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Enhancing surface roughness of material extrusion additive manufacturing
components via an innovative ironing process
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ABSTRACT

Extrusion-based 3D printing is widely used in various industries, enabling the rapid creation of
prototypes and functional parts at a lower cost compared to traditional technologies. However,
one limitation of this technology is the surface finish of the components, where the roughness
is not optimal. This paper presents a solution to improve the surface finish of components by
leveraging the principles of ironing and ball burnishing. The tool, appropriately heated and
passed over the component, smooths out imperfections by uniforming the surface profile.
Unlike the traditional ironing method, the use of this tool reduces processing times and
enhances surface roughness with a simpler construction and control mechanism compared to a
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conventional hot-end. The average surface roughness obtained is Ra=0.796 um; these values
are comparable to those obtained by grinding. The geometry of the tool tips can vary

significantly based on specific applications.

1. Introduction

In recent years, additive manufacturing technologies
have made significant advances, leading to a wide
range of processes for producing components, even
with complex shapes [1], in reduced timeframes. Specifi-
cally, Material Extrusion (MEX) is widely adopted due to
its low cost and ease of use compared to other tech-
niques. This method involves depositing a line of
molten material to form a layer, which is then superim-
posed onto successive layers until the final object is
created. However, the junction between the different
lines is not perfect, revealing the deposition path with
related inaccuracies [2]. The poor finish of a component
is not only due to printing parameters [3] but is inherent
in the deposition method [4], as depositing one line after
another will always result in some areas where the
material is scarce and others where it is abundant.
Various algorithms help manage the extruded material
flow [5] to minimise this effect.

When creating surfaces with an inclination angle of
less than 30° relative to the printing plane, the staircase
effect occurs. This effect arises from the need to approxi-
mate a surface [6] with a finite number of layers. To mini-
mise this effect, one can reduce the layer height [7],
thereby decreasing the size of the individual steps and
discretising the surface with a greater number of

layers. While this solution mitigates the problem, it
does not completely resolve it. Alternatively, the com-
ponent can be reoriented on the plane to lessen the
impact of layer-based construction, although this
method may also prove insufficient.

3D-printed components exhibit intrinsic defects
related to the manufacturing process and the set par-
ameters, particularly concerning porosity, sliding fric-
tion, and surface integrity. Porosity is influenced by
two main categories of parameters: structural and
welding. Structural parameters, such as the choice of
filament material and the geometry of the piece, play
a fundamental role [8]. For instance, a reduced
filament height can lead to higher strength in pure
materials due to lower porosity but can also increase
defects in composites due to interaction with the rein-
forcing fibres. Similarly, welding parameters, such as
nozzle temperature and printing speed, affect the
quality of the welds between filaments and layers,
influencing the final porosity.

Sliding friction is another critical aspect of 3D-printed
components [9], primarily affected by surface roughness,
which in turn depends on layer thickness [10,11]. Greater
layer thicknesses result in rougher surfaces, leading to an
increased coefficient of friction and higher wear rates
during abrasion tests. Surface integrity is closely
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related to interlayer adhesion, which can be compro-
mised by incorrect slicing parameters [12]. Lower layer
thicknesses can lead to poor interfacial adhesion, redu-
cing mechanical strength. Conversely, greater layer
thicknesses allow for longer cooling times, promoting
better adhesion between layers. Surface roughness
[13] directly influences not only friction but also mech-
anical properties; lower roughness values generally cor-
respond to improved mechanical properties. Therefore,
it is essential to carefully optimise 3D printing process
parameters to achieve the desired properties and mini-
mise defects in printed components.

For a higher surface finish, specific post-processes
[14] are required, which fall into two categories: chemi-
cal and mechanical. Chemical processes use substances
that coat or react with the material, smoothing the
surface [15]. However, these processes require specific
equipment and must be performed cautiously in con-
trolled environments. Some common chemical pro-
cesses include vapour smoothing [16], which uses
solvent vapours (like acetone for Acrylonitrile Butadiene
Styrene (ABS) [17] or isopropyl alcohol for Polyvinyl
Butyral (PVB)) to dissolve the surface and smooth out
roughness [18]; epoxy coating, which fills in surface
asperities; and electroplating [19], which coats the
surface with a metallic layer.

Classical mechanical processes, such as cutting,
milling, sandblasting, and polishing [20], are often
used to improve surface finish. Additionally, for specific
uses, operations such as ironing, ball burnishing [21],
barrel tumbling, or vibratory bowl can be performed.
However, it is important to note that these additional
processes extend the overall production time of the
component. To reduce these times, one could consider
eliminating some post-processes and using the 3D
printer itself for better surface finishing.

Ironing [22] is a widely used method where, during or
at the end of the print, the nozzle follows a different path
than during the printing phase [23], depositing a small
amount of material to fill surface irregularities. The litera-
ture suggests a line spacing of 0.1 to 0.2 mm [24], which
is less than half the width of the line commonly used
during the printing phase. Additionally, it is important
to reduce the speed to values between 20 and 30 mm/
s [25]. Performing passes with such reduced distances
and at low speeds significantly increases the overall
printing time. Moreover, the improvement in surface
finish results in roughness values of Ra greater than
0.9 um [26,27]. Only one study [24] reports a surface
roughness (Ra) of 0.464 um, achieved using a conven-
tional ironing method on a PLA specimen with opti-
mised parameters. The article presents various results
depending on the parameter variations, which are

highly useful; however, the specific parameters used to
achieve the stated minimum roughness are not defined.

