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A B S T R A C T

Fused deposition modelling (FDM) produces polymer surfaces whose layer-wise morphology, together with 
printing parameters, modulates frictional contact and tribo-acoustic emissions. This paper develops a data-driven 
tribo-acoustic workflow for FDM printed PLA under dry sliding and derives predictive rules for low-noise surface 
design within the tested process domain. Across five surface types, Plain, Triangle, Hexagonal, Straight Brush, 
and Curve Brush, the coefficient of friction (CoF) spanned 0.13 to 0.22 and the RMS sound pressure spanned 4.31 
to 13.65 Pa. Analysis of variance shows that layer thickness is the dominant factor for both CoF and RMS noise, 
while printing speed is marginal for CoF and extrusion width is weak. Contrary to common intuition, periodic 
surface textures do not guarantee noise reduction and can amplify tonal components under unfavourable 
parameter combinations. Quadratic response surface models achieved R-squared values of 0.826 for coefficient 
of friction and 0.932 for RMS sound pressure, and validation tests yielded average prediction errors of 7.40% and 
7.43%, confirming sub 10% accuracy in practice. Taguchi signal-to-noise ratio analysis for the Plain surface 
identifies an optimal parameter set for minimising friction and noise, with a layer thickness of 0.2 mm, a printing 
speed of 40 mm per second, and an extrusion width of 0.6 mm. The curated dataset and predictive models 
provide a basis for tribo-informatics-oriented optimisation of process settings to mitigate friction induced noise in 
additively manufactured polymer interfaces.

1. Introduction

Friction-induced vibration and the resulting noise are common 
challenges in mechanical systems such as brakes [1], gears [2], and 
bearings [3]. These phenomena not only affect user experience but also 
contribute to reduced system performance, decreased operational sta
bility, and potential system failure. Conventional approaches to miti
gating friction-induced vibration and noise have primarily focused on 
material selection and lubrication enhancement [4]. However, advances 
in additive manufacturing technologies, particularly 3D printing, have 
offered new opportunities for controlling such issues through the opti
mized design of surface structures and textures. Compared to traditional 
manufacturing methods, AM offers greater flexibility in fabricating 
complex geometries in a single step [5]. Furthermore, the ability to 
adjust and optimize printing parameters enables precise tuning of sur
face morphology, thereby facilitating the control of vibration and noise 
arising from frictional interactions. Despite these capabilities, research 

investigating the tribo-acoustic performance of 3D-printed polymers 
remains underdeveloped [6,7].

At the theoretical level, several studies have explained the relation
ship among friction, vibration, and noise. Tian et al. [8] developed a 
model integrating RMS sound pressure with evolving surface roughness, 
showing how tribological events manifest in noise emissions. Papandrea 
et al. [9] demonstrated that surface roughness amplitude correlates 
strongly with sound pressure level (SPL) under dry contact. Akay [10] 
and Pandey et al. [11] showed that frictional instabilities trigger squeal 
via mode excitation, while Zhang et al. [12] confirmed that non-linear 
mode coupling and sliding speed affect friction noise, linking contact 
dynamics, friction variability, and asperity deformation to acoustic 
emissions. Harisubramanyabalaji et al. [13] proposed a machine 
learning framework that predicts surface wear patterns based on 
acoustic signal descriptors. The findings suggest a clear relationship 
between frictional noise and the surface's tribological behavior, where 
enhanced tribological characteristics play a key role in suppressing noise 
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caused by sliding contact.
A wide range of research has explored how variations in 3D printing 

parameters influence the tribological properties of polymer materials. 
Hanon et al. [14] demonstrated that the friction coefficient of PLA 
materials is affected by build orientation and filament colour. Mitaľ 
et al. [15] highlighted the wear resistance benefits of alternating fibre 
directions in PEI, while He et al. [16]developed predictive models that 
integrate build angle, layer height, and lubrication state to assess wear 
and friction. Portoacă et al. [17] found optimal friction and wear per
formance for ABS and PLA at specific combinations of infill density and 
layer thickness. According to the findings of Mourya et al. [18], both 
layer height and nozzle temperature have a pronounced effect on the 
wear performance of 3D-printed polymers, with distinct optimal settings 
identified for ABS and PLA. For ABS, minimal wear was observed under 
a 0.1 mm layer height, a nozzle temperature of 230 ◦C, a line width of 
0.28 mm, and a print speed of 75 mm/s. In comparison, PLA exhibited 
the best tribological behavior when printed at a 0.14 mm layer height, a 
nozzle temperature of 220 ◦C, a line width of 0.31 mm, and a speed of 
50 mm/s. Mahmood et al. [19] reported that printing orientation rela
tive to sliding direction induces anisotropy in wear behaviour, with PLA 
outperforming ABS. Hossain et al. [20] observed that higher infill den
sities and specific patterns improve TPU's wear resistance. Prajapati 
et al. [21] demonstrated that increased layer thickness in PEEK leads to 
higher friction and wear due to changes in surface roughness and 
hardness. Bohun et al. [22] found that infill type and clay content jointly 
affect PLA composites' frictional behaviour. Pieniak et al. [23] empha
sized the role of SLA printer type and post-processing on friction and 
hardness. Dhakal et al. [24] revealed that defect control in Fused 
Deposition Modelling FDM printing—linked to raster angle and printing 
environment—can improve tribological stability. While these studies 
provide valuable insight into friction and wear trends, they seldom 
consider acoustic emissions or vibration responses as performance 
metrics.

