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compliance-roughness interaction by framing feed direction as a
controllable parameter. This study explicitly demonstrates how feed
direction interacts with pose-dependent compliance to systematically
influence surface roughness in robotic milling of UHMWPE. This
feasibility study investigates how feed direction affects surface
roughness (Ra, Rq, Rz) in robotic milling of UHMWPE. Experiments
were performed using a KUKA KR120 R2700 six-axis robot with fixed
parameters: 9500 rpm spindle speed, 1080 mm/min feed rate, and dry
finishing cuts at depths of 0.1, 0.2, and 0.3mm. Surface roughness
metrics were measured via contact profilometry using a standardized
evaluation length. Due to kinematic constraints, X—Y toolpaths require
different joint configurations; therefore, observed differences reflect the
combination of feed-direction and pose-dependent stiffness anisotropy.

Y-direction feeding produced lower Ra (1.64-1.87 pm) than X-
direction feeding (1.66—1.94 um). In contrast, X-direction feeding
yielded lower Rq (2.0-2.5 um) with strong linear predictability (R* >
0.99), compared with Y-direction Rq (2.35-2.40 pum). Rz exhibited
depth-dependent behavior, with X performing better at shallow depth
(0.2 mm) and Y at 0.3 mm, while tool adhesion showed little directional
dependence. Overall, the findings provide evidence of direction-
dependent roughness trade-offs: Y-direction may be preferred for
average smoothness (Ra), whereas X-direction may be preferred when
peak-sensitive control (Rq/Rz) is critical.
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Introduction

The use of industrial robots in machining has grown due to their large workspace, multi-axis
capability, and comparatively lower investment cost relative to dedicated multi-axis CNC
machine tools (Wang et al., 2023). Recent reviews highlight that robotic machining enables
processing of large and complex parts which facilitates flexible cell reconfiguration for low- to
medium-volume production. However, these advantages are accompanied by limited structural
rigidity and posture-dependent dynamics. Despite its growing importance in medical and
industrial applications, this study presents one of the first empirical investigations into the
robotic finishing of Ultra-High Molecular Weight Polyethylene (UHMWPE), a soft polymer
known for its challenging machinability. The novelty of this work lies in the explicit
characterisation of the interaction between feed direction and robot compliance, and how this
relationship dictates surface roughness. A core contribution that addresses a significant gap in
current robotic manufacturing literature.
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In serial robots, structural stiffness is not uniform across the workspace, leading to posture-
dependent dynamics (Wen et al., 2023). This pose-dependent stiffness anisotropy directly
affects the tool-workpiece interaction, giving rise to compliance-dominated dynamics that can
degrade surface quality, particularly during finishing operations. While existing studies
primarily emphasise the optimisation of conventional process parameters such as spindle speed
and feed rate, the role of feed direction relative to the robot’s stiffness distribution remains a
critical yet underexplored controllable factor in robotic machining. This limitation is further
amplified when machining soft polymers such as UHMWPE, where the material’s low elastic
modulus increases sensitivity to directional compliance effects. Therefore, this study positions
feed direction as a strategic geometric parameter to mitigate the influence of robot compliance
on surface roughness and machining precision.

Vibration and chatter are therefore widely recognised as major challenges in robotic machining,
affecting dimensional accuracy, surface integrity, and tool life. Guo et al. (2022), Liu et al.
(2022), and Sun et al. (2023) illustrate different suppression strategies: active contact milling
to stabilise machining without overly conservative parameters (Guo et al., 2022), redundant
degree-of-freedom optimisation to obtain chatter-free cutting depth (Y. Liu et al., 2022), and
transfer-learning approaches to predict stability boundaries across tool-workpiece
combinations (Sun et al., 2023). Together, these works indicate a move toward adaptive and
configuration-aware approaches, but practical deployment still requires empirical
understanding of how robot dynamics interact with specific material classes and surface-quality
targets.

