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Abstract

The Fused Deposition Modeling (FDM) process often produces parts with high surface
roughness, limiting their end-use applications, especially in the biomedical field. This
paper presents an experimental study on improving the surface finish of 3D-printed poly-
caprolactone (PCL) samples using a robotic burnishing process. A key innovation is the
development of a low-cost sensorless setup using a 5-DOF manipulator, which controls
the applied force by correlating a precise robotic displacement with the known stiffness of
springs via Hooke’s law. Ten PCL samples were tested using two burnishing directions:
90° (perpendicular) and 0° (parallel) relative to the printing orientation. The as-printed
samples showed a highly anisotropic surface. The 90° trajectory (group 1) proved to be
more effective in reducing primary roughness (Ra⊥ ), lowering the mean Ra from 2.11µm
to 1.44µm (a mean reduction of 29.9%). In contrast, the 0° trajectory (group 2) was more
effective in reducing roughness Ra∥ , lowering its mean Ra from 0.225µm to 0.144µm (a
mean reduction of 34.0%). The results demonstrate that the proposed sensorless system
is a valid method for surface post-processing of FDM parts when the required forces fall
below a specific threshold, ensuring a significant reduction in roughness without damaging
the samples. The lower surface roughness obtained with the proposed post-processing
strategy may represent a promising approach for improving the surface characteristics of
FDM-fabricated polymer scaffolds intended for biomedical applications.

Keywords: robotic burnishing; indirect measurement; fused deposition modeling

1. Introduction
Additive manufacturing (AM), particularly Fused Deposition Modeling (FDM), has

revolutionized prototyping and production across numerous sectors due to its versatility
and low cost [1–5]. However, components fabricated using FDM typically exhibit inferior
surface quality compared to traditional manufacturing methods. The surface of 3D printed
parts is characterized by high roughness and significant anisotropy, resulting from the
layer-by-layer deposition process (the so-called “stair-step effect”) [6]. This poor surface
finish limits the application of FDM parts in fields that require high precision, smooth
surfaces, or specific tribological properties [7]. In the biomedical sector, FDM is increas-
ingly used for the fabrication of tissue engineering scaffolds, custom medical devices [8],
and implants, utilizing biocompatible and bioresorbable polymers [9–11]. Among these,

Machines 2026, 14, 411 https://doi.org/10.3390/machines14040411

https://crossmark.crossref.org/dialog?doi=10.3390/machines14040411&domain=pdf&date_stamp=2026-04-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0009-0008-1640-5666
https://orcid.org/0009-0008-7037-6827
https://orcid.org/0000-0001-5677-7861
https://orcid.org/0000-0002-3158-995X
https://orcid.org/0000-0002-3551-9772
https://orcid.org/0000-0002-3228-8040
https://doi.org/10.3390/machines14040411


Machines 2026, 14, 411 2 of 16

polycaprolactone (PCL) is a material of great interest owing to its excellent biocompati-
bility and longer degradation time in physiological conditions than other conventional
thermoplastic polymers [12–14]. PCL is widely used for cartilage and bone applications
thanks to mechanical and physical considerations [15,16]. Specifically, a Young modulus
similar to that of the native trabecular bone tissues avoids the stress shielding effect that
usually compromises the integrity of the scaffolds [17]. However, the intrinsic surface
roughness of FDM-printed PCL can negatively influence cell adhesion, increase the risk of
bacterial contamination, or compromise the mechanical integrity of the device [18]. Indeed,
osteoblast attachment is strictly related to a proper surface roughness, which for this kind
of bone cells has been found to be between 1 and 4 microns for titanium surfaces, allowing
proliferation, differentiation, and viability [19]. Various post-processing techniques have
been explored to improve the surface finish of FDM-printed parts. These include chemical
methods (such as vapor smoothing), thermal treatments, and mechanical processes (such
as CNC machining or abrasion) [20]. Among mechanical methods, burnishing, as well as
similar processes such as ironing, have shown significant promise. Burnishing is a surface
plastic deformation process in which a hard, smooth tool (often a sphere) is pressed and
moved against the workpiece surface. This process flattens the peaks and valleys of the
surface microstructure, significantly reducing roughness without removing the material.
While robotic burnishing has been extensively investigated for metallic components, its
application to polymeric materials is increasingly gaining attention. Recent literature has
explored the burnishing of high-performance thermoplastics, such as Polyetherimide (PEI)
and Acrylonitrile Butadiene Styrene (ABS), demonstrating significant improvements in
surface finish and structural integrity [21–23]. However, unlike these relatively rigid ther-
moplastics, polycaprolactone (PCL) is characterized by a significantly lower yield strength,
higher ductility, and pronounced viscoelastic behavior at room temperature. These distinc-
tive material properties present unique challenges during the mechanical interaction of
the burnishing tool, necessitating tailored force control strategies that differ substantially
from those applied to stiffer polymers. Therefore, investigating the burnishing process
specifically for PCL is crucial to bridge the current gap in the literature.