The limitations of these parameters stem from the
shape of the nozzle. In this research, a specialised tool
for ironing was developed, featuring a tip with a much
larger surface area than that of the nozzle tip. The tool
draws inspiration from the ball burnishing process,
where a sphere is used to plastically deform the peaks
of a metallic component, flattening them and creating
compressive surface stresses [28]. On thermoplastic com-
ponents, surface improvements and enhanced mechan-
ical characteristics are achieved [29]. However, the
resultant surface roughness remains above 4.65 um,
with visible material deposition marks. Additionally,
achieving these surface results requires ten passes over
the component and the application of a 400N force [30].

Executing this process necessitates specialised
machinery, as the structure of 3D printers does not
allow for the application of high loads between the
hot-end and the component, and the surface finish
achieved is not particularly high. Furthermore, it is appli-
cable only to components with a very dense infill to
withstand the load of the sphere, [31] and cannot be
applied to components with a light infill.

The proposed ironing tool utilises heat to soften the
material, thereby reducing the force required. The
spherical part remains static and slides over the com-
ponent without any moving parts. Unlike nozzle
ironing, there is no addition of material; rather, there is
a redistribution of the material already present on the
component, eliminating the need to adjust the flow par-
ameter. The geometry of the tool is inspired by compu-
ter numerical control milling machines, which have
various shapes depending on the surface to be worked.

The applications for this type of process are diverse.
Improving the surface finish [32] of printed components
is relevant to various sectors, including biomedical
equipment for surgical interventions [33], functional
parts [34] with sliding applications in the automotive
industry, integrated sensors [35] for monitoring com-
ponent performance, and aesthetically important
design components.

The premises established in this chapter suggest the
potential for an extremely versatile and high-performing
process, surpassing the limitations of traditional ironing.
The objectives of this research are as follows:

» confirm the feasibility of the ironing process using the
new tool;

o thermally verify the process to extract useful infor-
mation for the experimental procedure;

e measure the surface roughness achieved depending
on the tip used.



2. Materials and methods

In the course of this research, the 3D printer ‘E3D Tool-
Changer’ [36] was employed, which allows the use of
four independent tools within the same print job. The
ToolHead utilises a quick-release system to autono-
mously connect and disconnect the various tools.
Specifically, the tool used for the burnishing/ironing
phase is mounted on a plate identical to those of the
other tools.

As shown in Figure 1(a), the tool has been simplified
compared to a traditional hot-end, retaining the heater
and temperature sensor provided by E3D. For housing
the tip, sensor, and heater, an aluminium block was fab-
ricated and attached to the connection plate. Between
the high-temperature parts and the plate, a Polyether
Ether Ketone (PEEK) [37] component is used to create
a thermal barrier, preventing excessive overheating of
the connection plate.

To verify the functionality and thermal dissipation
between the heater and the tip, thermal simulations
were conducted (Figure 1c). Regardless of the tip
mounted on the tool, there is a temperature loss of
approximately 16°C between the sensor and the
contact area with the component.

The tool tip is the most crucial part as it directly
affects the printed component. Two types of tips were
tested, as shown in Figure 2, each with different geome-
tries: the first features a hemisphere with a radius of 4.5
mm, while the second has a spherical cap with a radius
of 9.6 mm. The differences between these tools can be

(a) (b)
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Figure 2. Geometry of the two analysed tips with M6 thread: (a)
semi-spherical tip with a radius of 4.5 mm; (b) semi-spherical tip
with a radius of 9.6 mm.

seen in the theoretical cross-section they leave on the
component. The first type of tip is suitable for accommo-
dating large asperities and levelling them to the correct
height, making it particularly suitable for curved surfaces
and non-planar prints in general. The second type
addresses smaller asperities and can work on surfaces
with reduced curvature but allows for a greater distance
between passes.

The surface of the tips, along with their geometry,
influences the process because they determine the
imprint left on the component. For this reason, both
tips are polished to achieve a surface roughness lower
than that desired on the component (~ Ra=0.3 um).

The surface finish of the component can be quan-
tified by measuring roughness, a crucial parameter for

VA

(c)

Figure 1. (a) CAD model of the tool showing the plate (at the back), the PEEK connecting element (in beige), the aluminium block
containing the heater (in green), the sensor (in blue), and the tip. (b) Photo of the tool gripped by the printer tool head; (c) steady-
state thermal simulation of the tool (conducted using PrePoMax), showing the heat propagation within the block and a temperature

loss of approximately 16°C between the heater and the tip.
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areas involving sliding, contact, or fitting. To evaluate
the potential theoretical roughness achievable at the
end of the ironing process, the approximate theoretical
roughness calculation formula (A) [38] is applied, and
Schmalz's relation (B) is used to derive the relationship
linking the geometric parameters that influence the
roughness Ra (1).

aZ
(A) Re=_— a?