Accordingly, recent studies emphasise the importance of modelling and analysing robot
structural dynamics and vibration behaviour in milling (Joshi et al., 2024). Chatter and
vibration are well known to influence surface roughness and machining sustainability (Abellan-
Nebot et al., 2024). Prior research in robotic milling shows that machining configuration (robot
position, spindle orientation, tool overhang) and process parameters (spindle speed, feed rate,
depth of cut) jointly influence vibration severity and stability (Cordes et al., 2019; Ji et al.,
2024; Mohammadi et al., 2022). Most robotic milling studies have focused on metals and the
trimming of fibre-reinforced composites. In contrast, fewer empirical studies examine soft
engineering polymers under robotic milling, where even modest cutting forces can still excite
compliance-driven vibration that affects surface integrity. Table 1 summarises representative
studies on robotic milling of metals and composites to contextualise this work and highlight
the limited evidence base for soft engineering polymer milling.

Table 1: Representative Studies on Robotic Milling of Metals and Composites:
Evidence of Limited Work on Soft Engineering Polymers

A;l{t:;gr/ Machine Machining Strategy Material Rougsl?;f:z:ium)

(J.Liuet Six-axis industrial ~ Ball-end milling, Aluminum 0.1-0.8

al., 2024) robot with posture-dependent alloy depending on
high-speed spindle vibration analysis, dry ~ 7075-T6 posture and
(custom robotic milling parameters
milling setup)

(Yan et KUKA KR500 Additive—subtractive =~ WAAM- 2.013 (best

al., 2024) robot + ES779 hybrid manufacturing, fabricated surface quality)

HASM
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high-speed milling Al-alloy
head (5052 series)
(Nietal., Robot Mitsubishi  Flat-end milling 7075-T651 0.374 -3.131
2022) RV-4FRL-1D-S11 (contouring aluminium
with spindle finishing) alloy
NAKANISHI Fixed robot posture (high-strengt
(max 30,000 rpm) h aerospace
grade)
(Da Silva  8-axis robotic Rough cut (zigzag tool ABS ~0.5 mm error
et al., milling system path, posture chosen to chemical (surface
2019) (Motoman SV3X  avoid collisions) wood irregularities, not
+ 2-axis Finish cut (zigzag reported in pm)
worktable, contour, tool
EM25N-5000-J4 orientation optimized
spindle) using stiffness indices)
(Mousavi ABB IRB6660 Slot milling along Aluminum 25-11
et al., industrial robot +  straight trajectory,
2018) Fischer MFW posture optimized via
1412/36 spindle functional redundancy
(max 36,000 rpm)

The current review affirms that soft engineering polymers are still unexplored in spite of the
development of robotic milling of rigid materials. Notwithstanding the focus of robotic
machining studies on metals and composites, UHMWPE has concurrently become a vital
engineering polymer in biomedical, tribological, and many applications due to its superior wear
resistance, low friction, and remarkable impact strength. Despite its attractive properties,
UHMWPE remains notorious for the challenges of producing high-quality surfaces during
machining. The combination of low thermal conductivity and comparatively low melting
temperature encourages local heating and smearing, whereas the ductile nature of it encourages
the development of continuous chips, burrs on the edges and accumulated material sticking to
the cutting tool. Most studies on machining UHMWPE materials have used CNC machines as
summarised in Table 2. From the observations of previous studies, spindle speed, feed rate and
depth of cut have significant effects on surface roughness, burr formation and cutting force. In
addition, surface finish can also be achieved depending on sharp tools, limited depth of cut and
precise adjustment of chip load.

Table 2: Summary Of CNC Milling Studies on UHMWPE Surface Roughness

Optimization

Author/ Machine Material Spindle Feed Rate Depth  Surface
Year Speed (rpm) (mm/min) of Cut Roughness

(mm) pm
(Piska & CNC UHMWPE 764 315,450, 1 0.774
Urbancova, milling 630
2022)
(Lopes et CNC UHMWPE 9500 1767 0.035- 0.82-3.38
al., 2021) milling 0.110 Optimum:

1.13
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(Lestariet CNC UHMWPE 6500 —7500 1000 — - 0.57-1.75
al., 2019) milling 2000 optimum:
0.143

Prior CNC-based findings generally indicate that spindle speed, feed rate, and depth of cut
influence surface roughness, burr formation, and cutting force, and that surface finish can be
improved using sharp tools, shallow cuts, and controlled chip load. However, empirical
characterisation and optimisation of UHMWPE cutting parameters under robotic milling aim
on the measurement and quality of surface finish.

