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ABSTRACT

This thesis investigates whether a wafer-defined circular blade can realise a mechanically robust cutting edge
at thin-film thickness scale and perform first material removal under rotation. The concept uses a silicon
annulus carrying a deposited film. Selective substrate removal near the outer perimeter releases a circum-
ferential overhang whose thickness defines the nominal kerf scale while overhang length governs achievable
cutting depth. The work is structured around four challenges: reaching the minimum cutting-edge speed
with acceptable run-out, fabricating annular blade blanks, selectively underetching the rim while preserving
mounting geometry, and integrating the system to demonstrate cutting.

A practical spindle operating envelope was established in which the blade reached the minimum target speed
while operational displacement remained predominantly rotation-synchronous and below the realised over-
hang range used for survival and engagement trials. LS-Precess femtosecond-laser cutting enabled repeat-
able fabrication of 525 um-thick silicon annular blanks, and a lid-base sacrificial masking concept enabled
selective SFg underetching and controlled release of SiO, rims while preserving hub-bore integrity when the
lid remained intact. In the integrated demonstration, released SiO» rims survived operation at and above tar-
get speed and produced a continuous kerf in rigid ABS under incremental approach at N = 17.7kRPM, with
measured trench depths of 11.72 pym to 14.71 um and a central kerf width of ~46 pm. The main limitations are
that rigid cutting was attributable primarily to the rear-side ~10 um rim, sustained controlled engagement
of the front-side ~4 um ultra-thin rim remains unproven, and circumferentially continuous ultra-thin a-SiC
edges were not reliably achieved within the present process window.
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an unchanged profile within the inspection resolution; (d) example of a severe local breakaway
observed after the final cut attempt (origin uncertain). (e-f) Rear-side rim on the unpolished
wafer side (thicker oxide, ~ 10um): (e) example region showing slight local wear; (f) example
region showing no apparent change. Scale bars: 100 um (a—d) and 20 um (e-f). ... ... .. ..
Post-test optical micrographs of a rigid polymer trial (white LEGO/ABS, Test 5) at N = 16.9kRPM.
Boxed regions indicate the fields of view shown at higher magnification (a—b, b—c). (a) Overview
of the modified surface region. (b) Apparent damage-band width w = 547um, comparable to
the blade stack thickness (~ 539um) and consistent with over-travel with substrate sidewall in-
volvement (potential polymer pile-up and projection bias). The separate pre-test mark resulted
from a prior touch with a clean Si blade. (c) Detail near the track end showing a local initial
width of ~ 10pum, compatible with the rear-side rim thickness but not definitive. Scale bars:
500pum (a,b) and 20um (C). . . . . . oL e e
Representative white-light interferometry (WLI) measurement of the Test 6 kerf on ABS. The
top-left panel shows the height map of a region spanning the kerf; the top-right panel shows an
example line profile across the trench. Depth is reported relative to the local mean surface plane
outside the kerf. In this representative scan, the profile indicates a maximum trench depth of
Az = 14.7um over a lateral span of Ax = 68.5um. The measurement supports the depth range
reported in the main text for repeated scans near the kerfcentre. . . . . ... ... ... ... ...
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G.7 Representative post-test microscopy of the rear-side rim after the controlled rigid-sample trial
(Test 6). (a) Example region showing no apparent change within the inspection resolution. (b)
Example region showing slight local degradation (increased edge roughness) over a limited sec-
tor. The coexistence of degraded and intact regions indicates spatially localised wear, consistent
with intermittent contact limited to a circumferential sector. Scale bars: 50pum. . .. .......
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INTRODUCTION

Cutting tools predate modern humans, with the oldest known cutting tools dating back approximately 3.3 mil-
lion years [1], and evidence of systematic tool use persisting throughout early pre-human and human history
[2]. With the development of metallurgy, purpose-made saws emerged. One of the earliest documented pull
saws dates back to the Early Dynastic Period (3100-2686 BC) [3]. Much later, rotary sawing, exemplified by
the circular saw, introduced continuous high-speed cutting and, after 19th-century refinements, became a
widely adopted tool [4], [5], [6].

In contrast, modern micro- and nanofabrication has largely miniaturised fields and particles (beams, plas-
mas, and chemical reactions) rather than mechanical cutting tools. While advanced lithographic and plasma-
based techniques routinely produce sub-micrometre features, deliberate miniaturisation of mechanically de-
fined cutting implements to comparable thickness scales has remained rare. The idea of making progressively
smaller tools to fabricate progressively smaller structures is conceptually compelling, yet at the nanoscale
practical challenges in stiffness, handling, and control have generally favoured non-mechanical approaches
[7]. This thesis revisits the macroscopic principle of rotary cutting under micro- and nanoscale constraints
and investigates whether a mechanically defined edge can be realised at thin-film thickness scale.

Plasma etching, ion-beam milling, and related techniques form the backbone of contemporary nanofabri-
cation. However, their effectiveness depends on specific physical and chemical conditions. Plasma etching
requires suitable volatile reaction products and controllable ion transport [8]. Ion-beam milling depends
on sufficient sputter yield and careful management of surface charging and redeposition [9]. In certain ma-
terial classes, these assumptions become restrictive. In magnetically biased systems such as permanent-
magnet MEMS, static magnetic fields can alter plasma transport and sheath behaviour, and more gener-
ally the fine patterning of thick permanent magnets remains difficult in practice, with no well-established
MEMS-compatible route at ~micrometre-scale thickness and lateral resolution and with existing etch-based
approaches still limited by redeposition, tapering, lateral over-etch, and process-integration constraints [10],
[111, [12], [13]. Chemically inert polymers may require aggressive plasma chemistries with limited selectivity,
while multilayer stacks containing insulating regions can suffer from charge accumulation under ion bom-
bardment [8], [9]. These limitations do not universally preclude beam- or plasma-based processing, but they
highlight conditions under which material removal governed primarily by contact mechanics and relative
hardness, rather than by chemical selectivity or sputter yield, may offer a complementary structuring route.

Mechanical micro- and nano-machining already supports demanding applications in optics, photonics, and
microfluidics, but the literature reveals a persistent trade-off between minimum kerf width (the width of the
trench produced by the cutting edge) and achievable trench aspect ratio (cut depth-to-width). Single-point
diamond micro-tools, often shaped by focused ion beam (FIB) machining, are widely used to generate optical
and fluidic microfeatures, such as diffractive optical elements and microfluidic channels. Reported tool sizes
span from hundreds of micrometres down to single-digit micrometres, including spherical tips with nose
radii of 7.73um [14]. V-shaped tools extend this capability to grooves and rib arrays, for example producing
ribs ~ 10 um wide and ~ 29 um deep (feature aspect ratio ~ 3) [15], [16], [17]. For photonics-type structures,
rectangular-faced diamond tools have been used to machine waveguide and hologram geometries at ~ 10 pum
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tool widths [18], [19]. When deep slotting is required, stiffness becomes dominant. Specialised micro-slotting
tools (e.g. 15 um wide and 150 um high) can reach aspect ratios on the order of 10 by using enlarged support
geometries [20]. At the other extreme, Sun et al. demonstrated a FIB-fabricated diamond “grating” tool where
individual tooth dimensions reach a base width of 459 nm, narrowing to 153 nm over a height of 594 nm,
proving that sub-micrometre cutting elements are feasible in principle [21].

Across these examples, a consistent pattern emerges: as cutting elements become thinner, achievable trench
depth typically decreases unless additional support geometry increases tool stiffness. Extremely thin cutting
features are generally associated with limited cutting depth, whereas tools capable of deep trenching rely on
thicker cross-sections or reinforced geometries to maintain structural integrity under load. Minimum kerf
width and achievable trench depth are therefore strongly coupled in conventional mechanical micro-cutting
approaches.

Rotating approaches face a related constraint. In micro-milling, tool diameter sets a practical floor on trench
width. Representative demonstrations include ~ 50 um wide grooves at depths up to ~ 180 um (aspect ratio
~ 4) using micro-milling tools with diameters of tens of micrometres [22], [23]. The closest rotating analogue
to a circular saw is the diamond dicing blade, which enables high-aspect-ratio, continuous micro-structuring
including tall micro-pillar formation and deep, narrow grooves for optical waveguide geometries [24], [25].
For instance, Loiko et al. report diced channel waveguides ~ 200 um deep with 10 um to 50 um widths (as-
pect ratios 4 to 20) [25]. However, minimum kerf width in rotating blades is fundamentally constrained by
blade thickness, which typically sets the lower bound on the trench width produced during cutting and is on
the order of 10 um in the surveyed literature [26]. Continuous rotating trenching with kerf widths below ap-
proximately 10 um is therefore not evident in the surveyed literature and is typically realised via lithographic
patterning and etching [27].

Taken together, these observations suggest that while mechanical approaches can achieve substantial as-
pect ratios and continuous trenching, extension of rotating cutting into the thin-film thickness regime would
represent a distinct operating point within the broader fabrication landscape. By defining the cutting edge
through thin-film deposition while relying on the bulk substrate and rotational stiffening for structural sup-
port, the wafer-based blade concept seeks to partially decouple kerf width from achievable trench depth
within a rotating architecture.

To explore this possibility, this thesis proposes a wafer-based circular cutting blade in which a circumferential
thin-film overhang forms an ultra-thin, continuous cutting edge around the outer perimeter. The core idea
is to decouple two geometric limits that are typically linked in conventional cutting tools: the effective kerf
width is defined primarily by the thin-film thickness, whereas the achievable cutting depth is governed by the
film’s radial overhang length. In contrast to conventional tool fabrication routes such as focused ion beam
machining, the proposed blade is developed by adapting standard semiconductor processes and selective
substrate removal steps to realise the cutting geometry.

Fig. 1.1 summarises the fabrication concept. Starting from a silicon wafer carrying a thin film, the wafer is
first shaped into an annular disk. In a subsequent release step, silicon is selectively removed from the out-
ermost ring of the annulus, creating a circumferential thin-film overhang at the blade perimeter. During
high-speed rotation, the rim is subjected to tangential (hoop) stress, which leads to centrifugal stiffening.
Increasing rotational speed to raise the effective dynamic stiffness and suppress bending is a conventional
strategy for ultra-thin dicing blades, where blades can reach rotational speeds of tens of thousands of RPM
[28], [29]. In the present work, this effect is used as a design rationale and its expected trend is estimated an-
alytically (Chapter 4). Experimentally, mechanical feasibility is evaluated via survival of the substrate and the
released cutting edge at speed, and by measurements of system motion (quasi-static run-out and operational
displacement).

The objective of this thesis is not to establish a process-ready alternative to lithography or plasma etching,
nor to demonstrate attributable sub-micrometre kerf formation. Rather, it is to assess the feasibility of wafer-
defined, thin-film rotating edges as a mechanically robust platform. Specifically, the work demonstrates (i) a
repeatable fabrication route for annular blade blanks and released thin-film rims, (ii) operation of the blade at
the minimum cutting-edge speed with controlled run-out, and (iii) quantified rigid kerf formation in a non-
semiconductor polymer (ABS) under incremental approach. Material-specific advantages over established
beam- and plasma-based methods remain open questions.

To structure this feasibility study, the thesis adopts a challenge-led framework. Each subsequent chapter
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Figure 1.1: Fabrication concept for the wafer-based circular blade (schematic, not to scale). A thin film on a silicon substrate is shaped
into an annular disk, after which selective substrate removal near the outer edge releases a circumferential thin-film overhang that forms
a continuous cutting edge. The highlighted region indicates the substrate removal zone.

addresses one governing technical challenge: achieving stable high-speed rotation with acceptable run-out;
producing smooth, continuous blade perimeters in Si/thin-film stacks; enabling selective edge release with-
out compromising mounting geometry; and integrating the system to demonstrate first cutting engagement.
The thesis concludes by synthesising the evidence across these challenges and outlining the steps required
to translate the demonstrated platform towards reliable, attributable ultra-thin cutting and systematic explo-
ration of material classes that may benefit from mechanically defined structuring.






CHALLENGE 1: ROTATION TO
CUTTING-EDGE SPEED WITH ACCEPTABLE
RUN-OUT

The first challenge addressed in this work is to develop a test setup that can reach the minimum cutting-
edge speed while maintaining acceptable quasi-static run-out (TIR) and operational displacement at the
blade edge. In micro- and nanoscale cutting, higher cutting-edge speeds generally improve cut quality [30],
[31]. For wafer dicing in particular, increasing cutting speed reduces dicing forces and can mitigate chipping,
thereby improving surface quality [29], [32]. Reported cutting-edge speeds for dicing blades, whose operating
principle is most comparable to the present wafer-based blade, typically fall in the range of 30 m/s to 80 m/s
[33], [341], [35], [36], [37], [38]. Therefore, this work targets 30 m/s as the minimum cutting-edge speed for
initial proof-of-concept testing.

With an outer blade radius of r, = 18 mm (Chapter 3), achieving 30 m/s requires an operating speed of ap-
proximately 15.9 kRPM. At 16000 RPM, the centrifugal acceleration at r, = 18 mm is approximately 5100 g. A
first-order estimate of centrifugal stress can be obtained from the classical solution for a thin rotating annular
disk, where the maximum tangential (hoop) stress occurs at the inner radius [39]:

) 2.1

where v and p are Poisson’s ratio and the density of the disk material, respectively; w is angular velocity, and
a and b denote the inner and outer radii, respectively. While the ideal tensile strength of single-crystal silicon
is on the order of 22 GPa [40], reported practical strengths of silicon wafers can be reduced to 100 MPa to
500 MPa due to defects and processing-induced damage [41], [42], [43]. Using (2.1) with p = 2329kgm‘3,
b =r, = 18mm, and treating silicon as effectively isotropic with v = 0.25 [44], yields a maximum hoop stress
of approximately 2.1 MPa at 16000 RPM (evaluated near the thin-ring limit, r; — r,). This corresponds to a
conservative safety factor of roughly 47 when compared to 100 MPa. Hence, under idealised assumptions,
the silicon substrate remains well below its failure point due to pure centrifugal loading.

In practice, however, fracture risk during high-speed operation is far more likely to be governed by stress
concentrations at the inner edge, surface and edge flaws, and stresses introduced by clamping, imbalance,
and out-of-plane vibration. These effects can locally amplify stresses far above nominal centrifugal levels
and can therefore dominate failure. A key question addressed in this research is: can the silicon substrate
and ultra-thin cutting edge be rotated to cutting-edge speeds while maintaining sufficiently small motion to
avoid fracture and enable subsequent cutting trials (Challenge 4)?

5
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2.1. PRACTICAL CHALLENGES IN ACHIEVING MICROMETRE-LEVEL RUN-OUT

AT HIGH ROTATIONAL SPEEDS
At the target operating speeds (approximately 16000 RPM to 20000 RPM), small geometric errors and assem-
bly imperfections can produce significant dynamic responses. Even when cutting forces are very low, im-
balance, bearing clearance, and fit-induced misalignment can generate rotation-synchronous operational
displacement and vibration that scale with rotational speed and may dominate the motion of the cutting
edge. The core difficulty is therefore not generating speed per se, but doing so while maintaining a stable,
repeatable rotation axis.

As a point of reference, commercial wafer-dicing spindles are commonly specified at sub-micrometre total in-
dicated run-out (TIR), often quoted as < 1 um [45], [46], [47]. These specifications reflect industrial machines
that rely on precision-grade spindles and bearings (e.g., air bearings and matched precision angular-contact
bearings), and tight manufacturing control. By contrast, the present setup was intentionally developed as a
proof-of-concept using self-manufactured structural parts and readily available components. Consequently,
the objective is not to match industrial spindle performance, but to reach the target cutting-edge speed while
keeping edge motion sufficiently small and repeatable for survival testing and initial cutting demonstrations.

Accordingly, this work adopts a mechanism-based acceptance criterion: the operational displacement at the
blade edge should remain on the same order of magnitude as the thin-film overhang length L (typically
O(10? um) in this thesis). Motions much larger than L would impose alternating bending of an ultra-thin
brittle edge, increasing the likelihood of fracture during free spinning or cutting. The resulting performance
is therefore reported together with the realised overhang lengths, rather than judged against an industrial
spindle specification.

For clarity, the dominant contributors to edge motion are grouped into three categories:

1. Geometric run-out sources: clearance and eccentricity in the blade bore-shaft seat interface (see
Chapter 4), concentricity errors between the shaft bearing seats and blade seat, and geometric errors
in the blade itself (see Chapter 4).

2. Support compliance sources: bearing stiffness and internal clearance, housing stiffness, and unsup-
ported shaft overhang between the outboard bearing and the blade.

3. Dynamic excitation sources: mass unbalance (with forcing that scales with w?), motor-induced exci-
tation, and coupling misalignment.

In later sections, edge motion is quantified using a repeatable synchronous operational displacement (RSR)
and a per-revolution severity metric (WCR) (definitions in Section 2.5.2), which together separate repeatable
rotation-synchronous motion from non-synchronous and time-varying components.

2.2. DESIGN APPROACH AND BASELINE CONFIGURATION

Given the limited opportunity for multiple redesign cycles and the proof-of-concept nature of this work, the
mechanical setup was designed as a conservative stiffness-first baseline rather than an optimised spindle.
The architecture is intentionally simple: a brushless DC motor drives a stainless steel shaft through a flexible
jaw coupling; the shaft is supported by two rolling bearings housed in a rigid cylindrical housing; and the
blade is mounted close to the outboard bearing to minimise bending sensitivity. A schematic overview of
the assembly is provided in Fig. 2.1 (including a cross-section of the bearing housing and the blade clamping
concept).

Within this architecture, the design effort focused on reducing compliance and geometric sensitivity at the
blade location. First, the bearing housing was designed with a large outer diameter and short load paths to
maximise stiffness at the bearing seats. Second, the blade was positioned as close as practical to the outboard
bearing, reducing the effective overhang between the last support and the cutting edge. Third, stainless steel
was selected for the shaft and housing as a robust baseline material that is readily machinable in the faculty
workshop and provides high stiffness relative to aluminium alternatives. Stainless steel’s corrosion resis-
tance also supports potential future operation in coolant-assisted environments. Finally, the assembly was
mounted to a thick base plate rigidly coupled to a granite table to reduce motion of the supporting structure.
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Non-locating bearing—___|
(outer ring axial float)

Locating bearing—— |
(axially fixed)

Motor
Coupling

Al base plate eSS

Figure 2.1: Mechanical layout of the high-speed rotation test setup used in Challenge 1. A brushless DC motor drives a stainless steel
shaft via a flexible jaw coupling; the shaft is supported by two deep-groove ball bearings in a rigid cylindrical housing mounted to an
aluminium base plate. The inset section view highlights the locating/non-locating bearing concept (axial constraint by one bearing
and axial float by the other) and the blade clamp arrangement, with the blade positioned close to the outboard bearing to minimise
unsupported overhang.

2.2.1. BALANCING STRATEGY

Professional dynamic balancing of the complete rotating assembly was considered but not pursued. The
rotating stack is frequently assembled and disassembled during experimental work, and small changes in as-
sembly or small damage to parts can alter the mass distribution. Therefore, high-grade balancing of a single
configuration would not necessarily carry over between tests. To illustrate the practical implication, the stan-
dard balance-grade relation eper = G/w implies that at 20000 RPM (w = 2094 rad s~1) a balance quality grade
of G = 2.5mms~! (e.g., high-performance equipment, gas turbines, high-speed armatures) corresponds to
a permissible residual eccentricity of only ~ 1.2 um, while G = 0.4mms™! (e.g., precision machinery, high-
speed dicing spindles, and gyroscopes) corresponds to ~ 0.2 um. For the ~ 145 g rotating mass of the present
shaft-blade stack, this corresponds to residual unbalance on the order of 0.2 gmm and 0.03 gmm, i.e. a
demanding requirement for a repeatedly reassembled research setup. The approach taken was therefore to
prioritise geometric quality (fits, concentricity, and repeatable assembly) and to quantify the resulting motion
experimentally.

