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Achieving high surface quality in robotic milling of Ultra-High
Molecular Weight Polyethylene (UHMWPE) is difficult: the polymer
conducts heat poorly and behaves viscoelastically, so the cut readily
softens and damages the very surface it is forming. This study examines
how boundary lubrication and spindle speed affect the surface roughness
of UHMWPE machined on a KUKA KR120 R2700 robotic system. Dry
cutting, palm oil, and ISO VG 32 light mineral oil were compared, with
both oils pre-applied by hand so that only a static boundary film was
available at the cut. Spindle speeds of 6500 and 9500 rpm were used at
a fixed feed rate of 1620 mm/min and a depth of cut of 0.3 mm, and Ra,
Rq, and Rz were measured using a Mitutoyo SJ-401 profilometer. Palm
oil gave the lowest Ra at both speeds, with values of 1.275 um at 6500
rpm and 1.004 pm at 9500 rpm, corresponding to reductions of
approximately 45% and 39% compared with dry cutting and 23% and
21% compared with mineral oil, respectively. The higher spindle speed
improved the finish under every lubrication condition. Within the
window tested, palm oil therefore earns consideration as a boundary
lubricant for robotic UHMWPE milling. However, these data cannot
establish how it behaves over a longer cut: friction, wear, cutting
temperature, and tool life were not measured, and these parameters
would have to be quantified before the oil could be recommended for
production use.
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1. INTRODUCTION

UHMWPE has served as the bearing material in total joint arthroplasty for more than five decades, and it
is used even more widely in sliding bearings and other load-bearing components. Its appeal rests on a
combination of impact and wear resistance, a low coefficient of friction, and chemical inertness in
physiological environments [1], [2], [S]. The same polymer is awkward to machine. It is viscoelastic, and
it conducts heat poorly, so cuts that would be unremarkable in metals tend to leave burrs, dimensional
errors, and a degraded finish [3], [4]. Of these defects, surface roughness carries the greatest clinical
consequence. A rough articulating surface on a hip or knee component accelerates the generation of
abrasive wear particles, and that debris is implicated in osteolysis and implant loosening [1], [2], [5], [6].
Roughness is also the one measure of surface integrity that can be recorded directly and repeatedly on the
machined part, which is why it is treated as the primary response throughout this work.

Four influences recur in the UHMWPE milling literature as the principal determinants of surface
roughness: the machining platform, the cutting parameters, the tool geometry, and the lubrication strategy
[5-9]. On a well-tuned CNC machine, the first three can be pushed far enough to yield low Ra values on
UHMWPE components. A robot is a different proposition, because its lower structural rigidity and greater
dynamic compliance introduce error sources that a rigid machine tool does not have [10-13]. Parameter
effects on UHMWPE surface quality have been mapped reasonably well; however, the effects of lubrication
strategy in a robotic cell have not been studied extensively, and direct comparisons between lubricants
remain scarce [6-9], [13]. The gap matters because the lubricant governs friction, heat generation, and chip
evacuation at the cut, and each of these factors feeds back into the surface that is left behind in polymer
machining. For robotic UHMWPE milling, this question has not been sufficiently investigated [14—17].

What the robot gives in return is reach and flexibility. Geometries that would require repeated
refixturing on a conventional machine can often be approached in a single setup, and the technique has
spread accordingly through metals, composites, and engineering polymers [10-12]. UHMWPE is a
conspicuous exception, and work on it remains limited [13]. The lubrication literature shows a similar
imbalance. Mineral and synthetic fluids account for most of it, while vegetable-based alternatives such as
palm oil have attracted attention more recently for their biodegradability, their comparatively high
viscosity, and their capacity to form a stable boundary film [18-22]. In metallic machining and in sliding
tribological contacts, palm oil formulations have been reported to lower friction and improve finish relative
to some petroleum-based fluids [20-23]. None of that evidence comes from robotic UHMWPE milling, but
it is enough to make palm oil worth testing under boundary conditions.