8:r — Ri= o Q)
(B) Ra=— ‘

4

This relationship calculates the roughness value left on
the component based on the imprint made by the
tool, considering the feed rate (denoted as ‘a’) and the
tip’s radius (denoted as ‘r'). According to the relation-
ship, to increase the distance between passes, it is
necessary to increase the tip’s radius quadratically to
maintain the same surface roughness.

However, this relationship is not entirely accurate for
this application because it was formulated for material
removal processes, and other factors complicate the
estimation of surface roughness. In reality, the surface
being worked on is not completely uniform, but has
peaks and valleys generated by the material deposition
direction, along with other printing process issues such
as over-extrusion and under-extrusion. When the tip
passes over the surface, the material forming the peak
redistributes into the subsequent valley. This can lead
to two scenarios: the first is where the peak material
does not completely fill the following valley, still
leaving a cavity, albeit smaller (see Figure 3a). The
second scenario is where the material is excessive for
the valley, distributing laterally around the tip and creat-
ing new peaks, as shown in Figure 3(b).

Therefore, it becomes crucial to accurately assess the
height positioning of the tip on the component. For
highly irregular surfaces, a better result can be achieved
by performing multiple passes, gradually adjusting the
height.

The positioning height of the tip allows for the
flattening of material peaks present on the component
by applying a force. If the temperature is not correctly
set, the force exerted on the component changes. The
printer’s structure is not infinitely rigid but exhibits elas-
ticity; therefore, if the force increases excessively, there
will be elastic deformation of the frame or the move-
ment structure, resulting in an incorrect surface
modification.

The specimens produced have a prismatic geometry
with a square base of 25 mm length and a height of 4
mm. The printing parameters were not modified from
the standard parameters, except for:

e a brim width of 5 mm to prevent warping at the
edges;

¢ asolid top fill with a Zig Zag pattern at a 45° and —45°
angle;

e an 80% infill to prevent the top surface from collap-
sing due to the temperature during ironing;

o the number of top layers set to six to provide a solid
material thickness for ironing.

Once the G-code for the specimen was generated
using the Ultimaker Cura 5.6.0 [39] slicer, a Zig Zag
pattern at a 0° angle was used for the ironing process.
The offset of the two tools along the three axes was
appropriately compensated to achieve optimal align-
ment. The two G-codes were merged into a single
script to provide the machine with a single file for
execution.

Due to the tool's geometry for ironing not being ther-
mally optimised, a pause was added in the G-code after
reaching the set temperature, before commencing the
operation, to allow for temperature uniformity. A 60-
second pause was set using the G4 command to
ensure the temperature on the tip was uniform.

Surface roughness measurements were performed
using the ‘Alpa Metrology RT-10G’ [40] roughness

(a)

(b)

Figure 3. (a) Side view of the tip moving to the right, pushing material into the next groove but not completely filling it due to insuffi-
cient material; (b) front view of the tip positioned too low, thereby sinking into the component and pushing excess material laterally.



tester with a sampling length Ac = 0.8 mm and a number
of samples Nc =5. The exploration length is defined by
the instrument as Lt=(Nc+ 1) * Ac. For each type of
specimen, three were produced, and ten measurements
were taken in each direction on each specimen.

3. Result

To determine the temperature that the tip should
reach, it is necessary to define the material to be
used, in order to obtain the glass transition tempera-
ture (Tg) and the melting temperature (7). In this
study, only Polylactic Acid (PLA) was used, which has
a Ty of 58°C and a T, of 190°C. Considering a layer
height of 0.2 mm, the goal is to thermally influence
a layer thickness of less than 0.1 mm, which is less
than half of the top layer's thickness. To avoid exces-
sive forces on the tool, the temperature should be
well above the T, to plastically modify the zone, but
it must remain below the T,, to prevent the material
in direct contact with the tip from completely
melting. Therefore, a reference temperature of approxi-
mately 120°C at a depth of 0.04 mm was chosen,
resulting in about 175°C on the surface.

To evaluate the transient thermal exchange and
determine the time required to reach the target temp-
erature at various depths, a time-dependent thermal
simulation of the contact between the tip and the com-
ponent was performed (Figure 4a). The results are
graphically represented in Figure 4b, indicating that
the time required for the affected layer to reach the
appropriate temperature is on the order of a few hun-
dredths of a second.

NOTEMP: T
Unh:C
Autornaric

1927
-3
~1287

<1073

8487
4333
2

0,00

(a)

—8—0.04mm
0.06 mm
0.08 mm

—8—0,10mm
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Once the time required for heat transmission is deter-
mined, an indicative speed for moving the tip over the
component can be derived. Knowing from previous
measurements that the average maximum roughness
(Rt) on specimens not subjected to ironing is approxi-
mately 0.02 mm, the thickness to be modified must be
at least 0.02 mm from the surface. Using the well-
known formula to calculate the speed for a unitary dis-
placement, we obtain:

space 1 [mm] mm

time ~ 0.025[s] s @

speed =

Experimentally, it has been observed that this value can
be increased by 30-40% without a significant decrease
in surface quality. If the speed falls below the reference
value, the contact area reaches excessively high temp-
eratures, leading to melting and excessive deformation
of the surface (Figure 6d). This can result in noticeable
vibrations caused by the movement of the axes, which
are transmitted throughout the structure. Conversely, if
the speed exceeds the reference value too much, the
heat cannot be effectively transferred from the tip to
the workpiece. As a result, surface asperities cannot be
modified because more force would be required
(Figure 6c¢). This situation could also be detrimental to
the machine’s structure, as the sequence of impacts
could damage or degrade parts of the movement
mechanism.