The effectiveness of the process is highly dependent on key parameters such as the
applied force, tool feed rate, and material properties, as demonstrated in studies on metallic
alloys [24,25]. Although this finishing process has also been used for polymers, low forces
are required to achieve positive results due to a notably smaller material strength as
compared to the metals [26].

In this sense, excessive contact forces applied to PCL dramatically increase the risk of
severe surface degradation, localized melting, or deep material plowing. Consequently,
determining an optimal, carefully calibrated force is mandatory to induce beneficial sur-
face smearing without compromising the structural integrity of the fabricated part. This
requirement is not easy to assess with robotic manipulators, even if they can be equipped
with expensive sensors reflecting instability issues for very-low required forces, as in the
case of polycaprolactone. Excessive force can irreversibly damage the sample. Traditional
force control systems often rely on load cells or torque sensors, which significantly increase
the cost and complexity of the experimental setup. To overcome this, other researchers
have explored model-based sensorless approaches, often estimating external forces by
observing motor currents or joint torques [27]. This study aims to address this gap by
proposing an innovative, low-cost approach to robotic burnishing of FDM-printed PCL
samples. After a thermal characterization of the material used in the study, it has been pos-
sible to optimize the additive manufacturing process and define the mechanical properties
of the PCL, leading the way for a rational choice of parameters for the finishing process.
The primary objective of this work is to develop and validate a sensorless experimental
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setup (i.e., lacking direct force sensors) capable of estimating and controlling the vertical
burnishing force specifically for low values. This system utilizes Hooke’s law, correlating
a known vertical deflection imposed by the robot with the calibrated elastic constant of
the springs in a dedicated setup, thereby bypassing the need for load cells. This paper
presents an experimental study to quantify the effectiveness of this system. Using a 5-DOF
anthropomorphic manipulator (igus RL-DP-5) and a custom-designed rotary burnishing
tool, ten PCL samples were processed with a force of 12 N. The effect of the burnishing
direction (0° and 90° relative to the printing direction) on the reduction of surface rough-
ness (Ra) was investigated, measuring the roughness before and after processing, showing
promising results. Post-process values are closer to the optimal range of the required
micro-roughness compared to the initial values, confirming a potential enhancement of the
cell activities [28,29]. Furthermore, if the surface is intrinsically hydrophobic, as happens
for polymers such as PCL, decreasing the roughness reduces the hydrophobicity, avoiding
the trapping of air inside the valleys of the surface according to the Cassie-Baxter [30,31]
model and leading to the creation of better scaffolds for applications that need to interact
with the biological environment of tissues.

2. Materials and Methods
This section details the experimental characterization of the material properties, the

custom-developed setup for robotic burnishing, and the measurement procedures used
to perform the tests. To move the robot, a custom control system consisting of stepper
drivers, development boards, and power supplies was designed and built. This bespoke
solution was necessary to have complete control of every aspect of the movement, without
using proprietary controllers and allowing for the implementation of specific, research-
oriented motion profiles. In addition to hardware, custom software for the control system
was developed. This software is responsible for interpreting high-level commands and
generating the precise pulse sequences required by the stepper drivers, enabling the robot
to follow the input trajectories defined for the burnishing process.

2.1. Material Characterization

The specimens were fabricated using a commercial polycaprolactone (PCL) fila-
ment supplied by Duomal Technology Company, Ltd. (Guangzhou, China). A prelimi-
nary thermal characterization (DSC) of the raw filament was conducted, as reported in
Section Thermal Characterization, to establish its baseline thermal properties prior to the
experimental printing and robotic burnishing processes.

Thermal Characterization

A differential scanning calorimetry (DSC) was performed with the DSC25 (TA Instru-
ments, New Castle, DE, USA) to define the melting temperature of the material. A thermal
ramp was executed with the parameters reported in Table 1 on samples placed inside an
aluminum Tzero PAN and covered with an aluminum Tzero LID (Salt Lake City, UT, USA).

