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Enhancing surface roughness of material extrusion additive manufacturing 
components via an innovative ironing process
Andrea Montalti , Giulio Galiè, Edoardo Pignatelli and Alfredo Liverani

Department of Industrial Engineering, Alma Mater Studiorum University of Bologna, Bologna, Italy

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 
conventional hot-end. The average surface roughness obtained is Ra = 0.796 μm; these values 
are comparable to those obtained by grinding. The geometry of the tool tips can vary 
significantly based on specific applications.
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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 μm [26,27]. Only one study [24] reports a surface 
roughness (Ra) of 0.464 μm, 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 μm, 
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;

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

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

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 μm).

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

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.

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.
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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).

(A) Rt =
a2

8 · r
(B) Ra =

Rt

4

⎧
⎪⎨

⎪⎩
→ Ra =

a2

32 · r
· (1) 

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: 

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

. a solid top fill with a Zig Zag pattern at a 45° and −45° 
angle;

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

. 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 

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.
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tester with a sampling length λc = 0.8 mm and a number 
of samples Nc = 5. The exploration length is defined by 
the instrument as Lt = (Nc + 1) * λc. 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 (Tm). In this 
study, only Polylactic Acid (PLA) was used, which has 
a Tg of 58°C and a Tm 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 Tg to plastically modify the zone, but 
it must remain below the Tm 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.

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:

speed =
space
time

=
1 [mm]

0.025 [s]
= 40

mm
s

(2) 

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 

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 ø0.6 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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configuration. The sample without ironing exhibited an 
average surface roughness (Ra) of 3.151 μm measured 
perpendicularly to the material deposition direction, 
and Ra = 0.595 μm 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 4.5 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 μm in 

the direction orthogonal to the final ironing pass, 
and Ra = 0.926 μm 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 μm in the direction orthogonal 
to the final ironing pass and Ra = 0.717 μm 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 μm. For the specimen 
ironed with the 4.5 mm tip, the average roughness 
value is Ra = 0.985 μm, which is 47% lower than the 
non-ironed specimen. For the specimen ironed with 

Figure 5. Microscopic image of the specimen ironed with a 9.6 mm radius tip: (a) 20× 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) 100× 
magnification indicating the distance between lines (in Zig Zag pattern) and the size of the contact patch between tip and component 
surface.

6 A. MONTALTI ET AL.



the 9.6 mm tip, the average roughness value is Ra =  
0.796 μm, 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 μm for specific infill and 
other parameters, while only Neuhaus et al. have 
achieved a roughness below 0.5 μm 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 

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.
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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.

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 1.2μm.

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.

8 A. MONTALTI ET AL.



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, 100 × 100 mm (10,000 mm2), classic 
ironing requires 2200 s (36 min 46 s), whereas the new 
methodology only requires 163 s (2 min 43 s). 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 

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.

Table 1. Comparison of the time required between traditional 
ironing and the method described for the same surface area 
(625 mm2).

Roughness 
[μm]

Speed 
[mm/s]

Distance between 
the lines [mm]

Time 
[s]

Classic 
ironing

1.143a 30 0.15 137

New ironing 
(4.5 mm)

0.985 50 0.4 63

New ironing 
(9.6 mm)

0.796 60 1.0 34

aThe 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.

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 =  
0.985μm. 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 = 0.796μm (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.
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