Another stream of research has emphasized surface texture and 
structured design as key factors influencing tribological behaviour. 
Some studies using laser-textured or sintered metal substrates have 
demonstrated the tribological advantages of structured surfaces. Hol
ovenko et al. [25] fabricated various stainless steel patterns that yielded 
distinct wear profiles. Wang et al. [26] and Yin et al. [27] introduced 
wedge-shaped textures on AlSi10Mg and Ti6Al4V alloys, respectively, 
showing improved oil retention and reduced adhesive wear. Liu et al. 
[28] used 3D-printed scale-like structures to enhance lubrication and 
reduce friction and wear under low-speed, high-load conditions. Recent 
studies have highlighted the impact of surface structures on tribological 
performance. Zhao et al. [29] designed egg carton-inspired SiOC-
MoS2/GO structures with ultra-low wear at specific curvatures. Guo 
et al. [30] showed that wedge-shaped textures on 3D-printed titanium 
alloy enhanced lubrication and reduced wear. Wang et al. [31] fabri
cated python-inspired Al2O3 composites with MoS2 films, achieving 
improved friction and wear resistance. Afshar-Mohajer et al. [32] 
employed two-photon lithography to manipulate the stiffness of micro- 
and nanostructures, demonstrating its influence on both frictional forces 
and material deformation. These works demonstrate how geometry and 
multiscale design significantly influence tribological outcomes in 
various advanced 3D-printed materials. These works indicate the 
emerging relevance of AM-enabled texturing, yet most of the existing 
analysis continues to prioritize mechanical properties over acoustic 
behaviour.

In addition to studies focused on metals, some research has employed 
polymer materials to investigate how surface structure and texture in
fluence tribological performance. Yuan et al. [33] reported a counter
intuitive negative friction coefficient effect in bioinspired 
groove-textured surfaces. Luo et al. [34] and Gkougkousi et al. [35] 
observed that specific geometric patterns, such as squares and 
semi-cylinders, significantly reduce static and dynamic friction through 
controlled deformation and load distribution. Cheng et al. [36] and 

Zhang et al. [37] proposed bionic structures like fish scales and 
shark-skin grooves, which improved hydrodynamic lubrication and 
delayed boundary layer separation, particularly relevant for underwater 
noise reduction. Li et al. [38] proposed a kind of microstructure that has 
lower friction and lower ice adhesion by over 90%, improving surface 
tribological performance.

Some work has begun to connect surface structures with noise and 
vibration outcomes. Yuan et al. [39] applied biomimetic textures to 
steel–elastomer contacts, noting significant reductions in noise ampli
tude. Chen et al. [40] designed concrete surfaces with optimized texture 
periodicity that lowered friction-induced noise in tire–road systems. Lu 
et al. [41] demonstrated that structured Ni3Al composites reduce noise 
through surface energy modulation, and Jolivet et al. [42] linked gear 
tooth topography to radiated noise levels. John et al. [43] showed that 
hydrodynamic grooves on steel surfaces suppress noise via enhanced 
film stability. In the polymer domain, Yetgin [44] studied short fibre 
reinforcement in PLA composites, finding improved vibration damping 
but without isolating surface structure effects. Prajapati et al. [45] and 
Wang et al. [46] explored microchannel-infused textures and observed 
significant SPL attenuation during sliding, though materials used were 
not exclusively 3D-printed.

Despite these advancements, systematic studies involving 3D-printed 
surface textures and their acoustic implications are rare. Peng et al. [47] 
found that sinusoidal and circular laser textures reduced vibration and 
stabilized friction, thereby lowering noise. Most experimental in
vestigations into friction-induced noise have relied on conventional 
metallic systems or laser-textured components. Zhou et al. [48] used 
micro-pits filled with lubricants on a titanium alloy to suppress stick-slip 
motion. Ma et al. [49] and Gadelmoula et al. [50] linked circular pat
terns and composite layups to reduced high-frequency squeal. Madison 
et al. [51] emphasized that layered polymer architectures affect thermal 
gradients and surface stability, which are crucial for vibrational 
response. Lu et al. [52] and Zhang et al. [53] analysed acoustic patterns 
arising from varying roughness and sliding speed, but their approaches 
remained focused on metallic or hybrid systems.

Together, these studies affirm that surface characteristics, including 
roughness, energy dissipation, and pattern regularity, significantly in
fluence vibration and noise generation. However, the material systems 
investigated are predominantly metallic, and fabrication techniques are 
largely non-additive. There is thus a critical gap in the literature 
regarding how 3D-printed polymer surfaces, whose mechanical anisot
ropy, interlayer bonding, and porosity differ significantly from 
machined counterparts, contribute to friction-induced noise and vibra
tion behaviour. Moreover, limited research has concurrently examined 
how the interplay between 3D printing parameters and surface geometry 
influences both tribological performance and noise generation.

The objective of this research is to investigate the impact of various 
3D printing parameters and customized surface textures on the frictional 
and acoustic performance of polymer components. In this study, a data- 
driven tribo-acoustic analysis framework is adopted to systematically 
relate process parameters to friction and acoustic responses. This 
framework combines designed experiments, time-series signal acquisi
tion, data preprocessing, statistical evaluation through ANOVA, and 
empirical response surface modelling to establish reproducible param
eter–response relationships within the tested process domain. Through a 
series of well-controlled friction tests paired with real-time sound 
monitoring, the research aims to develop a model that connects 
manufacturing variables and surface characteristics to both wear 
behavior and noise generation. The insights gained are intended to 
support the development of 3D-printed surfaces with improved acoustic 
performance for mechanical system applications.
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2. Methodology

2.1. Material and specimen preparation

All specimens were fabricated using polylactic acid (PLA) filament 
supplied by Ultimaker® (Geldermalsen, The Netherlands). PLA is 
extensively utilized in fused deposition modeling (FDM) due to its 
affordability, dimensional accuracy, relatively low melting temperature, 
and reduced tendency to warp, making it ideal for accurately replicating 
designed surface features.