Table 1. Parameter used with the differential scanning calorimetry test.

M [mg] n [◦C/min] Ti [◦] Tf [◦]

4.25 ± 0.1 10 40 250

M is the mass of the samples used, n is the slope of the ramp, Ti and Tf are, respectively,
the initial and final temperatures of the test. The graph reported in Figure 1 shows the
melting temperature (62.5 °C) of the PCL.
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Figure 1. Differential scanning calorimetry test of PCL.

2.2. FDM Process

The study samples were printed with a square cross-section, having a side length of
30 mm. The thickness of the sample was 4 mm.

A Bambu Lab P1S (Shenzhen, China) equipped with a 0.4 nozzle and a textured
PEI plate was used to print the samples in 3D with the printing parameters reported
in Table 2, where t is the height of the sample layer, P is the pattern used to realize
the shape,v is the printhead printing speed, Tn the nozzle temperature and Tb is the
temperature of the printing bed. Tn was fixed based on the data obtained in Section
Thermal Characterization. Specifically, Tn was progressively increased, starting from the
identified melting temperature, until an optimal printing phase was achieved. Although the
preliminary DSC analysis indicated a melting temperature of approximately 62.5 °C for the
PCL filament, the FDM printing temperature was intentionally set to 120 °C. This elevated
thermal profile is mandatory in FDM to adequately lower the polymer’s melt viscosity for
consistent nozzle extrusion and to provide sufficient thermal energy for optimal inter-layer
adhesion and structural bonding. Figure 2 reports some of the printed PCL samples.

Table 2. Process parameters used to print PCL samples.

t [mm] P v [mm/s] Tn [°C] Tb [°C]

0.2 Linear monotonic 20 120 30

Figure 2. Three-dimensional PCL samples.
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2.3. Experimental Platform and Control System

The test platform used in this work exploits a Robolink-DP manipulator with 5 degrees
of freedom, produced by IGUS, Cologne, Germany. Its anthropomorphic configuration
provides significant dexterity and the ability to achieve complex orientations within its
workspace. The use of such low-cost manipulators is becoming increasingly common
in experimental research, providing a viable platform to test new control strategies and
applications [32,33]. The robot is composed of 5 joints, which are driven by five stepper
motors with a nominal step angle of 1.8° (200 steps per revolution), enabling precise
incremental positioning. In addition, the motors are equipped with incremental encoders.
The details of the five joints are reported in Table 3.

Table 3. RL-DP-5 joints technical specifications.

Joint Gear Ratio Motor Resolution [Steps/Round] Encoder Resolution [Steps/Round]

1 48:1 200 2000
2 48:1 200 2000
3 50:1 200 2000
4 38:1 200 2000
5 28:1 200 2000

Unlike traditional DC motors, a stepper motor is an electromechanical device that
converts electrical pulses into discrete mechanical movements, known as “steps”. The
operating principle relies on the sequential excitation of the stator phases, creating a
rotating magnetic field with which the rotor aligns, moving incrementally with each
pulse. This capability allows for precise and repeatable angular movements, enabling
excellent positional control, often without complex feedback systems (open-loop control).
This characteristic, combined with high torque at low speeds and the ability to maintain
position (holding torque), makes them ideal for robotic applications requiring precise and
incremental movements. In this specific manipulator, each motor is also equipped with an
incremental encoder for position tracking, ensuring accuracy.

Custom Control System

The development of custom controllers for stepper-driven systems is a key enabler
for advanced applications [34]. As detailed in [35], to operate the robot, a custom control
system consisting of stepper drivers, a microcontroller-based development board, and
regulated power supplies was designed and implemented. This solution was adopted
to achieve full control over the robot motion without relying on proprietary controllers,
allowing the implementation of research-oriented motion strategies and displacement-
controlled experiments. The control architecture generates the pulse and direction signals
required by the stepper drivers, which directly determine the angular displacement of
each motor. The developed control software interprets high-level motion commands and
converts them into synchronized pulse sequences, ensuring coordinated motion of the five
robot joints. Considering the motor step angle (1.8°) and the microstepping configuration
(1/16), the theoretical angular resolution of the actuators is 0.1125° per microstep. This high
resolution enables accurate control of the vertical displacement ∆z imposed during the
burnishing process, ensuring consistent application of the target burnishing force across
all experiments. This level of control is fundamental for the sensorless force estimation
methodology presented later, which relies on precise commanded displacements rather
than direct force readings [36].
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2.4. Burnishing Setup and Force Estimation