2.3. BEARING SELECTION AND AXIAL CONSTRAINT CONCEPT

A central design choice is the bearing concept, because bearing stiffness, internal clearance, and fit quality
strongly influence run-out at high speed. The present application operates with a rotating inner ring, sta-
tionary outer ring, and an approximately constant load direction (gravity-dominated, with negligible cutting
force). Under these conditions, the load is rofating with respect to the inner ring and stationary with respect
to the outer ring, which is the classical case where the inner ring is typically given a tight fit to prevent creep-
ing [48, Table 1]. At the same time, the applied load is relatively light (dominated by the shaft weight), and
SKF notes that ensuring a minimum load becomes increasingly important at high speed, particularly when
operating above ~ 50% of the limiting speed [48, p. 106]. For this reason, the bearing selection was biased
towards a deep-groove ball bearing with a limiting speed comfortably above the operating window.

Two bearing concepts were considered: (i) a cost-effective baseline using high-quality deep-groove ball bear-




8 2. CHALLENGE 1: ROTATION TO CUTTING-EDGE SPEED WITH ACCEPTABLE RUN-OUT

ings, and (ii) a high-performance design using a high-precision preloaded matched set of angular-contact
bearings. While high-precision angular-contact bearings offer high stiffness, ultra-low axial and radial run-
out, and controllable preload, they are substantially more costly. Accordingly, the baseline setup adopted
deep-groove ball bearings (SKF 6000 series). For the selected bearing size, the SKF catalogue lists limiting
speeds on the order of 40000 RPM for the open bearing (and notes that single-shield variants use the open-
bearing limiting speed) [48]. This places the operating window (16000 to 20000 RPM) at roughly 40-50% of
the limiting speed, which supports stable high-speed operation provided that fits and lubrication are ade-
quate.

The bearings were implemented using a locating/non-locating constraint strategy: one bearing axially locates
the shaft, while the second allows controlled axial freedom to accommodate thermal growth and avoid over-
constraint. This axial constraint concept is illustrated in the inset of Fig. 2.1. This choice also drives the fit
strategy. SKF recommends interference or transition fits in precision or high-speed applications to minimise
deflections and vibration [48, p. 143], motivating an interference/transition fit on the shaft for both inner
rings (targeted here via a j6 shaft seat). For the housing, the locating bearing was targeted with a transition
fit (J6) to provide radial support while allowing assembly. For the non-locating bearing, axial sliding must
be possible. SKF therefore notes that when a non-locating bearing needs to move axially on its seat, the ring
subjected to stationary load should have a loose fit [48, p. 143]. In the present configuration this implies a
loose fit for the outer ring in the housing (targeted via H7). Practically, this is a controlled compromise where
too tight a fit risks preventing axial float and introducing unintended preload at speed, whereas too loose a
fit can increase radial freedom and contribute to radial run-out. The as-built fits and their implications are
evaluated below.

2.4. MANUFACTURING OF BEARING SEATS AND FIT VERIFICATION

Achieving micrometre-level bearing fits and adequate coaxiality using conventional workshop lathes (rather
than CNC or ultra-precision equipment) was a dominant practical challenge in developing the rotation test
setup. High-speed run-out is strongly influenced by the geometric quality of the bearing seats (diameter,
roundness, surface finish) and by the coaxiality between the bearing seats and the blade seat. Workshop
guidance indicated that the positioning capability and readout resolution are O(10 um), whereas the intended
fit conditions require control at the single- to few-micrometre level. Consequently, manufacture of the shaft
bearing seats and housing bores became iterative, and early iterations did not meet the intended fits.

Direct metrology for coaxiality between seats, roundness, and quantitative surface finish was not available
within the workshop. Therefore, beyond diameter checks, these properties were evaluated indirectly by treat-
ing the assembled rotor operational displacement as an integrated performance metric that captures the
combined effects of geometry, fits, and support compliance.

Table 2.1 shows why the first manufacturing iteration was not suitable for high-speed testing. On Shaft 1,
the locating bearing seat was undersized, resulting in a clearance-dominated condition. At high speed, this
increases the risk of micro-slip (creep) between ring and seat, which can lead to fretting debris, local heating,
and increasing run-out. In addition, the non-locating housing bore of Bearing housing 1 was substantially
oversized relative to H7, increasing the likelihood that the outer ring could settle with a small radial offset and
contribute directly to blade run-out.

The second iteration achieved the intended fit philosophy more consistently. On Shaft 2, both bearing seats
on the shaft fall within the intended interference regime, supporting secure inner-ring mounting. Bearing
housing 2 provides a loose but reasonable H7-type condition for the non-locating outer ring, enabling axial
float. The locating bore in Bearing housing 2 lies near the loose side of the intended transition fit. In principle
this can allow micrometric ring motion under dynamic excitation and may contribute to run-out, but given
the project time constraints it was accepted for the initial high-speed measurement test.

Assembly outcome (qualitative check). The achieved fits were consistent with the observed assembly be-
haviour. Bearings could be seated using thermal assistance (heated bearing/housing and cooled shaft), re-
quiring at most light mechanical persuasion. During insertion, ring-support measures were used to avoid
transmitting assembly loads through the rolling elements (i.e. force was applied through the intended ring
rather than across the bearing races).
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Table 2.1: Summary of intended bearing-seat fits, measured diameters, and implied fit conditions for the first and second manufacturing
iterations. Implied-fit ranges are computed using SKF bearing tolerance bands (see notes).

Part Feature Intended (mm) Measured (mm) Deviation (mm) Implied fit (mm)
Shaft 1 522?::253? 10.000*5:997 (j6) 9.998 ~0.002 (_t&?g?ﬁtglg'ooz
Shat NS looontliTge  ssss oo 0007
Bearing housing 1 isgf’leﬁfgﬁzit 2600070020 (H7)  26.040 0.040 (()t'giol:;:é? 9
Bearing housing 1 iﬁgi?ﬁ;ﬂg A 26.000100%8 jg)  25.989 ool e
Shaft 2 Ist bearing seat 10.000+0-907 i) 10.004 0.004 —.0.012 to —0.004
(non-locating) 0.002 (interference)
Shaft 2 ?Sgif;;ng seat 10.000*3:997 (j6) 10.002 0.002 ag;z;&;zr;%)ooz
Bearing housing 2 iﬁiﬁeﬁﬁflﬁ? 2600070020 (H7) 26,005 0.005 (()lg(()):et)o 0014
Bearing housing 2 ?lzgatifs;ng seat 26.00070:008 (76) 26.003 0.003 ?r'?solf ;;’l?)gsljness)

Notes: Implied-fit ranges are computed using SKF bearing tolerance bands: bearing bore for 10 mm: max = 0 pum, min = —8um;
bearing outer diameter for 26 mm: max = 0 um, min = —9 um. Positive values denote clearance; negative values denote interference.

Lubrication commissioning. The bearings were supplied without lubrication and were lubricated prior
to operation. Before lubrication, hand-spinning produced clearly audible noise and perceptible vibration.
After applying a light lubricant, both effects reduced substantially. Uncalibrated phone microphone indicator
sound-level checks (microphone at ~15mm) indicated peak levels decreasing from ~60 dB to the ambient
level ~40dB). This is treated as a qualitative commissioning check that guided the lubrication choice rather
than as a quantitative assessment of bearing condition.

2.5. VERIFICATION OF SPEED AND DISPLACEMENT MEASUREMENTS

This section describes the measurement chain used to obtain rotational speed, quasi-static run-out (TIR),
and operational displacement, and defines the key performance indices (KPIs) used to report setup perfor-
mance in Section 2.6.

2.5.1. TACHOMETRY: SPEED MEASUREMENT VERIFICATION

Because the spindle is driven by a brushless motor without an integrated encoder, shaft speed was mea-
sured independently using a low-resolution tachometer signal. In addition to providing an RPM readout, the
tachometer signal is used as a synchronous reference for rotation-synchronous analysis of the operational
displacement measurements reported later in this chapter. Fig. 2.2 summarises the integrated sensing con-
figuration.

SENSOR SELECTION AND PULSE FREQUENCY

In high-end spindles, speed is typically obtained from optical or magnetic encoders with many counts per
revolution. Here only speed and a phase reference were required; therefore a low-resolution approach with
Nppr = 1-2 pulses per revolution was sufficient. The pulse frequency is

Nppr RPM
ppr
f =

60 2.2)

which at RPM = 20000 yields f = 333Hz for Ny, = 1 and f = 667 Hz for Npp; = 2, i.e. well below the band-
width of common optical-reflective and Hall-switch sensors. Consequently, sensor selection was governed
primarily by integration constraints (added rotating mass, adjustability during commissioning, and mount-
ingrisk). Practical non-contact options considered were optical-reflective sensing, optical-transmissive sens-
ing (photointerrupter), and magnetic sensing (Hall-effect switch). Given the space envelope and the prefer-
ence to avoid rigid attachments on the rotor, optical-transmissive sensing was discarded. Optical-reflective
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sensing was selected because it allows rapid iteration of target geometry without permanent shaft modifi-
cation, whereas magnets require reliable retention under centrifugal loading and offer limited adjustability
once bonded.

ORDER-OF-MAGNITUDE CHECK: ADDED MASS AND PLACEMENT SENSITIVITY OF TACHOMETER TARGETS

Two approximately opposing windows were used to reduce added eccentricity. In practice their angular sep-
aration was positioned by eye and may deviate from 180°. If two equal target masses m at radius r are sep-
arated by 7 + € (placement error €), the residual unbalance magnitude U(¢) and the synchronous (1x) force
amplitude F(¢) are

RPM

=2mr‘sin(§)‘, FEO=UEw?,  w=2r-—. 2.3)

i(m+e)

Ue)=|\mr+mre

This scaling shows that, for fixed r, €, and w, the synchronous unbalance force increases linearly with the
added mass m, motivating lightweight and approximately symmetric target features at high speed.

As an illustrative example at RPM = 20000 with r = 4mm and € = 5°, an estimated tape-segment mass of
m =~ 3x1072g gives F =~ 4 x 1072 N, whereas a micro magnet of m =~ 7 x 10~3 g would reduce this force to
F = 1x10~2 N. Although magnets can reduce the synchronous force amplitude, they require reliable retention
and offer limited adjustability once bonded to the shaft, which motivated the optical-reflective solution used
here. Non-ideal 180° spacing can also introduce phase non-uniformity when deriving a 1 x reference from a
2x tachometer signal.

SENSOR IMPLEMENTATION AND OSCILLOSCOPE CONFIGURATION

An optical-reflective TCRT5000 module was configured for Npp: = 2 by blacking out the shaft with black tape
while leaving two narrow exposed windows of bare stainless steel. For order tracking, a 1x reference was
obtained by triggering on every second rising edge. The sensor position is shown in Fig. 2.2 (inset). Initial
trials using small IR-reflective tape patches produced a less robust trigger waveform. Therefore, the blacked-
out shaft approach was adopted, and a black shroud was added around the sensor to reduce sensitivity to
ambient reflections.

The tachometer output was recorded on oscilloscope Channel 1. For accurate edge timing, CH1 was config-
ured with DC coupling. As shown in Fig. 2.3(a), AC coupling introduces baseline droop and sloped plateaus,
so a fixed trigger threshold can shift in time relative to the true edge. DC coupling (Fig. 2.3 (b)) preserves stable
logic levels, enabling repeatable threshold triggering and a stable phase reference for synchronous averaging.

During commissioning, the oscilloscope-derived RPM was cross-checked against a handheld laser tachome-
ter pointed at a single reflective patch on the shaft. Agreement was observed within the displayed readout
resolution, providing confidence in the RPM estimate. However, no systematic calibration was recorded.

2.5.2. DISPLACEMENT MEASUREMENT VERIFICATION

Throughout this chapter, run-out refers to quasi-static total indicated run-out (TIR) obtained by slowly rotat-
ing the spindle by hand and recording the dial-indicator max-min over one revolution. Operational displace-
ment refers to in-operation motion reconstructed from LDV velocity measurements during rotation. Two
KPIs are reported from the LDV data: (i) the repeatable synchronous run-out (RSR), defined as the peak-to-
peak amplitude of the rotation-synchronous reconstructed displacement waveform, and (ii) the worst-case
run-out (WCR), defined as a per-revolution peak-to-peak measure summarised by the 95th percentile over
all captured revolutions.

Quasi-static TIR was measured with a dial indicator (resolution 1 um) at the blade outer region using a test
blade without a cutting edge. For axial TIR, the probe was positioned on the blade face as close as practical to
the outer radius (r = 17 mm to 18 mm) and aligned normal to the surface to minimise cosine error. For radial
TIR, the probe contacted the blade sidewall near mid-thickness. The shaft was rotated slowly by hand and
the max-min reading over a full revolution was recorded. Measurements were repeated after disassembly
and re-mounting to characterise assembly sensitivity.

Operational displacement was obtained from the measured velocity in the order domain (harmonic conver-
sion), avoiding time-domain integration drift (Appendix A). In the axial configuration (Fig. 2.2), the LDV beam
was aligned with the spindle axis. A single-axis translation stage allowed repeatable radial repositioning of the
LDV spot to select the measurement radius r (e.g. r = 0 on the shaft centre and r = 15.5mm to 17.5 mm on the
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repositioning of LDV

Radial repositioning axis
(sets radius 7)
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LDV spot

Optical-reflective Laser Doppler vibrometer
tachometer sensor (LDV) head

Figure 2.2: Integrated sensing configuration for tachometry and LDV measurements. An optical-reflective tachometer sensor is mounted
above the 8 mm-diameter shaft (inset) to provide a pulse train used for RPM estimation and synchronous triggering (CH1). A Laser
Doppler Vibrometer (LDV) measures axial vibration velocity and operational displacement is reconstructed from the velocity signal in
post-processing. A single-axis translation stage repositions the LDV spot radially to select the measurement radius r (e.g. r = 0 on the
shaft centre and r = 15.5 mm to 17.5 mm on the blade). The analogue decoder output is recorded on the oscilloscope (CH2).

(a) Baseline droop
CHI coupling: AC

(b) Stable baseline
CHI coupling: DC

Fixed trigger
level

Fixed trigger
level

Figure 2.3: Commissioning of the tachometer trigger signal on oscilloscope CH1. (a) With AC coupling enabled, the square-wave pulse
train exhibits baseline droop and sloped plateaus (insets), consistent with attenuation of low-frequency content by the AC-coupling
network. A fixed trigger threshold can therefore shift in time relative to the true edge. (b) With DC coupling, the waveform preserves
stable logic levels and a constant baseline (insets), enabling reliable threshold triggering. In subsequent measurements, Nppr = 2 pulses
per revolution were generated and a 1x reference was obtained by triggering on every second rising edge.

blade). For radial operational displacement, the spindle base assembly was rotated by 90° such that the LDV
beam impinged the blade sidewall. The spot was positioned at mid-thickness and return quality was verified
using the sensor signal indicator.

2.6. SETUP PERFORMANCE: QUASI-STATIC RUN-OUT AND OPERATIONAL DIS-

PLACEMENT VERSUS SPEED
This section quantifies setup performance in terms of (i) quasi-static run-out, expressed as total indicated
run-out (TIR) measured with a dial indicator, and (ii) operational displacement measured with the LDV. Op-
erational displacement is reported using the repeatable synchronous run-out (RSR) and worst-case run-out
(WCR) metrics defined in Section 2.5.2. The primary interest is the blade rim, where the cutting edge is lo-
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cated. Results are therefore reported at radii near » =18 mm and compared against the targeted overhang
lengths in the acceptance check (Section 2.6.5).

2.6.1. TEST MATRIX AND MEASUREMENT POINTS

Each data point in Section 2.6 corresponds to one recorded time trace of approximately 7s. Because the
achieved speed depends on the ESC setting and can drift slightly during a record, results are plotted against
the measured median rotational speed of each record. The test matrix (Table 2.2) comprised three baseline
configurations without the blade to assess sensitivity to the axial bias assembly procedure and clamp attach-
ments at the shaft axis (r = 0 mm), followed by blade-mounted tests at multiple radii near the rim in the axial
LDV configuration, and rim tests in the radial LDV configuration. For conciseness in the main text, the rim
location is reported as r = 18 mm (axial: r = 17.5 mm; radial: r = 18 mm).

2.6.2. EFFECT OF AN ASSEMBLY-INDUCED AXIAL BIAS LOAD

No controlled bearing-preload mechanism (e.g. wave spring or calibrated spacer) was implemented in this
setup. However, SKF notes that preload may be suitable when a high degree of stiffness or positional control
is required [48, p. 186]. To assess whether an axial bias load could reduce operational displacement in the
present assembly, an exploratory commissioning check was performed at the shaft axis (r = 0) using three
configurations: (i) baseline with no axial bias load (Pret OFE Clamp OFE Blade OFF), (ii) assembly-induced
axial bias load applied by pulling axially on the shaft while tightening the motor coupling (Pret ON, Clamp
OFFE Blade OFF), and (iii) the same axial bias procedure with the shaft clamp installed (Pret ON, Clamp ON,
Blade OFF).

The applied force magnitude was unmeasured and therefore this procedure should not be interpreted as a
calibrated bearing preload. Nevertheless, the procedure was repeatable in direction (consistent pull direc-
tion) and showed a clear reduction in hub (r = 0mm) RSR relative to the non-pretensioned baseline: in the
overlapping mid-RPM range, RSR decreased by approximately 35-40%, and at the highest tested RPM by
approximately 20-25% (Appendix B, Fig. B.1). No obvious adverse effects (e.g. audible noise increase) were
observed during these short measurements, although bearing temperature was not monitored. Based on
this empirical reduction in rotation-synchronous motion, the axial bias assembly procedure was used in all
subsequent rotational and cutting tests reported in this thesis.

2.6.3. QUASI-STATIC RUN-OUT AND ASSEMBLY SENSITIVITY (TIR)

Quasi-static TIR was measured using the dial-indicator procedure described in Section 2.5.2. Measurements
were repeated after disassembly and re-mounting to quantify assembly sensitivity; unless stated otherwise,
the results below correspond to the mounting approach used during the operational LDV tests (Pret ON +
Clamp ON).

Table 2.3 summarises the observed TIR ranges. In the axial direction, very low values (below 5um) were
achievable, but the outcome was highly sensitive to re-mounting. After an apparently similar re-assembly,
axial TIR could increase to € (10pum)-0 (60um). Attempts to systematically relate axial TIR to the angular
mounting orientation of the clamp did not reveal a consistent trend. Instead, a varying visible gap between
the blade and the clamp face suggested that small, non-repeatable changes in seating and tilt dominated the
axial run-out state.

Table 2.2: Summary of the measurement configurations and operating ranges used to characterise quasi-static run-out (TIR) and oper-
ational displacement (RSR/WCR). Each operating point corresponds to one 7's time record; results are plotted against the median RPM
of that record.

Purpose Pretension Clamp LDV direction /radius r N RPM range

Baseline (axis) OFF OFF Axial, r = 0mm 3 7.7 to 13.4 kKRPM
Baseline (axis) ON OFF Axial, r = 0mm 4 6.0 to 14.4 KRPM
Baseline (axis) ON ON Axial, r = 0mm 5 7.1to13.4 kRPM
Blade mapping (axial) ON ON Axial, r =15.5mmto17.5mm 29 6.0to 19.7 kRPM
Blade rim (radial) ON ON Radial, r = 18 mm (sidewall) 8  6.0t020.8 kKRPM

Note: “Pretension” denotes the repeatable assembly-induced axial bias load applied during tightening of the motor coupling, as
defined in Section 2.6.2.
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Table 2.3: Observed quasi-static total indicated run-out (TIR) at the blade outer region (r = 18 mm), measured with a 1 pm resolution
dial indicator under slow manual rotation. Values summarise the ranges observed across repeated disassembly and re-mounting (Pret
ON + Clamp ON).