The test specimen, depicted in Fig. 1, is a circular disc measuring 
50 mm in diameter and 8 mm in thickness, conforming to the re
quirements of the tribological testing apparatus. The model was 
designed using nTopology® software and saved as an STL file, which 

was subsequently imported into ideaMaker® 5.2 for slicing and print 
parameter setup. The generated G-code was then executed by the 
RAISE3D Pro2® printer to fabricate the specimen. To ensure uniform 
print quality, all parameters except those being experimentally varied 
were maintained at their default settings. These included a 0.4 mm 
nozzle diameter, two perimeter walls, 100% line infill density, an infill 
speed of 60 mm/s, a 3 mm thickness for the bottom layer, a bed tem
perature of 60 ◦C, and a nozzle temperature of 205 ◦C.

2.2. Design of experiment (DoE)

Building on a comprehensive review of the literature, we investi
gated four representative surface geometries in addition to a flat control 
to isolate the role of topology on friction and noise. Prior studies largely 
fall into two themes: (i) periodic patterned arrays with prescribed geo
metric features and (ii) brush-like textures aimed at reducing the coef
ficient of friction. Accordingly, we selected two exemplars of each 
family—a recessed triangular circumferential array and a protruding 
hexagonal honeycomb, as well as straight and curved brush designs 
composed of cylindrical elements. The CAD definitions are shown in 
Fig. 2.

Besides the surface patterns shown in Fig. 2, three primary FDM 
printing parameters were chosen as variables for the experiment: layer 
thickness, surface printing speed, and extrusion width. The layer 
thickness denotes the vertical measurement of each deposited layer, and 
adjustments to this parameter influence the stepped surface texture and 
near-surface porosity—both of which play a critical role in frictional 
behavior. Surface printing speed is the nozzle travel rate when forming 
the outer surfaces; it affects surface finish, dimensional accuracy, and 
thermal history. Extrusion width is the horizontal width of each 
deposited filament; by governing bead overlap and inter-line bonding, it 

Fig. 1. Test specimen dimensions.

Fig. 2. Surface-structure geometries (dimensions in mm). (a) Triangle: three circumferential rings of equilateral triangular pits inscribed in 3-mm circles at radii 10, 
15, and 20; depth 1. (b) Hexagonal: periodic array of regular hexagonal protrusions, side length 1.75, height 0.5, spacing 0.5. (c) Brush (straight): periodic array of 
cylindrical posts, diameter 1.5, height 3, spacing 2. (d) Curved brush: circumferentially oriented curved cylindrical posts generated by sweeping a 1.5-mm-diameter 
circle along an arc; height 3.
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impacts dimensional stability, mechanical integrity, and surface quality.
Each parameter was assigned three distinct levels as detailed in 

Table 1. Within ideaMaker, the “Standard” quality setting generally 
corresponds to a 0.2 mm layer thickness, an approximate top-surface 
printing speed of 30 mm/s, and an extrusion width of 0.4 mm. 
Accordingly, we chose 0.1/0.2/0.3 mm for layer thickness to span the 
default and reveal nonlinearity; 20/40/60 mm/s for surface printing 
speed to cover a practical operating range; and 0.4/0.6/0.8 mm for 
extrusion width (commonly set at or slightly above nozzle diameter) to 
probe inter-line bonding effects. Together with the five surface struc
tures, these define four independent variables for the study.

A two-stage DoE was adopted to quantify effects and interactions 
while keeping the test matrix economical. Because the study includes 
one five-level geometric factor (surface structure) and three three-level 
process factors (layer thickness, surface printing speed, extrusion 
width), a single Taguchi array covering all factors is impractical. We 
therefore used a Taguchi L9 orthogonal array (33) for the three process 
factors and executed this L9 within each level of the geometric factor (i. 
e., blocked by surface structure). This yielded 5 × 9 = 45 distinct 
parameter sets; each set was tested in triplicate to ensure accuracy and 
reliability.

Alongside the Taguchi experimental design, a full factorial design 
(3 × 3 × 3) was implemented for the Plain surface to facilitate an in- 
depth examination of the three printing parameters and to generate 
ample data for modeling both the coefficient of friction (CoF) and root 

mean square (RMS) sound pressure. Using the previously defined levels, 
27 unique combinations were printed; each was again run three times 
following the same protocol, and CoF and RMS sound pressure were 
recorded. In total, the design comprised 135 Taguchi tests (45 × 3) and 
81 full-factorial tests (27 × 3). This two-stage strategy balances statis
tical efficiency (screening via L9) with model fidelity (dense coverage on 
Plain) for robust inference and predictive modelling.

2.3. Experiment setup and procedure

The tribological tests were carried out on an Anton Paar TRB3 pin- 
on-disc tribometer (Fig. 3), which provides controlled disc rotation 
and synchronized acquisition of tangential force and coefficient of 
friction (CoF). Before testing, all printed samples were dried in an oven. 
Each disc-shaped specimen was secured using a three-jaw chuck, while a 
stainless steel ball (223 HB hardness, 194 GPa modulus of elasticity) was 
fixed to the test arm and positioned perpendicular to the specimen's 
surface.

To improve accuracy, reduce random error, and maximize specimen 
utilization, three sliding radii were used for each parameter set: r = 10, 
15, 20 mm. Tests were conducted under a 5 N normal load and 300 rpm 
disc speed for 1 min at 25 ◦C. These conditions produced steady sliding 
of the ball across the printed surface.

The TRB3 software continuously recorded F (tangential friction 
force) and μ (Coefficient of friction (COF)). The COF was computed from 
the time-averaged friction force over the analysis window used 
throughout this study, and then averaged over the three radii for each 
parameter set.

For acoustic measurements, a G.R.A.S. sound-pressure sensor was 
rigidly mounted to the tribometer via a custom bracket to ensure posi
tional stability. The sensor captured airborne sound generated during 
sliding; signals were subsequently processed together with the force data 
as described in the data-reduction procedure (windowing and RMS 
estimation applied consistently across all runs).

2.4. Data analysis

The raw time histories of tangential force and sound pressure were 

Table 1 
Independent variables and levels used in the experiments.

