernandez 2012;
Guo and Leu 2013). A number of different types of AM
processes have been developed for both metal and
polymer materials. A prominent polymer AM process is
Fused Filament Fabrication (FFF), in which, a polymer
wire is heated to above glass transition and dispensed
through a rastering nozzle on top of previously depos-
ited layers (Kruth, Leu, and Nakagawa 1998).

Poor thermal and mechanical properties of FFF-
printed parts is a well-known challenge that must be
overcome in order to produce functional parts that can
withstand significant load (Hart et al. 2018; Goh et al.
2020a; Goh et al. 2020b). The directional nature of
filament rastering and formation of voids between
filaments is known to result in poor and anisotropic
properties (Prajapati et al. 2018; Akhoundi and Behra-
vesh 2019). Neck growth between neighbouring

filaments (Bellehumeur et al. 2004; Sun et al. 2008;
Seppala et al. 2017) is an important process during FFF
that governs the mechanical strength of the printed
part (Bellehumeur et al. 2004; Costa, Duarte, and Covas
2017). The rate of cooling of the interface temperature
between two filaments layers plays a key role in
polymer chain diffusion and neck growth – the slower
the cooling, the more effective is the neck growth
process. Poor adhesion and void formation may occur
if the interface cools down too fast (Sun et al. 2008; Pra-
japati et al. 2018). The number and size of such voids
greatly influence the mechanical properties of FFF-
printed parts (Ang et al. 2006). Minimising voids during
FFF remains a key technological challenge.

In view of the importance of minimising void for-
mation, a number of studies have investigated the
effect of process parameters such as print speed, layer
width, print temperature, infill percentage and layer
orientation on void formation and the resulting
thermal and mechanical properties of printed parts (Pra-
japati et al. 2018), (Anitha, Arunachalam, and Radhak-
rishnan 2001; Ahn et al. 2002; Sood, Ohdar, and
Mahapatra 2010; Tymrak, Kreiger, and Pearce 2014;
Ning et al. 2017; Ravoori et al. 2018). The extent of
void formation and resulting anisotropy in mechanical
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properties has been investigated as a function of print
speed and raster orientation (Ning et al. 2017). Tensile
strength of the printed part has been correlated with
layer height (Tymrak, Kreiger, and Pearce 2014).
Maximum and minimum tensile strength were observed
for raster angle of 0° and 90° respectively, which was
explained on the basis of faster failure due to the load
being imposed on the voids in the 90° case (Ahn et al.
2002).

Since void formation is intricately linked to the
filament cooling process, a number of process modifi-
cations have been proposed to provide thermal energy
in order to slow down filament cooling and reduce
void formation. Nozzle-integrated in situ heating
(Ravoori et al. 2019b), infrared (IR) heating (Kishore
et al. 2017), microwave heating (Sweeney et al. 2017),
laser heating (Ravi, Deshpande, and Hsu 2016) and hot
air heating (Prajapati et al. 2020) are examples of such
thermally-driven process modifications. However, these
often consume significant energy and may have undesir-
able thermal side effects, such as material evaporation
and internal microcrack generation (Ravi, Deshpande,
and Hsu 2016). Post-fabrication thermal annealing has
been shown to improve thermal (Prajapati et al. 2019)
and mechanical (Hart et al. 2018) properties, but may
be time-consuming and may cause significant warping.

In contrast to the thermally-driven methods dis-
cussed above, compression rolling of filaments may
offer an attractive mechanism for reducing void for-
mation in FFF, particularly if carried out while the
filament is still hot and soft. The resulting flow of the
viscous polymer may help fill voids between filaments.
Hot and cold rolling are already well-established
methods in conventional manufacturing such as metal
(Groover 2010) and polymer (Bahadur 1975) processing.
A high-pressure roller has also been used in metal AM to
reduce longitudinal residual stress and even out the
surface (Martina et al. 2015). While such an approach
may also be effective for reducing void formation in
polymer-based FFF, apart from the use of a pneumati-
cally-actuated ring around the nozzle for compression
(Love 2015; Duty et al. 2017), it has not been sufficiently
reported in the literature. It is well-known that the inter-
laminar bond strength between neighbouring polymer
filaments depends on processing temperature, proces-
sing time and applied pressure (Yang and Pitchumani
2002). Therefore, an in situ application of a carefully
chosen amount of compressive load may reduce inter-
layer voids due to pressure-driven deformation of
polymer filaments. Temperature may also play a key
role in this process.