No published study has yet compared palm oil and mineral oil under identical robotic milling conditions
on UHMWPE, which leaves the practitioner without a basis for choosing between them. The present work
addresses that specific question. Lubricant type (ISO VG 32 mineral oil and palm oil) and spindle speed
are varied on a KUKA KR120 R2700 cell, while dry cutting is retained as the baseline, and the response is
read from Ra, Rq, and Rz together with SEM examination of the machined surface. The heat and adhesion
problems that make UHMWPE difficult to cut [3—-5], [7], and the boundary film-forming behaviour reported
for palm oil in other contexts [18-23] frame the interpretation offered below. That interpretation is
necessarily preliminary, because the machined surface is the only evidence available here.
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2. METHODOLOGY

2.1 Materials and experimental setup

Milling was carried out on a KUKA KR120 R2700 six-axis industrial robot. Cutting was done with a
10 mm uncoated HSS end mill with a two-flute geometry (ISO HSS-M2, 62 HRC, 100 mm overall length,
Miranda Tools). Two flutes rather than four were chosen deliberately, since the wider flute space clears
chips more readily and limits heat build-up that viscoelastic polymers tolerate poorly. Workpieces were
compression-moulded UHMWPE (Réchling) sectioned into 50 X 50 x 50 mm blocks, with properties as
listed in Table 1.

Table 1. Material properties of the UHMWPE workpiece

Property Value
Density (g/cm® 0.93
Yield Stress (MPa) 20
Tensile Modulus of Elasticity (MPa) 680
Melting Temperature (°C) 135
Heat Deflection Temperature (°C) 79
Coefficient of Thermal Expansion (x107¢/°C) 150-230

Three parallel slots were cut across each specimen face in a single pass, each 50 mm long and 10 mm
wide at the full tool diameter, and spaced 5 mm apart. Those three slots are the three repeats for the condition
concerned. Fig. 1 shows the layout and the feed direction.

50 mm
- o~ )
- - -
o o ° Depth of cut = 0.3 mm
L © w (not to scale)
10 mm
H H l
T T T T T T
€
€
Feed 2
direction
(from Y+)
50 mm (block width, X)
(b) Cross-section (slot depth exaggerated for clarity)
Y
—>
T 10 Mmies

oz—> X

5 mm
(a) Top view: slot layout, each slot spans the full 50 mm
block length (Y) and is machined by a single 10 mm-di ter pass

Fig. 1. Schematic of the milled slot geometry on the 50 x 50 mm specimen face: (a) top view of the three parallel
slots and feed direction; (b) cross-section showing the slots (depth not to scale)
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2.2 Machining parameters

Milling was conducted at spindle speeds of 6500 and 9500 rpm under three lubrication conditions: dry
cutting, palm oil, and ISO VG 32 light mineral oil. The feed rate and depth of cut were fixed at 1620
mm/min and 0.3 mm, respectively, as listed in Table 2, and the experimental configuration is shown in Fig.
2. These parameters were selected on the basis of preliminary trials and previous studies on UHMWPE
milling, in which higher spindle speeds and shallow depths of cut were reported to reduce thermal
accumulation, material adhesion, and tool clogging [24—27]. Both speeds fall within the 6500 to 12500 rpm
window used in related robotic milling work on the same UHMWPE dataset [28], [29]. Neither flood nor
mist delivery was used. A thin film of lubricant was instead spread over the workpiece surface by hand
before each trial and was not replenished, thereby reproducing the static boundary condition in which the
cut has only a pre-deposited film to draw on. Withholding a flowing supply also removes convective cooling
from the comparison, so that what separates the two oils is their behaviour in the boundary film rather than
their capacity to carry heat away. The application procedure was kept consistent throughout. Each condition
was repeated three times, and means and standard deviations were computed to gauge repeatability. Table
3 summarises the physical properties of both lubricants.