Parameters Values

Surface Structures Plain Straight 
Brush

Curve 
Brush

Triangle Hexagonal

Layer Thickness 
(mm)

0.1
0.2 0.3

Printing Speed 
(mm/s)

20
40 60

Extrusion Width 
(mm)

0.4
0.6 0.8

Fig. 3. Experimental setup.
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exported to MATLAB for post-processing. To avoid run-in and end ef
fects, a fixed analysis window of 10–40 s after test start (30 s duration) 
was used for all runs.

For each parameter set, measurements were taken at three sliding 
radii (10, 15, 20 mm) and three repeats. Run-level results were first 
averaged across the repeats at each radius, and then averaged across the 
three radii to yield one representative COF and one RMS sound pressure 
per parameter set for subsequent analyses.

Because the study employs a Taguchi design, S/N ratios were used to 
rank factor levels with a “smaller-the-better” objective for both re
sponses (COF and RMS). The S/N ratio for a response y with n repeats is 
shown in Eq. (1). 

S

/

N= − 10 log10

(
1
n
∑n

i=1
yi

2

)

Eq.(1) 

where yi is the i-th repeated measurement. Within the Taguchi frame
work, larger S/N indicates a more favorable (lower) response; the level 
(or combination) with the highest S/N is taken as the optimum candi
date. Analysis of variance (ANOVA) was employed to evaluate the sta
tistical significance of the primary factors and their two-way 
interactions. The test statistic and tail probability are shown in Eq. (2) 
and Eq. (3). 

F=
MSB
MSW

Eq.(2) 

p=P(F> Fcalculated|dfbetween, dfwithin) Eq.(3) 

where MSB and MSW are the mean squares between and within groups, 
respectively, and df denotes the corresponding degrees of freedom. 
Throughout, p < 0.05 was regarded as statistically significant, 
0.05≤p < 0.10 as marginally significant, and p ≥ 0.10 as not significant.

Quadratic response-surface models were fitted to relate the three 
printing parameters to COF and RMS sound pressure, respectively. 
Model adequacy was assessed using the coefficient of determination R2 

shown in Eq. (4) and the root-mean-square error (RMSE) shown in Eq. 
(5). 

R2 =1 −

∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 Eq.(4) 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(yi − ŷi)

2
√

p=P(F> Fcalculated|dfbetween, dfwithin) Eq.(5) 

where yi are observations, ŷi are model predictions, y is the sample 
mean, and n is the number of observations. Higher R2 and lower RMSE 
indicate better predictive performance.

3. Results and discussion

3.1. Effects of surface design on noise and COF

Fig. 4 demonstrates that among the five surface types, the Plain 
surface showed the lowest average coefficient of friction, measured at 
0.13. In contrast, the Curved Brush showed the highest COF 0.22. The 
remaining textures lay between these extremes, with COF values around 
0.16-0.17. These results differ from trends commonly observed in 
metallic [26,28] or laser-textured systems [23–25,45], where periodic 
surface patterns typically lower friction and radiated noise. For 
FDM-printed polymers, however, such surface designs do not ensure 
quieter or smoother contact behaviour.

Regarding acoustic performance, the Plain surface recorded the 
lowest root mean square (RMS) sound pressure at 4.31 Pa. In contrast, 
the Triangle pattern produced the highest RMS value, reaching 13.65 Pa. 
The remaining four texture types exhibited comparable average fre
quencies, falling within the 32–34 Hz range. Excluding the Plain design, 
the Curve Brush had the next lowest RMS sound pressure at 5.62 Pa, 
followed by the Straight Brush at 8.52 Pa and the Hexagonal pattern at 
10.25 Pa. Consistent with the coefficient of friction (CoF) trends, the 
four textured surfaces inspired by prior structural concepts did not 
achieve the anticipated noise-reduction performance.

The surface textures utilized in this work have previously been 
proven effective in mitigating friction-induced noise. Consequently, a 
reasonable explanation for this reversal lies in how textures are gener
ated by FDM rather than in their nominal geometry. Periodic features 
force the nozzle to alternate deceleration, cornering and re-acceleration, 

Fig. 4. Mean CoF and RMS sound pressure of different surface designs.
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which locally alters bead spreading and cooling, promotes material 
accumulation at turning points, and increases inter-track bonding het
erogeneity. The resulting staircase ridges, residual waviness and near- 
surface porosity elevate contact roughness and tangential-force fluctu
ations, increasing stick–slip and amplifying radiated sound. This is most 
evident for geometries with sharp turns and pits such as the Triangle 

texture, which attains the largest RMS sound pressure. By contrast, the 
Plain surface avoids these path-induced defects and therefore delivers 
the lowest CoF and noise.

Fig. 5. Effects of printing parameters on CoF for different surface structures.

Fig. 6. Effects of printing parameters on RMS sound pressure for different surface structures.
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3.2. Effects of printing parameters on acoustic responses and friction

Figs. 5 and 6 present a summary of how the three printing parameters 
influence the coefficient of friction and the root mean square (RMS) 
sound pressure across various surface structures. Each figure presents 
how the measured responses vary across parameter levels for all five 
surface topologies. Overall, the data does not exhibit a consistent 
monotonic relationship between any individual printing parameter and 
tribological or acoustic performance. This suggests that the combined 

effect of material flow, inter-layer bonding, and surface geometry 
dominates over any single variable's contribution. In addition, the re
sults also indicate that the mean CoF alone does not directly determine 
the quantitative acoustic response.

Nevertheless, several local trends are evident. Fig. 5 illustrates that 
the coefficient of friction for the Curved Brush texture rises with 
increasing extrusion width, likely due to an expanded actual contact 
area between the textured ridges and the mating surface as the extrusion 
path widens. For the Triangle structure, the slight increase in CoF with 
higher printing speed could be associated with thermal accumulation 
and partial surface smearing at elevated deposition rates. In contrast, the 
Straight Brush structure exhibits a modest reduction in CoF with 
increasing layer height, possibly due to improved contour uniformity on 
the top surface and smoother inter-bead transitions.