This paper presents a roller ball based technique to
apply compression load on newly deposited filaments

in conjunction with the filament deposition process.
The roller balls are integrated to move along with the
filament dispense nozzle, and thus provide in situ com-
pression just after the filament is deposited. The temp-
erature and pressure applied by the balls on the
deposited filaments is independently controlled in an
effort to reduce the fraction of voids and improve
tensile strength of the printed part. High speed
imaging and infrared thermography of the process is
carried out while varying the ball weight, ball tempera-
ture and print speed. The impact of print speed and
ball weight is investigated. Cross-section imaging of
printed samples shows around 10X reduction in void
percentage. Significant improvement in tensile proper-
ties is also reported. Amongst the process conditions
studied, the greatest void reduction is found to be at a
print speed of 2800 mm/min print speed and with the
use of three balls, corresponding to a compression
force of around 0.2 N based on ball weight. The tech-
nique discussed in this work offers a significant
process improvement for FFF that may help improve
the properties and function of printed parts.

2. Experiments

An experimental setup is designed and built to enable
the application of compression load on newly deposited
filament. A set of experiments are carried out to study
the impact of in situ compression load on the filament
mesostructure as well as properties of printed parts.

As shown in schematics and pictures in Figure 1, the
compression load is applied on the filament by one or
more roller balls contained in a roller barrel. The roller
barrel is integrated with the nozzle assembly to move
either ahead of (pre-nozzle configuration) or behind
the nozzle (post-nozzle configuration). In practical print-
ing conditions, since the nozzle travels in a U-pattern to
print the next line, therefore, the position of the roller
with respect to the nozzle changes from one line to
the next. If the roller provides pre-deposition rolling in
one line because of being ahead of the nozzle, it falls
behind the nozzle while printing the next line, and
therefore provides post-deposition rolling. In contrast,
a dual-sided configuration with both pre- and post-
nozzle rolling is also studied. Pictures and schematics
of these configurations are shown in Figure 1. Sub-sec-
tions below describe the various elements of the exper-
imental set up.

2.1. 3D printer setup

Most commercial desktop 3D printers provide limited
access to the site of filament deposition for high speed
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imaging and infrared thermography. For this reason, in
this work, an open source Anet A8 3D printer is used,
which offers significant operational flexibility. The custo-
mised experimental setup is shown in Figure 2, with a
zoom-in view of the nozzle roller assembly shown in
Figure 1(b)(ii). A heated aluminum build plate of
200 mm by 200 mm size maintained at 60°C is used. An
aluminum block is machined to accommodate the
nozzle and barrel for polymer feed through. A 40 W resis-
tive heater is embedded into the nozzle heater block
along with a thermistor for temperature measurement.
All experiments are carried out using Polylactic Acid
(PLA) 1.75 mm filament (part number 3D PLA-1KG1.75-
BLK from Hatchbox Inc., Ponoma, CA). For PLA, a rec-
ommended print temperature of 200°C is maintained
by anA1284mainboard basedon feedback from thermis-
tor. Thenozzle diameter is 0.4 mm in all experiments. First
layer height is set to 0.2 mm and is printed with a slower
speed of 1000 mm/min to ensure good adhesion of the
first layer with the print bed.

The y motion of the build plate, and x and z motions
of the dispensing nozzle are controlled by stepper
motors. Simplify3D software is used to convert the geo-
metry of the part to be printed into G-code. The polymer
feed rate is adjusted by the software based on the
desired layer height and print speed. For baseline
cases without roller compression, a layer height setting
of 0.37 mm is used, per manufacturer recommendation.
When the polymer is compressed by the ball roller, the

layer thickness may reduce, which may result in geo-
metrical inaccuracy and build failure. In order to
account for this, the layer height specific in the geo-
metrical model is adjusted down by one percentage
point per layer in order to account for the accumulative

Figure 1. (a) Schematics of three configurations for filament compression rolling (not to scale); (b) Pictures of the roller barrel contain-
ing roller balls that is integrated with the moving filament nozzle. Both single-sided and dual-sided rollers are shown. The filament
nozzle is shown in Yellow in (a). A small portion of the roller ball is seen protruding out of the roller barrel. A roller ball is also shown
outside the barrel as an illustration.

Figure 2. Picture of the experimental FFF setup. The nozzle
roller assembly is highlighted. Zoom-in image of the nozzle
roller assembly is shown in Figure 1(b)(ii).
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compression as the layers build up. This one percentage
point per layer adjustment is not necessarily optimal and
needs to be investigated in more detail in order to result
in the best possible printing results.