This paper addresses the identified gap through an experimental investigation of robotic
UHMWPE milling, focusing on the effect of feed direction on surface roughness under low
vibration finishing conditions. This study is guided by two research objectives: to analyze the
influence of feed direction (Y-axis versus X-axis) on surface roughness parameters (Ra, Rq,
Rz), and to determine whether directional effects are dependent on depth of cut (0.1-0.3 mm).
Ni et al. (2022) reported that feeding along the Y direction produced lower vibration and
improved surface outcomes compared with the X direction, attributed to direction-dependent
stiffness in serial robots (Ni et al., 2022). Building on this motivation, the present work provides
a feasibility assessment of whether similar directional tendencies are observed for UHMWPE
surface finishing under posture-controlled conditions.

To reduce vibration-related confounding from aggressive cutting, the experiments employ
shallow finishing passes, short tool overhang, and a constant robot posture within each feed
direction (Lai et al., 2024). Notably, due to kinematic constraints, X- and Y-direction toolpaths
require different joint configurations; therefore, any observed X—Y differences should be
interpreted as combined effects of feed direction and pose-dependent compliance. The results
are presented as preliminary evidence intended to inform subsequent optimisation studies with
larger sample sizes and inferential statistical analysis.

Methodology
Materials and Workpiece Preparation

Ultra-high molecular weight polyethylene (UHMWPE) was selected as the workpiece material
to evaluate robotic milling as a potential alternative to CNC finishing for soft polymers. The
UHMWPE stock provided by Rochling Engineering Plastics Sdn. Bhd. is a neat thermoplastic
with low thermal conductivity and viscoelastic behaviour that can promote heat build-up and
elastic recovery during milling. Test specimens (50 x 50 x 50 mm) were cut from as-received
stock, deburred, and conditioned for 24 h at 23 £ 2 °C and 50 + 5% relative humidity in
accordance with ISO 291:2008. Table 3 summarises the key thermomechanical properties used
to define conservative process limits and reduce the risk of thermal softening and smearing
during finishing trials. Accordingly, the finishing parameter window in this study employed
shallow axial depths of cut (0.1-0.3 mm) to limit heat accumulation and smearing in
UHMWPE. This conservative range is consistent with prior UHMWPE machining studies that
recommend shallow finishing cuts and controlled chip load to improve surface quality (Lopes
etal., 2021) (Lestari et al., 2019). All trials were performed under dry cutting to reflect practical
robotic cells without coolant delivery and to avoid confounding from coolant-driven thermo-
mechanical changes in UHMWPE.

372



international Journal of
Innovation and Industrial Revolution JIREV

EISSN: 2637-0972

Volume: 8 Issue: 24 (March 2026) PP. 368-382
Table 3: UHMWPE Material Properties Used in The Experiment

Properties Value Unit .
Density 0.93 g/cm’

Yield Stress 20 MPa

Tensile Modulus of Elasticity 680 MPa .
Melting Temperature 135 °C §
Heat Deflection Temperature 79 °C ,
Coefficient of Thermal Expansion 150-230  x106 K T 4
Dielectric Strength 45 kV/mm -

Simulation Setup

SprutCAM simulation serves as a vital step in robotic machining virtual workflows to validate
toolpaths, assess robot kinematics, and detect potential collisions prior to physical trials. The
path programming joint axes are also defined as the kinematic chain (A1-A6) and tool-fixed
coordinate frame. Figure 1 shows the interface and simulation of Sprutcam software.