A key challenge in this research was to control the burnishing force applied without
expensive and complex sensors. After designing and developing the control system for the
Robolink manipulator, a burnishing setup was built to indirectly estimate and control the
force applied to the sample along the Z axis, without the use of external sensors, such as
load cells [37]. This setup, shown in Figure 3a, consists of two plexiglass panels: the lower
panel can be fixed to the workbench (frame), while the upper panel, i.e., the plate on which
the sample is fixed, is joined to the lower panel by four rods placed at the corners. Around
these rods, springs with a known elastic constant (k) were installed, so as to make the plate
elastically suspended.

(a) (b)
Figure 3. Experimental Setup: (a) sample support platform and (b) brunishing tool.

This mechanical design allows for force estimation by applying Hooke’s law:

Fz = k · ∆z (1)

where Fz is the vertical force applied, k is the equivalent elastic constant of the spring
assembly, and ∆z is the vertical displacement imposed by the robot after the tool is in
contact with the surface of the workpiece. It is possible, by imposing a precise displacement
along the Z axis controlled by stepper motors, to control the force that is applied to the
material sample, without measuring it directly. During the experiment, based on the sample
size, a planar X-Y trajectory was created to carry out the burnishing process. The robot
maintained a fixed Z position during this trajectory to apply the desired force uniformly
throughout the sample surface.

2.5. Burnishing Tool

The rotary burnishing tool (Figure 3b) was specifically designed to be securely
mounted on the end effector of the robotic arm RL-DP-5. This custom design ensures
a rigid connection, which is crucial for maintaining consistent force application and pre-
venting chatter or deflection during the burnishing process. The physical length of the
tool was accurately measured and integrated into the robot’s control parameters. This
precise calibration is essential for the correct calculation of the inverse kinematics for all
points along the burnishing trajectory. By accounting for the tool’s dimensions, the robot’s
control system can accurately position and orient the tool tip relative to the workpiece
surface, ensuring that the burnishing process is executed exactly as programmed. The
active element of the tool, responsible for inducing plastic deformation in the sample, is a
5-mm diameter sphere made of tungsten carbide [38]. This material was chosen for its high
hardness and wear resistance, which prevents tool degradation during multiple tests and
ensures a consistent burnishing effect on the sample surface. The workpiece itself remains
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fixed on the setup plate during the operation, allowing the robot to execute complex and
repeatable surface paths.

2.6. Roughness Measurement

To assess the effectiveness of the burnishing process, the roughness of the surface,
Ra, was measured before the process, providing a baseline. The measurements were then
repeated after the burnishing process to assess the variation in roughness under different
loads and directions. To perform the measurements, a SJ-410 surface tester, produced
by Mitutoyo America Corporation, Aurora, IL, USA, was used. A rigorous protocol was
followed to ensure accuracy and verify the repeatability of the results. For each sample,
before and after burnishing, five distinct measurements were taken at different locations.
Crucially, each measurement consisted of readings in three different directions, 0°, 45°, and
90° relative to the 3D printing direction, so that three roughness features could be extracted:
perpendicular, hereafter Ra⊥ for 90°; parallel, hereafter Ra∥ for 0°; and oblique, hereafter
Ra// , for 45°. This way, the anisotropic nature of 3D-printed surfaces is accounted for
by [39]. The final roughness value for each sample and each direction was then calculated
as the average of the five measurements. This comprehensive measurement procedure was
performed on the sample piece both before and after the burnishing process.

2.7. Experimental Parameters and Samples

The methodology for the experimental campaign involved a structured variation of
parameters and the precise definition of the tool path used for the burnishing operation.
The burnishing process was performed on ten 3D printed samples. The experimental plan
was designed based on two key parameters: applied vertical force (Fz) and burnishing
direction (θ) (Table 4). The value of Fz was imposed to be equal to 12 N. This force value
was selected empirically based on a series of preliminary tests aimed at identifying the
optimal balance between surface improvement and structural preservation. Given the
viscoelastic properties of PCL, higher forces proved detrimental. For instance, preliminary
trials conducted at 25 N resulted in excessive plastic deformation, creating an overly wide
groove that severely damaged the specimen rather than improving its surface finish (as
shown in Figure 4). Therefore, 12 N was identified as a safe and effective threshold to
achieve the desired burnishing effect. This value was calculated based on the spring
deflection in Section 2.2 and on the mechanical characteristics of the material. Concerning
the parameter θ, two different burnishing directions were tested, defined relative to the
inherent printing direction (i.e., the direction of the extruded filaments) of the test sample:
90° (perpendicular) and 0° (parallel). The ten samples were divided into two groups:
the first five samples with a burnishing angle of 90° (group 1), while the last five had a
burnishing angle of 0° (group 2).