2.2. Integration of the metal ball roller with
nozzle

Figure 1 presents schematics and pictures of pre-nozzle,
post-nozzle as well as combined pre- and post-nozzle
rolling arrangements. 12 mm diameter balls made up of
440C hardened bearing quality stainless steel (part
number 1598K33, McMaster, Inc., Robbinsville, NJ) are
used in experiments. Balls weigh 7 grams each, and are
used to apply compression load due to ball weight on
newly deposited filament. The nominal applied load
due to ball weight is around 0.2 N for the three-ball
configuration, although the force may vary somewhat
due to friction between the ball and barrel surface. The
use of bearing quality balls and slightly larger barrel
size compared to ball diameter is expected to minimise
friction and ensure rolling of the balls during printing.
The area of contact between the spherical ball and
barrel surface is likely to be small and also reduce friction.
For illustration, one ball is shown outside the barrel in
Figure 1(b). Spherical balls are used instead of a cylindri-
cal roller for easier integration and ease of changing the
compressive force by simply changing the number of
balls. The balls are painted black for improving IR-based
thermal measurements. The balls are contained in roller
barrels that can be placed ahead of or behind the
filament-dispensing nozzle (Figure 1(b)(i)) or both
(Figure 1(b)(ii)). Each roller barrel can carry up to three
balls. The entire assembly is designed such that the
rolling ball is within 17 mm from the filament nozzle. As
a result, the compression load is applied on the
filament immediately after its deposition. This ensures
that the filament temperature is still high, and viscosity
is still low (Ravoori et al. 2019a) when the compression
load is applied on the filament. Compressing with a
roller at room temperature is likely to be ineffective, as
it will result in rapid quenching of filament temperature.
As a result, roller balls are heated, independent of the
filament heater, using a 40 W resistive heater connected
to each cylinder. In order to independently control the
temperatures of the filament nozzle and roller balls, the
nozzle heater surface is covered with thermal insulation.
A thermistor is placed into the cylinder aluminum block
to measure the barrel temperature and provide feedback
to Arduino Mega 2560 circuit board. A wait time of
around 20 minutes is implemented in order to reach
thermal stability before starting experiments. The set
temperature is specified to be slightly above the

desired ball temperature in order to account for the
small temperature differential that may exist between
the barrel and balls. The ball temperature is verified
before each experiment through an infrared camera
measurement.

2.3. High speed visualisation and infrared
temperature measurement

In situ high speed imaging and infrared thermography
are carried out in order to understand the effect of the
weight and temperature of the rolling ball on the depos-
ited layers. These experiments are carried out with a
FASTEC IL5SM4 high speed camera mounted to
capture the side view of the polymer deposition
process. A Navitar 12 V 150 W high intensity fibre optic
light source is used for illumination. Image acquisition
is carried out at 120 frames per second, with minimum
3 μs shutter time and 5 μm by 5 μm pixel size. White
coloured PLA filament is used in these experiments for
improving the quality of images. For these experiments,
a thin, four-layer wall of 100 mm length is printed.

In addition to high speed imaging, infrared-based
thermal measurements are also carried out to character-
ise the impact of roller temperature. A FLIR A6703sc InSb
infrared camera operating in the 3.0–5.0 μmwavelength
range is used for IR thrermography with a data capture
rate of 30 frames per second. The infrared emission
map measured by the camera is converted into a temp-
erature map using a pre-calibrated value of emissivity.
Black coloured filament is used in these experiments
due to its higher emissivity, which is measured in
advance using calibration experiments described in
past work (Ravoori et al. 2019b). While two different
colours of PLA are used in high speed visualisation and
IR thermography experiments, past work (Wittbrodt
and Pearce 2015) has indicated that there is no signifi-
cant difference in the properties of Black and White PLA.

2.4. Void percentage measurement and tensile
strength testing

Samples of dimensions 100 mm× 30 mm× 10 mm are
printed and cross-sectioned in order to visualise the
effect of compression rolling on void formation. The per-
centage of voids in the cross-section is measured quan-
titatively. In order to preserve the internal structure
during the cross-sectioning process, a 0.5 mm cut is
made at the centre of all edges of the sample, which is
then immersed in liquid Nitrogen. Due to the resulting
brittleness, the samples can be easily broken by an
impact load to reveal the internal mesostructure of the
sample, including voids, without distortion (Prajapati
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et al. 2018; Prajapati et al. 2019; Ravoori et al. 2019b).
Cross section images of these samples are taken with a
10 Megapixel AmScope microscope digital camera inte-
grated with an AmScope 3X stereomicroscope. Void
fraction is calculated using ImageJ software and corre-
lated with process parameters.