Direction Min Typical Max

Axial TIR, r = 18 mm <5um ~20 um ~60 um
Radial TIR, r = 18mm 30pum 30pmto60pm  60pum

Radial TIR values typically lay in the range 30 um to 60 um across re-mounting. Because this is a contact mea-
surement on a thin sidewall, the radial TIR is treated as an upper-bound indicator of quasi-static geometric
eccentricity. Local waviness/roughness and probe contact conditions can inflate the peak-to-peak reading.
Importantly, quasi-static TIR should not be interpreted as equivalent to the operational displacement met-
rics reported later. The LDV-based RSR/WCR quantify operational displacement at a local optical spot and
explicitly separate the repeatable rotation-synchronous component (RSR) from per-revolution worst-case
behaviour (WCR).

Potential bias sources (TIR).

* Local surface waviness/roughness (radial): contact on the thin sidewall can inflate peak-to-peak read-
ings depending on the local track.

* Probe alignment and cross-sensitivity: small misalignment can introduce cosine error and cross-axis
coupling.

* Seating and tilt: small particles, burrs, or uneven contact at the clamping interface can change the tilt
state between shaft and blade.

* Contact conditions: probe preload and contact point height (relative to the 525 pm thickness) are dif-
ficult to reproduce exactly.

2.6.4. OPERATIONAL DISPLACEMENT VERSUS ROTATIONAL SPEED (RSR AND WCR)
Operational displacement during rotation was quantified at the blade using the LDV-derived metrics defined
in Section 2.5.2. Fig. 2.4 shows the repeatable synchronous run-out (RSR) and the worst-case run-out metric
WCRgys (95th percentile of per-revolution peak-to-peak values within a record), plotted against the measured
median RPM of each 7 s record.

In the axial configuration (Fig. 2.4(a)), RSR at the rim location (r = 18 mm) remained in the tens of microme-
tres across the required operating regime, increasing from = 21 um at 15.96 kRPM to = 33 um at 19.7 kRPM. A
representative inner radius is included to indicate that operational displacement generally increases towards
the rim. Full multi-radius results are provided in Fig. B.2 (Appendix B). Both RSR and WCRg5 show a clear
upturn beyond approximately 18 kRPM, which is treated as a practical indicator that the setup becomes in-
creasingly sensitive at the cutting-edge-speed regime. This threshold also coincided with the first vibration
that became clearly perceptible by hand on the granite base, supporting the interpretation that the system
becomes more excitation-sensitive beyond 18 kRPM.

In the radial configuration (Fig. 2.4 (b)), rim displacement showed comparable magnitudes, with RSR increas-
ing from = 16 um at 16.7 kRPM to =~ 21 um at 20.8 kRPM. Across both directions, WCRgs typically exceeded RSR
by only a few micrometres at a given speed, indicating that the operational motion is predominantly rotation-
synchronous and therefore relatively repeatable on a per-revolution basis. The separation between WCRg5
and RSR becomes more pronounced at the highest speeds, consistent with the upturn beyond 18 kRPM.

2.6.5. ACCEPTANCE VERSUS OVERHANG LENGTH

The cutting-edge overhang lengths targeted in this work are L = 60 pm, 100 um, and 120 um (see Chapter 4).
To relate Challenge 1 performance directly to these values, the measured operational displacement ampli-
tudes at the blade rim (r ~ 18 mm) are normalised as the non-dimensional ratios RSR/L and WCRgs/L. This
normalisation is conservative because RSR and WCRg5 are peak-to-peak values (rather than one-sided am-
plitudes).

At the minimum cutting-edge-speed requirement (15.9 kRPM), the axial rim displacement was RSR = 21 pym
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and WCRg5 = 23.6um, corresponding to RSR/L = {0.35, 0.21, 0.18} and WCRg5/L = {0.39, 0.24, 0.20} for
L = {60 um, 100 um, 120 umj}. At the highest tested axial rim speed (19.7 kRPM), the displacement increased
to RSR =~ 33 um and WCRgs5 = 37.2 um, giving RSR/L = {0.55, 0.33, 0.28} and WCRy5/L = {0.62, 0.37, 0.31}.

In the radial rim configuration, the minimum-speed point (16.7 kRPM) yielded RSR = 16 pm and WCRg5 = 19.5 um,

resulting in RSR/L = {0.27, 0.16, 0.13} and WCRgs5/L = {0.32, 0.19, 0.16}. At the highest tested radial rim speed
(20.8 kRPM), RSR = 21 ym and WCRg5 = 25.4 um, giving RSR/L = {0.35, 0.21, 0.18} and WCRg5/L = {0.42, 0.25,
0.21}. In all cases, both the typical synchronous motion (RSR) and the conservative per-revolution severity
measure (WCRgs) remained below the overhang length (RSR/L < 1 and WCRg5/L < 1). Therefore, for the over-
hang range targeted in this thesis (L = 60 um to 120 um), the measured operational displacement at the blade
rim is sufficiently small to proceed with survival testing and initial cutting demonstrations at and above the
minimum cutting-edge speed.

2.7. DISCUSSION AND IMPLICATIONS

Challenge 1 establishes a practical operating envelope for the proof-of-concept setup: cutting-edge speeds
of 230 m/s were achieved while maintaining rim displacement in the tens of micrometres. The observed
upturn in both RSR and WCRg5 beyond ~18 kRPM indicates increasing sensitivity at the upper end of the
tested speed range, and quasi-static TIR was found to be strongly assembly dependent.

Order-domain decomposition of the LDV displacement (amplitude fractions and per-order amplitudes) shows
that the operational motion is concentrated in the lowest integer orders (Appendix B, Fig. B.3, and Fig B.4).
Across radii and operating points, the low-to-mid-speed response frequently exhibits a pronounced 2x com-
ponent, whereas towards the upper end of the operating window the 1x component grows strongly and be-
comes comparable to, or larger than, 2x. This shift is consistent with two concurrent contributors. First, a
repeatable twice-per-revolution modulation can arise from geometric or stiffness asymmetry in the clamp-
shaft-bearing stack (e.g. slight tilt/misalignment or anisotropic support). Second, a speed-amplified syn-
chronous contribution compatible with residual unbalance and clearance-dependent rotor centring can be-
come more critical near the observed upturn above ~18kRPM, as its forcing scales strongly with w?. This
high-speed sensitivity also coincided with the first vibration that was clearly perceptible by hand on the gran-
ite base.

Motor-drive excitation cannot be ruled out, because the spindle was operated with a low-cost sensorless
ESC and commutation-related torque ripple can occur at higher mechanical orders than those shown here
(for six-step commutation, ~12 torque steps occur per mechanical revolution for a 4-pole motor). However,
the present reconstruction was intentionally truncated at the smallest order range that yields a stable peak-
to-peak displacement estimate, and in this dataset Mecon typically lay in the single-digit range (Appendix A,
Fig. A.1). Therefore, while higher-order ripple may still modulate the motion, the measured rim displacement
reported via RSR/WCR is likely primarily set by low-order geometric and rotor-support effects. A planned A/B
comparison using a field-oriented controller was attempted but could not be completed due to hardware
failure. Taken together, the most direct routes to further reduce rim displacement in future iterations are
improved geometric repeatability of the blade clamping stack, implementation of a controlled preload/axial-
location strategy, and dedicated characterisation or upgrading of the motor drive to quantify and feeling
reduce torque ripple at high speed.

Finally, this chapter answers the substrate-level part of the opening feasibility question. Stable operation of
the silicon substrate was demonstrated up to at least 19.7 kRPM without macroscopic fracture during the
LDV measurement campaigns. This supports the conclusion that, in the developed clamping and bearing
configuration, the silicon substrate can be rotated to cutting-edge-speed conditions without catastrophic
failure. The remaining uncertainty concerns the survival and engagement behaviour of the released ultra-
thin edge, which is addressed in subsequent challenges.
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Figure 2.4: Operational displacement versus rotational speed at blade radii, showing the repeatable rotation-synchronous component
(RSR) and per-revolution severity metric (WCRg5). (a) Axial LDV configuration at r = 16.0 mm and r = 17.5 mm. (b) Radial LDV configu-
ration at the rim (r = 18 mm). Solid curves denote RSR; dashed curves denote WCRg5. Each marker corresponds to one 7 s time record
and is plotted at its measured median RPM; r in the legend indicates the number of records in each series.






CHALLENGE 2: FEMTOSECOND-LASER
FABRICATION OF ANNULAR BLADE BLANKS

The second challenge addressed in this work is to fabricate annular blade blanks from 525 um-thick silicon
wafer stacks (Si/a-SiC and Si/SiO;) with sufficient geometric integrity to serve as inputs to the subsequent
underetching (Challenge 3) and high-speed rotation experiments (Challenge 1, 4). In this chapter, a blade
blank is considered usable if it (i) is fully cut through without macroscopic backside exit defects (chipping or
local bulge formation), (ii) exhibits an edge condition that still permits formation of a continuous ultra-thin
overhang after underetching, and (iii) can be assembled repeatably on the shaft with a sufficiently small bore
clearance to limit the potential for eccentric mounting.

3.1. CONSTRAINT-DRIVEN BLADE OUTLINE SELECTION

The available wafers are 100 mm in diameter, so the blade outer radius is set primarily by manufacturing yield
and outline accuracy. To maximise samples for the etching trials, the design target was four blades per wafer.
At r, = 20mm the clearance to the wafer edge (and neighbouring blades) becomes small, so modest centring
errors during manual alignment in the LS-Lab software can render a blade unusable.

A second constraint is the scanner field size, which in the current LASEA LS-Lab configuration accommodates
circular profiles up to r, = 18 mm within a single field. Choosing r, = 18 mm therefore avoids scan-field
stitching, which would add positional uncertainty at the stitch boundary and reduce outline accuracy. For
these reasons r, = 18 mm was selected. The trade-off is a modest increase in spindle speed to reach v, =
30m/s: N = 15.9kRPM at 18 mm versus 14.3 kRPM at 20 mm (~10 %).

3.2. LS-PRECESS ENABLES THROUGH-CUTS IN 525 pum SILICON

The annular blanks were produced by femtosecond-laser micromachining in the LASEA LS-Lab system. Ini-
tial tests were performed to establish whether full-depth cutting through 525 pm Si is feasible within practical
machining times using the standard ("normal") cutting mode, or whether the LS-Precess module is required.
In LS-Precess mode, a controlled beam motion is imposed around the optical axis to improve deep-cutting
performance [49]. In the present work, this module constitutes the key enabling intervention: without a
reliable through-cut, subsequent optimisation of edge condition and bore-fit cannot be validated.

Fig. 3.1 compares parameter sweeps in normal mode and LS-Precess mode for identical circular test patterns.
In normal mode, no through-cuts were obtained within the explored power-repetition window (Fig. 3.1(a)),
and even an extreme setting of 80 % power with 60000 repetitions (otherwise identical scan settings) did
not produce a reliable through-cut. In contrast, LS-Precess mode produced through-cuts across all tested
points in the explored parameter window (Fig. 3.1(b)). Importantly, the top-surface appearance alone is not
a reliable indicator of cut completion. Both modes can exhibit similar near-edge surface features, while only
LS-Precess yielded full-depth separation under the tested conditions.

17



18 3. CHALLENGE 2: FEMTOSECOND-LASER FABRICATION OF ANNULAR BLADE BLANKS

(a) ' Normal mode (b) LS-Precess

80% 80%
5 5
= =
= =

50% 60%

4000 Repetitions 8000

500 epetltlons 4500

Figure 3.1: Comparison of femtosecond-laser through-cutting of 525 pm-thick silicon in normal and LS-Precess modes. (a) Normal
mode: on-axis camera views of a power—repetition matrix (power 50 % to 80 %; repetitions 4000 to 8000). The photograph of the re-
sulting die indicates no released features (no through-cuts) within this parameter window. (b) LS-Precess: matrix (power 60 % to 80 %;
repetitions 3500 to 4500) with die and released-disk photographs confirming through-cuts at all tested points. Scan speed (200 mm/s),
outlines (three), and outline pitch (0.01 mm) were constant.

3.3. PRODUCTION RECIPE, RELIABILITY-TIME TRADE-OFF, AND YIELD

After selecting LS-Precess as the enabling mode, the cutting parameters were refined to reduce machining
time while preserving through-cut reliability and avoiding backside exit defects when removing the blades
from the wafer. A key practical observation is that marginal or incomplete cuts can lead to macroscopic
chipping at the kerf exit and local bulge formation where material remains partially attached before breaking
away (Fig. 3.2(c)). Such defects are unacceptable for subsequent work because they introduce local geometric
errors at the blade perimeter and can locally increase the realised radius.

Three process choices were made to balance reliability, throughput, and edge condition. First, the number of
outlines was reduced after mode selection. While the mode-comparison matrices in Fig. 3.1 used three out-
lines for robustness, subsequent LS-Precess optimisation indicated that two outlines were sufficient to obtain
reliable through-cuts, while reducing both kerf width and machining time. Second, the repetition count was
set with a small safety margin rather than minimised aggressively, to mitigate occasional incomplete cutting.
Third, the laser power was iterated within the policy-limited range and assessed qualitatively by edge appear-
ance. Representative inspections suggested that higher power produced a straighter perimeter with fewer
pronounced local notches in the near-edge region (Appendix C, Fig. C.1). On this basis, the final production
recipe used 80 % power.

Using the resulting LS-Precess recipe (scan speed 200 mms™!, laser power 80 %, 1500 repetitions, two outlines
with 0.01 mm outline pitch), cutting a single annular blade required approximately 42 min of machine time.
With this recipe, four Si/a-SiC blades and four Si/SiO, blades were produced as usable annular disks without
macroscopic backside chipping or bulge formation of the type shown in Fig. 3.2(c). These blanks formed the
inputs for the subsequent underetching experiments (Challenge 3) and were later mounted for high-speed
rotation experiments.

3.4. EDGE CONDITION AND IMPLICATION FOR MINIMUM UNDERETCH LENGTH
Although LS-Precess enables reliable through-cutting, the near-edge region of the laser-cut perimeter ex-
hibits a laser-affected zone. Fig. 3.2 shows representative Keyence micrographs illustrating three relevant
observations. First, when the functional film faces the laser ("film facing up"), a visibly affected near-edge
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(a) Film facing up (b) Film facing down

Figure 3.2: Representative edge-condition observations after femtosecond-laser cutting, illustrating near-edge damage and a critical
failure mode. (a) Si/SiO» with the film facing the laser: a visibly affected near-edge region is present; annotated widths indicate represen-
tative local values (extent varies along the circumference). (b) Si/SiO2 with the film facing away from the laser: the visibly affected region
is reduced at the shown location, indicating a modest orientation benefit. (c) Example failure mode after an incomplete through-cut:
backside chipping and a local bulge at the kerf exit, where partially attached material subsequently broke away. Scale bars as indicated.

region is present in which dimples, notches, and local film damage occur (Fig. 3.2(a)). The annotated widths
indicate representative local values. Both the extent and morphology vary along the circumference. Second,
when the film faces away from the laser ("film facing down"), the visibly affected region can be reduced at
some locations (Fig. 3.2(b)). This orientation effect was recognised late in the project and is best interpreted
as a modest improvement rather than a complete mitigation of near-edge damage. Third, incomplete cut-
ting can produce severe backside exit defects (chipping and bulge formation), reinforcing that through-cut
reliability is a geometric quality requirement rather than merely a convenience (Fig. 3.2(c)).

These observations motivate an explicit design rule for the subsequent underetching step. The laser-affected
zone extends over length scales of order tens of micrometres from the nominal cut edge (representative local
values are indicated in Fig. 3.2(a)). Forming a continuous ultra-thin cutting edge therefore benefits from an
underetch length that comfortably exceeds this affected region beneath the future overhang. In this work,
an underetch length of at least 60 um was targeted to provide margin against local variability in near-edge
damage and to increase the likelihood of achieving a continuous overhang along the full circumference.

3.5. BORE-FIT TUNING UNDER A HANDLING CONSTRAINT

In addition to perimeter integrity, the bore clearance should be minimised to reduce the potential for eccen-
tric mounting, which would contribute directly to radial run-out during high-speed rotation (Challenge 1). In
femtosecond-laser cutting, the realised cut edge is influenced by the finite kerf width, which depends on spot
size and focus conditions, the selected cutting mode (normal versus LS-Precess), and process parameters,
such that the final bore size cannot be inferred directly from the programmed radius alone. Fig. 3.3 provides
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Figure 3.3: Supporting kerf-width and dimensional-bias characterisation for femtosecond-laser cutting in LS-Precess mode using simple
test patterns. The finite kerf width causes the realised edges to deviate systematically from the programmed centreline, motivating
empirical tuning of the programmed bore radius by stepwise fit tests on the shaft seat. Scale bars as indicated.

supporting evidence using a simple calibration pattern: two parallel lines with a nominal centre-to-centre
spacing of 1 mm were cut in LS-Precess mode using two outlines (pitch 0.01 mm). Top-view Keyence mea-
surements indicate a kerf width of = 71 um per line and a visibly affected zone of = 25um adjacent to the kerf.
The measured inner-edge spacing of = 931 um and outer-edge spacing of = 1067 um imply an effective edge
offset of order half the kerf width (i.e. ~ 35um) relative to the programmed centreline. In this work, this bias
was therefore treated empirically when tuning the programmed bore radius by stepwise fit tests on the shaft
seat.

Accordingly, the bore was tuned by progressively reducing the programmed inner radius in small steps and
evaluating the resulting fit on the shaft seat. The practical lower bound on clearance was determined not by
a metrological target but by safe manual assembly. The brittle annular disks were mounted using a vacuum
tweezer, which avoids contacting the outer edge yet limits the assembly force that can be applied. As the inner
radius was reduced, the fit transitioned from visibly loose to tight but assemblable with the vacuum tweezer,
and finally to "no fit" where further reduction would require excessive assembly force and risk chipping the
inner edge. This stepwise approach yielded a repeatably mountable bore clearance while limiting percepti-
ble lateral play. The practical implication of the single-point, compliant grip during seating is illustrated in
Appendix C (Fig. C.2).

A clear direction for future work is to replace vacuum-tweezer mounting by a simple handling or pressing
fixture that supports the disk and permits controlled axial assembly force without contacting the cutting edge.
Such a fixture could allow smaller clearances to be explored safely, potentially reducing the scope for eccentric
mounting and thereby further reducing radial run-out.

3.6. DISCUSSION AND IMPLICATIONS

Challenge 2 established a practical and repeatable route to fabricate annular blade blanks suitable for later
experiments. LS-Precess was identified as the enabling intervention for through-cutting 525 um silicon within
practical machining times, whereas normal mode did not yield reliable through-cuts under the tested condi-
tions. A production recipe was then selected that balances throughput (42 min per blade) against through-cut
reliability, avoiding macroscopic backside exit defects that would compromise perimeter geometry. Keyence
inspection further showed a laser-affected edge zone on length scales of order tens of micrometres, moti-
vating a target underetch length of at least 60 um to support continuous overhang formation in Challenge 3.
Finally, bore-fit was tuned empirically by stepwise reduction of the programmed inner radius, with the prac-
tical limit set by safe manual assembly using a vacuum tweezer.