To ensure that the entire 30 × 30 mm surface of each sample was processed uniformly,
a specific tool path was generated using custom control software. The goal was to create a
“scanning” pattern with a precise step-over to ensure full coverage. A single consistent tool
path trajectory was used for all the experiments. To achieve the two different experimental
conditions relative to the FDM printing direction (90° and 0°), the samples themselves
were physically rotated on the fixture plate. For group 1, the samples were fixed, so their
internal printing direction was oriented at −45° relative to the X axis of the setup. This
alignment ensured that the 45° machine trajectory moved perpendicularly 90° across the
printed filaments. The samples of group 2 were rotated and fixed, so their internal printing
direction was oriented at +45° relative to the X axis of the setup. This alignment ensured
that the 45° machine trajectory moved parallel (at 0°) along the printed filaments. This
method ensured that the robot performed the same motion for all tests, guaranteeing
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repeatability, while the relative angle between the tool and the printed filaments was 90°
or 0°, as intended by the experimental plan (Table 4). During the execution of this X-Y
trajectory, the robot control system maintained a fixed position along the Z axis to apply
the constant burnishing force of 12 N.

Table 4. Burnishing angles and forces applied.

Samples Fz [N] θ [°]

1–5 12 90

6–10 12 0

Figure 4. Burnished sample with a force of 25 N.

3. Results
3.1. As-Printed Surface Characterization

The initial surface roughness (Ra) of all 10 PCL samples was measured before bur-
nishing. The as-printed surfaces exhibited a high degree of anisotropy, a characteristic
feature of the FDM process. The roughness measured perpendicular to the printing di-
rection (Ra⊥ ) was consistently the highest, with an average value of 2.11 µm for group 1
and 2.35 µm for group 2. In contrast, the roughness measured parallel to the printing
direction (Ra∥ ) was the lowest, with averages of 0.274 µm and 0.225 µm for group 1 and
group 2, respectively. The initial Ra measured at 45° (Ra// ) showed intermediate values
(see Table 5). It is worth noting that for certain specimens, the surface improvement was
relatively low. These deviations can be directly attributed to the initial surface variations
inherent to the Fused Deposition Modeling (FDM) process. FDM is known to produce
microscopic inconsistencies, such as uneven layer heights, localized under-extrusion, or
inter-layer voids. When a localized initial defect is deeper than the plastic deformation
zone induced by the burnishing tool, or when the initial topography is extremely irregular,
a constant applied force of 12 N may not be sufficient to completely smear the peaks into
the valleys. Consequently, the effectiveness of the burnishing process is highly sensitive to
the initial micro-topography of the as-printed part, leading to the observed variations in
surface roughness reduction.
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Table 5. Detailed Ra (µm) results and percentage reduction for all samples, grouped by treatment
trajectory.

S Ra 90° (µm) Ra 45° (µm) Ra 0° (µm)

[n] Init. Final Red. % Init. Final Red. % Init. Final Red. %

1 1.778 1.661 6.6% 1.515 1.247 17.7% 0.303 0.245 19.1%
2 2.105 1.516 28.0% 1.233 1.144 7.2% 0.262 0.249 5.0%
3 2.130 1.270 40.4% 1.024 1.019 0.5% 0.248 0.207 16.5%
4 1.821 1.317 27.7% 1.487 0.858 42.3% 0.357 0.189 47.1%
5 2.701 1.435 46.9% 1.896 1.395 26.4% 0.201 0.146 27.4%

Avg. 2.107 1.440 29.9% * 1.431 1.133 18.8% * 0.274 0.207 23.0% *

6 3.436 2.610 24.0% 3.001 2.648 11.8% 0.206 0.139 32.5%
7 2.317 1.615 30.3% 1.965 1.266 35.6% 0.298 0.156 47.7%
8 2.467 1.999 19.0% 1.283 1.151 10.3% 0.257 0.186 27.6%
9 1.715 1.417 17.4% 0.866 0.704 18.7% 0.212 0.116 45.3%

10 1.804 1.456 19.3% 1.059 0.831 21.5% 0.150 0.125 16.7%

Avg. 2.348 1.819 22.0% * 1.635 1.320 19.6% * 0.225 0.144 34.0% *
* Mean of the individual percentage reductions.