Robot KUKA KR120 R2700 Lubrication Type:

Robot Spindle Speed:

R |

10mm 2 Flutes
End MillHSS

Fig. 2. Experimental setup for robotic milling of UHMWPE using the KUKA KR120 R2700 system, a 10 mm HSS
two-flute end mill, and the manual lubricant pre-application method

Table 2. Cutting parameters used in the robotic milling experiments

Parameter Value
Spindle Speed (rpm) 6500
9500
Feed Rate (mm/min) 1620
Depth of Cut (mm) 0.3
Lubrication Condition Dry (without lubrication)
Palm Oil

Light Mineral Oil ISO VG 32
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Table 3 shows that palm oil exhibited substantially higher kinematic viscosity than the ISO VG 32
mineral oil at both 40 °C and 100 °C, together with a higher flash point. The ISO VG 32 mineral oil is a
commonly used industrial lubricant for light machinery and hydraulic applications. The palm oil used in
this study was commercially available refined, bleached, and deodorised (RBD) palm olein, a standard
commercial grade widely produced in Malaysia and frequently employed in machining and tribological
studies [19]. The higher viscosity of palm oil may promote the formation of a more stable boundary film at
the tool-workpiece interface, and its influence on machining performance is discussed in Section 3.

Table 3. Physical properties of ISO VG 32 light mineral oil and palm oil

Property ISO VG 32 Palm Oil
Density at 15 °C (kg/L) 0.86-0.87 0.890
Kinematic viscosity at 40 °C (mm?/s) 32.0 106.8
Kinematic viscosity at 100 °C (mm?/s) 5.5-5.8 12.07
Flash point (°C) >210 260

Pour point (°C) =30 —4

2.3 Surface roughness measurement

Ra, Rq, and Rz were recorded using a Mitutoyo SJ-401 profilometer, with the parameters defined
according to [30]. Three traces were taken at separate positions along each machined slot and averaged to
give the value reported for that surface. The reduction in Ra relative to dry cutting follows Eq. (1):

% Reduction = (Radry — Raiubricated) / Radry x 100 @)

where Ragry is the mean Ra under dry cutting and Rajupricared 1S the mean Ra obtained at the same spindle
speed with palm oil or mineral oil. Expressing the improvement as a percentage allows the two speeds to
be compared despite their different baselines.

2.4 Surface morphology and microstructure analysis

Machined surfaces were imaged using a Hitachi TM3030 tabletop scanning electron microscope (SEM)
fitted with a SwiftED3000 detector, after cleaning to remove loose chips and residual oil. One
representative area was imaged for every combination of lubrication condition and spindle speed, and the
images were examined for the defects that machining can produce in a viscoelastic polymer: tearing marks,
fibrillar deformation, burr-like protrusions, micro-grooves, and smeared material. The SEM analysis is
qualitative. It is used here to show what the roughness figures look like on the surface itself, not to quantify
wear or friction, neither of which can be extracted from these images.

3. RESULTS AND DISCUSSION

The roughness data are presented first, followed by the SEM images that accompany them.

Table 4 lists the means and standard deviations for every parameter. Scatter was modest relative to the
corresponding means, particularly for Ra and Rq, so the three repeats can be considered consistent. The
exception is Rz under mineral oil at 6500 rpm (7.725 £ 1.643 pm), where the spread is wide enough to
suggest that peak-to-valley formation was itself less stable under that condition.
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Table 4. Mean + standard deviation of Ra, Rq, and Rz by spindle speed and lubrication condition

Spindle speed (rpm) Lubrication condition Ra (um) Rq (um) Rz (um)

6500 Dry cutting 2.331+0.229 3.044 £0.251 11.765 £ 0.967
6500 Palm oil 1.275+0.119 1.714 £0.077 6.493 +0.779
6500 ISO VG 32 mineral oil 1.655+0.331 2.097 +0.457 7.725 £ 1.643
9500 Dry cutting 1.656 +0.228 2.075+0.307 7.509 +0.723
9500 Palm oil 1.004 + 0.061 1.234+£0.113 4.520+0.472
9500 ISO VG 32 mineral oil 1.278 £0.077 1.700 £ 0.199 6.414+£0.774

Fig. 3 shows the Ra results. Palm oil produced a consistent reduction in Ra across both tested spindle
speeds, followed by mineral oil, while dry cutting produced the highest values. At 6500 rpm, palm oil
reduced Ra from 2.331 pm under dry cutting to 1.275 pm, a reduction of approximately 45%, and by about
23% compared with mineral oil. At 9500 rpm, the corresponding reductions were approximately 39%
against dry cutting and about 21% against mineral oil.