Ab
Ad Free end kimensatic
AS chan Flange
A3
Manapulaton
(Robot Arm)

Start of kinematic chain
Based of the robot (Robroot)

Figure 1: Simulation Sprutcam to Simulate Different Tool Feed Direction

The joint angles shown in Table 4 were fixed at all depths in each direction of feed (X-feed and
Y-feed), as no posture comparisons is made across depths in a direction. The X-feed and Y-
feed positions are different due to the fact that various joint setups are required to achieve the
two toolpath directions. This pre-experimental validation is particularly important in robotic
manufacturing due to the multi-dimensional nature of six-axis motion. Furthermore, the nature
of the interaction between the toolpath and the material geometry creates the need to perform
an extensive validation process. This approach aims to obtain accurate machining results
without compromising operational efficiency and safety standards (Wan Jusoh et al., 2025).
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Table 4: Robot Kinematic Chain

. . Angular Value (°)
Axis Joint
X-axis feed direction Y-axis feed direction
Al Joint 1 46.573 47.764
A2 Joint 2 —69.762 =70.614
A3 Joint 3 129.999 129.482
A4 Joint 4 -47.476 133.314
A5 Joint 5 -68.868 67.494
A6 Joint 6 21.46 —157.903
Experimental Setup

A KUKA KR120 R2700 industrial robot (QUANTEC series, KUKA Robotics, Augsburg,
Germany) equipped with a high-speed spindle (GDL70-24Z7/9.0, HQD Mechatronic Division,
Changzhou, China) was employed for the milling experiments. The robot features a high
workstation capacity and nominal repeatability of #£0.05 mm in accordance with ISO 9283,
with detailed specifications relevant to path precision and load capacity provided in Table 5.
To isolate the effects of feed direction and depth of cut, spindle speed and feed rate were held
constant at 9500 rpm and 1080 mm/min. Each condition was machined once (single pass per
setting) in this feasibility study. Replication was therefore performed at the measurement level
(n = 3 profilometer locations per condition), rather than through repeated machining runs.

Table 5 Specification of Kuka KR120 R2700 (Wan Jusoh et al., 2025)

__Parameter Value Unit
Maximum reach 2701 mm
Rated payload 120 kg
Maximum payload 167 kg
Maximum supplementary
load, rotating 300/130/150 kg
column / link arm / arm
Pose repeatability (ISO
9283) +0.05 mm
Number of axes 6 -

. Mounting position Floor -

~ Footprint 754 x 754 mm
Weight approx. 1069 kg

A high-speed spindle equipped with a 10 mm two-flute HSS flat end mill was used in all
experiments. The machining parameters were fixed at 9500 rpm spindle speed and 1080
mm/min feed rate, while depth of cut and feed direction were varied to assess their effects on
surface roughness. The block of UHMWPE was placed in a mechanical vice that was attached
to the table of the robot cell, and the clamping layout remained the same throughout the
experiments. A Tool Center Point (TCP) was assigned to the end of the mill geometry. A tool
pressenter procedure on a flat reference surface was used to measure the tool length and setting
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coordinates. The same TCP (X 300.33 Y 0.09 Z 85.41 with a tool overhang of 74.46mm) was

set in Sprutcam to ensure the accuracy of tool tip in Z position before machining.

The coordinate system of the workpiece was referred to the UHMWPE block. The origin was
put at the upper left front corner of the block, the X and Y axes were parallel with the long and
short sides of the workpiece respectively and the Z axis was at right angles to the robot surface.
Position of the workpiece was X 974.86 Y -1406.31 Z 411.69. The workpiece base was set
identically in SprutCAM and the robot controller to ensure that the programmed toolpath
corresponded precisely with the actual machining operation. To compare the feed direction, the
sole programmed variation was the toolpath direction, set either along +Y or —X. There were
no changes in the TCP and workpiece base positions. Prior to the finishing tests, the upper
surfaces for all UHMWPE blocks were face-milled using the same spindle-tool combination
to obtain a flat reference surface. Multiple over-lapping passes were executed to remove the
saw-cut layer and establish a flat reference surface. Face milling was then applied, and the Z0
of the workpiece coordinate system was defined on this planar surface.