CHALLENGE 3: SELECTIVE UNDERETCH
WITH HUB-BORE PROTECTION

The third challenge addressed in this work is to develop a fabrication strategy that releases the ultra-thin
cutting edge while preserving the geometry of the hub bore (blade inner hole), in terms of both size and con-
centricity with the blade outer perimeter. As discussed in Chapter 2, the fit between the shaft blade seat and
the blade hub bore influences the quasi-static radial run-out at the blade outer edge. Fig. 4.1(a) illustrates a
diametral clearance, denoted here as s, between the shaft seat and the hub bore. This clearance permits an
eccentric positioning of the blade relative to the shaft by up to s/2, thereby contributing up to s peak-to-peak
quasi-static run-out at the blade outer edge. In addition, the concentricity between the hub bore and the
blade outer perimeter directly affects run-out. If the centres of the inner and outer perimeters are offset by a
distance d, Fig. 4.1(b), the resulting geometric run-out at the outer edge is 2d peak-to-peak. Consequently,
the blade should be manufactured such that (i) the hub bore is minimised while still allowing manual assem-
bly onto the shaft, avoiding damage to the brittle Si/thin-film structure (i.e., clearance fit), and (ii) eccentricity
of the hub bore and outer perimeter is minimised.

The production of the final ultra-thin cutting blade comprises two main steps: (1) femtosecond-laser cutting
of the blade outer perimeter and hub bore from the thin-film-coated wafer, and (2) selective plasma etching
of the Si substrate at the blade outer perimeter to undercut the substrate and thereby release the thin-film
overhang that acts as the cutting edge (SFg isotropic plasma etch; in the recipe used here, Si etches at approx-
imately 12 pummin~?). This gives rise to two manufacturing routes.

Route 1: laser cut the outer perimeter first, perform the plasma etch to release the thin-film overhang, and
then laser cut the hub bore. The principal advantage of this route is that the hub bore is created after the
plasma step, so its Si sidewalls are not exposed to the etchant. This preserves the as-cut bore geometry
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Figure 4.1: Schematic illustration of two geometric contributions to quasi-static radial run-out at the blade outer perimeter. Solid and
dashed outlines indicate two opposite angular positions (180° apart). (a) A diametral clearance s between the shaft blade seat and the
blade hub bore permits eccentric positioning of the blade relative to the shaft by up to s/2, which can contribute up to s peak-to-peak
run-out at the outer perimeter. (b) Eccentricity between the centres of the hub bore and the outer perimeter by d introduces a geometric
run-out of 2d peak-to-peak at the outer perimeter.
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and therefore maintains the tightest achievable shaft-blade fit (minimum diametral clearance s), which min-
imises the associated quasi-static run-out contribution (Fig. 4.1(a)).

However, this route introduces two major drawbacks. First, the LS-Lab laser system requires manual se-
lection of the pattern centre in the software using an on-axis camera view. Re-centring with respect to the
already-cut outer perimeter is therefore expected to introduce additional and difficult-to-control eccentric-
ity between the hub bore and outer perimeter. In principle, a centre marker could be produced during the
first laser-cutting step, but in practice the on-axis view and user-interface do not provide sufficient means to
reposition the centre repeatedly to that marker with the precision required to limit eccentricity to the tens-
of-micrometres level.

Second, cutting the hub bore after the overhang has been released increases the risk of damage to the fragile
cutting edge and complicates debris management during cutting. Additional handling steps increase the risk
of accidental edge contact or dropping. Moreover, full-depth laser cutting generates debris that is normally
mitigated using air assist and vacuum extraction while the sample is secured at its perimeter. After edge
release, perimeter fixation becomes impossible due to the presence of the ultra-thin cutting edge. Reducing
or disabling these measures, however, was observed to increase local debris accumulation along the cut path,
which degrades cutting efficiency and dimensional accuracy.

Route 2: laser cut the complete annular geometry (outer perimeter and hub bore) in a single operation, fol-
lowed by the plasma etch to release the cutting edge. This route has two key advantages. First, the inner and
outer perimeters are generated from the same programmed geometry without any intermediate re-centring
step. Hence, their mutual concentricity is primarily determined by the machine-controlled tool path defi-
nition and local process effects (e.g. kerf width, taper, and local process variations), rather than by a second
manual alignment operation. Second, once the cutting edge is released, no subsequent fabrication steps are
required, reducing handling and therefore lowering the probability of edge damage.

The disadvantage of Route 2 is that the hub bore already exists during the plasma etch. Without additional
measures, the Si sidewalls of the hub bore would also be exposed to the etchant, increasing the bore diameter
and thereby worsening the shaft-blade fit and the associated run-out. Although Route 2 therefore presents a
clear risk to hub-bore integrity, it offers the greatest potential for low eccentricity between the hub bore and
the outer perimeter, provided that a method is available to selectively protect the hub bore during the plasma
step. This motivated the development of a dedicated masking and handling fixture, consisting of a lid and a
base. The lid concept is introduced below. The base concept is introduced thereafter, before presenting the
experimental evidence for their performance.

4.1. HUB-BORE PROTECTION DURING PLASMA ETCHING
Protecting the hub-bore sidewalls during the isotropic SFg plasma etch requires a solution that:

¢ selectively shields the hub bore while leaving the blade outer perimeter exposed for substrate under-
cutting,

* is compatible with cleanroom processing and minimises contamination risk,
* can be applied and removed without contacting the blade outer edge, and
° remains in place during handling and rapid equipment stage motions.

These requirements were met by a reusable circular lid (Fig. 4.2). The lid is fabricated from a Si (100) wafer
(nominal thickness 525 um, p-type, single-side polished) and comprises a circular plate (outer radius 15 mm,
thickness = 345um) with a central cylindrical tower (radius 8.5 mm, height = 180um), Fig. 4.2(a). During
processing, the lid is placed on top of the annular blade with the tower facing downward and inserted into the
hub bore, Fig. 4.2(b). This geometry provides two functions. First, it establishes a self-aligned sacrificial hard
mask that physically blocks direct plasma exposure of the hub bore sidewalls, thereby suppressing etching of
the bore during the SFg step. Second, the tower acts as a locating feature that constrains lateral motion of the
lid relative to the blade, holding the lid in place by gravity alone (no surface contamination from adhesives or
tapes).

Using Si for the lid ensures compatibility with standard cleanroom processing and avoids introducing metal-
lic materials into the etch environment. Furthermore, the lid can be manipulated using a vacuum tweezer,
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Figure 4.2: Lid concept for selective protection of the hub bore during isotropic SFg plasma etching. (a) Lid geometry: a stepped Si disk
with outer radius 15 mm and a central locating tower (radius 8.5 mm) providing an approximately 180 um step height. (b) Cross-sectional
schematic of the lid placed on the blade with the tower inserted into the hub bore, forming a self-aligned sacrificial hard mask that blocks
plasma exposure of the hub bore sidewalls while leaving the outer perimeter exposed for substrate undercutting; the lid is held in place
by gravity and can be handled using a vacuum tweezer. Arrows indicate incoming etch species and red shading indicates etch-exposed
Si surfaces.

enabling placement and removal without contacting the blade outer edge (Fig. 4.2(b), Fig. 4.3). The lid is
reusable for multiple etch cycles; in practice, reuse is limited by progressive consumption of the lid during
repeated plasma exposure, which is addressed quantitatively in the results section.

4.1.1. LID FABRICATION

The lid is manufactured using the same LS-Lab femtosecond laser micromachining system used for blade
cutting. In brief, the outer circular perimeter (radius 15 mm) is cut through the wafer thickness, and a circular
pocket is subsequently removed over the annular area between 8.5 mm and 15 mm radius to form the raised
central tower. Notably, this stepped geometry was realised using the laser system not only for through-cutting
but also for depth-controlled pocket milling (hatch ablation), enabling the integrated locating feature without
additional tooling or lithography.

An example of a fabricated lid is shown in Fig. 4.3. The resulting step height was verified using white-light
interferometry, yielding a tower height of approximately 180 um. The lid surface that contacts the blade is
laser-machined (i.e. not polished), and therefore the lid-blade interface is not intended to be hermetic. Nev-
ertheless, any potential leakage path from the exposed outer boundary to the shielded hub-bore sidewalls is
long, and the effectiveness of the shielding is demonstrated experimentally in Section 4.3.

4.2. BLADE FIXTURING AND HANDLING FOR PLASMA ETCHING

The PlasmaPro 100 Estrelas system used for the SFg plasma etch in this work transfers wafers into the pro-
cess chamber via a moving load lock. Consequently, small parts must be processed on a carrier wafer to
ensure reliable transport and positioning. In standard plasma processing, a die is temporarily fixed to a car-
rier wafer using a thin film of vacuum oil, which provides capillary adhesion and improves thermal contact
to the temperature-controlled carrier. After processing, the die can typically be removed by applying force to

@ Lid 4 [®)
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tweezer | Laser-machined contact face

Figure 4.3: As-fabricated Si lid produced by femtosecond-laser through-cutting and depth-controlled pocket milling. (a) Lid manip-
ulated using a vacuum tweezer, enabling handling without contacting the outer edge. (b) Close-up view showing the raised central
locating tower (radius 8.5 mm) and the laser-machined contact face (outer radius 15 mm) that interfaces with the blade during etching
(see inset for orientation). The tower step height was verified by white-light interferometry (=180 pm).
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Figure 4.4: Base-assisted handling workflow for SFg plasma etching of the annular blade. (a) Base oil-bonded to carrier wafer (oil only at
the base-carrier interface). (b) The blade is placed onto the base with the tower inserted into the hub bore, providing self-aligned lateral
constraint while the blade is held by gravity. (c) Lid added to shield the hub-bore sidewalls while leaving the outer perimeter exposed
(red: etch-exposed Si). (d) Photograph of the base positioned on the carrier wafer. (e) Photograph of the assembled stack (carrier wafer
+ base beneath, blade, and lid on top) prior to etching.

the its edge until it slides off the carrier wafer.

In the present work, however, this conventional approach becomes problematic once the ultra-thin cutting
edge is released at the blade outer perimeter. Any direct contact with the outer perimeter (e.g. for perimeter
fixation or manual removal) risks fracturing the fragile overhang. Removal by pushing on the hub-bore rim
is also undesirable. During transfer from the carrier to a work surface, a small uncontrolled drop can nick
the edge, and using tweezers near the hub bore introduces a risk of slipping and striking the cutting edge.
These risks were considered unacceptable given the limited number of thin-film-coated wafers suitable for
blade fabrication and the goal to minimise the probability of edge damage during processing and handling.
Furthermore, directly oil-bonding the blade to the carrier wafer would necessitate solvent-based cleaning
after processing, which was avoided to reduce handling and the risk of damage to the released edge.

These constraints motivated a dedicated support and handling solution with the following requirements:

¢ fix the blade during handling and rapid equipment stage motions without contacting the blade outer
perimeter,

¢ allow placement and removal without contacting the blade outer perimeter, and
* be compatible with cleanroom processing while minimising contamination risk.

These requirements were met by a reusable circular base (Fig. 4.4), which is complementary to the lid intro-
duced in Section 4.1. The base is fabricated from a Si (100) wafer (nominal thickness 525 um, p-type, single-
side polished) and comprises a circular plate (outer radius 17 mm, thickness =~ 290um) with a central cylin-
drical tower (radius 8.5 mm, height = 235um), Fig. 4.4(a). The outer radius was intentionally chosen larger
than that of the lid to (i) increase the support area beneath the blade away from the released edge region
and (ii) maximise the conductive heat-transfer path from the blade through the base to the temperature-
controlled carrier wafer. In addition, the base locally shields the blade underside in the supported region,
thereby reducing unwanted backside etching and thickness loss in that area.

During processing, the base is fixed to the carrier wafer using a controlled thin film of vacuum oil at the base—
carrier interface only (i.e. no adhesives, tapes, or oil are applied to the blade itself). The blade is then placed
on the base with the tower facing upward and inserted into the hub bore, Fig. 4.4(b). The tower acts as a self-
aligning locating feature that constrains lateral motion of the blade relative to the base, while the blade is held
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against the base by gravity alone. The lid is subsequently placed on top of the blade as described previously
(Fig. 4.4(c)), so that the hub-bore sidewalls are shielded from above while the blade outer perimeter remains
exposed for substrate undercutting.

After etching, the lid is first removed using a vacuum tweezer. The blade can then be lifted off the base without
contacting the outer perimeter because it is not bonded to the base. Finally, the base can be removed from
the carrier wafer using standard tweezers, as it is sacrificial and oil-bonded only at the base—carrier interface.

4.2.1. BASE FABRICATION AND CONTACT-SURFACE TOPOGRAPHY

The base is fabricated from the same Si wafer material and using the same femtosecond-laser process set-
tings as the lid, but used in the inverted orientation. Consequently, the base contact surface is represen-
tative of the lid-blade contact surface as well. White-light interferometry over an area of approximately
0.31 mm x 0.23 mm (after tilt removal) shows micron-scale surface topography on the laser-machined con-
tact surface. Representative line profiles indicate a peak-to-valley height variation of approximately 14 pm to
17 pm, excluding isolated invalid points associated with local measurement dropouts. This confirms that the
interface is non-hermetic and may contain micro-channels, which is considered in the interpretation of the
masking performance in Section 4.3.

4.2.2. SELECTION OF TARGET UNDERCUT (OVERHANG) LENGTH

The isotropic SFg plasma step defines the radial undercut length of the Si substrate and therefore the released
thin-film overhang length L that forms the cutting edge. The target range for L was selected based on two
practical constraints.

First, femtosecond-laser cutting introduces a near-edge region in the thin film, characterised by local defects
(e.g. dimples, ridges, and occasional chipping) extending laterally from the nominal kerf in the order of tens
of micrometres (Section 3.4). To ensure that the released overhang forms a continuous edge around the full
circumference, the undercut should exceed this affected zone. Based on laser-cut inspections, an undercut
of atleast 50 um to 60 um is therefore required. In practice, to provide margin for process variability while still
aiming for a continuous edge, the lowest targeted overhang length was set to L = 60 um.

Second, the released thin-film edge may exhibit out-of-plane curvature after release due to residual stress
gradients in the film [44], [50], [51]. To obtain an order-of-magnitude estimate, the edge was modelled lo-
cally as a prismatic Euler-Bernoulli cantilever beam of length L and film thickness d, for which the initial tip
deflection caused by a through-thickness linear stress gradient Ao /d can be approximated as [44], [52]

Ao I?
0 = 7E, (4.1)

highlighting the strong length dependence. In this work, the stress gradient is not known in advance (conven-
tionally it is determined experimentally from the curvature of released test cantilevers) and is highly sensitive
to deposition conditions [44]. Therefore, a parametric sweep was performed over a literature-informed range
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Figure 4.5: Centrifugally stiffened cantilever-beam model of the ultra-thin cutting edge. (a) Schematic of the rotating dicing blade,
indicating the inner and outer blade radii r; and r, the clamping radius R of the overhanging cutting edge, and the direction of rotation
Q. (b) The cutting edge is idealised as a slender cantilever of length L, in-plane width w, and thickness d, attached to the blade body
at radius Rg. Local beam coordinate system with axial coordinate x measured from the clamped end (x = 0) to the free tip (x = L) and
transverse deflection w(x) in the z-direction, as used in the Rayleigh-Ritz analysis of centrifugal stiffening.
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of Ao /d = 50MPaum™" to 300 MPapum™'[44], [51], [53], [54]. For a 96 nm a-SiC film, this implies that beams
with L < 40um remain nearly straight (ho/L < 3%), whereas the most extreme combinations (e.g. L = 150um
at the highest stress gradients) can reach curvature on the order of hy/L = 10% (Appendix D).

During operation, rotation introduces centrifugal axial tension in the overhang, which adds geometric stiff-
ness and reduces the initial deflection. This speed-induced stiffening is exploited in ultra-thin dicing blades,
where increasing rotational speed helps suppress blade bending [28], [29]. To estimate this effect, the cutting
edge is again idealised as a centrifugally stiffened cantilever (Fig. 4.5). Using a simple one-mode Rayleigh—Ritz
(energy) formulation [52], the reduced tip deflection is

h(Q 1 AQ?I3(27L+35R
@ _ 1 ( E), 4.2)
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with Rg = r, — L, A= wd, and I = wd®/12. Equivalently, the stiffening factor follows as keg/ko = 1+ & (Ap-
pendix E).

Evaluated at N = 20000 RPM as a design-study benchmark, this model predicts negligible stiffening for
L <40pm (kegt/ ko = 1.00-1.01, <2 % deflection reduction), modest stiffening for L = 60pum to 80um (roughly
4% to 9 % stiffness increase), and substantial stiffening for L = 100pum to 150pum (keg/ ko = 1.2-1.6, corre-
sponding to 15 % to 40 % deflection reduction). These trends imply a trade-off: short overhangs are intrin-
sically stiff and nearly flat but gain little additional stiffness from rotation, whereas longer overhangs may
exhibit larger initial curvature (depending on the uncertain stress gradient) yet stiffen substantially during
operation. Considering that spindle vibrations are on the order of several tens of micrometres in the present
setup, a moderate level of compliance was considered desirable to reduce the likelihood of brittle fracture
under unavoidable vibration induced bending. Consequently, the fabrication focused on nominal overhang
lengths in the range 60 pm to 150 pm.

Finally, although the original intent was to etch Si/a-SiC annular blades, their availability was limited (only
one Si(100) wafer with a 96 nm a-SiC film was available) and initial trials revealed unexpected behaviour
of the a-SiC layer during the SFg process (Section 4.3.2). Subsequent etching experiments therefore used a
readily available Si/SiO, wafer from the university inventory (approximately 4 pm SiO, on the polished side
and 10 um on the unpolished side). Repeating the same stiffening estimate for this thicker 4 um SiO, edge
clarifies how strongly the conclusions depend on film thickness. Since @ oc A/I  1/d?, increasing thickness
from 96 nm to 4 um suppresses centrifugal stiffening by ~ (4/0.096)?, so that even at very high speeds (e.g.
60000 RPM) the predicted deflection reduction remains < 1% for L = 150pum. In other words, rotational
stiffening is an important mechanism for ultra-thin film edges, but becomes negligible for the much thicker
SiO, case, where the edge is intrinsically stiff. In principle, @ could be increased by enlarging the undercut
length L (since a grows strongly with L), but compensating the ~ (4/0.096)? thickness penalty would require L
to increase by about v/(4/0.096)2 = 12, i.e. from 150 um to the millimetre scale. Such large undercuts were not
pursued to limit risk and because the study aimed to characterise the practically relevant range of undercuts
with minimal sample consumption.

4.3. ETCHING RESULTS AND FIXTURE PERFORMANCE

The lid-base fixture was evaluated experimentally by etching annular blades in an isotropic SFg plasma pro-
cess. The process calibration used in this work corresponds to a nominal Si removal of approximately 12 ym
per 60s. The targeted outcome was the controlled release of thin-film overhanglengths in the range L = 60 pm
to 150 um while maintaining hub-bore integrity.

4.3.1. SUMMARY OF ETCH TRIALS

Table 4.1 summarises the etch attempts and the primary outcomes. The initial trials were performed on
Si/a-SiC blades (nominal a-SiC thickness 96 nm), motivated by the expected high selectivity of a-SiC in SFg.
Due to unexpected degradation of the a-SiC layer during these trials (Section 4.3.2), subsequent process-
development experiments were performed on an inventory Si/SiO, wafer (approximately 4 um oxide on the
polished side and 10 um on the unpolished side), which enabled systematic evaluation of undercut lengths
and fixture sealing behaviour (Section 4.3.3).
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Table 4.1: Summary of isotropic SFg plasma etch trials performed with the lid-base fixture. Undercut lengths are nominal values based
on the process calibration (approximately 12 um per 60 s) unless stated otherwise.