Average Roughness, Ra (jum)

Average Roughness, Ra under Different Lubrication Conditions

6500 rpm

Palm Oil

Lubrication Conditions

09500 rpm

Mineral Oil

Fig. 3. Average roughness (Ra) of UHMWPE machined under dry cutting, ISO VG 32 mineral oil, and palm oil
lubrication at 6500 and 9500 rpm

Rq, in Fig. 4, ranks the three conditions in the same order. Dry cutting gave 3.044 um at 6500 rpm,
mineral oil 2.097 pm, and palm oil 1.714 pm, and the ordering holds at 9500 rpm.
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RootMean Square Roughness, Rq Under Different Lubrication Conditions

’g B6500 rpm  E9500 rpm
=35
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2 Palm Oil Mineral Oil

Lubrication Conditions

Fig. 4. Root mean square roughness (Rq) of UHMWPE machined under dry cutting, ISO VG 32 mineral oil, and
palm oil lubrication at 6500 and 9500 rpm

Fig. 5 shows that peak-to-valley height behaves no differently. At 6500 rpm, Rz fell from 11.765 pm
under dry cutting to 7.725 pm with mineral oil and 6.493 pm with palm oil, and the same ranking was
preserved at the higher speed. Across all three parameters, then, the two lubricants separate from dry cutting
and from each other in a consistent order.

Maximum Peak-to-Valley Height, Rz Under Different Lubrication Conditions

B6500 rpm B9500 rpm
14.0
12.0
10.0

(nm)

8.0
6.0
4.0
2.0

Maximum Peak-to-Valley Height, Rz

0.0

Dry Palm Oil Mineral Oil
Lubrication Conditions

Fig. 5. Maximum peak-to-valley height (Rz) of UHMWPE machined under dry cutting, ISO VG 32 mineral oil, and
palm oil lubrication at 6500 and 9500 rpm
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Raising the spindle speed from 6500 to 9500 rpm lowered every parameter under every lubrication
condition. At the fixed feed rate of 1620 mm/min, the higher speed necessarily reduces the feed per tooth
and shortens the period of flute engagement, and chip removal improves accordingly. That is the most
plausible reading of the trend, although it was not tested directly here. Comparable behaviour has been
reported in polymer machining and in robotic milling more generally [7-13], [24-27].

Fig. 6 compares the three conditions side by side. The dry surfaces are the worst of them: tearing marks
run across the machined face, fibrous burrs stand proud of it, and the material is locally distorted, all of
which point to the tool sticking to the workpiece and to softening under the heat of the cut, though neither
friction nor temperature was measured. Mineral oil takes the severity down without eliminating it. Micro-
grooves and fibrillar structure remain plainly visible, so the film reduced adhesion-related damage rather
than suppressing it. Under palm oil, the machined face is more uniform and carries fewer of these features
than under either of the other conditions, which is what the roughness ranking would predict, and the natural
reading is that the palm oil film was retained more effectively at the tool-workpiece interface. Both spindle
speeds showed the same trend, so lubrication clearly acts on morphology within the range tested. However,
the images cannot separate that effect from cutting temperature, friction coefficient and tool wear, none of
which was recorded.

IMicrozgrooves

IMoreluniformlmachined[surface]

9500rpm, Palm oil

9500rpm, Dry 9500rpm, Mineral oil

y ”»”
Microzgrooves

6500rpm, Mineral oil

Fig. 6. SEM images of machined UHMWPE surfaces under dry cutting (a) and (d), ISO VG 32 mineral oil (b) and
(e), and palm oil lubrication (c) and (f) at spindle speeds of 6500 and 9500 rpm, showing tearing marks, fibrous burrs,
fibrillar structures, and micro-grooves as indicated