Dogbone test coupons for tensile test measurements
are printed, per modified version of ASTM D638-2a ‘Stan-
dard Test Method for Tensile Properties of Plastics’. The
test coupons are 74 mm long, 12 mm wide and 3.2 mm
thick. Five samples each of baseline process and with
rolling (3 ball weights of pre and post deposition rolling
maintained at 110°C) are printed at a standard print
speed of 60 mm/s. Two sets of test samples are printed.
In the first sample, the print direction is aligned with the
loading direction, i.e. the axis of the dogbone sample, so
that the tensile load is applied along the direction of
filaments. In the second sample, the print direction is
normal to the loading direction, so that the load is
applied normal to the filaments. Tensile testing is carried
out using Shimadzu AGS-X series universal test frame
with high precision 5 kN load cell and a pair of mechanical
grips with a cross-head speed of 0.02 mm/min.

3. Results and discussion

A number of experiments are carried out in order to inves-
tigate the impact of roller pressure and temperatureon the
printingprocess aswell as void fraction and tensile proper-
ties of printed parts. These experiments mainly examine
the impact of two key process parameters – roller weight
and roller temperature. The performance of pre-nozzle
and post-nozzle rolling configurations is discussed in the
next section. A combined dual-sided configuration con-
taining both pre-nozzle and post-nozzle rolling is also dis-
cussed in section 3.3.

3.1. Effect of roller ball weight and temperature
on layer height

3.1.1. Effect of roller ball weight at fixed
temperature
The weight of the roller balls provides the compression
load applied on the filament layer. The roller barrel can
be loaded with up to three balls – the greater the
number of balls, the higher is the load applied on the
filament underneath. In order to understand the effect
of compression load on the filament, high speed
imaging is carried out for the printing process with the
roller barrel loaded with one or three balls (Cases B
and C). Results are compared with the baseline case
without any compression load (Case A). In each case,
the ball temperature is maintained at 110°C. Two

filaments of length 100 mm are deposited side-by-side
and four such layers are printed in the z direction.
Figure 3 shows images from each printing process at
three different times during printing of the fourth
layer. At t = 0 s, the polymer-dispensing nozzle is in
view. At t = 1.0 s, the nozzle has travelled rightwards
out of the frame, and the roller ball is seen compressing
the deposited filament for Cases B and C. Once the
nozzle and rolling ball pass away from the point of inter-
est at t = 1.7 s, layer height is compared for all cases in
order to determine the impact of the rolling process
on layer height. Measurement of the layer height
based on image analysis of the t = 1.7 s images indicates
10% & 17% reduction in layer height for one ball (Case B)
and three balls (Case C) compared to the baseline.

There may be two distinct mechanisms behind the
impact of the roller ball on the mesostructure of the
filament layers. The first is a purely mechanical effect
caused by filament compression due to the weight of
the ball. The second is a thermal effect due to heat trans-
fer to the filament from the hot ball. In order to under-
stand the thermal impact of the roller ball, infrared
thermography is carried out on the same process dis-
cussed above. Figure 4 shows successive images for
the case of compression rolling with three balls at 110°
C starting at t = 0 s when the filament deposition
occurs. The hot roller ball is clearly visible in Figure 4
at t = 1.0 s. However, Figure 4 also shows that the
thermal impact of the roller ball is rather localised in
time. Figure 4 shows that the temperature distribution
for the roller case returns close to the baseline very
quickly after the ball rolls over the point of interest.
This is consistent with the short duration of contact
between the ball and filament, as well as the small
area of contact expected between the two, which
limits the extent of heat transfer between the two.