The finishing experiments were then conducted on this prepared face at shallow depths of cut
(0.1, 0.2 and 0.3 mm). For each run, a straight contour pass was executed at the chosen depth
in both feed directions (Y-axis and —X-axis) to enable comparison of directional effects. The
robot joint (A1-A6) was kept constant at all cutting depth levels (i.e., posture was held constant
within each feed direction but differs between the X- and Y-direction toolpaths) but the joint
arrangement is not the same in the X- and Y-feed toolpaths because of kinematic limitations.
Therefore, any observed X—Y differences should be interpreted as combined effects of feed
direction and pose-dependent compliance. Joint angles were held constant across depths within
each feed direction; however, due to kinematic constraints, X- and Y-direction toolpaths
required different joint configurations. The measurement of surface roughness was made at the
three points of each machine track, slightly outside the lead-in and lead-out segment tracks, to
eliminate lead-in/lead-out effects and the error bars plotted are +1 standard deviation (SD). For
each condition, n = 3 profilometer measurements were taken along the machined pass, and the
reported +1 SD represents within-pass measurement variability rather than replicate machining
runs. The measurements were obtained using a Mitutoyo SJ-401 contact stylus profilometer
(Mitutoyo Corporation, Kawasaki, Japan) with cut-off length A., 0.8, and evaluation length,
4.0 mm (51,).

Result And Discussion

All findings reported in this section should be interpreted as preliminary trends under the tested
robot configurations and fixturing conditions, rather than universal directional effects. The
observed superiority of Y-axis feed in achieving lower average surface roughness is consistent
with the findings of Ni et al. (2022), who reported that Y-direction feeding can reduce vibration
levels compared to X-direction due to directional stiffness variation in serial robotic systems.
Taking together, these observations suggest that surface quality in robotic milling is shaped not
only by cutting parameters but also by direction- and pose-dependent robot compliance (Ni et
al., 2022). In the present study, X—Y toolpaths required different joint configurations; therefore,
the observed difference should be interpreted as a practical combined effect of feed direction
and pose-dependent stiffness rather than a purely directional effect.
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Figure 2 shows the effect of feed direction on surface roughness across all cutting depths. The
Y-axis feed produced lower Ra values (1.642—1.867 um) compared to the X-axis feed (1.661—
1.936 um). Within this feasibility dataset, the consistent offset across depths indicates a
repeatable difference between the two toolpath configurations, unlikely to be solely due to
within-pass measurement variability. Both feed directions exhibited a strong linear correlation
with depth of cut (R? > 0.93) across the three tested depths, and Ra increased approximately
linearly with increasing cutting depth. This trend suggests no obvious nonlinearity in the Ra
response within the investigated depth range, although confirming cutting-regime stability
would require additional evidence such as force or vibration measurements, or chip
morphology, as commonly emphasized in machining stability studies (Li et al., 2023). X-axis
feed demonstrated higher predictability (R? = 0.9981) compared to Y-axis feed (R? = 0.9333).
This indicates that, under the tested configuration, the X-axis condition produced a more
consistent linear Ra—depth relationship, albeit with higher sensitivity to depth changes. This
behaviour may be consistent with direction- and pose-dependent compliance effects in serial
robots (Ni et al., 2022), but confirming the underlying mechanism would require direct stiffness
or vibration characterization, as emphasized by Wu et al. (2022) in their review of industrial
robot stiffness identification and modelling (Wu et al., 2022). Finally, the separation between
directions appears more pronounced at the deeper cut (0.3 mm), while overlapping error bars
at shallow depths (0.1-0.2 mm) suggest the practical benefit may be modest under low-load
finishing, within the reported measurement variability.

Tool Feed Y-axis Tool Feed X-axis

. x=0.1372x+1.5277
g 2.0 R2=0.9981
= I
= y=0.1123x+15473 | 1 et I
® 18 RE=09333  rpbrmn. mth I .............
T aesssasts el
I
5 16 l
2
o 1.4
9_14
5
< 12

1.0

0.1 0.2 0.3

Depth of cut (mm)

Figure 2 Effect of Depth of Cut on Average Surface Roughness (Ra) For Y-Axis And X-
Axis Feed Directions (Single Machining Pass Per Condition; N = 3 Profilometer
Measurements Per Track; Error Bars = £1 SD)