3.2. Effects of Burnishing Trajectory

After the initial characterization, the two groups of samples were burnished using
the sensorless robotic system with a force of 12 N, applying the two different trajectories
described in Section 2.7. Qualitative images of the burnishing effect on the surface of one of
the tested samples, acquired by the Leica Microsystems (Heerbrugg, Switzerland) Optical
microscope S6 D, are displayed in Figure 5.

(a) (b)
Figure 5. Optical Microscope surface images: (a) before burnishing and (b) after burnishing.

In Figure 5a, the extrusion beads, owing to the FDM parameters and nozzle size, can
be observed on the sample surface. The burnishing effect results in smoothening of the
above-mentioned beads (Figure 5b).

3.2.1. Group 1: Perpendicular Trajectory

The five samples in group 1 were burnished with a tool path perpendicular to the
printing direction. This treatment was most effective in reducing Ra measured at 90°. On
average, Ra was reduced from 2.11 µm to 1.44 µm, corresponding to a mean reduction
of 29.9%. This reduction was found to be statistically significant (paired t-test, p < 0.05).
The treatment also positively affected the other measurement directions, achieving a mean
reduction of 18.8% for Ra// and 23.0% for Ra∥ . The detailed results for each sample in
Group 1 are presented in Table 5 and Figure 6a.
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(a) (b)
Figure 6. Effectiveness of the burnishing trajectories (n = 5 per group), shown as paired ’before-after’
plots. (a) Effect of the perpendicular trajectory on Ra⊥ roughness (group 1). (b) Effect of the parallel
trajectory on Ra∥ roughness (group 2). Lines connect measurements from the same sample. In both
cases, the reduction was statistically significant (paired t-test, p < 0.05).

3.2.2. Group 2: Parallel Trajectory

The samples in group 2 were processed with a tool path parallel to the printing
direction. In contrast, this strategy was most effective in reducing Ra measured at 0°. The
average Ra was reduced from 0.225 µm to 0.144 µm, achieving a mean reduction of 34.0%.
This reduction was also found to be statistically significant (paired t-test, p < 0.05). This
treatment also reduced Ra⊥ by an average of 22.0% and Ra// by 19.6%. The detailed results
for group 2 are also reported in Table 5 and Figure 6b.

4. Discussion
The results presented in this study demonstrate two primary findings: first, that the

novel low-cost sensorless force control setup is a viable and effective method for robotic
burnishing; and second, that the burnishing strategy significantly and statistically reduces
the anisotropic surface roughness of FDM-printed PCL parts, attesting to their values
within the optimal range for osteoblast attachment. The surface smoothing achieved
through robotic burnishing is primarily governed by a “smearing” mechanism, which
is deeply influenced by the pronounced viscoelastic nature of PCL at room temperature.
Unlike metals, where burnishing induces purely elasto-plastic deformation, polymers
exhibit a time-dependent flow mechanism. As the spherical tool compresses the surface
asperities, the localized stress exceeds the yield point of the FDM-printed PCL, initiating
plastic flow that displaces material from the peaks into the adjacent valleys. However,
due to the viscoelastic relaxation and creep behavior of the polymer, the material flow is
highly sensitive to the interaction time (feed rate) and the applied force. If the force is
adequate, the time-dependent plastic deformation dominates, successfully smearing the
surface; if excessive, it leads to detrimental plowing and material pile-up, as observed in
our preliminary tests [40–42].

4.1. Analysis of Burnishing Effectiveness and Anisotropy

The “as-printed” surface characterization confirmed what is widely documented in
the FDM literature: the inherent anisotropic nature of the part surface. The roughness
measured perpendicular to the deposited layers was, as expected, the main contributor
to the overall roughness, with average values exceeding 2.1 µm due to the pronounced
“stair-step effect”. In contrast, the roughness parallel to the filament was nearly one order
of magnitude lower. The analysis of the two experimental groups revealed a logical and
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significant correlation between the direction of the tool path and the direction of maximum
roughness reduction.