Temperature data are extracted from the thermal
images in Figure 4 andplotted. Figure 5plots temperature
of the weld interface between the third and fourth layers
as a function of time for the baseline case as well as print-
ing with one, two and three roller balls. In this plot, t = 0
corresponds to the time at which nozzle deposits the
fourth filament layer at the point of interest. The cooling
curves are nearly the same for each case, except for a
small peak around t = 1.0 s, when the roller moves past
the point of interest. The inset in Figure 5 zooms into
the period around t = 1.0 s. It is seen that the greater the
number of balls, the larger is the bump. However, the
temperature profile very quickly returns to match the
baseline case. The weld quality between layers depends
on the temperature history (Pokluda, Bellehumuer, and
Vlachopoulos 1997; Yang and Pitchumani 2002).
However, the temperature bump shown in Figure 5
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is small and short-lived, and the temperature integral
does not change by more than 1% for each case com-
pared to baseline. Therefore, the significant adhesion
improvement obtained here can not be attributed to
temperature rise. Instead, the reduction in total height
as seen in Figure 3 is mostly attributable to the mechan-
ical compression of the filament due to the roller ball.

Note that for large area printing, the impact of rolling
may be limited because the previously-deposited
filament may cool down significantly before the roller
returns to apply the compressive load. In such a case,
rolling may need to be supplemented with directed
heat supply to the filament, such as through in situ
heating (Ravoori et al. 2019b) or external energy

Figure 3. Successive high speed images for three cases to investigate the effect of compression load on the filament thickness.
Numbers shown in the last set of images are the final thicknesses of the four-layer printed part. The roller balls are maintained at
110°C in Cases B and C. The print speed is 3600 mm/min.

Figure 4. Infrared-based temperature maps of the printing process comparing the baseline case with no roller (Case A) with the three
roller ball case (Case C).
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sources (Ravi, Deshpande, and Hsu 2016; Kishore et al.
2017; Sweeney et al. 2017).

3.1.2. Effect of roller ball temperature at fixed
weight
The roller ball temperature may be an important par-
ameter because if the ball temperature is too low, it
may cause undesirable cooling down of the filament
when it comes in contact with the roller ball. On the
other hand, too high a roller temperature may cause
uneven layer height and adhesion of the polymer to
the ball. In order to investigate this aspect further, exper-
iments are carried out at three different roller ball temp-
eratures – 90, 110 and 160°C – and compared with the

baseline no-roller case. In each case, three balls are
loaded in the barrel in order to maintain the same com-
pression load. All other print process conditions are the
same as for Figures 3 and 4. Figure 6 compares high
speed images for these cases with the baseline case of
zero compression. As the roller ball temperature
increases, there is progressively greater reduction in
layer height since the filament is softer at higher temp-
eratures. However, at high roller ball temperatures, the
deposited polymer sticks back to the moving roller ball,
as seen in the last column for 160°C ball temperature
in Figure 6. This is undesirable, as it results in uneven
layer height and part build failure. For this case, small
fragments of polymers are found to be stuck on the
roller ball after completion of the printing process.

3.2. Void fraction measurement

Void fraction measurements are carried out on samples
printed with roller ball compression for comparison with
baseline parts. The parts printed for this purpose are
much larger than the ones used in the previous
section. The overall part size is 100 mm× 30 mm×
10 mm, with a print orientation of 0° and roller configur-
ation similar to the one shown in Figure 1(b)(i). During
the print process, the nozzle moves back and forth
along the 100 mm long x direction. As a result, in one
pass, the roller provides pre-deposition compression
when it moves ahead of the nozzle and in the next
pass after a U-turn, it provides post-deposition

Figure 5. Post-deposition temperature decay profile for a
filament with compression rolling with different number of
balls. The baseline case is also shown for comparison.

Figure 6. Successive high speed images for three different values of the roller ball temperature. Numbers shown in the last set of
images are the final thickness of the four-layer printed part. Three roller balls are used in each case, and the print speed is
3600 mm/min.

VIRTUAL AND PHYSICAL PROTOTYPING 7



compression because it now moves behind the nozzle.
Samples are printed with either one or three roller
balls, and at three different speeds – 2000, 2800 and
3600 mm/min – in addition to the baseline case. Note
that 3600 mm/min is the optimal, manufacturer-rec-
ommended print speed. The roller balls are maintained
at 110°C in each case. Three replicates of samples are
printed for each test case. The samples are cross-sec-
tioned and void fraction is measured following the
process described in section 2.4.

Figure 7 shows sample cross-sections for one and
three ball cases for three different print speeds. These
cross-section images clearly show improved neck
growth and reduced voiding for both one-ball and
three-ball cases compared to the baseline. There is
somewhat better performance for the three-ball case,
which is consistent with the layer height measurements
shown in the high speed images in Figure 3. The base-
line images for 2000 mm/min speed show poor
contact between layers, which is because the speed is
much lower than the manufacturer-recommended
setting of 3600 mm/min.