In contrast to the Ra trends, Figure 3 shows that X-axis feed achieved lower Rq values (2.0—
2.5 pm) than Y-axis feed (2.35-2.40 pm) across the tested depths. Rather than being
contradictory, this separation between Ra and Rq responses suggests that directional effects
may influence peak-sensitive roughness differently from average roughness. The Y-axis
condition showed a weak depth—Rq relationship (R* = 0.5396), with comparatively larger
variability at the shallow cut (0.1 mm), whereas the X-axis condition exhibited an almost
perfectly linear increase of Rq with depth (R? =0.9996) across the three tested depths. Within
this pilot dataset, these trends indicate that X-axis feeding produced a stronger, more consistent
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linear Rq—depth response, while Y-axis feeding displayed greater scatter in peak-sensitive

roughness.

Taken together, the results are consistent with the interpretation that Y-axis feed can yield
lower average surface heights (Ra) yet show higher sensitivity to occasional surface
irregularities captured by Rq, whereas X-axis feed may reduce peak-sensitive roughness and
improve predictability under the tested configuration. This distinction is expected because Rq
is more sensitive to larger height deviations than Ra and therefore can reflect peak-dominated
behaviour that may not shift the mean roughness appreciably. Because X—Y toolpaths required
different joint configurations in this study, the observed contrast should be interpreted as a
practical combined effect of feed direction and pose-dependent compliance, rather than a
purely directional effect. Further work with posture-matched paths and direct vibration and
stiffness measurements would help confirm the underlying mechanism.

m)

i

ss. Rq
]

\

viean Square Roughne

£\

Roo

0.1 02

Depth of cut (mm)

Figure 3: Effect Of Depth of Cut on Root Mean Square Roughness (Rq) For Y-Axis and
X-Axis Feed Directions (Single Machining Pass Per Condition; N = 3 Profilometer
Measurements Per Track; Error Bars = £1 SD)

Figure 4 shows a depth-dependent directional behaviour for Rz. At the shallow depth of cut
(0.1 mm), both feed directions produced comparable Rz values (9.18 um for X-axis and 8.99
um for Y-axis), suggesting that peak-to-valley height is only weakly separated by direction
under low-load finishing. At the intermediate depth (0.2 mm), X-axis feed yielded a lower Rz
value (10.23 pm) than Y-axis feed (11.99 um). However, at the deepest cut (0.3 mm), the
directional advantage shifted, with Y-axis feed producing a lower Rz value (11.01 pm) than X-
axis feed (11.82 pm). Within this feasibility dataset, this crossover indicates that the relative
Rz performance between directions can change with depth of cut. This suggests that, when Rz
is used as the acceptance criterion for finishing quality, feed-direction selection should be made
in conjunction with the intended finishing depth, instead of assuming a fixed directional
preference.

Linear fitting further highlights a difference in predictability: the X-axis condition shows a

strong correlation with depth of cut (R? = 0.9949), whereas the Y-axis condition exhibits weak
correlation (R?=0.4108). This contrast suggests that the X-axis configuration produced a more
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consistent peak-to-valley response across the tested depths, while the Y-axis configuration
displayed greater variability in peak-sensitive behaviour. Because X—Y toolpaths required
different joint configurations in this study, these findings should be interpreted as combined
effects of feed direction and pose-dependent compliance rather than a purely directional effect.
Practically, the higher predictability observed for the X-axis condition may support more
reliable process planning when consistency is prioritised, while the depth-dependent crossover
indicates that directional selection for Rz may depend on the finishing depth used.

While the absolute differences in Ra between the X and Y feed directions were modest, the
results reveal a clear and systematic trade-off between the roughness metrics. Rq and Rz
exhibited strong direction-dependent predictability, particularly in the X-direction where linear
correlation remained exceptionally high (R?>0.99). This suggests that the differences observed
are not random variations but are systematic effects of the pose-dependent stiffness anisotropy.
Consequently, this study identifies an application-specific trade-off: Y-axis feeding is preferred
when average smoothness (Ra) is the priority, whereas X-axis feeding offers superior
predictability and control over peak-sensitive metrics (Rq and Rz).