Overall, the results are excellent for both tips used,
showing a visual improvement and reduced surface
roughness on the worked surface. The parameters
were optimised through an iterative process, varying
one parameter at a time to identify the optimal

Heat transfer at different height

Temperature [°C]

0,01 ) 0,10 1,00
Time [s]

(b)

Figure 4. Thermal simulation of the contact between the 4.5 mm radius tip and the component surface: (a) detail of the contact zone
between the hot tip (upper) and the component (lower) where heat propagation occurs, with a contact area of 0.6 mm; (b) temp-
erature variation with the passage of time (logarithmic scale) at different depths from the surface, thus making it possible to identify

the time required to reach a given temperature and depth.
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x20

(a)

(b)

Figure 5. Microscopic image of the specimen ironed with a 9.6 mm radius tip: (a) 20x magnification with overlaid schematisation of
the Zig Zag movement dashed, the path of the tip passage in red with the overlay of the two paths, and the tip in yellow; (b) 100x
magpnification indicating the distance between lines (in Zig Zag pattern) and the size of the contact patch between tip and component

surface.

configuration. The sample without ironing exhibited an
average surface roughness (Ra) of 3.151 um measured
perpendicularly to the material deposition direction,
and Ra =0.595 um in the parallel direction, indicating a
significant difference between the two measurement
directions.

The spacing between the lines was varied during the
experimentation phase to achieve the best result
(Figure 5). Too narrow a spacing forces the tip to pass
over an already heated area, leading to the tip sinking
into the material (Figure 6a). Conversely, too wide a
spacing prevents slight overlapping between passes,
failing to cover the entire surface and consequently
leaving some asperities from the deposition process
(Figure 6b).

The tip with a 45 mm radius was used with a
pattern featuring a 0.4 mm line spacing, a speed of
50 mm/s, and a set temperature of 230°C (resulting
in an approximate tip temperature of 214°C). Exper-
imentally, it has been observed that a single pass of
ironing does not yield a significant improvement in
the surface quality, as deposition marks remain
visible. This can be clearly seen in Figure 7. To
achieve better surface finish, two ironing passes were
performed: the first with a Zig Zag pattern at a 0°
angle raised 0.15 mm from the nominal Z height; the
second with a Zig Zag pattern at a 90° angle at the
nominal height. The first pass reduces the highest
peaks, allowing the second pass to better uniform
the surface and avoid the effect described in Figure
3(b). The measured roughness on the sample with
the 4.5 mm tip showed an average Ra of 1.044 um in

the direction orthogonal to the final ironing pass,
and Ra=0.926 um in the parallel direction.

The tip with a 9.6 mm radius used the same pattern as
before but with a 1.0 mm line spacing due to its larger
contact area, allowing for shorter processing times for
the same surface area. The temperature was set to
230°C, and the movement speed was increased to
60 mm/s. The average roughness obtained on the
samples was Ra =0.873 um in the direction orthogonal
to the final ironing pass and Ra = 0.717 um in the parallel
direction. A histogram representation of the surface
roughness values just discussed is shown in the Figure 8.

4, Discussion

The roughness values obtained from the specimens
demonstrate how surface finish improvement is achiev-
able through this process. Figure 9 shows that the
average roughness of the entire specimens decreases
by 67% and 73% with ironing performed using the first
and second tips, respectively. The parallel direction
roughness in the non-ironed specimen, which already
has a good finish, is attributed to the material deposition
phase.

Such a significant difference in roughness depending
on the measurement direction is unacceptable. Calculat-
ing the average roughness value between the perpen-
dicular and parallel directions for the non-ironed
specimen yields Ra=1.873 um. For the specimen
ironed with the 45 mm tip, the average roughness
value is Ra=0.985 um, which is 47% lower than the
non-ironed specimen. For the specimen ironed with



(c)
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(b)

(d)

Figure 6. (a) Image of a sample where the ironing pass spacing is too narrow, creating new ridges on the surface and excessively
transferring heat, causing the tip to sink. (b) Image of a sample where the ironing was applied with too wide a spacing between
passes, resulting in visible unstretched areas between passes. (c) Image of a sample where the ironing was performed at too high
a speed, leading to material dragging on the surface. (d) Image of a sample where the ironing was applied at too low a speed,

causing the tip to sink and displace the material laterally.

the 9.6 mm tip, the average roughness value is Ra=
0.796 um, showing a 57% reduction.

To compare the surface finishes achievable with tra-
ditional chip removal processes, the quality of the sur-
faces obtained on the two ironed specimens is
comparable to that of grinding; in contrast, the non-
ironed piece exhibits a rough finish. The advantage of
this process is that it does not require changing
machines or repositioning, and it demands very little
time. Compared to the classic ironing process, there
are several notable advantages:

The surface roughness is generally lower with non-
optimised parameters, with the literature indicating a

minimum value of about 0.9 um for specific infill and
other parameters, while only Neuhaus et al. have
achieved a roughness below 0.5 um through a highly
optimised process.