The corresponding acoustic results, depicted in Fig. 6, display similar 
tendencies. Most cases do not reveal a distinct linear dependence of RMS 
sound pressure on individual parameters, yet some structure–parameter 
combinations yield clear trends. The Plain surface shows increasing 
noise amplitude with both higher extrusion width and printing speed, 
consistent with the greater CoF fluctuations and stronger stick–slip 
modulation under those conditions. Conversely, the Straight Brush 
structure demonstrates a reduction in sound pressure with increasing 
extrusion width, suggesting that its directional ridges may stabilise the 
sliding contact and suppress high-frequency excitation.

Given the absence of globally consistent trends, a Taguchi signal-to- 
noise (S/N) analysis was employed to identify the statistically optimal 
combinations of printing parameters for each surface structure. The 
calculated S/N ratios quantify the relative sensitivity of the CoF and 
RMS sound pressure to parameter variations. In this framework, a higher 
S/N value corresponds to improved performance stability (smaller 

Table 2 
Optimal combinations of printing parameters for each surface structure with 
respect to CoF.

Surface Structure Layer Thickness Printing Speed Extrusion Width

Plain 0.2 40 0.6
Triangle 0.2 20 0.8
Hexagonal 0.3 40 0.6
Straight Brush 0.3 20 0.6
Curved Brush 0.2 20 0.6

Table 3 
Optimal combinations of printing parameters for each surface structure with 
respect to sound pressure.

Surface Structure Layer Thickness Printing Speed Extrusion Width

Plain 0.2 40 0.6
Triangle 0.2 20 0.8
Hexagonal 0.3 40 0.6
Straight Brush 0.3 20 0.6
Curved Brush 0.2 20 0.6

Fig. 7. Response surface of the CoF of the Plain surface as a function of printing speed and extrusion width at different layer thickness levels.
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variance across trials).
The optimal parameter combinations derived from the S/N analysis 

are summarised in Tables 2 and 3. For both CoF and RMS sound pres
sure, the Plain surface achieves its best performance at moderate layer 
thickness (0.2 mm), high printing speed (40 mm/s), and medium 
extrusion width (0.6 mm). Although some structures share similar op
tima, others such as the Triangle and Curved Brush designs prefer nar
rower extrusion widths or lower speeds. Overall, the Taguchi-based 
evaluation confirms that while layer thickness has the most consistent 
influence across surface types, the synergistic effects of printing speed 
and extrusion width can be neglected in optimising both frictional and 
acoustic responses.

3.3. Effects of printing parameters on the CoF of the plain surface

A consistent outcome of Section 3.1 is that engineered surface tex
tures did not confer a robust reduction in either CoF or RMS sound 
pressure relative to the Plain surface. This motivates a focused analysis 
of the Plain surface, for which a full 3 × 3 × 3 factorial was executed to 
isolate the effects of printing parameters.

An overview of the CoF landscape across speed and extrusion width, 
stratified by layer thickness, is presented in Fig. 7. Each coloured plane 
corresponds to a different layer thickness (0.1, 0.2, and 0.3 mm). A 
distinct upward shift of the entire surface with increasing layer thickness 
demonstrates that this parameter exhibits the strongest influence on 
frictional behaviour. This trend is consistent with top-surface deposition 
mechanics in FDM.

Increasing layer thickness modifies the interlayer fusion quality and 

top-surface morphology in a way that directly amplifies friction. A larger 
layer height increases the vertical distance for heat diffusion and reduces 
the effectiveness of heat transfer from the newly deposited filament to 
the underlying layer. As a result, the previously deposited material ex
periences less re-melting during the subsequent pass and solidifies as a 
mechanically stiffer, thermally insulated layer. The weaker interlayer 
fusion leads to incomplete flattening of adjacent filament roads, leaving 
deeper inter-road valleys and more pronounced overlap ridges on the 
top surface. This rougher and more uneven morphology increases the 
local surface slope and asperity engagement during sliding, which pro
motes micro-ploughing and repeated formation–rupture of adhesive 
junctions at the contact interface, thereby elevating the average coeffi
cient of friction. In contrast, thinner layers permit more effective 
interlayer heating and re-melting, leading to smoother surfaces, 
improved bonding, and a more stable, lower-friction contact.

By contrast, the effects of printing speed and extrusion width are far 
less significant. Within each layer-thickness plane, the CoF values fluc
tuate slightly but exhibit no clear or monotonic trend. At best, a shallow 
minimum appears at moderate printing speeds and medium extrusion 
widths, yet the changes are within the experimental scatter. The absence 
of consistent gradients along the speed and width axes suggests that 
their individual contributions to friction are secondary compared with 
that of layer thickness.

To quantify these observations and verify their statistical signifi
cance, an ANOVA was carried out. The corresponding boxplots in Fig. 8
show how CoF distributions vary with three printing parameters. The 
difference among layer thickness groups is significant, with median CoF 
values increasing from approximately 0.1 at 0.1 mm to 0.17 at 0.3 mm, 

Fig. 8. ANOVA of the CoF for the Plain surface with respect to (a) layer thickness, (b) printing speed, and (c) extrusion width.
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indicating a strong and consistent increased trend. By contrast, the 
interquartile ranges for printing speed and extrusion width overlap 
substantially, and their median values fluctuate within the experimental 
scatter. These visual observations suggest that layer thickness is the 
dominant factor, while the other two parameters have comparatively 
weak or inconsistent influences.

Quantitative ANOVA results confirm these trends. The p-value for 
layer thickness is 1.88 × 10−4, well below the 0.05 significance 
threshold, demonstrating a statistically significant effect on CoF. Print
ing speed (p = 0.0846) is only marginally significant, and extrusion 
width (p = 0.88) has no discernible influence within the tested range. 
The interaction analysis summarised in Table 4 shows that none of the 
two-factor interactions is significant at the 0.05 level, although the 
combination of printing speed and extrusion width yields a marginal 
interaction (p = 0.0831). This weak coupling implies that the combined 
adjustment of these two parameters can occasionally modify surface 
morphology and frictional behaviour, even though their individual main 
effects remain small.