Blade system Attempt Time  TargetL. Observed outcome (high level)

Si/a-SiC Etch 1 5min 60 um a-SiC removed outside lid; no overhang observed
Si/a-SiC Etch 2 1 min 12 pum partial survival; overhang of 11 um to 12 uym observed
Si/a-SiC Etch 3 2min 24 um a-SiC removed; no overhang observed

Si/a-SiC Etch 4 — — alternative recipe; a-SiC removed

Si/Si02 Etch 1 5min ~60pm released SiO; overhang; lid intact

Si/SiO, Etch 2 7.5min = 100um released SiO; overhang; lid intact

Si/SiO, Etch 3 10min =120pum released SiO; overhang; lid consumed late in cycle

4.3.2. ETCHING RESULTS FOR S1/A-S1C BLADES

The Si/a-SiC etch trials are reported first because they represent the intended blade concept (ultra-thin a-SiC
edge). The results are presented chronologically to separate evidence for lid-defined selectivity on the top
surface from the unexpectedly limited survival of the a-SiC film in the exposed region.

ETCH 1: 5min EXPOSURE (TARGET L = 60pm)

A first Si/a-SiC blade was processed for 5 min, corresponding to a nominal undercut of approximately 60 pm.
Prior to etching, the a-SiC-coated surface exhibited a clear glossy white (green when observed by eye) appear-
ance under the microscope (Fig. 4.6(a)). After the etch, the exposed annular region outside the lid footprint
changed to a matt grey appearance consistent with the underlying Si substrate (Fig. 4.6(b)). The transition
area (Fig. 4.6(c)) indicates that the lid effectively suppressed plasma attack on the top surface in the covered
region.

Microscopy of the exposed region showed surface morphology consistent with loss of the a-SiC layer (rough
Si-like texture in Fig. 4.6(d)), and no released a-SiC overhang was observed at the outer perimeter. Together,
these observations indicate that the a-SiC layer was removed (or thinned below functional continuity) under
these conditions, despite the expected selectivity of a-SiC in SFg.

ETCH 2: 1 min EXPOSURE (TARGET L =~ 12um)

To reduce the plasma exposure, a second Si/a-SiC blade was etched for 1 min (nominal undercut 12 pm). In
comparison to Etch 1, the post-etch surface retained visibly more of the original a-SiC appearance outside the
protected area of the lid (Fig. 4.7(a)), suggesting partial survival of the film. However, microscopy still showed
clear evidence of film degradation outside the lid footprint (colour change of the a-SiC film, Fig. 4.7(b)), im-
plying that the a-SiC thickness was reduced during the etch.

At the outer perimeter, a released overhang length of 11 um to 12 um was observed in microscopy (Fig. 4.7(c)).
The edge was not continuous around the full circumference with local regions showing interruptions due to
edge damage originating from the femtosecond-laser cutting. Despite these non-uniformities, the presence
of areleased, sub-100 nm-class film overhang demonstrates that the ultra-thin edge can remain mechanically
self-supporting at short released lengths and does not collapse under its own weight.

Figure 4.6: Optical microscopy of a Si/a-SiC blade before and after Etch 1 (SFg, 5 min; target undercut L = 60um). (a) Pre-etch a-SiC
surface. (b) Post-etch blade showing a matte-grey exposed annulus outside the lid footprint. (c) Close-up of the protected—exposed
boundary demonstrating a sharp lid-defined transition. (d) Rough Si-like morphology in the exposed region consistent with a-SiC film
loss. Red markers indicate magnified locations. Scale bars: 1 mm (a-b), 100 um (c—d).
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. a-SiC overhang

Figure 4.7: Optical microscopy of the second Si/a-SiC blade after Etch 2 (SFg, 1 min; nominal undercut target L = 12um). (a) Post-
etch overview showing the lid-defined protected footprint and the exposed annulus outside the lid. The red box indicates the region
magnified in (b). (b) Close-up of the protected—exposed transition, where a distinct contrast change indicates partial degradation of
the a-SiC film in the exposed region while the protected area retains its original appearance. (c) Outer perimeter microscopy showing a
released a-SiC cutting-edge overhang with length L = 11 um. Scale bars: 1 mm (a), 100 um (b), and 50 um (c).

ADDITIONAL S1/A-SIC ATTEMPTS AND INTERPRETATION

A third Si/a-SiC blade etched for 2 min again resulted in removal of the a-SiC layer, and a fourth trial using
an alternative recipe also resulted in full loss of the film. No direct wafer-temperature data were obtained
during these experiments. However, a plausible explanation for the unexpected degradation of the a-SiC
films is insufficient heat extraction from the blade through the base to the temperature-controlled carrier
wafer, leading to elevated local temperature and degraded selectivity for a-SiC.

Importantly, across the Si/a-SiC trials the lid consistently produced a sharply delineated protected footprint
on the top surface (Fig. 4.6(b), Fig. 4.7(a)), demonstrating that the lid—base concept can achieve strong spatial
selectivity even when the lid-blade interface is non-hermetic (Section 4.2.1).

4.3.3. ETCHING RESULTS FOR S1/S102 BLADES AND HUB-BORE PROTECTION

The Si/SiO, experiments are used here as process-development trials to (i) evaluate achievable undercut
lengths with minimal sample consumption and (ii) quantify the hub-bore shielding performance of the lid-
base fixture. The thicker oxide films are not treated as performance-representative substitutes for the a-SiC
edge. Rather, they enable robust inspection of fixture behaviour and released-edge geometry.

RELEASED OVERHANGS AND LID ENDURANCE

Three Si/SiO, blades were etched with nominal targets of L = 60 um, 100 um and 120 um (Table 4.1). In all
three cases, microscopy confirmed a released SiO; rim at the outer perimeter (Fig. 4.8). On the polished side
(t = 4pm), the released overhang length measured along the perimeter was L = 67.6 +5.4 ym, 97.4 +4.3 um,
and 121.4 + 3.8 pm for the nominal 60 um, 100 um and 120 pm blades, respectively (each based on n = 52 local
measurements distributed around the perimeter; reported as mean + standard deviation). Compared with
the Si/a-SiC trials, these experiments provided stable process-development data because the oxide film is
substantially thicker and remained present throughout the etches required to reach the targeted undercuts.

In addition to the front-side rim, the thicker rear-side SiO, film (¢ = 10um) formed a longer released "back-
side" rim. The corresponding measured rear-side lengths were L = 72.6 + 2.4 um, 105.3 + 3.1 um, and 137.9 +
2.8 um for the nominal 60 um, 100 um and 120 pm blades, respectively (again n = 52). The origin of this length
asymmetry is not fully resolved, but three plausible (and not mutually exclusive) contributors are: (i) a pre-
existing geometric difference between the front and rear edges introduced during femtosecond laser cutting
(e.g. taper or different kerf geometry on the two surfaces), such that the apparent front- and rear-side protru-
sions differ already before etching; (ii) side-dependent effective plasma exposure during processing, which
may alter the degree of erosion at the free oxide rim; and (iii) some recession of the free oxide rim during SFg
exposure (i.e. non-zero oxide erosion), for which the thicker rear-side oxide would remain intact for longer
than the thinner (~4 pm) front-side film, leading to a slightly longer remaining backside rim.

The lid is a consumable mask, as cumulative plasma exposure progressively etches the lid surfaces. In the
SiO, series, the annular shielding portion of the lid (contact-face region) was reported by the operator to be
absent upon removal after the 10 min etch of the 120 um edge (tower still present), implying that the hub
bore was exposed during the final part of that cycle. This event provides a useful failure-case datapoint for
interpreting hub-bore protection performance.
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Figure 4.8: Optical microscopy of released SiO2 cutting-edge rims at the outer perimeter of three Si/SiO» blades etched with nominal
undercut targets of L = 60pm, 100pm and 120 pum. (a—c) Representative edge micrographs showing a continuous released oxide overhang
adjacent to the Si blade body. The measured released lengths are L = 65um, 99um, and 120um, respectively (red dimension arrows).
Scale bars: 50 pm.

QUANTITATIVE BORE-RADIUS EVIDENCE FROM KEYENCE MEASUREMENTS

Hub-bore preservation was assessed using Keyence VHX-6000 stitched imaging at X200 magnification over
an area of approximately 21 mm x 21 mm. For each blade, the inner perimeter was inspected in the stitched
view and the radius r; was estimated by selecting three perimeter pointsalong the perimeter, from which the
software returned a circle-fit radius. This procedure was repeated n = 10 times with selections distributed
around the perimeter (i.e. different angular locations), providing an empirical estimate of measurement scat-
ter.

For the L = 60 um SiO, blade, the post-etch bore radius was r; = (10010.3 + 6.9) um (mean + standard de-
viation, n = 10) compared to a pre-etch value of approximately r; = 10008 pm. For the L = 100 um blade,
the post-etch radius was r; = (10008.6 = 9.8) um (1 = 10) compared to a pre-etch value of approximately
r; = 10010 um. In both cases, the observed difference between pre- and post-etch radii is within the mea-
surement scatter, indicating no measurable bore enlargement. Consistent with this, optical inspection of the
top-surface rim near the bore edge of the post-etch intact-lid case (Fig. 4.9(b)) showed no obvious etch attack
when compared to a pre-etch SiO, image (Fig. 4.9(a)).

For the L = 120 um blade, where lid loss was reported late in the etch cycle, the post-etch bore radius increased
to r; = (10015.5 + 13.5) um (n = 10) relative to a pre-etch value of approximately r; = 10010um. The mean
shift and increased scatter is consistent with a reduction in circularity and/or localised perimeter changes.
Correspondingly, microscopy of the top-surface rim near the bore edge showed clear morphological changes
consistent with etch exposure (Fig. 4.9(c)). Together, these observations support the interpretation that the
lid provided effective hub-bore shielding during the earlier etches SiO, etches (and the Si/a-SiC etches), while
late-cycle lid consumption in the longest etch resulted in measurable bore enlargement.

Only the top surface and the top-surface rim at the bore edge were imaged. No direct sidewall imaging of
the hub bore was obtained. Therefore, the demonstrated protection pertains to preservation of the fitted
bore radius (within measurement scatter) and the absence of visible etch attack on the accessible top-surface
features.

4.3.4. RELEASED-EDGE CURVATURE AND STRESS-GRADIENT CONSISTENCY CHECK (S105)

The released SiO, edges exhibited an upward curvature after etching. To provide a compact link back to the
stress-gradient discussion (Section 4.2.2), the initial out-of-plane deflection was estimated by focusing the
Keyence microscope on (i) the base surface and (ii) the tip of the released edge at X2000 magnification. The
difference in focus height was used as an estimate of the tip deflection hy. Treating the released rim locally as

a cantilever beam (as in (4.1)) yields the corresponding order-of-magnitude stress-gradient estimate
Ao N ZE”Z() (4 3)
a 2’ ‘

where E = 70 GPa was used for SiO,.

Using L = 67.6um and ko = 1.13pm gives Ao /d = 35 MPa/um; for L = 97.4pm and hy = 4.14um gives Ao /d =
61MPa/um; and for L = 121.4um and hy = 9.43um gives Ao/d = 90MPa/um. These values are intended
as a consistency check rather than a precise material characterisation: (i) the rim geometry differs from an
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ideal cantilever, and (ii) both L and hg are subject to measurement uncertainty. Nevertheless, the estimates
indicate stress-gradient magnitudes of the same order for the shorter edges, while the longest edge shows a
higher inferred gradient, which may reflect geometric/model-form differences or local process effects.

4.4, DISCUSSION AND IMPLICATIONS

The results demonstrate that the lid-base fixture provides strong selectivity during isotropic SFg etching. In
both Si/a-SiC and Si/SiO, trials, post-etch inspection consistently revealed a sharply delineated boundary
between the lid-covered region and the exposed region, indicating that the lid suppresses plasma attack on
features within its footprint. For Si/SiO, blades etched with the lid intact (nominal L = 60 pm and 100 pm),
Keyence-derived circle-fit estimates of the hub-bore radius remained unchanged within measurement scat-
ter, and bore-edge microscopy showed no obvious rim degradation when compared to the pre-etch baseline.
Together, these observations support the conclusion that the fixture preserves hub-bore geometry to within
the resolution of the present metrology, while acknowledging that no bore-sidewall imaging was obtained.

A further strength of the approach is that lid consumption provides a practical failure indicator. In the longest
Si/SiO; etch (L = 120 um), the annular shielding portion of the lid was reported by the operator to be absent
upon removal, implying late-cycle exposure of the hub region. In this case, the circle-fit radius estimates
exhibited increased scatter and the bore-edge rim showed clear morphological changes consistent with etch
attack. This failure case links loss of masking to observable hub-bore degradation, thereby strengthening the
interpretation of the intact-lid results.

In contrast, reliable formation of long ultra-thin a-SiC edges was not achieved with the present process con-
figuration. Etch 1 (5min) and Etch 3 (2min) resulted in removal of the a-SiC film in the exposed region,
whereas Etch 2 (1 min) produced a short released overhang (L = 11 pm to 12um) that remained mechani-
cally self-supporting but was not circumferentially continuous. Since no wafer-temperature data were avail-
able, the proposed explanation is hypothesis-driven: insufficient heat extraction through the base to the
temperature-controlled carrier may elevate local temperature and reduce the effective selectivity for a-SiC.
This suggests that future iterations should prioritise thermal management (e.g. improved conductive cou-
pling and/or reduced thermal resistance in the stack) and/or revised etch conditions to widen the selective
process window for ultra-thin a-SiC.

Overall, Challenge 3 establishes the lid-base fixture as a cleanroom-compatible, adhesive-free method for
selective hub protection and safe handling of fragile released edges. The principal limitation observed in this
work is not the masking concept itself, but the robustness of selective undercutting beneath ultra-thin a-SiC
in the current thermal/process configuration.
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Figure 4.9: Optical microscopy of the top-surface rim near the hub bore edge for Si/SiO» blades, illustrating hub-bore protection per-
formance of the lid. (a) Representative pre-etch bore-edge morphology (baseline, prior to all SiO» etches). (b) Post-etch bore edge for
a blade etched to L = 60 um (representative also for L = 100 um), showing no obvious etch attack at the accessible top-surface rim. (c)
Post-etch bore edge for the L = 120 um blade, for which lid loss was reported in the etch cycle, showing clear morphological change
consistent with etch exposure at the rim. Insets provide magnified views of the indicated regions. Scale bars: 25 pm.







CHALLENGE 4: INTEGRATED
PROOF-OF-CONCEPT CUT DEMONSTRATION

The final challenge is an integrated proof-of-concept demonstration of the released blade under realistic
operating conditions: rotation to the minimum cutting-edge speed, survival of the released rims at speed,
and controlled engagement with a sample. Following initial tests on a compliant sample (thread), the chapter
centres on a controlled rigid-sample trial that preserves a measurable kerf signature and enables quantitative
assessment of kerf geometry.

5.1. EXPERIMENTAL CONSTRAINTS AND APPROACH

Executing a first rigid cut with an ultra-thin released rim presents two primary risks: (i) over-travel leading to
catastrophic fracture or substrate sidewall contact, and (ii) insufficient observability of first engagement. A
stepwise approach protocol was therefore adopted to mitigate loading while retaining optical access.

A camera (Sony A7III with Laowa 24 mm probe lens) was aligned approximately perpendicular to the blade
surface (axial viewing direction, Fig. 5.1(a)) to provide qualitative clearance indication. At rim speeds of
30m/s (r = 18mm), the edge cannot be frozen under continuous illumination at practical exposure settings
and therefore appears motion blurred. Imaging therefore provides only approximate clearance information
and cannot reliably localise first contact. Strobed illumination was evaluated, but rolling-shutter artefacts
and lack of phase-lock limited its usefulness. Representative imaging trials (stationary, rotating, fast shutter,
and strobed) are summarised in Appendix G.

The sample was mounted on a motorised linear stage (Thorlabs MTS25(/M)-Z8) providing a minimum re-
peatable increment of 0.8 um. Engagement was performed incrementally with frequent retraction and in-
spection to minimise the risk of uncontrolled penetration. The spindle-stage assembly is shown in Fig. 5.1.
For clarity, the configuration shown uses the thread sample holder (Tests 2—-4). An analogous holder was used
for the rigid LEGO trials, with the sample fixed by tape.

5.2. SURVIVAL AND COMPLIANT ENGAGEMENT TESTS

The following tests were performed using a released Si/SiO, blade with nominal protrusion length L = 120 um.
To preserve the axial camera view during approach, the thread sample must be held without obscuring the
line-of-sight to the cutting edge. A 3D-printed sample holder was therefore designed to clamp the sample in a
diagonal orientation between two arms (see Appendix G, Fig. G.2). This geometry keeps the region of interest
visible when the sample is brought close to the blade (Fig. 5.1(b)).

5.2.1. TEST 1: SURVIVAL AT SPEED

The released SiO; blade was accelerated to approximately 17.6 kRPM and held for a short duration. No macro-
scopic breakaway of either the front- or rear-side edge was observed, confirming mechanical survival of the
released edges under centrifugal loading and operational displacement levels established in Challenge 1.
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Figure 5.1: Overview of the approach configuration used for the cut demonstrations, showing how optical access and controlled sam-
ple translation were achieved. (a) Top view indicating the axial camera placement relative to the blade rim, enabling visual clearance
indication during the stepwise approach. (b) Front view of the blade-sample interface, illustrating the unobstructed line-of-sight to the
primary contact zone at the cutting edge. (c) Isometric view of the integrated assembly (spindle and clamped blade, diagonal sample
holder, and motorised linear stage), with the sample position indicated in green.

5.2.2. TESTS 2—4: CUTTING OF A TENSIONED THREAD

To establish whether the released edges exhibit cutting action while reducing the risk of immediate catas-
trophic failure, a compliant sample was selected: polyester sewing thread of diameter ~ 0.1 mm. The thread
also served as a practical contact indicator: under tension, fibre separation upon severing provides a clear
qualitative signature of engagement without requiring a sharply resolved view of the edge. Partial (Test 2 and
Test 3) and full severing (Test 4) were achieved at = 16.2kRPM without catastrophic edge failure. These tests
confirm that at least one protruding edge can perform functional engagement under compliant conditions.
However, the thread does not preserve a diagnostic surface track and does not allow attribution to either the
~ 4um front-side rim or the ~ 10pum rear-side edge.

Detailed post-test microscopy of the edges is provided in Appendix G, Section G.4. In particular, the rear-
side edge exhibited spatially localised slight wear in some regions while other inspected regions appeared
unchanged, consistent with intermittent contact occurring over a limited circumferential sector. Example
thread conditions before and after partial cutting are shown in Appendix G, Fig. G.3.

5.3. RIGID-SAMPLE TESTS

Rigid-sample testing was used to preserve a surface track for post-test microscopy and to probe which edge
engages. Two LEGO (ABS) trials were performed: an initial over-travel case (Test 5) that exposes failure modes
of the current observability strategy, followed by a controlled incremental approach (Test 6) that yields a
continuous kerf and enables quantitative depth assessment.
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5.3.1. TEST 5: OVER-TRAVEL AND SUBSTRATE SIDEWALL CONTACT

An initial rigid-sample trial was performed on a white LEGO (ABS) brick at N = 16.9kRPM. The sample
mounting compromised the axial camera view and prevented a clear view of the surface immediately prior
to contact. As a consequence, detection of first contact during rotation remained unreliable.

The sample was advanced in minimum-repeatable steps of 0.8um with pauses between steps. Three fine-
approach sequences of approximately 100 um each were executed, with retraction and visual inspection be-
tween sequences. During the final sequence, a subtle change in the apparent edge region was noted in the
camera view (retrospectively consistent with the onset of contact), but the approach was continued.

Post-test inspection revealed a wide damage band of w = 547um, comparable to the total blade stack thick-
ness (~ 539um), consistent with over-travel leading to substrate sidewall involvement rather than cutting
dominated by the released rim(s) (Fig. 5.2). The front-side rim was lost circumferentially, with only small
residual chips remaining. The rear-side rim was removed over a large sector (on the order of more than half
the circumference), again leaving only small residual chips in the affected regions. In the remaining sector(s),
the rear-side rim showed no visible degradation and its protrusion length was indistinguishable from the pre-
test condition within the inspection resolution. The full micrographs are provided in Appendix G (Fig. G.5).
Overall, Test 5 demonstrates that, without a reliable first-contact indicator and with limited optical access,
a small additional advance can transition from initial engagement to substantial over-travel and severe rim
loss.