The distance between passes can be greater, saving
time and improving surface finish, depending only on
the type of tip used.

The movement speed is 30-50% higher, allowing for
increased rapidity.

The tool has a simple construction, making it possible
to integrate it into a wide variety of printers.

Comparing the times of the two ironing processes,
the classic method and the previously described
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x20

(a) (b)

Figure 7. Samples where only one pass of ironing was applied to the component: (a) microscope image at 20X magnification,
showing ironing performed with horizontal passes, clearly distinguishing the material deposition passes inclined at 45° (b) image
of the same sample.

Average roughness
4.0

35 H Perpendicular

M Parallel
3.0

2.5
2.0
1.5

1.0
0.0
SO S1 S2

Specimens

Average roughness [um]

Figure 8. Representation of the average roughness on the analysed specimens: ‘S0" specimen without the ironing process, ‘S1’ speci-
men with ironing using the 4.5 mm radius tip; ‘S2’ specimen with ironing using the 9.6 mm radius tip. There is a clear reduction in
roughness when applying the ironing process compared to the specimen without, reaching values below 1.2um.

Reduction of Roughness in Percentage
S2

S1

Specimens

SO

0% 20% 40% 60% 80% 100%

Figure 9. Graph of the overall average roughness of the specimen compared to the untreated specimen. ‘S0’ specimen without the
ironing process, ‘S1" specimen with ironing using the 4.5 mm radius tip; ‘S2’ specimen with ironing using the 9.6 mm radius tip.



Table 1. Comparison of the time required between traditional
ironing and the method described for the same surface area
(625 mm?).

Roughness Speed Distance between Time
[um] [mm/s] the lines [mm] [s]
Classic 1.143° 30 0.15 137
ironing
New ironing 0.985 50 0.4 63
(4.5 mm)
New ironing 0.796 60 1.0 34
(9.6 mm)

The value was experimentally derived using the same printer employed for
the tests; the parameters used are those indicated in the literature to
achieve the best result.

method, in relation to the surface area of the sample
used, yields Table 1.

It is evident that switching from the classic method to
the new method results in a time saving of approxi-
mately four times. Considering a larger surface area,
for example, 100x100 mm (10,000 mm?), classic
ironing requires 2200 s (36 min 46 s), whereas the new
methodology only requires 163 s (2 min 43s). This
clearly demonstrates how the new process significantly
reduces time compared to the classic ironing method.
This efficiency allows for the possibility of incorporating
ironing during the printing phase on intermediate
layers, thereby improving the mechanical properties of
the component without excessively impacting the
overall printing time.

The printing parameters used for creating the speci-
men were cautious, set to validate the process. A
dense infill and a high number of top layers were used
to prevent the hot tip from deforming the top surface

(a)
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and creating a concavity without smoothing it. To
speed up the printing or save material on large com-
ponents, it is possible to print with preferred parameters
and apply a parameter modifier only in the area that will
be subjected to ironing.

The material used for this initial study is PLA, a widely
employed thermoplastic known for its versatility in
various applications, ease of printing on any machine,
and lower melting temperatures compared to engineer-
ing-grade materials. The previously discussed ironing
process can theoretically be applied to any thermoplas-
tic material, as the temperature set on the tool’s tip is
only slightly higher than that used during the material
deposition phase. The primary limitation lies in the
tool design, as the heating element must be capable
of reaching the required temperatures, and the heat
must be effectively managed across the entire tool.

The results obtained from the described process are
comparable to traditional chip removal methods, achiev-
ing a surface roughness similar to that obtained with
grinding, polishing, and barrel tumbling. Chemical
post-processing techniques can also achieve this level
of surface finish, if not better. The real strength of this
ironing process lies not only in achieving a finish com-
parable to other technologies that require additional
equipment, solvents, and machinery but also in the
fact that it can be carried out entirely on the same 3D
printer used to produce the component. This capability
significantly reduces the production cycle time and elim-
inates the need for additional machinery and equipment
for post-processing.

(b)

Figure 10. Photographs of the PLA specimens obtained in the ‘S2" process (using a tip with a radius of 9.6 mm) visually show the pass
directions, which are noticeable only due to optical effects. The surface roughness, however, is uniformly distributed across the

surface.
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The machine used is a multi-tool printer because it
offers greater flexibility for the tests conducted. This
also allows for tools with different geometries or for per-
forming ironing in multiple stages. This process can also
be integrated into a single-tool machine by replacing
the nozzle with the ironing tip after printing. Alterna-
tively, a separate housing for the ironing tip can be pro-
vided on the extruder’s thermal block, allowing the tip to
be inserted when necessary.

5. Conclusion

The use of a dedicated tool for improving the surface
finish of printed components proves to be highly
effective and efficient in the printing process. It does
not require any machine changes or repositioning, and
the ironing passes can be performed during the printing
process. Compared to classic ironing performed with the
extruder tip, this method allows for higher movement
speed, greater spacing between passes, shorter work
time, and better surface finish.