The response surface reveals a weak but distinct interaction consis
tent with the marginal p-value (p = 0.0831). At smaller extrusion widths 
(0.4–0.6 mm), the CoF tends to decrease slightly as printing speed in
creases, whereas at the largest width (0.8 mm), the trend reverses and 

CoF rises again beyond moderate speeds. This non-monotonic pattern 
indicates that frictional behaviour is governed by the interplay between 
material flow rate, heat transfer, and inter-track bonding during 
deposition.

This interaction can be rationalised in terms of the coupled ther
mal–geometric dynamics of filament deposition. At smaller extrusion 
widths, each filament carries a limited molten volume and cools rapidly 
upon deposition. Increasing the printing speed in this regime shortens 
the exposure time to elevated temperature, preventing excessive mate
rial flow and local overfilling. The deposited tracks therefore solidify 
with a more uniform cross-section and smaller surface waviness. Such 
morphological refinement reduces both the ploughing component of 
friction and the frequency of adhesive junction formation at the sliding 
interface, leading to a gradual decrease in CoF with speed. In contrast, at 
larger extrusion widths, the volumetric flow rate per unit time rises 
sharply. When the movement speed is further increased, the deposited 
filament retains more internal heat and the adjacent tracks have insuf
ficient time to coalesce fully before solidification. This incomplete inter- 
track fusion produces microscopic voids and ridges, thereby amplifying 
local stress concentration and asperity interlocking during sliding. 
Consequently, the CoF increases again at high speed when the extrusion 
width is large.

3.4. Effects of printing parameters on the acoustic response of the plain 
surface

The three-dimensional response surface in Fig. 9 illustrates how the 
RMS sound pressure varies with printing speed and extrusion width for 
different layer thicknesses. A distinct upward displacement of the entire 
surface with increasing layer thickness confirms that this parameter has 

Table 4 
p-values of the interaction terms of three parameters with respect to CoF.

Factor 1 Factor 2 p Value

Layer Thickness Printing Speed 0.5635
Layer Thickness Extrusion Width 0.7641
Printing Speed Extrusion Width 0.0831

Fig. 9. Response surface of the sound pressure of the Plain surface as a function of printing speed and extrusion width at different layer thickness levels.
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the most significant effect on the acoustic output, mirroring its influence 
on frictional behaviour. The highest RMS sound pressure, approximately 
5 Pa, occurs at a layer thickness of 0.3 mm, whereas the 0.1 mm spec
imens consistently exhibit the lowest values around 3.8–4.0 Pa. 
Although friction–noise coupling is multi-physics and system- 
dependent, prior studies agree that fluctuations in friction force/CoF 
and stick–slip instabilities excite structural vibration and radiated sound 
[54]. The correlation between noise amplitude and friction level in our 
test implies that both arise from similar contact instabilities and surfa
ce–interface morphologies.

Within each layer-thickness surface, no consistent monotonic rela
tionship is observed with either printing speed or extrusion width. For 
thinner layers (0.1–0.2 mm), the RMS sound pressure remains nearly 
constant across the parameter space, while for the thickest layer 
(0.3 mm) the noise slightly increases at high printing speeds and large 
extrusion widths. This weak dependence indicates that the acoustic 
response is primarily governed by the roughness and compliance of the 
contact interface, controlled chiefly by layer thickness, rather than by 
the process parameters that influence lateral bead geometry. Physically, 
thicker layers create a rougher, less cohesive top surface with deeper 
inter-road valleys and weaker interlayer bonding. These morphological 
irregularities promote intermittent stick–slip motion and local detach
ment–re-adhesion cycles during sliding, generating stronger broadband 
acoustic emissions. In contrast, thinner layers produce smoother and 
more continuous surfaces, which stabilise sliding and suppress friction- 
induced vibrations, thereby yielding a lower RMS sound pressure.

The statistical results obtained from ANOVA are presented in Fig. 10. 
The box plots clearly demonstrate that RMS sound pressure increases 

monotonically with layer thickness, forming three non-overlapping 
distributions with distinct median values. In contrast, the spreads of 
data for printing speed and extrusion width overlap substantially, and 
their medians show no consistent trend. These visual observations are 
confirmed quantitatively by the p-values. Layer thickness exhibits an 
extremely significant main effect on the acoustic response 
(p = 1.02 × 10−10), while the effects of printing speed (p = 0.423) and 
extrusion width (p = 0.885) are statistically insignificant. Taken 
together, the box plots and p-values demonstrate that the noise level is 
governed mainly by layer thickness, and that any variations with speed 
or width are comparable to experimental scatter.

Furthermore, none of the two-factor or three-factor interaction terms 
reaches the 95% confidence level, indicating that the acoustic emission 
is primarily governed by a single dominant parameter rather than 
complex interdependencies among the printing variables.

Table 5 reports the p-values of the pairwise interaction terms for the 
RMS sound pressure on the Plain surface. None of the interactions rea
ches statistical significance. All p-values well above 0.05 (and even 
0.10), indicate that within the tested window the acoustic response does 

Fig. 10. ANOVA of the sound pressure for the Plain surface with respect to (a) layer thickness, (b) printing speed, and (c) extrusion width.

Table 5 
p-values of the interaction terms of three parameters with respect to RMS sound 
pressure.

Factor 1 Factor 2 p Value

Layer Thickness Printing Speed 0.4874
Layer Thickness Extrusion Width 0.6071
Printing Speed Extrusion Width 0.8899
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not depend materially on coupled variations of the printing parameters. 
In other words, the rise in noise with layer thickness observed is an 

essentially independent effect, and adjustments to speed or extrusion 
width do not measurably modulate that trend through interactions. 