The intermediate speed of 2800 mm/min appears to
perform slightly better than the other two speeds in

terms of void fraction reduction. This can be qualitatively
explained as follows: At too low a speed, a large time
passes before the roller reaches the deposited
filament, by when, the filament has already cooled
down significantly, thereby limiting the impact of the
rolling process. On the other hand, at too high a
speed, the filament experiences the compression load
over a very short time, which also limits the impact of
the rolling process. An intermediate speed is, therefore,
likely to be optimal. The optimal speed can possibly be
tuned by changing the distance between the filament
nozzle and the roller. For example, bringing the two
closer to each other will ensure that the deposited
filament is still hot enough when the roller comes in
contact. The optimal speed is also likely a function of
the properties of the polymer.

Figure 8(a) and (b) plot the average void percentage
over three replicates as a function of print speed and
ball weight for one-ball and three-ball cases, respect-
ively. Three temperatures – 90°C, 100°C and 110°C –
are used. Note that the 160°C case is excluded from
Figure 8 because it leads to poor part quality due to
polymer sticking to the ball and uneven layer height,
as shown in Figure 6. Figure 8 shows significant

Figure 7. Cross-sections of parts printed at three different print speeds and with 0, 1 and 3 balls for compression rolling. The ball
temperature is 110°C for each case. Images from the baseline process are also shown for comparison.
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reduction in void fraction for all compression rolling
cases compared to the no-roller baseline. In general,
the three-ball case offers greater improvement than
the one-ball case. The best performance is seen for the
ball temperature of 110°C and print speed of
2800 mm/min, although other cases are also quite
close. For this case, the void fraction for the three-ball
and one-ball experiments are 2.5% and 4.5%, respect-
ively, which represents a significant improvement com-
pared to the baseline value of 10.8%. Note that the
2000 mm/min print speed is much lower than the man-
ufacturer-recommended setting, and, therefore, care
must be taken when comparing baseline and roller
samples at this speed.

3.3. Dual-sided rolling

In contrast to the pre-nozzle or post-nozzle compression
presented so far, an alternate approach of providing
dual-sided rolling is also investigated. In this case, as
shown in Figure 1(b)(ii), two roller barrels are integrated
on both sides of the rastering nozzle, so that pre-nozzle
and post-nozzle compression are both provided simul-
taneously. These experiments are carried out with
roller ball temperature of 110°C and standard print
speed of 3600 mm/min. High speed imaging of this
process shows a 21% reduction in layer height due to
the dual rolling compared to the baseline, which is
slightly greater than the 16% reduction seen for the
single-sided rolling discussed in Figure 4.

Figure 9 shows cross-sections images for void charac-
terisation of the dual-sided rolling approach. The
improvement in voiding due to dual-sided rolling is
clearly seen when compared to the baseline. The
improvement is even greater than in the single-sided
rolling case (Figure 7). Figure 10 plots the void percen-
tage as a function of print speed and ball temperature
for one ball and three ball cases. These images and

void percentage data show that there is even greater
improvement in void formation for the dual-sided
rolling compared to the single-side rolling case. For
2800 mm/min print speed with three rolling balls, the
void fraction reduced to only 0.7% compared to the
baseline value of 10.8%, which is a significant improve-
ment that nearly eliminates voids.

3.4. Impact of overall geometrical dimensions

Since the roller ball causes mechanical compression of
the filament, it is important to ensure that this technique
does not result in distortion of the overall geometrical
dimensions of the printed part. In order to characterise
this effect, a standard parallelepiped sample is printed
with three-ball roller compression with a ball tempera-
ture of 110°C. As a baseline, the sample is also printed
without roller compression. In both cases, the print
speed is 2800 mm/min. The overall geometrical dimen-
sions of the printed parts is measured and summarised
in Table 1.

Data in Table 1 show that geometrical distortion
occurs primarily in the build direction only, which is
not surprising, since the compression load is applied in
that direction. The key reason behind distortion in the
build direction is that the CAD model of the sample
did not take into account the dimensional reduction
caused by the compression roller. While the reduction
in voiding due to compression roller is certainly desir-
able, steps also need to be taken to minimise the result-
ing impact on geometrical accuracy of the printed part.
One possible way to ensure this is to simply revise the
CAD model dimensions upwards in order to counteract
the expected reduction. While this simplistic approach
is found to work well for simple parts such as ones
printed here, further research is needed for fully under-
standing and implementing such a correction in parts
with more complicated geometry. This will help retain

Figure 8. Void percentage for single-sided rolling as a function of print speed and roller ball temperature for (a) one ball and (b) three
ball cases.
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the beneficial effect of void reduction through com-
pression rolling while preserving the geometrical accu-
racy of the printed part.