Depending on the surface to be improved, the
most suitable tip can be selected, providing even
more flexibility in the process. Two tips with
different radii were used. The 4.5 mm radius tip
allows for levelling large asperities and non-planar
surfaces, thus eliminating the staircase effect, which
is crucial for geometric fittings, tribological com-
ponents, and aesthetic parts. The overall average
roughness measured on the specimens is Ra=
0.985um. The 9.6 mm radius tip provides a larger
contact surface and greater distance between
passes, enabling faster processing of large surfaces
or slight slopes. The overall average roughness
measured on the specimens is Ra=0.796um (Figure
10), comparable to grinding operations on machine
tools.

This method has proven to be particularly efficient for
enhancing the surface quality of flat specimens. The
same procedure can be applied to non-planar surfaces
or vertical walls. It is essential to equip the tool with
the most appropriate tip and to manage the tool path
optimally. The methodology has been validated using
PLA but is also applicable to other commonly used ther-
moplastic materials in MEX additive manufacturing.
Future research will concentrate on the behaviour of
other materials with this process.

In conclusion, the process demonstrates significant
advantages in terms of time efficiency and surface
roughness improvement. A variety of tips can be utilised,
depending on the component’s surface requirements.
To date, only two types of tips have been tested;

however, there is considerable potential for the develop-
ment of additional geometries.

Author contributions

Andrea Montalti: Conceptualisation, methodology, soft-
ware, validation, formal analysis, investigation, data
curation, writing - original draft preparation. Giulio
Galie: visualisation, writing - review and editing.
Edoardo Pignatelli: methodology, supervision, writing —
review and editing. Alfredo Liverani: supervision,
project administration, funding acquisition. All authors
have read and agreed to the published version of the
manuscript.

Data availability statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Andrea Montalti (© http://orcid.org/0009-0001-9623-1633

References

[1]1 Hertlein N, Vemaganti K, Anand S. Design optimization of
lattice structures under impact loading for additive man-
ufacturing. J Mech Des. 2024;146(11). doi:10.1115/1.
4065065

[2] Liao B, YangH, Ye B, et al. Microscopic void distribution of
3D printed polymer composites with different printing
direction. Mater Lett. 2023;341:134236. doi:10.1016/j.
matlet.2023.134236

[3] Pang R, Lai MK, Ismail Kl, et al. Characterization of the
dimensional precision, physical bonding, and tensile per-
formance of 3D-printed PLA parts with different printing
temperature. J Manuf Mater Process. 2024;8(2). doi:10.
3390/jmmp8020056

[4] Alzyod H, Ficzere P. Material-dependent effect of
common printing parameters on residual stress and
warpage deformation in 3D printing: a comprehensive
finite element analysis study. Polymers (Basel). 2023;15
(13). doi:10.3390/polym 15132893

[5] Estelle KT, Gozen BA. Precision flow rate control during
micro-scale material extrusion by iterative learning of
pressure-flow rate relationships. Addit Manuf. 2024;82.
doi:10.1016/j.addma.2024.104031

[6] Goh GL, Agarwala S, Goh GD, et al. Additively manufac-
tured multi-material free-form structure with printed
electronics. Int J Adv Manuf Technol. 2018;94(1-4).
doi:10.1007/5s00170-017-0972-z


http://orcid.org/0009-0001-9623-1633
https://doi.org/10.1115/1.4065065
https://doi.org/10.1115/1.4065065
https://doi.org/10.1016/j.matlet.2023.134236
https://doi.org/10.1016/j.matlet.2023.134236
https://doi.org/10.3390/jmmp8020056
https://doi.org/10.3390/jmmp8020056
https://doi.org/10.3390/polym15132893
https://doi.org/10.1016/j.addma.2024.104031
https://doi.org/10.1007/s00170-017-0972-z

(7]

[

(10]

(11l

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Solomon 1J, Sevvel P, Gunasekaran J. A review on the
various processing parameters in FDM. Mater Today
Proc. 2021;37:509-514. doi:10.1016/j.matpr.2020.05.484
Kechagias J, Zaoutsos S. Effects of 3D-printing processing
parameters on FFF parts’ porosity: outlook and trends.
Mater Manuf Processes. 2024;39(6):804-814. doi:10.
1080/10426914.2024.2304843

Fountas NA, Kechagias JD, Vaxevanidis NM. Swarm intel-
ligence algorithms for optimising sliding wear of nano-
composites. Tribol Mater. 2024;3(1):44-50. doi:10.46793/
tribomat.2024.004

Prajapati SK, Gnanamoorthy R. Surface design of 3D-
printed polyether ether ketone for abrasive wear resist-
ance. Tribol Trans. 2024;67(2):235-246. doi:10.1080/
10402004.2024.2309903

Kechagias JD, Fountas NA, Ninikas K, et al. Surface charac-
teristics investigation of 3D-printed PET-G plates during
CO2 laser cutting. Mater Manuf Processes. 2022;37
(11):1347-1357. doi:10.1080/10426914.2021.1981933
Vinoth Babu N, Venkateshwaran N, Rajini N, et al.
Influence of slicing parameters on surface quality and
mechanical properties of 3D-printed CF/PLA composites
fabricated by FDM technique. Mater Technol. 2022;37
(9):1008-1025. doi:10.1080/10667857.2021.1915056
Kechagias JD, Zaoutsos SP. Optimising fused filament
fabrication surface roughness for a dental implant.
Mater Manuf Processes. 2023;38(8):954-959. doi:10.
1080/10426914.2023.2176870