5.3.2. TEST 6: CONTROLLED INCREMENTAL RIGID CUT

A second rigid-sample test was performed on the same LEGO (ABS) sample using the blade with nominal
protrusion length L = 100um (front-side thickness ~ 4um, rear-side thickness ~ 10um). The sample was ad-
vanced in increments of approximately 15um (steps size of 1 um), with full retraction and visual inspection
of the surface and a camera check of the edge region after each increment. While demounting the sample for
microscopy after each increment would provide higher sensitivity to the onset of a minimal kerf, remounting
would introduce re-positioning errors which would negate the stage-cutting edge reference positions, mak-
ing between-step microscopy impractical for this test. First visible engagement occurred after 13 increments
at an operating speed of approximately 17.7 kRPM. No additional advance beyond initial engagement was
performed.

Kerf morphology. Optical microscopy of the sample surface reveals a single continuous kerf of length =
1.5mm (Fig. 5.3(a)). The kerf width measured near the centre was approximately 46 um, while both far ends
of the kerf start with a narrow track of order 5um and widen towards the middle (Fig. 5.3(b,c)). One plausible
explanation for this systematic widening is a longer effective contact duration near the mid-length region,
combined with operational displacement that causes the engaged rim to sweep laterally across the surface
during contact. No wide damage band indicative of substrate sidewall contact was observed. The morphol-
ogy is therefore consistent with rim-dominated kerf formation.

Depth measurement and aspect ratios. White-light interferometry was used to determine the maximum
trench depth (peak-to-valley) relative to the local mean surface plane outside the kerf (representative map
and line profile in Appendix G, Fig. G.6). Across five measurements near the kerf centre, the maximum trench
depth ranged from 11.72pm to 14.71pm (mean = 13.89um), while the corresponding kerf width ranged from
43.41pum to 47.02um (mean = 44.59um).

Figure 5.2: Summary image for the rigid polymer trial (Test 5, LEGO/ABS) highlighting the pre-test mark and the measured main damage-
band width w = 547pum, comparable to the blade stack thickness and consistent with over-travel and substrate sidewall involvement.
The full micrographs are provided in Appendix G (Fig. G.5).
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Figure 5.3: Post-test optical micrographs of the controlled incremental rigid-sample trial (Test 6, LEGO/ABS) at N = 17.7kRPM. (a)
Overview showing a continuous kerf of length = 1496um and central width = 46um. (b,c) Higher-magnification views of the two kerf
ends (boxes in (a)), showing a narrow initial kerf (~ 5pum) that widens towards the centre; cutting debris is visible locally (e.g. in (b)).
Scale bars: 100pm (a) and 20um (b,c).

Using a representative kerf width of = 45um, the kerf depth-to-width aspect ratio is approximately 0.3. When
normalised by the rear-side film thickness (~ 10pm), the depth-to-tool-thickness ratio is approximately 1.4.
These values indicate substantial trench formation rather than a superficial surface mark. The present test
did not explore maximum achievable depth, since after first kerf formation was observed, the sample was not
advanced further to allow edge and sample surface inspection.

Edge attribution and post-test edge condition. Only a single kerf track was observed on the sample. No
distinct narrow kerf attributable to the ~ 4um front-side oxide thickness was identified. Under the present
conditions (rigid ABS sample and limited first-contact observability), this indicates that functional kerf for-
mation by the ultra-thin front-side rim was not demonstrated. One plausible explanation is local fracture at
(or shortly after) first rigid contact, preventing sustained engagement. This interpretation is consistent with
the appearance of an additional front-side damage zone with arc length of order 8000 um.

Post-test edge-length measurements showed no circumferentially global shortening of either edge. The front-
side protrusion length remained essentially unchanged from 97.4um (pre-test mean) to 97.1um (post-test
mean), and the rear-side protrusion length from 105.3um to 104.4pm. The rear-side rim exhibited slight
local degradation (i.e. increased edge roughness) over a limited circumferential sector, while other regions
appeared unchanged (qualitative examples in Appendix G, Fig. G.7). Together, the single kerf signature, the
kerf width scale (tens of micrometres), and the observed rear-side wear pattern support the conclusion that
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the rear-side (~ 10um thick) rim was the dominant cutter in Test 6.

Finally, the kerf width scale is consistent in order-of-magnitude with the combination of rear-side oxide
thickness and expected operational axial displacement. At N = 17.7kRPM, the axial displacement envelope
(WCRgs) is on the order of tens of micrometres (cf. Fig. 2.4(a)), which can broaden the effective contact track
of a ~ 10um-thick feature into a kerf width of order 40 um to 50 um under intermittent contact.

5.4. DISCUSSION AND IMPLICATIONS

Challenge 4 aimed to demonstrate integrated operation of a released blade at the minimum cutting-edge
speed and to obtain a first indication of cutting engagement. The chapter provides outcomes with increas-
ing diagnostic value. First, the released rim geometry survived rotation at and above the target cutting-edge
speed without macroscopic breakaway (Test 1), establishing that the released SiO, structures are mechani-
cally robust enough for high-speed operation in the developed spindle setup. Second, thread tests (Tests 2—4)
demonstrated qualitative cutting engagement under compliant contact conditions while preserving edge in-
tegrity sufficiently for post-test inspection.

The rigid-sample experiments convert the chapter from a qualitative demonstration into a precision-cutting-
relevant capability and limitation statement. Test 5 shows that, when first contact cannot be detected reliably
(motion blur and inability to observe edge and surface simultaneously), the approach can transition abruptly
into over-travel with substrate sidewall involvement and severe rim loss. In contrast, Test 6 demonstrates
that controlled rigid-sample kerf formation is achievable with the present platform, since a continuous kerf
oflength ~ 1.5mm was produced on ABS at N = 17.7kRPM, with central width ~ 46um and maximum trench
depth ~ 12um to 15um, corresponding to AR/, = 0.31 and a tool-based proxy AR, = 1.39. These values are
substantial in view of the fragile rim geometry and the absence of active force control. However, the present
result should not be interpreted as the maximum achievable depth, since no further post-contact advance
was attempted after first kerf formation was observed.

The same rigid-sample results also sharpen rim attribution. Only one kerf track was observed, and no ~
4um-scale kerf attributable to the front-side rim was identified. Under the present rigid-sample conditions,
this indicates that functional kerf formation by the ultra-thin front-side rim was not demonstrated, plausibly
because it fractures at first rigid contact and therefore cannot sustain engagement. Conversely, the observed
kerf geometry and the post-test rear-side wear pattern support the conclusion that the rear-side (~ 10pm
thick) rim is currently the dominant cutter. This provides a defensible basis for concluding that the present
platform can perform controlled rigid cutting, while simultaneously identifying the key barrier to the long-
term objective of ultra-thin cutting with edges in the sub-micrometre regime.

Two immediate implications follow for future work. First, the dominant practical limitation is observability
and contact detection. Without phase-locked imaging or an independent contact cue, the approach must rely
on subjective visual inference, which is inadequate for rigid-sample tests. Phase-locked strobed illumination
driven from the tachometer signal, with adjustable phase and short pulse width, remains the most direct
route to localising the rim in the camera view. In parallel, a compact contact indicator on the sample side (e.g.
a small accelerometer on the sample holder) could provide an objective engagement cue to halt the approach
at first contact and prescribe controlled post-contact advance. Second, to prevent handling-induced damage
by incidental contact between the edges and the microscope stage during placement (i.e. imperfectly flat
seating causes a local edge-stage touch-down), a central pedestal should be implemented that supports the
blade at its hub while preventing rim contact with the microscope stage. To enable front-side and rear-side
inspection without touching the rims, the pedestal should incorporate a simple clamping mechanism (e.g.
a twist-and-lock feature) that allows the blade to be flipped while supported. The support structure should
remain thin on both sides to avoid obstructing microscope optics and illumination.

In summary, Challenge 4 establishes an integrated proof-of-concept with a clear hierarchy of evidence: re-
leased rims survive high-speed operation; cutting engagement is achievable on compliant samples; and, crit-
ically, controlled kerf formation on a rigid polymer has been demonstrated with quantified kerf depth. The
next critical step is to translate this capability to reliable, attributable cutting with the ultra-thin front-side
rim by improving first-contact detectability, reducing handling-induced damage, and implementing proto-
cols that safely explore deeper engagement without over-travel.







CONCLUSION AND OUTLOOK

This thesis establishes a proof-of-concept for a wafer-based, thin-film-defined circular cutting edge: a me-
chanically defined rim fabricated on a wafer can be rotated to cutting-edge speed and can remove material
under controlled rigid contact. Enabled by a repeatable fabrication route and a characterised high-speed
spindle platform, released SiO, rims survived operation at and above the target edge speed. Under incre-
mental approach, a continuous kerf was produced in a rigid ABS sample at N = 17.7kRPM, with quantified
trench depth 11.72pum to 14.71um and central kerf width ~ 46um, corresponding to AR4,,, = 0.31. This re-
sult indicates substantial material removal rather than superficial marking and demonstrates that controlled
rigid-sample kerf formation is achievable with the present platform.

The present work also establishes the principal limitations that must be addressed to progress from thin-film
rigid cutting towards attributable ultra-thin cutting. Kerf morphology and post-test edge inspection indicate
that the rear-side (~ 10pum) rim is currently the dominant cutter. Sustained rigid engagement of the ultra-thin
front-side (~ 4pm) rim remains to be demonstrated under controlled loading. In addition, robust release of
circumferentially continuous ultra-thin a-SiC edges was not achieved within the present process window.
These outcomes position the concept as viable for rigid cutting with wafer-defined thin-film rims at cutting-
edge speed, while identifying attributable ultra-thin cutting as a clearly bounded next objective.

Across the four challenges, the main outcomes of this work are:

* A practical operating envelope was established in which the spindle reaches the minimum cutting-
edge speed while maintaining predominantly rotation-synchronous operational displacement in the
tens of micrometres. Under the tested conditions, the displacement envelope remained below the tar-
geted overhang length range (L = 60pm to 120um), enabling survival and engagement trials without
immediate centrifugal failure.

° A repeatable fabrication route was developed to produce annular blade blanks in 525um-thick sili-
con, with LS-Precess identified as the enabling laser-cutting intervention and an explicit throughput-
reliability trade-off captured in the selected recipe.

* A lid-base sacrificial masking concept was demonstrated to provide strong geometric selectivity dur-
ing isotropic SFg etching, enabling controlled release of SiO, rims while preserving hub-bore integrity
when the lid remains intact. For SiO, development blades, released overhangs in the targeted range
were achieved. In contrast, circumferentially continuous ultra-thin a-SiC edges were not reliably formed.

* An integrated cutting demonstration was achieved using released SiO, rims. The blade survived oper-
ation at and above the target edge speed, severed a compliant sample, and produced a continuous and
quantified kerf in a rigid ABS sample under incremental approach. Under these conditions, rigid cut-
ting was attributable to the rear-side rim, while sustained rigid engagement of the ultra-thin front-side
rim remains to be demonstrated.
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6.1. CHALLENGE-WISE CONCLUSIONS

* Challenge 1 (rotation to cutting-edge speed with acceptable run-out): The developed setup reaches
the minimum cutting-edge speed requirement while maintaining predominantly rotation-synchronous
operational displacement at the blade edge. A practical sensitivity threshold was observed beyond
~ 18kRPM, and quasi-static TIR was strongly assembly dependent, highlighting geometric repeatabil-
ity of the clamp-shaft-bearing stack as a dominant lever for further improvement. Motor-drive exci-
tation cannot be excluded with the present sensorless ESC, motivating future A/B comparisons with
upgraded drive control.

* Challenge 2 (femtosecond-laser fabrication of annular blanks): Blade blanks suitable for subsequent
release and high-speed trials can be produced repeatably, provided that the programmed geometry is
tuned empirically to account for kerf-related dimensional bias and that handling constraints are re-
spected. The observed laser-affected zone at the cut edge motivates a minimum underetch length on
the order of 60 um to support continuous overhang formation. The current vacuum-tweezer mounting
approach sets a practical lower bound on bore clearance, suggesting that a dedicated handling/press-
ing fixture is a direct route to improved mounting repeatability and reduced eccentricity.

* Challenge 3 (selective underetch with hub-bore protection): The lid-base fixture provides robust
top-surface shielding, evidenced by a sharply delineated protected-exposed boundary and preserva-
tion of hub-bore geometry within present metrology when the lid remains intact. For SiO, process-
development blades, released overhangs in the targeted range were achieved. In contrast, reliable for-
mation of long, circumferentially continuous ultra-thin a-SiC edges was not achieved with the current
process configuration, indicating that the selective process window for a-SiC must be widened, most
plausibly through improved thermal management.

* Challenge 4 (integrated cutting demonstration): Released SiO, rims survived high-speed operation
and demonstrated both compliant engagement (thread severing) and quantified rigid kerf formation in
ABS. Afirstrigid trial showed that limited first-contact detectability can rapidly lead to over-travel, sub-
strate sidewall involvement, and extensive rim loss. A subsequent trial demonstrated that controlled
rigid cutting is achievable with the present platform. Under these conditions, kerf geometry and post-
test wear patterns support the conclusion that the rear-side rim is currently the dominant cutter, while
sustained rigid engagement of the ultra-thin front-side rim remains to be demonstrated.

6.2. OUTLOOK

Future work should prioritise translating the demonstrated rigid- cutting capability towards reliable, attributable
ultra-thin cutting and improved process robustness. In doing so, it is useful to close the loop to state-of-
the-art micro-machining: specialised dicing and micro-slotting platforms can reach depth-to-width aspect
ratios ARy, on the order of 4 to 20 for ~ 10um to 50pum kerf widths, enabled by highly optimised spindles,
force/displacement control, and dedicated fixturing. The present platform achieved AR, = 0.31 without
such infrastructure and without evidence of a fundamental depth limit imposed by the ~ 10um rim thick-
ness. This comparison indicates that improved first-contact control, displacement reduction, and systematic
depth exploration are the primary levers for extending trench depth and narrowing kerf width in future iter-
ations.

6.2.1. FIRST-CONTACT DETECTION, OPTICAL ACCESS, AND CONTROLLED DEPTH EXPLORATION
Rigid-sample testing revealed that visual clearance estimation under motion blur is insufficient to reliably
detect first contact. In addition, as the rigid sample approaches the rim in the present configuration, the
camera view of the edge-surface interface becomes progressively obstructed, reducing the ability to observe
the onset of engagement precisely at the moment it occurs. The over-travel observed in the initial rigid trial
demonstrates that additional advance can transition from first engagement to substrate sidewall involvement
when first contact is not detected.

Future work should therefore address both synchronised visualisation and geometric optical access. Imple-
mentation of phase-locked strobed illumination driven by the tachometer signal would improve rim locali-
sation during rotation, while a revised sample-holder geometry or alternative viewing angle could preserve
a clear line-of-sight to the contact zone throughout the approach. In parallel, integration of an independent
sample-side contact cue (e.g. a compact accelerometer or force-sensitive element) would enable objective
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detection of first engagement. Together, these measures would permit systematic exploration of post-contact
advance and maximum achievable trench depth without uncontrolled penetration.

6.2.2. ULTRA-THIN RIM ROBUSTNESS, ATTRIBUTION, AND GRADUAL FAILURE CONCEPTS

The absence of a distinct ~ 4 um-scale kerf and the observed front-side damage zone indicate that the ultra-
thin rim does not currently sustain rigid contact. Future work should therefore address the mechanical ro-
bustness and failure mode of the ultra-thin edge, while keeping loading and first-contact conditions suffi-
ciently controlled to distinguish intrinsic fragility from externally imposed impact and bending.

A useful analogue can be found in conventional diamond dicing blades, which consist of a bonding matrix
containing hard abrasive particles. Cutting proceeds by penetration of these particles into the workpiece,
while progressive wear exposes new sharp particles as others fracture or are pulled out of the bond [26], [55],
[56]. In contrast, a continuous ultra-thin rim has no intrinsic self-renewal capacity and is susceptible to large,
uncontrolled chip-out events that locally render extended edge segments ineffective.

A longer-term research direction is therefore to explore whether the failure mode of thin-film rims can be
made more gradual. Deliberate edge patterning (e.g. engineered weak links, segmentation, or controlled
thickness modulation) could promote localised, contained breakaway rather than extended fracture, thereby
preserving functional cutting regions after partial damage. Improved first-contact detectability and repeat-
able loading will be essential to unambiguously attribute cutting action to such modified ultra-thin rims.

6.2.3. SPINDLE REPEATABILITY, OPERATIONAL DISPLACEMENT, AND MOTOR-DRIVE EFFECTS
Although the operational displacement envelope is compatible with survival and initial cutting demonstra-
tions for L = 60pm to 120pum, further reduction of operational displacement would directly influence cutting
mechanics. A narrower displacement envelope would reduce the effective kerf broadening caused by lateral
sweep, enabling smaller kerf widths for a given rim thickness. In addition, reduced axial and radial motion
would lower bending moments and radial force components acting on the thin rims during contact.

Such improvements are not merely incremental refinements but are critical for interpretation. If ultra-thin
rims fail under rigid contact, it must be possible to distinguish between intrinsic geometric fragility and ex-
ternally imposed loading due to setup-induced displacement. Reducing operational displacement and clari-
fying motor-drive-induced excitation (e.g. via comparison with a lower-torque-ripple control strategy) would
therefore enable more definitive conclusions regarding the true cutting capability and failure threshold of
ultra-thin edges. The most direct routes are (i) a controlled axial/radial clearance reduction and preload
strategy, (ii) characterisation and mitigation of motor-drive-induced excitation, and (iii) improved geometric
repeatability of the blade clamping stack. In particular, replacing the present sensorless ESC by a drive with
lower torque ripple (or an explicit A/B comparison against field-oriented control) would clarify the extent to
which commutation artefacts contribute to the observed high-speed operational displacement.

6.2.4. PLASMA-ETCH PROCESS WINDOW AND TRANSLATION TO A-S1C

The lid-base concept provides a viable foundation for selective underetching, but reliable formation of cir-
cumferentially continuous ultra-thin a-SiC rims remains unresolved. Priority should be given to widening the
selective process window, plausibly through improved thermal management in the fixture stack and revised
etch conditions that reduce film degradation while maintaining adequate silicon undercut rates.

6.2.5. BROADER SCOPE: WAFER-DEFINED MECHANICAL EDGES AS A FABRICATION PLATFORM
Beyond the immediate next steps, the present results suggest a broader research direction: wafer processing
can be used to define and replicate mechanically functional cutting edges at thickness scales defined by the
thicknesses of deposited films. In doing so, the work effectively miniaturises a mechanical cutting tool to
the film-thickness regime, in contrast to the predominant reliance of micro- and nanofabrication on beams,
plasmas, and chemical removal processes.

In this thesis, Si/SiO5/a-SiC were selected primarily for process compatibility and availability within a semi-
conductor workflow. However, the underlying concept is not intrinsically limited to these materials. Subject
to suitable deposition, adhesion, and release strategies, analogous rotating rims could be envisaged in other
hard or functional thin films, such as carbides, diamond-like carbon, or selected metallic layers. The key re-
quirement is the ability to fabricate, release, and mechanically support a circumferential edge with sufficient
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hardness and fracture resistance for controlled engagement under rotation.