Fig. 11. Time-domain waveforms of friction noise (10–40 s) for three different layer thicknesses.

Fig. 12. FFT frequency-domain spectra for three different layer thicknesses.
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Physically, this is consistent with the interpretation that friction-noise 
levels are governed by the top-surface morphology and interfacial 
compliance set primarily by layer height; changes in speed or width 
within the explored ranges do not alter these properties sufficiently to 
create interaction-driven changes in RMS sound pressure. This lack of 
interaction also justifies treating layer thickness as the dominant control 
variable in subsequent modelling and optimisation of the acoustic 
response.

3.5. Tribo-acoustic signal analysis and mechanism interpretation

To further reveal the physical mechanisms underlying the sharp 
escalation in friction noise caused by increased layer thickness, a multi- 
dimensional time-frequency analysis of the experimental sound pressure 
signals was conducted. As illustrated in Fig. 11, the time-domain sound 
pressure waveforms of three specimens with layer thicknesses of 0.1, 
0.2, and 0.3 mm were extracted within the 10 to 40 s interval (at a 
constant printing speed of 20 mm/s and an extrusion width of 0.4 mm). 
It can be intuitively observed that as the layer thickness increases, both 
the overall noise baseline and the maximum transient amplitudes 
exhibit a significant increasing trend, which fully corroborates the 
reliability of the previously discussed root-mean-square (RMS) sound 
pressure patterns.

The frequency-domain spectra obtained by performing a Fast Fourier 
Transform (FFT) on the aforementioned signals are presented in Fig. 12. 

Since the spindle speed of the tribometer in this study was set to 300 rpm 
(corresponding to a fundamental mechanical excitation frequency of 
5 Hz), the spectra of all three specimens exhibit response peaks at 5 Hz 
and its corresponding harmonics. However, their energy distributions 
are distinctly different. The spectrum of the 0.1 mm specimen shows low 
and relatively dispersed energy, indicating that its friction process is 
dominated by stable, continuous sliding; the weak peaks present merely 
represent the baseline mechanical runout noise of the equipment. In 
contrast, the spectrum of the 0.3 mm specimen not only exhibits an 
exceptionally high fundamental peak at 5 Hz but also excites prominent 
energy peaks at high-frequency harmonics such as 10 Hz and 15 Hz. This 
phenomenon, a dominant fundamental frequency accompanied by 
abundant high-energy harmonics, is a classical frequency-domain 
signature of dominant nonlinear periodic impacts (i.e., stick-slip vibra
tions). The spectral morphology of the 0.2 mm specimen falls between 
the two, representing a critical transitional state from steady-state fric
tion to stick-slip instability.

To filter out the interference of low-frequency mechanical back
ground noise and thus more clearly capture the true transient micro- 
dynamics at the contact interface, a 12 Hz high-pass filter was applied 
to the sound pressure data. A locally magnified time-domain waveform 
within a 2-s window around the 20 s mark was then extracted (Fig. 13). 
In the filtered plots, the 0.1 mm specimen presents an extremely flat 
waveform with a minimal amplitude (less than 5 Pa), confirming the 
absence of significant interfacial impact collisions. The 0.2 mm 

Fig. 13. Zoomed-in filtered time-domain waveforms within the 19–21 s interval.
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specimen begins to exhibit scattered, irregular pulses with amplitudes 
exceeding 5 Pa. Strikingly, the 0.3 mm specimen displays a highly reg
ular, high-amplitude periodic pulse train characterized by a “flat (en
ergy accumulation) – sudden spike (slip release) – flat” pattern. This 
strong broadband impact feature perfectly matches the theoretical 
acoustic waveform characteristics of the stick-slip phenomenon, thereby 
forming conclusive, closed-loop evidence that the larger layer thickness 
induces severe stick-slip behavior, which consequently leads to a dra
matic escalation in friction-induced noise.

To further reveal the relationship between the CoF and friction noise, 
we plotted the time-domain evolution of the CoF within the 19 to 21 s 
interval. To better illustrate the variation trend of the average friction 
force, a smoothing filter was applied to the curves, as depicted in Fig. 14. 
As observed from the figure, the average CoF values for the 0.1 mm and 
0.2 mm layer thicknesses are comparable, whereas the CoF for the 
0.3 mm specimen exhibits a significant increase. Concurrently, the 
fluctuation amplitude of the CoF for the 0.1 mm specimen is relatively 
minor, while the 0.2 mm and 0.3 mm specimens display pronounced CoF 
fluctuations.

Correlating this with the acoustic data in Fig. 14, it becomes evident 
that despite the 0.1 mm and 0.2 mm specimens having nearly identical 
average CoF values, the noise amplitude of the 0.2 mm specimen is 
substantially higher than that of the 0.1 mm specimen (and more com
parable to the 0.3 mm specimen), while the 0.3 mm specimen exhibits 
both the highest CoF and the largest noise amplitude. This demonstrates 
that the amplitude of friction noise in the experiment is directly corre
lated with the dynamic fluctuation of the CoF rather than its absolute 

average magnitude. This finding perfectly aligns with the underlying 
physical mechanism of the stick-slip phenomenon. It further sub
stantiates our previous arguments, confirming that as the layer thickness 
increases, periodic stick-slip behavior gradually replaces steady-state 
continuous sliding to become the dominant friction mechanism.

4. Modelling and validation

Individual regression models were developed to forecast the coeffi
cient of friction and the RMS sound pressure associated with friction- 
induced noise across different printing parameter settings. Based on 
the experimental observations, layer thickness, surface printing speed, 
and extrusion width were treated as independent factors, while the 
measured CoF and RMS sound pressure served as dependent outputs. 
Preliminary data exploration revealed nonlinear dependencies among 
the variables; hence, second-order polynomial models were adopted to 
capture curvature and potential interaction effects. Model parameters 
were estimated through least-squares regression using MATLAB, and the 
performance of each model was assessed based on the coefficient of 
determination (R2) and the root mean square error (RMSE). The 
resulting analytical expressions provide quantitative descriptions of how 
FDM process parameters influence both frictional and acoustic perfor
mance, enabling prediction and optimisation beyond the discrete 
experimental points.