1. Group 1 (Perpendicular Trajectory): This group demonstrated the most substantial
reduction (29.9%, p < 0.05) in the Ra⊥ measurement. This result is physically sound; a
tool path perpendicular to the layers applies the 12 N force optimally to plastically
deform and “flatten” the layer peaks. The tungsten carbide sphere effectively “smears”
the filament crests into the adjacent valleys, directly addressing the main cause of the
stair-step effect. This aligns with the findings of other mechanical post-processing
studies in which the orientation of the tool path is critical to mitigating the directional
surface properties of FDM [43,44].

2. Group 2 (Parallel Trajectory): In contrast, this strategy was the most effective in
reducing Ra∥ roughness (34.0%, p < 0.05). This suggests that a parallel “ironing”
motion is ideal for smoothing micro-irregularities along the filament bead itself (e.g.,
die swell or vibration ripples from the extruder). Although it also reduced Ra⊥ (by
22.0%), it was logically less effective than the direct 90◦ approach for that specific task.

These findings not only validate the process but also suggest that robotic burnishing
can be employed to selectively engineer the final surface anisotropy. Depending on the
final application (e.g., fluid dynamics versus tribology), a 90° path could be chosen for
maximum general smoothness, or a 0° path could be used to optimize surface properties
along a specific functional direction. However, it must be noted that the smoothing capa-
bility of a constant-force burnishing approach is inherently limited by the initial surface
variations typical of the FDM process. Localized defects such as under-extrusion, uneven
layer adhesion, and micro-voids create topological anomalies that can occasionally exceed
the plastic deformation range of the tool. Consequently, these FDM-induced structural
inconsistencies account for the relatively lower surface improvements observed in specific
localized areas, highlighting that the ultimate effectiveness of the robotic burnishing process
remains partially dependent on the baseline print quality.

4.2. Validation of the Sensorless Force Control Approach

A primary contribution of this work is the validation of the experimental setup itself.
Although robotic force control is often dominated by expensive 6-axis F/T sensors or
complex sensorless model-based approaches (e.g., motor current observers), this study
demonstrates a robust alternative. Our method utilizes passive mechanical compliance (the
spring assembly) for active force control.

By precisely controlling the robot Z-axis displacement (∆z), we reliably apply a pre-
calculated force (Fz = k · ∆z) without any force feedback loop. This hybrid passive-active
approach is distinct from traditional passive compliance, which only reacts to the environ-
ment, and sensorless methods based on models that estimate, rather than set, the force [45].
For validation purposes, the robotic arm was equipped with a Robotiq FT300S—6-axis
Force and Torque sensor (Robotiq, Yamanashi, Japan) to measure the contact force between
the tool and the sample during the burnishing processes. An outcome of such measure-
ments is shown in Figure 7, which demonstrates how the proposed setup allows for the
accurate control of the contact force, with an average value of the measured force equal to
12.14 N and a standard deviation equal to 0.78 N. The statistically significant and consistent
reductions in roughness (as shown in Figure 6) confirm that the target force of 12 N was
applied effectively and repeatedly across all samples, validating the entire custom-built
robotic system. Although other studies achieved higher roughness reductions in different
polymers (e.g., 70% on PEI [46]), our result of 30% on PCL was achieved with a significantly
less complex and more cost-effective system, proving its viability.
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Figure 7. Measure contact force in the axial direction between tool and sample during the burnish-
ing process.

4.3. Limitations and Future Work

Although this study provides clear results, its scope is intentionally focused. Primary
limitations include the use of a single material (PCL) and a single force level (12 N). Future
work should expand on this successful validation with a broader factorial experimen-
tal plan.

1. Force and Speed Variation: Investigating the interaction between different force and
tool feed rates to find the optimal parameters for PCL.

2. Material Comparison: This methodology can be applied to other common biomedical
polymers (e.g., PLA, PLGA, and PEEK) to build a comparative database.

3. Complex Geometries: Using the 5-DOF manipulator to apply the burnishing tool to
curved and complex surfaces, which is a key advantage of robotics over 3-axis CNC
machining and is critical for biomedical applications like custom implants.