Tool Feed Y-axis Tool Feed X-axis

to-Valley Height, Rz (pum)

}
1K~

P

IXHTI e

A\ as
vi

)1 02 0.3

Depth of cut (mun

Figure 4: Effect Of Depth of Cut on Maximum Peak-To-Valley Height (Rz) For Y-Axis
and X-Axis Feed Directions (Single Machining Pass Per Condition; N = 3 Profilometer
Measurements Per Track; Error Bars = £1 SD)

As no inferential statistics were performed and X-Y toolpaths required different joint
configurations in this study, these findings must be interpreted as a combined effect of feed
direction and pose-dependent stiffness anisotropy. Accordingly, the observed roughness trends
should not be attributed to feed direction alone but rather understood as robot-specific
responses arising from kinematic constraints and posture-dependent compliance. These
preliminary trends within this pilot dataset motivate future work, which should involve
validation through posture-matched paths and larger experimental replication to further isolate
the effects of stiffness anisotropy on the machining of soft polymers.
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Figure 5 documents the tool condition after finishing passes at depths of cut 0of 0.1, 0.2, and 0.3
mm. At 0.1 mm, the flank face and tool corner appear largely free of visible wear, with only
minimal UHMWPE adhesion. As the depth of cut increases to 0.2—0.3 mm, adhered material
becomes more evident around the tool corner, indicating greater material build-up under higher
engagement conditions. This trend is consistent with increased tool-workpiece contact and
frictional interaction as depth increases, which can promote adhesive transfer in soft polymers
such as UHMWPE.

No pronounced directional dependency was apparent in the adhesion patterns within the
available images; tools used for Y-axis and X-axis feeds showed broadly comparable build-up
at the same depth levels. This suggests that, under the investigated finishing conditions, visible
adhesion is primarily depth-associated rather than direction-associated. When considered
alongside the roughness results, these observations support the interpretation that directional
differences in Ra/Rq/Rz are not driven mainly by gross changes in adhesion at the tool corner
within this depth range. Nevertheless, confirming the underlying causes would require
additional measurements (e.g., temperature, cutting forces, or vibration) beyond post-process
tool imaging.

Taken together, the Ra, Rq, Rz and tool-adhesion observations indicate that directional
differences in robotic milling of UHMWPE are depth-dependent and configuration-sensitive.
At shallow depths of cut, both feed directions produced similar peak-to-valley behaviour and
only minimal visible adhesion, suggesting limited practical separation between directions
under low-load finishing. As depth increases, the roughness metrics diverge: Y-axis feeding
tends to favour lower average roughness (Ra), whereas X-axis feeding shows stronger
predictability and lower peak-sensitive roughness (Rq), and Rz exhibits a depth-dependent
crossover. Meanwhile, visible tool adhesion increases with depth and does not show a
pronounced directional contrast within the available images, implying that adhesion in this
study is more strongly associated with engagement conditions than with feed orientation.
Overall, these results support a condition-specific approach to feed-direction selection in
robotic UHMWPE finishing, where depth of cut is a key driver of both roughness magnitude
and the extent of directional separation, and where any directional interpretation should be
made in the context of pose-dependent compliance.
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Conclusion

This feasibility study indicates that feed direction can influence UHMWPE surface roughness
in robotic milling, with the practical separation between directions varying with depth of cut.
Within this pilot dataset and the investigated range, depth of cut appeared to be the primary
driver of roughness trends, while directional effects manifested differently across roughness
metrics. X-axis feeding was associated with lower peak-sensitive roughness (Rq) and a more
predictable response with depth, whereas Y-axis feeding provided a modest advantage in
average roughness (Ra). These results are consistent with the view that configuration-
dependent compliance in serial robots can affect surface outcomes, highlighting important
differences between robotic milling and rigid CNC platforms. Overall, the findings should be
interpreted as robot-specific outcomes influenced by the kinematic configuration and pose-
dependent compliance examined in this study. Application-specific feed-direction selection is
therefore recommended, particularly when balancing average smoothness against peak control
and predictability. Future work should evaluate posture-matched toolpaths, pose variability,
and broader parameter ranges, supported by direct force and vibration measurements, to
establish more comprehensive toolpath optimisation guidelines for polymer machining.
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