Kechagias JD, Vidakis N, Ninikas K, et al. Hybrid 3D print-
ing of multifunctional polylactic acid/carbon black nano-
composites made with material extrusion and post-
processed with CO2 laser cutting. Int J Adv Manuf
Technol. 2023;124(5-6):1843-1861. doi:10.1007/s00170-
022-10604-6

Ferretti P, Santi GM, Leon-Cardenas C, et al. Molds with
advanced materials for carbon fiber manufacturing with
3d printing technology. Polymers (Basel). 2021;13
(21):3700. doi:10.3390/polym 13213700

Maidin S, Rajendran TK, Shahrum MA, et al. Investigation
on surface roughness of ultrasonic assisted vapour
smoothing of acrylonitrile butadiene styrene printed
sample. Eng Res Express. 2024;6(2):025402. doi:10.1088/
2631-8695/ad3714

Akhil VM, Mangalore SJ, Chinmay MC, et al. Effect of
acetone treatment and copper oxide coating on the
mechanical and wear properties of 3D-printed acryloni-
trile butadiene styrene structures. Virtual Phys Prototyp.
Dec. 2024;19(1). doi:10.1080/17452759.2024.2345774
Francis V, Garg S, Saxena KK, et al. Effect of chemical and
heat treatment on 3D printed parts: nanoparticles
embedment approach. Adv Mater Process Technol.
2022;8(sup4):2277-2288. doi:10.1080/2374068X.2022.
2037876

Nocheseda CJC, Ballesteros LIM, Grande MLML, et al.
Copper-nickel electroplating of 3D-printed acrylonitrile
butadiene styrene for interference and radiation shield-
ing applications. Mater Chem Phys. 2023;308:128193.
doi:10.1016/j.matchemphys.2023.128193

Mushtaq RT, Wang Y, Khan AM, et al. A post-processing
laser polishing method to improve process performance
of 3D printed new industrial nylon-6 polymer. J Manuf

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31]

[32]

[33]

[34]

VIRTUAL AND PHYSICAL PROTOTYPING . 1

Process. 2023;101:546-560. doi:10.1016/j.jmapro.2023.
06.019

Mebarek AM, Bourebia M, Laouar L, et al. Effect of ball
burnishing process on surface roughness and corrosion
behavior of S235JR steel. Int J Adv Manuf Technol.
2024;130(7-8):3431-3444. doi:10.1007/s00170-023-
12906-9

Alzyod H, Ficzere P. Ironing process optimization for
enhanced properties in material extrusion technology
using Box-Behnken Design. Sci Rep. 2024;14(1). doi:10.
1038/541598-024-52827-5

Sardinha M, Lopes J, Gusmao A, et al. Ironing process
influence on the warping of ABS parts produced by
fused filament fabrication. Procedia Struct Integrity.
2022:1274-1281. doi:10.1016/j.prostr.2022.12.162
Neuhaus B, Idris MK, Naderi P, et al. Low-roughness 3D-
printed surfaces by ironing for the integration with
printed electronics. Adv Eng Mater. 2024. doi:10.1002/
adem.202301711

Alzyod H, Takacs J, Ficzere P. Improving surface smooth-
ness in FDM parts through ironing post-processing. J
Reinf Plast Compos. 2023. doi:10.1177/073168442311
73059.

Kechagias JD, Zaoutsos SP. An investigation of the effects
of ironing parameters on the surface and compression
properties of material extrusion components utilizing a
hybrid-modeling experimental approach. Prog Addit
Manuf. Nov. 2023. doi:10.1007/5s40964-023-00536-2
Caputo M, Rashwan O, Waryoba D, et al. Surface texture
and thermo-mechanical properties of material extruded
and ironed polylactic acid. Addit Manuf. 2022;59. doi:10.
1016/j.addma.2022.103084

Attabi S, Himour A, Laouar L, et al. Mechanical and wear
behaviors of 316L stainless steel after ball burnishing
treatment. J Mater Res Technol. 2021;15:3255-3267.
doi:10.1016/j.jmrt.2021.09.081

Hiegemann L, Agarwal C, Weddeling C, et al. Reducing
the stair step effect of layer manufactured surfaces by
ball burnishing. AIP Conf Proc. 2016. doi:10.1063/1.
4963612

Chueca de Bruijn A, Gémez-Gras G, Pérez MA. On the
effect upon the surface finish and mechanical perform-
ance of ball burnishing process on fused filament fabri-
cated parts. Addit Manuf. 2021;46. doi:10.1016/j.addma.
2021.102133

Garcia de la Torre H, Gomez-Gras G, Chueca de Bruijn A,
et al. Enhancement of mechanical and surface properties
by ball burnishing process on polymeric components
obtained by FFF. Rapid Prototyp J. 2023;29(8):1653-
1665. doi:10.1108/RPJ-12-2022-0424

Karimi N, Bozorgnia Tabary SAA, Fayazfar H. In-depth
investigation and industry plan for enhancing surface
finishing of 3D printed polymer composite components:
a critical review. 2024. doi:10.1002/app.55494.