While a more comprehensive topographical assessment, including parameters such
as Rz and Rq, would provide a deeper understanding of the surface texture, this initial
study primarily focused on the Ra parameter as the foundational indicator of surface
finish improvement. From a biomedical perspective, Ra is widely recognized as a critical
factor influencing cell-material interactions. As previously reported in the literature [19],
surface average roughness values in the order of magnitude obtained in this study have
been shown to promote optimal osteoblast attachment and proliferation. Although such
studies often refer to metallic implants rather than polymeric substrates, the resulting
micro-topographical scale required for cellular integration is highly comparable. This
suggests that the Ra reduction achieved through the robotic burnishing of PCL holds
significant potential for future tissue engineering applications. Future investigations will
naturally incorporate advanced 3D surface mapping and morphological analyses to further
characterize the functionalized scaffolds. However, although polycaprolactone (PCL) is
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highly regarded for its biocompatibility, it is important to clarify that the present study
focuses exclusively on the mechanical and topographical enhancement of 3D-printed
surfaces. This research does not include experimental biological validations such as cell
culture tests, wettability measurements (contact angle), SEM morphology analysis, or in-
vitro biocompatibility evaluations. Consequently, the suitability of the proposed robotic
burnishing method for the direct fabrication of biomedical scaffolds remains a literature-
based projection at this stage. Future investigations will naturally incorporate advanced 3D
surface mapping and morphological analyses, alongside comprehensive biological assays,
to fully assess the functional suitability of the burnished PCL surfaces for specific clinical
applications. In parallel, to further optimize the robotic process, a more comprehensive
design of experiments will be conducted to explore varying burnishing forces, feed rates,
and tool dimensions. In this broader context, advanced statistical techniques, such as
Analysis of Variance (ANOVA), will be employed to thoroughly evaluate the main effects
and potential interactions of multiple process parameters on the final surface topography.

5. Conclusions
This paper presented the development and successful validation of a low-cost, sensor-

less robotic system for the post-processing of FDM-printed PCL components. The primary
objective was to control the burnishing force without relying on expensive force/torque
sensors, instead correlating a precise robotic displacement with the mechanical compliance
of a custom spring-based setup via Hooke’s law. The experimental results demonstrated
that this approach is both viable and effective. The application of a calculated 12 N force
significantly reduced the surface Ra of all PCL samples, and the reductions were found
to be statistically significant (paired t-test, p < 0.05). These results confirmed promising
values for bone tissue regeneration, considering the values achieved in the optimal range
of this biomedical area. Furthermore, the reduction in roughness (below 2 µm) could po-
tentially induce it to partially abandon the Cassie-Baxter regime, improving the perceived
hydrophilicity and reducing the contact angle, thus promoting wettability and confirming
the suitability for native biological tissues. The study also confirmed the importance of the
tool path strategy in relation to the FDM’s inherent anisotropy:

1. A perpendicular trajectory was most effective in reducing the primary Ra⊥ roughness,
with a mean reduction of 29.9%.

2. A parallel trajectory was most effective in reducing Ra∥ roughness, with a mean
reduction of 34.0%.

From an industrial and operational perspective, the proposed spring-based indirect
measurement approach presents concrete advantages over traditional CNC-based bur-
nishing systems. Conventional setups typically require expensive multi-axis force/torque
sensors and complex, high-frequency closed-loop control architectures to maintain a con-
stant tool pressure. In contrast, our passive force estimation method significantly reduces
overall hardware costs and system complexity by leveraging a simplified control strategy
based on Hooke’s law and precise robotic displacement. However, it must be acknowledged
that the current study is limited to the burnishing of flat PCL surfaces. The application of
this sensorless approach to complex, free-form 3D geometries remains a challenge. Future
work will focus on further validating the process on curved parts, which will require the de-
velopment of advanced spatial kinematic compensation algorithms to maintain consistent
tool-surface interaction across varying topologies.

In conclusion, this work validates a novel sensorless system as a cost-effective and
reliable method to improve the surface finish of FDM parts when the required forces are
very low due to the softer nature of the biocompatible polymers. It provides a robust
alternative to complex force control systems and confirms that robotic burnishing can be
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strategically employed to selectively target and reduce surface anisotropy of polymeric
biomedical scaffolds. Furthermore, with this kind of prototype, it is also possible to
investigate lower levels of force by understanding the influence of this parameter on the
final results and related cell attachment varying, at the same time, polymers with notable
biocompatibility that often consist of low mechanical properties and therefore require a
high degree of accuracy during manufacturing processes.
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