3.5. Tensile tests

The impact of compression rolling of filaments on mech-
anical properties of printed parts is investigated through
tensile testing. It is expected that the void reduction

seen in Figures 7–10 will result in improved tensile prop-
erties. Two distinct sets of samples are printed at the
manufacturer-recommended speed of 3600 mm/min to
investigate the impact on tensile properties. In Sample
A, the filaments are printed along the same direction
as the direction of application of the tensile load (0°
angle between the print direction and the load direction,
which is the axis of the dogbone sample). The stress–
strain curve for this sample is shown in Figure 11. All

Figure 9. Cross-sections of parts printed with dual-sided rolling. Images are shown for one-ball and three-ball cases with three
different print speeds. The ball temperature is 110°C for each case. Images from the baseline process are also shown for comparison.

Figure 10. Void percentage for dual-sided printing as a function of print speed and roller ball temperature for (a) one ball and (b)
three ball cases.
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results from tensile tests are summarised in Table 2.
Compared to baseline, data show 34% improvement in
Ultimate Tensile Stress (UTS) and 281% improvement
in material toughness. The second test is carried out
on Sample B, in which, the tensile load is applied
normal to the print direction (90° angle between the
print direction and load direction). Data for Sample B,
shown in Figure 12 and Table 2, demonstrate even
greater improvement in tensile properties – a 149%
improvement in UTS, and 495% improvement in
material toughness. A t-test of the measurements for
both ultimate tensile stress and toughness shows that
for both Samples A and B, the reported improvements
are statistically significant (p < 0.001).

The fracture surfaces for the rolled samples appear to
be different from the baseline samples, in both cases
investigated here (i.e. when the printing direction is
alignedwith or normal to the loaddirection). It is believed
that the failure process is governed by crazing, and pres-
ence of crazing is more pronounced on the fracture

surface of the rolled coupons. Necking before fracture
is observed during tensile testing, which is also discern-
ible from the stress–strain curves of the rolled samples.
The presence of crazing in the rolled samples also sup-
ports the increase in material toughness.

It is expected that rolling on the just-deposited
filaments while still hot and soft deforms the filaments
in the lateral direction, thereby filling gaps between
filaments, improving interfacial bonding and reducing
void formation. The reduced gap between filaments is
clearly seen in cross-section images in Figures 7 and 9.
Rolling also works to reshape the filaments, resulting
in increasing the notch angle at the interface. Rolling
may also help improve the singularity order, which
results in enhancing the material toughness (Rezaee
and Adnan 2018), as is evident in Figure 12. Tensile
toughness of a material is described by the ability of
the material to absorb tensile fracture energy during
stretching. For PLA, tensile toughness can be increased
through two distinct mechanisms –shear yielding and
crazing energy (Zhao et al. 2020). Of these, shear yielding
is the most effective mechanism for significant change in
toughness. As evident from the tensile stress–strain
curves, it is believed that the rolling process and temp-
erature collectively rearrange the internal molecular
structure of PLA, which, in turn, enhances plasticity
(shear yielding) in the material. In addition, rolling may
also help align polymer chains along the printing direc-
tion, which may also have contributed towards the
improved UTS when loaded along the filament direction
(Bahadur 1975), as shown in Figure 11.

A comparison between Figures 11 and 12 shows that
the UTS values are very similar for Samples A and B that
are printed/rolled along and normal to the loading direc-
tions, respectively. In contrast, UTS of the baseline
sample with 90° angle between printing and loading
directions is much lower – nearly half – than that of

Table 1. Comparison of overall geometrical dimensions of baseline and rolled parts.
X (Raster Direction) Y Z (Build Direction)

Baseline (mm) Rolled (mm) % change Baseline (mm) Rolled (mm) % change Baseline (mm) Rolled (mm) % change

80.3 80.7 +0.50 9.9 10.1 +1.98 8.1 6.44 −20.5

Figure 11. Stress-strain curve from tensile testing of Sample A
printed with the print direction aligned with the loading direc-
tion. Performance of a sample printed with dual-sided rolling is
compared with a baseline sample with no compression rolling.