The improvement under palm oil may be related to its higher viscosity and stronger retention at the
cutting interface, which can reduce direct tool-workpiece contact under boundary lubrication conditions.
However, this interpretation remains indirect because friction coefficient and cutting temperature were not
measured.
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Palm oil Iubrication produced Ra values of 1.275 pm at 6500 rpm and 1.004 pm at 9500 rpm. These
values are below the 2.0 pm surface roughness level often reported as desirable for UHMWPE orthopaedic
components [5—7], which suggests that palm oil-assisted robotic milling can produce surface finishes within
a practically relevant range. The result should nevertheless be read with caution. Meeting a roughness target
does not by itself establish clinical suitability; dimensional accuracy, wear debris generation, sterilisation
effects, and long-term wear behaviour all bear on that judgement as well [1], [2], [5], [6]. Compared with
reported CNC milling studies of UHMWPE, the robotic results remain slightly higher than the lowest
surface roughness values achieved on more rigid machining platforms [5-9], which is to be expected given
that industrial robots are less stiff than CNC machine tools [10], [11]. Even so, the results demonstrate that
suitable boundary lubrication can improve the surface quality of robotic-milled UHMWPE.

The better performance of palm oil compared with mineral oil may be related to both viscosity and
molecular structure. Palm oil contains fatty acid ester components that can support boundary lubrication in
sliding and cutting contacts [18-23], [31], and these components may improve lubricant retention at the
tool-workpiece interface during the short engagement periods associated with milling. That reading is
consistent with the lower Ra values obtained under palm oil: at 6500 rpm mineral oil produced Ra values
about 23% higher, and at 9500 rpm, about 21% higher. The similar ranking at both speeds suggests that
lubricant type had a consistent influence on surface formation. The mechanism itself cannot be confirmed
from roughness and SEM data alone, since lubricant film thickness, friction coefficient, cutting
temperature, and tool wear were not measured; the explanation offered here is therefore a plausible
interpretation rather than direct proof of boundary film behaviour. What the data do establish is that, under
identical machining conditions, palm oil produced lower roughness values and fewer visible surface defects
than mineral oil, which supports its potential as a boundary lubricant for robotic UHMWPE milling.

Three limitations constrain what can be claimed here. The evidence is confined to roughness and SEM
morphology; friction coefficient, cutting force, cutting temperature, tool wear, and wear rate were all
outside the measurement set, which is why every statement above about mechanism is offered as an
inference rather than a demonstration. The parameter space is also narrow, covering two spindle speeds at
a single feed rate and depth of cut, so the results describe that window and should not be generalised to
robotic milling; interactions between parameters would need a wider factorial design to resolve. Finally,
hand pre-application served the purpose of isolating boundary behaviour under controlled conditions, but
it is not how lubricant reaches the cut in a flood or minimum-quantity system, and performance under
continuous supply may well differ. Direct tribological measurement, force and temperature monitoring,
tool wear analysis, and a statistically designed experiment are the obvious next steps [14—17], [32-34].

4. CONCLUSION

Dry cutting, ISO VG 32 mineral oil, and palm oil were compared as boundary lubricants for UHMWPE
milled on a KUKA KR120 R2700 robot, with each oil pre-applied by hand as a static film.

Palm oil gave the lowest Ra at both speeds, 1.275 um at 6500 rpm and 1.004 pm at 9500 rpm.
Compared with dry cutting, these represent reductions of approximately 45% and 39%; compared with
mineral oil, approximately 23% and 21%. Rq and Rz ordered the three conditions in the same way, and the
SEM images showed correspondingly fewer defects on the palm oil surfaces, indicating that the
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improvement is visible as well as measurable. Raising the spindle speed from 6500 to 9500 rpm lowered
roughness under all three conditions.

Higher viscosity and a more persistent boundary film are the plausible reasons for the advantage of
palm oil, but they remain plausible reasons only. Friction coefficient, cutting force, cutting temperature,
tool wear, and wear rate were not measured, and the trials covered two spindle speeds at one feed rate and
one depth of cut. Confirming the mechanism, and establishing where the optimum lies, will require those
measurements together with a broader experimental design.
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