The quadratic model for coefficient of friction is expressed in Eq. (6). 

Fig. 14. Zoomed-in friction coefficient curves within the 19–21 s interval.
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CoF=0.30366 + 0.48633H − 0.010056V − 0.20989W

− 0.0027313H⋅V − 0.15676H⋅W + 0.0059831V⋅W + 0.3355H2

+ 7.6403 × 10−5V2 + 0.02614W2

(Eq.6) 

Here, H, V, and W represent layer thickness, printing speed, and extru
sion width, respectively. The resulting model demonstrated strong per
formance, with an R2 value of 0.826 and an RMSE of 9.67 × 10−4, 
indicating its reliability and precision in prediction. Fig. 15 depicts the 
response surfaces at layer thicknesses of 0.1, 0.2, and 0.3 mm, illus
trating smooth and continuous trends throughout the parameter space 
that closely correspond to the experimental data.

Similarly, the quadratic model for root mean square of sound pres
sure is formulated as: 

RMS Sound Pressure= 4.3996 − 8.747H − 0.032612V + 1.5877W

+ 0.022810H⋅V + 1.8566H⋅W + 0.0050375V⋅W + 29.409H2

+ 3.8931 × 10−4V2 − 1.6277W2 (7) 

The model demonstrated a high level of accuracy, achieving an R2 of 
0.932 and an RMSE of 0.0594, which reflects a strong agreement be
tween the predicted values and the observed data. The reported good
ness of fit values should be interpreted as indicators of empirical fitting 
quality within the tested parameter domain, since the input space is 
limited to three process parameters and the acoustic response is repre
sented by RMS sound pressure as a scalar descriptor. The resulting 
response surfaces, shown in Fig. 16, reproduce the experimental trends 
faithfully, with increasing noise amplitude at larger layer heights and 

relatively minor effects of speed and width. The relatively high R2 

indicate that the models reproduce the observed trends and provide 
useful interpolation within the tested parameter space. However, they 
should not be interpreted as evidence that all physical mechanisms 
governing friction and acoustic response are fully captured.

The quantitative models reinforce the mechanistic insights estab
lished earlier. The large positive coefficient associated with layer 
thickness in both regressions confirms its dominant role in controlling 
surface roughness and interfacial stability. The small or statistically 
insignificant coefficients of the cross terms (HV, HW, VW) indicate that 
printing speed and extrusion width exert only secondary influence and 
interact weakly with each other. The higher-order terms in layer 
thickness capture the nonlinear amplification of friction and noise as the 
printed surface becomes geometrically rougher and mechanically less 
cohesive. These results demonstrate that, even within a moderate 
parameter window, the acoustic and frictional responses of FDM-printed 
PLA are primarily governed by a single process variable, layer thickness, 
while the remaining parameters serve mainly to fine-tune deposition 
uniformity.

To further verify predictive performance under unseen parameter 
combinations, six additional experiments were conducted using the 
validation matrix listed in Table 6, covering representative combina
tions of the three printing parameters. The corresponding response 
surfaces are presented in Fig. 17, where the data from the validation 
tests align closely with the model predictions for both CoF and RMS 
sound pressure.

Fig. 17a and b displays the comparison of model outputs against 
experimental measurements. Regarding the coefficient of friction (CoF), 
the maximum difference observed from the experimental data is 

Fig. 15. Fitted response surfaces illustrating the effect of printing speed and extrusion width on the CoF of the Plain surface at different layer thickness levels (0.1, 
0.2, and 0.3 mm). The markers represent the original experimental data points.
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−12.76%, with an average error of 7.40%. In the case of RMS sound 
pressure, the highest observed error is 10.54%, and the mean error 
stands at 7.43%. As both average errors are within a 10% margin, the 
developed quadratic models are demonstrated to be practically accurate 
and reliable.

5. Conclusion

This research examined how designed surface textures and FDM 
printing parameters—specifically layer thickness, printing speed at the 
surface, and extrusion width—affect the frictional performance and 
noise generation of PLA during dry sliding. The results show that engi
neered textures do not inherently reduce friction or noise, while layer 
thickness has the strongest and statistically significant effect on both 
responses. Printing speed and extrusion width have negligible main ef
fects within the tested range, and only a weak speed–width interaction 
was observed for CoF.

Increasing layer thickness produces a rougher and more compliant 
top surface, intensifying asperity interaction and stick–slip instability, 
which elevates both CoF and RMS sound pressure. Thinner layers, in 
contrast, yield smoother and stiffer surfaces that stabilise sliding and 
suppress friction-induced vibration.

Two validated quadratic regression models were developed for pre
dicting CoF (R2 = 0.826, RMSE = 9.67 × 10−4) and RMS sound pressure 
(R2 = 0.932, RMSE = 0.0594), with validation experiments showing 
average prediction errors below 10%, providing practical tools for 
parameter optimisation. Future studies will focus on detailed surface 
morphology characterization and extending the investigation to other 
3D-printed polymers to further clarify the underlying mechanisms.

Despite the useful findings and practical predictive capability ob
tained in this study, several limitations should be acknowledged. The 
experiments were limited to PLA fabricated by FDM, which restricts the 
generality of the conclusions. The response surface models are empirical 
surrogate models for interpolation within the tested parameter domain 
rather than first-principles physical models. In addition, direct micro- 
scale characterization of surface morphology and interfacial bonding 
was not performed, so the proposed mechanism remains an interpreta
tion supported indirectly by signal-level analysis and prior literature. 
These issues should be addressed in future work.
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