Frizziero L, Santi GM, Leon-Cardenas C, et al. An innova-
tive and cost-advantage cad solution for cubitus varus
surgical planning in children. Appl Sci (Switzerland).
2021;11(9). doi:10.3390/app11094057

Frizziero L, Donnici G, Venditti G, et al. Design of an inno-
vative sanitation system for bike-sharing service. Heliyon.
2024;10(4):€26595. doi:10.1016/j.heliyon.2024.e26595


https://doi.org/10.1016/j.matpr.2020.05.484
https://doi.org/10.1080/10426914.2024.2304843
https://doi.org/10.1080/10426914.2024.2304843
https://doi.org/10.46793/tribomat.2024.004
https://doi.org/10.46793/tribomat.2024.004
https://doi.org/10.1080/10402004.2024.2309903
https://doi.org/10.1080/10402004.2024.2309903
https://doi.org/10.1080/10426914.2021.1981933
https://doi.org/10.1080/10667857.2021.1915056
https://doi.org/10.1080/10426914.2023.2176870
https://doi.org/10.1080/10426914.2023.2176870
https://doi.org/10.1007/s00170-022-10604-6
https://doi.org/10.1007/s00170-022-10604-6
https://doi.org/10.3390/polym13213700
https://doi.org/10.1088/2631-8695/ad3714
https://doi.org/10.1088/2631-8695/ad3714
https://doi.org/10.1080/17452759.2024.2345774
https://doi.org/10.1080/2374068X.2022.2037876
https://doi.org/10.1080/2374068X.2022.2037876
https://doi.org/10.1016/j.matchemphys.2023.128193
https://doi.org/10.1016/j.jmapro.2023.06.019
https://doi.org/10.1016/j.jmapro.2023.06.019
https://doi.org/10.1007/s00170-023-12906-9
https://doi.org/10.1007/s00170-023-12906-9
https://doi.org/10.1038/s41598-024-52827-5
https://doi.org/10.1038/s41598-024-52827-5
https://doi.org/10.1016/j.prostr.2022.12.162
https://doi.org/10.1002/adem.202301711
https://doi.org/10.1002/adem.202301711
https://doi.org/10.1177/07316844231173059
https://doi.org/10.1177/07316844231173059
https://doi.org/10.1007/s40964-023-00536-2
https://doi.org/10.1016/j.addma.2022.103084
https://doi.org/10.1016/j.addma.2022.103084
https://doi.org/10.1016/j.jmrt.2021.09.081
https://doi.org/10.1063/1.4963612
https://doi.org/10.1063/1.4963612
https://doi.org/10.1016/j.addma.2021.102133
https://doi.org/10.1016/j.addma.2021.102133
https://doi.org/10.1108/RPJ-12-2022-0424
https://doi.org/10.1002/app.55494
https://doi.org/10.3390/app11094057
https://doi.org/10.1016/j.heliyon.2024.e26595

12 (&) A MONTALTIETAL.

(35]

(36]

[37]

Griffiths ER, Leigh SJ. Hybrid additive manufacture:
surface finishing methods for improving conductivity of
inkjet printed tracks on non-planar substrates fabricated
using fused deposition modeling. Sens Actuators A
Phys. 2022;333:113235. doi:10.1016/j.sna.2021.113235
Martinez LVT, Witz JF, Najjar D, et al. Hybrid FFF/CNC: an
open source hardware & software system. HardwareX.
May 2024: e00536. doi:10.1016/j.0hx.2024.e00536.
Rendas P, Figueiredo L, Cldudio R, et al. Investigating the
effects of printing temperatures and deposition on the

[38]

[39]
[40]

compressive properties and density of 3D printed poly-
etheretherketone. Prog Addit Manuf. 2023. doi:10.1007/
s40964-023-00550-4.

Stahl JE, Schultheiss F, Hagglund S. Analytical and exper-
imental determination of the Ra surface roughness
during turning. Procedia Eng. 2011. doi:10.1016/j.
proeng.2011.11.124.
“https://ultimaker.com/software/ultimaker-cura/.”
“https://www.alpametrology.com/rugosimetri-e-profilom
etri/rugosimetri-portatili-alpa-face-test-25-1a250/.”


https://doi.org/10.1016/j.sna.2021.113235
https://doi.org/10.1016/j.ohx.2024.e00536
https://doi.org/10.1007/s40964-023-00550-4
https://doi.org/10.1007/s40964-023-00550-4
https://doi.org/10.1016/j.proeng.2011.11.124
https://doi.org/10.1016/j.proeng.2011.11.124
https://ultimaker.com/software/ultimaker-cura/.&rdquo;
https://www.alpametrology.com/rugosimetri-e-profilometri/rugosimetri-portatili-alpa-face-test-25-la250/.&rdquo;
https://www.alpametrology.com/rugosimetri-e-profilometri/rugosimetri-portatili-alpa-face-test-25-la250/.&rdquo;

	Abstract
	1. Introduction
	2. Materials and methods
	3. Result
	4. Discussion
	5. Conclusion
	Author contributions
	Data availability statement
	Disclosure statement
	ORCID
	References