A further distinction of mechanically defined cutting is that material removal is governed primarily by con-
tact mechanics and relative hardness rather than by chemical selectivity or sputter yield. As such, rotating
thin-film edges may offer a complementary structuring route for materials or multilayer stacks where plasma
etching, ion-beam milling, or wet processing face limitations related to etch chemistry, selectivity, or surface
charging. The present demonstration in ABS provides an initial indication that polymer substrates can be
structured under controlled rotation, although systematic exploration of additional material classes remains
future work.

While attributable sub-micrometre cutting has not yet been demonstrated, this work establishes that wafer-
defined rims can survive cutting-edge speed and perform quantified rigid material removal. With improved
control over first contact, operational displacement, and material selection, wafer-defined rotating edges
may constitute a complementary manufacturing route for continuous, mechanically defined structuring un-
der rotation alongside established beam- and plasma-based techniques.



SIGNAL PROCESSING AND ROBUSTNESS
CHECKS

This appendix provides the signal-processing details underlying the operational displacement metrics (RSR
and WCR) reported in Section 2.6. The key challenge is that the LDV output is a velocity signal measured
during rotation, while the spindle speed can drift slightly within a 7 s record due to the ESC. To obtain drift-
robust displacement estimates without time-integration drift, velocity is converted to displacement in the
order domain using the tachometer signal as an angular reference.

A.1. ORDER-DOMAIN DISPLACEMENT RECONSTRUCTION FROM LDV VELOC-

ITY
The LDV measures the surface velocity v(¢) along the measurement axis. Using the tachometer, each record
is segmented into individual revolutions and re-sampled onto a uniform angular grid 6 € [0,27). For a given
revolution, the velocity can be expressed as a truncated Fourier series in rotation orders:

M .
v@ =Y V™, (A1)
m=1

where m denotes the order and V;, is the complex velocity coefficient at order m.

Displacement is obtained in the order domain via harmonic-by-harmonic division by jmw, avoiding time-

domain integration drift:
v
Xm=—"",  ©0=2Tfor (A.2)
jmow
where f;o is the rotational frequency associated with the record and X, is the complex displacement coeffi-
cient.

The reconstructed displacement waveform for a truncation order M is then

M .
xm(@) = Y R{Xpe™?}. (A.3)
m=1
The cumulative peak-to-peak displacement used in the convergence analysis is computed directly from the

reconstructed waveform:
pp(M) = meax(xM(B)) - mgin(xM(H)). (A4)

A.2. OPERATING POINT DEFINITION UNDER RPM DRIFT

Because the ESC-controlled speed can vary slightly within a record, each operating point is represented by the
median RPM of that record (as used in Section 2.6). The within-record speed variation is summarised by the
10-90% RPM span, ARPM1¢_g9, computed from the instantaneous RPM trace derived from the tachometer.
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For the axial blade-radii dataset (Blade ON, r = 15.5mm to 17.5mm, n = 29 records), the median span was
ARPMjp_g0 = 116 RPM (median = 1.27 % of the record median RPM), with a worst-case span of 458 RPM
(3.23%). For the radial rim dataset (n = 8 records), the median span was = 146 RPM (1.39 %) with a worst-
case span of 564 RPM (2.71 %). A drift-rate metric dRPM/d¢ (computed in the KPI pipeline) was typically on
the order of 5 RPM/s-8 RPM/s (axial median 5.31 RPM/s, radial median 7.78 RPM/s), with occasional larger
excursions (axial maximum 42.0 RPM/s, radial maximum 30.3 RPM/s). These magnitudes motivate (i) plot-
ting KPIs against the median RPM per record and (ii) using order-domain reconstruction, which remains
well-defined under modest speed drift.

A.3. BOOTSTRAP PROCEDURE FOR UNCERTAINTY ESTIMATES

Uncertainty bands for peak-to-peak metrics are estimated by bootstrap resampling over revolutions within
each record. Let R be the number of available revolutions in a record. For each bootstrap replicate b =
1,..., B (with B = 1000 in this work), a new set of R revolutions is drawn with replacement from the original
revolutions, and the corresponding displacement coefficients {X;,} and derived metrics are re-computed. For
any scalar metric y (e.g., pp(M), RSR p—p, WCRgs), the 95% confidence interval is taken from the empirical
bootstrap distribution as

Y1o95 = prctile(y(b),Z.S), Yhios = prctile(y(b), 97.5). (A.5)

In the main text, confidence intervals are not used as a substitute for run-to-run repeatability (only one record
per operating point is available); rather, they quantify the within-record variability of the reconstructed KPI
under revolution-level resampling.

A.4. SELECTION OF RECONSTRUCTION ORDER M, econ

The peak-to-peak displacement pp(M) depends on the number of included orders. To determine a suitable
reconstruction order, a convergence analysis is performed by evaluating pp(M) for M = 1,..., Mnax (with
Mmax < 20). The incremental relative change between successive truncation levels is defined as

lpp(MD) - pp(M - 1)
pp(M)

inc(M) = , M=2. (A.6)

A stability threshold of 2 % sustained over three consecutive steps is used:
inc(M), inc(M + 1), inc(M +2) < 0.02. (A7)

The selected reconstruction order Myecon is taken as the smallest M satisfying (A.7). This choice ensures that
the reported peak-to-peak metrics are insensitive to including additional orders beyond Miecon-

Fig. A.1 reports the resulting Mecon values across RPM and blade radii. For the blade-radii measurements,
Miecon Was consistently = 5 and typically 5-6 across the explored RPM range, indicating that several harmon-
ics are required to obtain stable peak-to-peak displacement estimates. (No cases were observed where the
convergence criterion was unmet within the evaluated order range.)

A.5. HARMONIC DISTORTION RATIO (HDR) AND INTERPRETATION

To summarise the relative contribution of higher orders beyond 1x, a harmonic distortion ratio is defined as

M,
3 Miecon |, |

HDR2. Miyecon = (A.8)

max(e, | X11)’
where € is a small numerical constant to avoid division by zero. This metric increases when higher-order
content becomes more prominent relative to the fundamental (1x) component.

Fig. A.2 shows HDRy ..., versus RPM for the axial blade-radii dataset. Across the overlapping RPM range
where multiple radii are available, HDR; .., decreases with RPM, indicating that the operational motion
becomes increasingly dominated by the 1x component at higher speed. A tendency for higher HDR values
closer to the rim is observed within the overlapping range; at the highest RPM only rim data are available, and
cross-radius comparison is therefore not possible there.
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Figure A.1: Mrecon selected by the convergence criterion of (A.7) as a function of RPM for the axial blade-radii dataset. Each point
corresponds to one 7 s record plotted at its median RPM; n denotes the number of records per radius.
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Figure A.2: Harmonic distortion ratio HDRy_ pf0con (A-8) versus RPM for the axial blade-radii dataset. Each point corresponds to one 7s
record plotted at its median RPM; n denotes the number of records per radius.






SUPPLEMENTARY RESULTS FOR CHALLENGE
1

This appendix provides supplementary operational-displacement results that support, but are not required
for, the main narrative in Challenge 1. The main text focuses on blade-rim behaviour. Here, baseline mea-
surements at the shaft axis (r =0 mm) and the full set of axial blade-radii results are reported for completeness.
As in Section 2.6, each marker corresponds to one 7's record and is plotted at the measured median RPM of
that record; n denotes the number of records in each series.

B.1. BASELINE OPERATIONAL DISPLACEMENT AT THE SHAFT AXIS (r =0mm)

Fig. B.1 compares the operational displacement at the shaft axis for three baseline configurations (blade re-
moved): pretension and clamping attachments were varied to assess their influence on motion near the ro-
tation axis. Across the tested speed range, both the repeatable rotation-synchronous component (RSR) and
the per-revolution severity measure (WCRg5) reduce when pretension and clamping attachments are applied.
The separation between WCRg5 (dashed) and RSR (solid) remains modest, indicating that the axis motion is
predominantly rotation-synchronous within these baseline tests.

B.2. FULL AXIAL BLADE-RADII RESULTS (RSR AND WCRgy;5)

Fig. B.2 shows the full set of axial blade-radii results for r = 15.5 mm to 17.5 mm. Panel (a) reports RSR p—p, and
panel (b) reports WCRg5 p—p. In the overlapping RPM range (where multiple radii are available), operational
displacement generally increases towards the rim. The vertical reference line indicates the minimum cutting-
edge-speed requirement (15.9 kRPM, corresponding to 30 m/s at r = 18 mm). At higher speeds, only the rim
series extends to the maximum tested RPM.

B.2.1. ORDER-DOMAIN DECOMPOSITION ACROSS BLADE RADII

Fig. B.3 and Fig. B.4 complement the main-text RSR/WCR results by showing how the operational displace-
ment is distributed across integer orders. They are referenced in Section 2.7 to support the observed low-
order dominance and the transition from a pronounced 2x component at lower/mid RPM to increasing 1 x
content near the high-speed upturn.
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Figure B.1: Operational displacement at the shaft axis (r = 0 mm) for baseline configurations without the blade. Solid curves denote RSR;
dashed curves denote WCRgs5 (95th percentile of per-revolution peak-to-peak values within a record). Each point corresponds to one 7's
record plotted at its median RPM; n indicates the number of records per configuration.
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Figure B.2: Full axial blade-radii operational displacement results. (a) RSR p—p versus rotational speed for r = 15.5mm to 17.5mm. (b)
WCRg5 p—p versus rotational speed for the same radii. Each point corresponds to one 7 s record plotted at its median RPM; n indicates
the number of records per radius. The vertical reference line indicates the minimum cutting-edge-speed requirement (15.9 kRPM, cor-
responding to 30 m/s at r = 18 mm).
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Figure B.3: Fractional amplitude contribution of integer order components versus rotational speed for axial LDV measurements at mul-
tiple blade radii (r = 16.0 mm, 16.5mm, 17.0 mm, 17.5 mm). For each 7 s record, the order-tracked displacement spectrum was decom-
posed into integer orders k = 1... M, and the plotted quantity is the normalised contribution |Xj|/ Z?i 11Xi| (computed over the same
order range). Each marker corresponds to one record plotted at its measured median RPM; marker shape encodes radius.
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Figure B.4: Per-order displacement amplitude versus rotational speed at the blade rim (r = 17.5mm, axial LDV). Curves show the ab-
solute amplitudes | Xj| of integer orders k = 1...M (with M chosen per record according to the convergence criterion described in
Section A.4). Each marker corresponds to one 7 s record plotted at its measured median RPM.



SUPPLEMENTARY FIGURES FOR CHALLENGE
2

C.1. QUALITATIVE INFLUENCE OF LASER POWER ON NEAR-EDGE MORPHOL-

OGY IN LS-PRECESS MODE

During recipe refinement (Chapter 3), laser power was iterated within the policy-limited range (60 % to 80 %)
while keeping the remaining scan settings constant. The aim was not a metrological optimisation, but a
practical selection of settings that (i) reliably achieve through-cuts and (ii) minimise pronounced near-edge
irregularities that could locally interrupt overhang formation in the subsequent underetch step (Challenge 3).

Fig. C.1 shows representative top-surface kerf segments. Differences across the tested range are modest and
vary locally. However, within the inspected samples the 80 % condition tended to exhibit a straighter perime-
ter with fewer pronounced local notches than 60 % and 70 %. On this qualitative basis, 80 % was adopted for
the final production recipe reported in Chapter 3.

(b)

Power Power Power
60% 70% 80%
20pm e 20pm 20pm

Figure C.1: Qualitative effect of laser power on the top-edge morphology in LS-Precess mode. Keyence VHX-6000 micrographs of repre-
sentative kerf segments cut at constant scan speed (200 mms™1), outlines (two), and outline pitch (0.01 mm). (a) 60 %, (b) 70 %, (c) 80 %.
Red curves indicate manually traced kerf edges. Scale bars: 20 um.

C.2. MANUAL MOUNTING LIMITATION WHEN USING A VACUUM TWEEZER
Bore-fit tuning in Chapter 3 was constrained by the mounting method. Blades were handled and mounted
using a vacuum tweezer to avoid contacting the fragile outer edge. This approach provides a compliant,
single-point grip via a soft suction cup. While protective, it limits controllable alignment and the axial seating
force that can be applied during assembly.

As the bore clearance decreases, initial contact between the bore and the shaft seat can generate frictional
moments that tilt the disk. Because the grip point is compliant and offset from the bore contact, correcting
tilt and applying additional seating force becomes increasingly difficult without touching the perimeter. This
practical constraint sets the lower bound on clearance in the stepwise fit tests and motivates the proposed
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future improvement of a simple mounting/pressing fixture.

g

Vacuum tweezer

Blade

Figure C.2: Schematic of blade mounting using a vacuum tweezer. The suction cup avoids contact with the outer edge but provides a

(i)

Ih

Shaft

compliant, single-point grip, which limits controllable alignment and axial assembly force as the bore engages the shaft seat.




INITIAL BENDING AND ROTATIONAL
STIFFENING

This appendix documents the modelling assumptions and parameter studies used to estimate (i) the initial
out-of-plane deflection of the released cutting edge due to residual stress gradients, and (ii) the reduction of
this deflection under rotation (centrifugal stiffening). The cutting edge is modelled locally as a cantilever-
like beam with rectangular cross-section, length L, thickness d (film thickness) and in-plane width w. A
one-mode Rayleigh-Ritz (energy) formulation is used for the rotating-beam estimate. The full derivation is
provided separately in Appendix E, while this appendix summarises the governing relations and their numer-
ical evaluation. All numerical evaluations presented in this appendix were carried out in MATLAB. The script
used to generate Tables D.1-D.4 is provided in Appendix F.

D.1. THEORETICAL BACKGROUND: INITIAL DEFLECTION

A thin film deposited on a substrate generally exhibits residual stress arising from two main contributions, an
extrinsic component commonly associated with thermal-mismatch or externally imposed effects, and an in-
trinsic component originating from the film growth process itself [44]. The extrinsic part is typically uniform
over the film thickness and is dominated by thermal-mismatch stress between the film and substrate.

For a film bonded to a substrate, a mismatch in thermal expansion coefficients gives rise to a nearly uniform
in-plane stress that is well described by classical thermal-mismatch theory [44]. This extrinsic contribution
primarily sets the average residual stress level in the film. Intrinsic stress, by contrast, depends on the film
microstructure and deposition conditions (deposition rate, temperature, pressure, incorporation of impuri-
ties, grain structure, etc.) and is often non-uniform through the thickness [44]. It is therefore convenient to

L
-

Figure D.1: Schematic diagram of residual stress in a thin film of thickness d, decomposed into a uniform component oo and a linear
gradient component o1 (adapted from [53]).
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Figure D.2: Curvature of a free-standing thin film of thickness d produced by a stress gradient. The sketch shows the approximate stress
profile and the corresponding relaxed strain e across the film thickness (adapted from [44])

express the total residual stress in the film as a polynomial expansion in the thickness direction y [52]:

ap(y) = Zak(d/z)k 0’0+01(dJ//2) (D.1)

where d is the film thickness, o is the average (uniform) stress and o, represents the first-order stress-
gradient term, higher-order terms are neglected. As illustrated schematically in Fig. D.1, the total residual
stress o ¢ can thus be viewed as the superposition of a uniform component gy and a linearly varying compo-
nent o] across the film thickness. The average stress is strongly influenced by extrinsic effects, whereas the
stress gradient is mainly governed by intrinsic mechanisms.

When a stressed film remains bonded to a thick substrate and the film-substrate system is free to move, the
residual stress is replaced by a relaxed strain that bends the film and substrate and creates a curvature with
radius R. This curvature 1/R can be related to the total residual film stress via the Stoney equation. The
Stoney equation provides the average residual stress in the unrelaxed film directly from the measured wafer
curvature and the known substrate properties, without requiring any knowledge of the film’s properties. This
approach is known as the substrate curvature (wafer bending) method [44], [57], [58].

However, the stress obtained from the Stoney equation is an average value, since it results from integrating
the stress over the thickness of the film. It does not reveal whether a stress gradient is present, nor its mag-
nitude. In this work, the ultra-thin cutting edge is released from the Si substrate by under-etching, forming a
free-standing cantilever-like overhang. For such structures, the out-of-plane curvature is governed primarily
by the stress gradient rather than the average stress [50]. Uniform stress may contribute to local boundary ro-
tation and near-anchor deformation. This contribution however is small and difficult to measure accurately.
Therefore, it is often neglected in released cantilever analysis[44], [52], [59].

The mechanism, which bends free-standing cantilevers, can be understood by considering a monolayer film
thatis initially clamped to the substrate. Fig. D.2 depicts such a thin-film cantilever with thickness d, clamped
to a substrate. Before release, the film carries both an average stress and a stress gradient but is constrained,
so there is no in-plane strain (e, = 0). If the film were released while artificially constrained to remain flat, the
average stress would relax into a uniform in-plane strain, but no curvature would develop. At this point the
beam still contains the stress gradient, in the Fig. D.2 compression at the bottom and tension at the top. Once
the flatness constraint is removed, the remaining stress gradient relaxes into a strain gradient, causing the
beam to bend towards the tensile side into a curved configuration. The resulting curvature therefore directly
reflects the stress gradient in the film. In this project, a stress gradient in the film could thus result in an
out-of-plane deflection of the ultra-thin cutting edge.
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Table D.1: Calculated initial tip deflection hg (in nm) as a function of cantilever length L and stress gradient Ac/d, obtained from (D.5)

for a-SiC with E = 210 GPa.

Stress gradient (MPaum™1)
L () 5p 100 | 150 | 200 250 300

5 3 nm 6 nm 9 nm 12 nm 15 nm 18 nm
10 12 nm 24 nm 36 nm 48 nm 60 nm 71 nm
40 191 nm 381 nm 571 nm 762 nm 952 nm 1143 nm
60 429 nm 857 nm 1286 nm 1714 nm 2143 nm 2571 nm
80 762 nm 1524 nm | 2286 nm | 3048 nm 3810 nm 4571 nm
100 1191 nm | 2381 nm | 3571 nm | 4762 nm 5952 nm 7143 nm
120 1714 nm | 3429 nm | 5143 nm | 6857 nm 8571 nm | 10286 nm
150 2679 nm | 5357 nm | 8036 nm | 10714 nm | 13393 nm | 16071 nm

D.2. ESTIMATING THE INITIAL TIP DEFLECTION OF THE CUTTING EDGE

In this work the cutting edge is modelled locally as a cantilever beam with rectangular cross-section, length
L, thickness d and width w. This one-dimensional approximation neglects the additional stiffness provided
by the surrounding annular disk. The real cutting edge behaves more like a curved plate segment, so the
cantilever model is expected to overestimate the deflection and can be regarded as a conservative upper
bound. The initial (non-rotating) tip deflection is denoted hy = h(Q = 0).

Assuming that only the stress-gradient term contributes to bending and that it varies linearly over the thick-
ness of the beam, the stress gradient and curvature are related by [44]
d d
Aoc=E—, Ae=—, (D.2)
R R
where R is the radius of curvature and E is the Young’s modulus of the film. For a cantilever of length L with
maximum out-of-plane deflection hy, simple geometric considerations yield the curvature
12
R=—, D.3
2o (D.3)
which is strictly valid in the small-deflection regime (k¢ < L), i.e. when the deflected shape can be approxi-
mated by a shallow circular arc. Combining (D.2) and (D.3) gives the stress gradient per unit thickness as

Ao -F 2”10 (D 4)
a 12’ ‘
Rearranging gives an expression for the initial tip deflection in terms of the stress gradient,
ho = Ao I? (D.5)
°7d 2F ‘

The parametric studies have been carried out using stress-gradient values in the range Ao /d = 50 MPaum ™!
to 300 MPapm™!. This range was chosen to cover the order of magnitude reported in the literature for SiC-
based and similar brittle films, where stress gradients from near zero up to approximately 280 MPapum™! have
been measured depending on deposition conditions [44], [51], [53], [54]. The upper bound of 300 MPapm™!
is therefore slightly conservative.