Table 2. Comparison of tensile test properties of compression-printed parts with baseline parts. Data are presented for two samples
that are printed along with or normal to the load direction.

Description
Ultimate strength

(MPa)
Increase in ultimate tensile

strength, %
Toughness (MJ/

m3)
Increase in

toughness, %

Sample
A

Baseline 33.3 ± 2.4 34% 1.1 ± 0.2 281%
Compressive Rolling aligned with tensile
load direction

44.7 ± 1.5 4.2 ± 0.8

Sample
B

Baseline 15.5 ± 0.9 149% 0.4 ± 0.05 495%
Compressive Rolling normal to tensile load
direction

38.6 ± 1.8 2.6 ± 0.3
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the baseline sample with 0 degrees loading angle. This
indicates that the compressive load due to rolling is
likely resulting in improved interdiffusion of polymer
chains, and thereby, a better degree of healing (Yang
and Pitchumani 2002). While more theoretical modelling
may be needed to completely characterise the impact of
compression rolling on the polymer interdiffusion
process, data presented here indicate that hot rolling
of filaments may help address two key challenges in
the 3D printing process – the degree of anisotropy in
tensile properties, and the weakness of 3D printed
parts under transverse loading.

5. Conclusions

Improvement in filament-to-filament adhesion and
reduction in void formation are key technological chal-
lenges in enabling polymer FFF to print functional
parts. This work shows that compressive rolling of just-
deposited filaments may be an effective technique for
addressing this challenge. Despite not optimising the
rolling process much, this work demonstrates significant
reduction in void formation from 10.8% to less than 1%,
as seen in cross-section images, and corresponding
improvement in mechanical properties, as evident
from tensile test results.

It is interesting to note the key advantages of the
present approach over other, thermally-driven
approaches for filament adhesion improvement reported
in the past. The present approach is a non-thermal one,
and therefore, it avoids collateral thermal damage in the
vicinity of the filament, such as development of micro-
cracks. The present approach consumes minimal energy,
and is passive, in that it does not need to be actively con-
trolled. Finally, changing the compression load, which

may be necessary when working with different polymers,
can be achieved easily by changing the number of balls or
replacing with balls of a different weight.

It is important to recognise that the roller technique
described here changes the layer height due to com-
pression, and the overall height of the printed part
may also be affected. There is a need to optimally deter-
mine the layer height setting that accounts for the com-
pression effect. In experiments with the roller, using a
constant layer height is found to be ineffective,
because the layer compression grows as layers build. A
layer height setting with gradual reduction in layer
height is found to result in good printing. However,
this is not necessarily optimal and more work is
needed to fully establish the impact of roller com-
pression on layer height setting. This may require mech-
anical simulations of the compression process,
combined with experimental data and machine learning
(Baumann et al. 2018; Meng et al. 2020).

Note that the optimal rolling temperature and com-
pressive loading obtained in this work are specific to
PLA filament, as these parameters are likely to depend
strongly on the filament properties. For other filament
materials, these parameters may need to be determined
through separate experiments. Further note that in the
present work, the roller is in continuous contact with
the part being printed. In case continuous contact is
not desired, for example, when printing support struc-
tures, it may be possible to design an electromagnetic
or spring-based actuator to turn the roller action on/
off by lifting the balls above the part being printed.

It is expected that further optimisation, such as by
changing the filament-roller distance, as well as the
use of other compression modes such as cylindrical
roller instead of spherical balls, may further improve
the print quality. The process of in situ filament com-
pression by rolling at a temperature above the material’s
glass transition temperature can be further studied via
theoretical modelling that combines aspects of heat
transfer, applied mechanics and polymer physics. Such
a theoretical understanding of this process may drive
further process optimisation. Finally, it may be interest-
ing to investigate the applications of this work for
large area additive manufacturing, where the large
print size offers unique challenges. For example, for
large prints, the pre-deposited layer will cool down
and be close to surrounding environment temperature
before the pre-deposition roller arrives, thereby limiting
the impact of the pre-roller. In such a case, the printing
may need to be carried out in a thermally controlled
environment, or with nozzle-integrated in situ heaters
(Ravoori et al. 2019b) in order to fully utilise the
benefit of roller compression.

Figure 12. Stress-strain curve from tensile testing of Sample B
printed with the print direction normal to the loading direction.
Performance of a sample printed with dual-sided rolling is com-
pared with a baseline sample with no compression rolling.
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