Using (D.5), the initial tip deflection was calculated for cantilever lengths from 5um to 150 um and a Young’s
modulus E = 210 GPa for amorphous SiC [60]. Representative values are shown in Table D.1. The results indi-
cate that significant initial tip deflection only occurs for relatively long beams and high stress gradients. For
beams with L < 40 um the predicted deflection remains below 1 pm for stress gradients up to 250 MPaum™!,
and only just exceeds 1 um at the highest value considered. At intermediate lengths (L = 60 pm to 80 um) the
deflection lies in the sub-micrometre to few-micrometre range. For L = 100 um the tip deflection increases
to several micrometres at high stress gradients, reaching @ (10 um) for L = 150pm at the upper-end stress
gradients.

To express the curvature in a dimensionless form, the ratio hy/L was also evaluated (Table D.2). Over the
full parameter range this ratio remains below 1 % for the shortest beams (L < 10um) and below about 3 %
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Table D.2: Calculated dimensionless initial tip deflection hy/L (in %) as a function of cantilever length L and stress gradient Ao/d,
obtained from (D.5) for a-SiC with E = 210 GPa.

Stress gradient (MPaum™1)
50 | 100 | 150 | 200 [ 250 | 300

5 0.1% | 0.1% | 0.2% | 0.2% | 0.3% | 0.4%
10 0.1% | 0.2% | 0.4% | 0.5% | 0.6% | 0.7%
40 05% | 1.0% | 1.4% | 1.9% | 2.4% | 2.9%
60 0.7% | 1.4% | 2.1% | 29% | 3.6% | 4.3%
80 09% | 1.9% | 2.9% | 3.8% | 4.8% | 5.7%
100 1.2% | 2.4% | 3.6% | 4.8% | 6.0% | 7.1%
120 1.4% | 2.9% | 43% | 5.7% | 7.1% | 8.6%
150 1.8% | 3.6% | 54% | 7.1% | 8.9% | 10.7%

L (um)

Table D.3: Calculated dimensionless initial tip deflection h/L (in %) as a function of cantilever length L and stress gradient Ao/ d. Values
are obtained from (D.5) for an SiO» film E = 70 GPa.

Stress gradient (MPaum™1)
50 | 100 [ 150 | 200 [ 250 | 300

5 0.2% | 0.4% 0.5% 0.7% 0.9% 1.1%
10 0.4% | 0.7% 1.1% 1.4% 1.8% 2.1%
40 1.4% | 2.9% 4.3% 5.7% 7.1% 8.6%
60 21% | 4.3% 6.4% 8.6% | 10.7% | 12.9%
80 29% | 5.7% 8.6% | 11.4% | 14.3% | 17.1%
100 36% | 71% | 10.7% | 14.3% | 17.9% | 21.4%
120 43% | 8.6% | 12.9% | 17.1% | 21.4% | 25.7%
150 5.4% | 10.7% | 16.1% | 21.4% | 26.8% | 32.1%

L (um)

for L = 40 pm. For intermediate lengths (L = 60 pm to 80 um) A/ L ranges from approximately 0.7 % to 4.3 %
and reaches at most 5.7 % at L = 80 um for the highest stress gradient considered. Only for the longest beams
(L= 100 um) and the largest stress gradients does hy/L exceed 5 %, with a maximum value of 10.7 % at L =
150pm and Ac/d = 300 MPapm™!. Thus, only the longest beams subjected to the largest plausible stress
gradients exhibit curvature on the order of 10 % of their length, whereas beams with L < 40 um deflect by at
most a few percent of their length and can be regarded as nearly straight. For these latter cases the small-
deflection approximation underlying (D.3) is well satisfied. For the most extreme combinations (large L and
large Ao /d) the estimates become approximate but remain useful as conservative upper bounds.

D.2.1. INITIAL BENDING ESTIMATES FOR THE S1O» EDGE (COMPARISON CASE)

Table D.3 reports the estimated dimensionless initial tip deflection hy/L for a 4 um TEOS SiO; film, evaluated
over the same parameter ranges used for the a-SiC case (L = 5um to 150um and Ac/d = 50 MPapm™! to
300 MPaum™!). The same stress-gradient range is used here for direct comparison with the a-SiC case, and
is not intended to imply that TEOS SiO, necessarily exhibits this full range under the deposition conditions
used for the inventory wafer.

Since hg « 1/E in (D.5), using E = 70 GPa for SiO, [44] implies initial curvature that is approximately three
times larger than for a-SiC (E = 210 GPa) at identical Ao /d. Consistent with this scaling, the SiO, values in
Table D.3 exceed the corresponding a-SiC values at all lengths and stress gradients. Notably, even at L = 40 pm
the curvature can reach hy/L = 8.6 % at the upper-end stress gradients, and for L = 150 um it can reach
ho/L = 32.1%. These regimes no longer satisfy the small-deflection assumption underlying (D.3), the SiO,
estimates should therefore be interpreted as conservative, order-of-magnitude bounds rather than precise
predictions.

Finally, the actual cutting edge forms part of a continuous annular ring rather than an isolated cantilever;
its stiffness is therefore higher and the true deflections are expected to be smaller than these estimates. The
values in Tables D.1 and D.2, and Table D.3, should therefore be interpreted as conservative upper bounds on
the initial tip deflection of the cutting edge.
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D.3. ROTATIONAL STIFFENING MODEL

The initial-deflection analysis in the previous paragraph provides the static tip displacement /(L) of the
ultra-thin cutting edge, modelled as a cantilever beam, at zero rotational speed, as a function of beam length
and stress gradient in the film. During operation, however, the blade is spun at high rotational speeds and
the resulting centrifugal forces are expected to tension the overhanging beam and reduce its deflection.

To estimate this effect, the ultra-thin cutting edge is again idealised as a centrifugally stiffened cantilever
beam. The beam has length L, in-plane width w and thickness d, and is clamped at a radius Rg from the
rotation axis (see Fig. 4.5). For a blade with outer radius r,, which is set by the femtosecond laser machine,
an overhang of length L that protrudes radially from the blade body satisfies

To=Rgp+L=>Rg=r1,—L.

The stress gradient is represented by an initial tip deflection kg, approximated by the classical cubic deflection
shape of a prismatic Euler-Bernoulli cantilever under a tip load. This shape function satisfies the essential
clamped boundary conditions (zero deflection and slope at x = 0) and the zero-moment condition at the free
tip (x = L). It is also close to the first bending mode of a cantilever and is therefore a suitable single-mode
trial function for a Rayleigh-Ritz estimate. Alternative smooth shape functions (e.g. (x/L)? or the exact first
eigenmode) were considered. These mainly change the numerical stiffening coefficient and do not affect the
qualitative Q? dependence. Given the uncertainty in the true stress gradient induced curvature, the present
choice is deemed sufficiently accurate for the intended crude estimate.

D.4. NUMERICAL EVALUATION OF ROTATIONAL STIFFENING

Section D.2 provides the initial (non-rotating) tip deflection k(L) of the released cutting edge due to a resid-
ual stress gradient. During operation, the blade is spun at high rotational speed and centrifugal loading in-
duces axial tension in the overhang, which increases the effective transverse stiffness and reduces the tip de-
flection. A one-mode Rayleigh—Ritz formulation was used to obtain a closed-form estimate for this centrifugal
stiffening. The full derivation and assumptions are provided in Appendix E (Rayleigh-Ritz derivation). Here,
the governing relations are summarised and evaluated for the design-relevant parameter range. The rotating-
beam estimate yields an effective, speed-dependent tip stiffness kegr(L, Q) and the corresponding reduced tip
deflection h(Q)). Using the notation of Appendix E, the stiffening factor can be written compactly as

kesr(L,Q h(Q k 1
LY @ _k_ 1 (D.6)
ko(L) ho ket 1+a
with
AQ?I3(27L+35R a
_ P ( E)’ A=wd, I:w_, Rp=r1r,-1L, D.7)
280E1 12

where r, is the blade outer radius (set by the femtosecond laser machine), Rg is the radial position of the
clamped end of the overhang (Fig. 4.5), p is the film density, and E is the Young’s modulus. Importantly,
depends on geometry, material properties, and rotational speed, but not on the stress gradient. Therefore,
for a given L and Q, (D.6) applies uniformly to all initial deflections & reported in Section D.2.

D.4.1. EVALUATION FOR THE A-SIC DESIGN CASE

For the a-SiC design case, (D.6) and (D.7) were evaluated using the reference geometry and operating-speed
assumption of Section 4.2.2: w = 10um, d = 96nm, r, = 18 mm, and N = 20000 RPM (Q = 27 N/60). Material
properties were taken as E = 210GPa, and p = 2900kg/m3 [60]. Table D.4 summarises the resulting stiffening
factors kegr/ ko and the associated relative deflection reduction Ah/hg =1—h(Q)/hg =1 —1/(kegt/ ko).

Table D.4 shows that centrifugal stiffening is negligible for short overhangs (L < 40pm), where the predicted
deflection reduction remains below 2 % at 20000 RPM. For intermediate lengths (L = 60pum to 80um) the
stiffening is modest (a few to ~10 % reduction), whereas for longer overhangs (L = 100 um) the effect becomes
pronounced and can reduce the initial deflection by 15 % to 40 % at 20000 RPM.

To provide an absolute sense of scale, the reduction factor in (D.6) can be combined directly with the initial-
deflection tables in Section D.2. For example, for L = 150um and Ao/d = 300MPaum™!, Table D.1 gives
ho = 16.1um; with kegt/ ko = 1.60 at 20000 RPM (Table D.4) this reduces to h(Q) = hp/1.60 = 10.1pm. As a
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Table D.4: Centrifugal stiffening factor ke¢t/ ko and corresponding relative tip-deflection reduction Ah/ hg at N = 20000 RPM for the a-SiC
design case (w = 10um, d = 96nm, rp = 18 mm).

| L(um) | kefi/ ko at 20000 RPM | Ah/hg (%) |

5 1.00 0.0
10 1.00 0.0
40 1.01 1.1
60 1.04 3.7
80 1.09 8.3
100 1.18 15.1
120 1.31 23.4
150 1.60 37.4

second example, for L = 60um and Ac/d = 200MPapm™!, hy =~ 1.71um and the reduction at 20000 RPM is
small (kegt/ ko = 1.04), giving h(Q) = 1.65um.

Fig. D.3 summarises the predicted speed dependence by plotting k.¢/ ko versus RPM for the considered over-
hang lengths. The corresponding deflection ratios follow directly from (D.6). In particular, the expected Q?
scaling appears as a strong increase of keg/ ko with speed for long overhangs, while short overhangs remain
nearly unaffected even at high RPM.

Rotational Stiffening and Tip Deflection Reduction vs RPM
Material: a-SiC
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Figure D.3: Predicted centrifugal stiffening kefs/ ko versus rotational speed for the a-SiC design case (w = 10um, d = 96nm, r, = 18mm).
The equivalent deflection ratio is 1(Q2)/ hg = 1/ (kegt/ ko), and the relative reduction is Ah/hg = 1 — 1/ (kegg/ ko)-

D.4.2.S10, COMPARISON CASE (NUMERICAL ANCHOR)

For the thicker SiO» edge used in subsequent etching trials (d = 4um), the same model predicts negligi-
ble centrifugal stiffening because @ «x A/I xx 1/ d? in (D.7). As a numeric anchor, taking E = 70GPa, p =
2300kgm’3, w = 10um, d = 4pm, r, = 18mm, L = 150pum, and N = 60000 RPM vyields keg/ ko = 1.007 (i.e.
Ah/lhy = 0.7%). This confirms that rotational stiffening is an important mechanism for ultra-thin film edges,
but becomes negligible for the much thicker SiO; case over the practically relevant undercut lengths studied
in this thesis.



RAYLEIGH-RITZ DERIVATION

This appendix provides the derivation of the closed-form centrifugal-stiffening coefficient @ used in Sec-
tion 4.2.2 and Appendix D. Starting from a one-mode Rayleigh-Ritz (energy) formulation for a centrifugally
tensioned Euler—Bernoulli cantilever, the result yields keg/ ko = 1 + a and therefore h(Q)/hy =1/(1 + ).

E.1. ASSUMPTIONS

Simplifying assumptions are made to obtain an approximate, closed-form solution from an otherwise non-
linear boundary-value problem. The assumptions are:

Constant cross-section

The ultra-thin cutting edge is modelled as a cantilever beam with a rectangular cross-section, for which
. L 3

the cross-sectional area A(x) = A = wd and the area moment of inertia I = % are constant along the

beam. Here, w is the in-plane width of the beam and d is the film thickness in the bending direction.

Euler-Bernoulli beam theory

Cross-sections remain plane and normal to the neutral axis during deformation. The effects of shear
deformation and rotational inertia are neglected. This simplification is appropriate for long and slender
beams, for which L > d [61].

Linear elasticity
Following previous work, the a-SiC is modelled as a linearly elastic and isotropic solid in the small-strain
regime [60], [62]. Young’s modulus E and density p are constant along the beam.

Constant angular velocity
The beam rotates at a constant angular velocity Q (in rad/s). The relation between Q and the rotational
speed N in revolutions per minute (RPM) is

_271

Q==
60

(E.D

Representation of initial shape

The initial deflection is represented by a single trial function (Section E.3) corresponding to the classical
cubic deflection curve of a prismatic cantilever under a tip load. This shape enforces the essential
clamped-end boundary conditions exactly and satisfies the zero-moment condition at the free end.
The initial tip deflection is denoted by hy = w(L), and the associated curvature scale is consistent with
the small-deflection curvature estimate R = L2/(2hy).

Neglect of Coriolis forces
The configuration considered here is quasi-static. Only centrifugal forces are incorporated, Coriolis
and gyroscopic effects are neglected [63].

Uncoupled motion
Axial deformation is not solved for as an independent degree of freedom. Instead, the axial force distri-

59
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bution F,(x) induced by centrifugal loading is computed on the undeformed geometry and treated as a
known distribution. Its influence on bending is incorporated through a geometric-stiffness term in the
potential energy (Section E.4), consistent with standard beam-column and rotating-beam theory [64],
[65].

E.2. CENTRIFUGAL FORCE DISTRIBUTION

Under rotation at angular velocity Q, each infinitesimal mass element along the beam experiences a centrifu-
gal acceleration, leading to an axial force distribution F,(x). Following [63], the time-independent axial force
at position x is

L
Fe(x) = f pAQ* (Rp +¢&)dé, (E-2)
X
where Ry, is the distance from the rotation axis to the clamped end and ¢ is the integration variable. Evaluating
(E.2) gives

Fe(x) = pAQ? RE(L—x)+%(L2—x2) : (E.3)

The maximal axial tension occurs at the root (x = 0). This force is computed on the undeformed geometry.
Small changes in radius due to transverse deflection are neglected.

E.3. REPRESENTING THE INITIAL CURVE
The initial deflected shape is approximated by the classical static solution of a prismatic cantilever beam of
length L with a concentrated load P applied at the free end [55]:

Px*(3L-x) rr?
w(x) = 6Bl Wmax = W(L) = 3EL (E.4)
A dimensionless shape function with unit tip deflection is then defined as
o) = w(x)  x*(BL-x) E£5)
w208 '
Its derivatives are
, 3(2Lx - x?)
¢ (x)= T, (E.6)
3(L-x)
¢ = —5— (E.7)
3
¢" (x)=- o (E.8)

The shape function satisfies the essential boundary conditions at the clamped end and the zero-moment
condition at the free end:

* ¢(0) = 0 (no deflection at the clamped end),
* ¢'(0) = 0 (zero slope at the clamped end),
e ¢"(L) =0 (zero bending moment at the free end).

The zero-shear condition at the free end is not enforced (¢ (L) # 0). For Rayleigh-Ritz, the essential (dis-
placement and slope) boundary conditions must be satisfied exactly; moment and shear at the free end are
natural boundary conditions that need not be enforced by the shape function, although doing so can improve
accuracy.

The transverse deflection is represented as
w(x) = h(Q) p(x), (E.9)

where h(Q) is the scalar tip-deflection amplitude. At zero rotation h(Q = 0) = hy. At finite rotational speed
h(Q) is reduced due to centrifugal stiffening.
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E.4. RAYLEIGH-RITZ ENERGY BALANCE

Let Q be the generalised transverse load producing the tip deflection £ (e.g. due to residual stress). Its corre-
sponding external work is W = Q#h.

With the assumed shape (E.9), the bending strain energy is [64]

1 [k 1 L
Ubending = 5 fo EIw"(x)?dx = 5 fo EI(h¢"(x))*dx
1 L _
= SEII? f ¢" (0% dx. (E.10)
0

[ S —
I

The additional strain energy associated with bending a beam under axial tension F.(x) (geometric stiffness)
is [64]

L L
Upsial = 1 f F.(x)w' (x)?dx = 1 f F.(x) h?¢' (x)*dx
2 Jo 2Jo

1 L .
= -hzf F.(x) ¢’ (x)%dx. (E.11)
2 Jo
L
The total potential energy then becomes
1
T(7) = Ubending + Uaxial — QB = 5 h?(EI1L + I,) — Qh. (E.12)
For static equilibrium, IT must be stationary with respect to h:
o 0
on
This yields
Q
h(EIL+L)-Q=0 h(Q) = ————.
(EIh+1)-Q = @ EIL+
For zero rotation (Q = 0), F.(x) =0= I, =0, hence
hozi Q=hoEII. (E.13)
EIL
Substituting Q into the general expression gives the rotating tip deflection
hoEII 1
h@) = 2 =h0( - ) (E.14)
1 2 1+ EiL
E.5. EVALUATION OF THE INTEGRALS I; AND I,
E.5.1. INTEGRAL I
Using (E.7),
v 3(L-x)
¢ (x) = T (E.15)
so that
L 31\2 pL
I =f ¢"(x)*dx = (—3) f (L-x)*dx
0 L) Jo
91 , L, 1" 9(I% 3
=— | L+ x| =—|=|==. (E.16)
I5]3 o L8\3) I3
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E.5.2. INTEGRAL I
Substituting (E.3) and (E.6) into I, gives

L
L= f Fo(x)¢' (x)%dx
0

L
— 2 2 2
_fo PAQ® [Rg(L-x)+3(L* - x )]( VE

Carrying out the integration yields
3 2
I = — pAQ~ (27L+35Rg).
2= a0 P ( E)

The closed-form expression in (E.18) was verified symbolically in MATLAB.

E.5.3. FINAL EXPRESSION
Substituting I; and I into (E.14) gives

3@2Lx—x2)\*
M) dr.

3 2
L ﬁpAQ (27L+35RE) ~ pAQ?L3(27L+35Rg)
EIL 3 B 280ET
EI- Vi

The resulting estimate for the tip deflection at angular speed ( is therefore

ho
pAQ?I3(27L+35RE)
280FT

h(Q) =

1+
EQUIVALENT STIFFNESS INTERPRETATION
From the Rayleigh—-Ritz expression for the potential energy (Eq. (E.12)),
M(h) = $h*(EIL + ) - Qh,
the equivalent bending stiffness can be expressed as
kegt(L,QQ) = E1 L (L) + (L, Q).

At zero rotational speed, I» = 0 and the initial bending stiffness becomes

ko(L) = kegt(L,0) = EII;(L) = 3EI/L3.

Under rotation, the stiffness increases due to centrifugal tension,
3 2
ker(L, Q) = ko (L) + %80 pAQ*(27L+35Rg),

so that the stiffening factor is

keg(L, Q) . pAQ?L3(27L+35Rg)
ko(L) 280F1
Using Q = kohg = kesth(Q) it follows directly that

hY kD)
ho  ketr(L, )’

which is consistent with Eq. (E.20).

(E.17)

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

(E.23)

(E.24)



MATLAB CODE

This appendix provides the MATLAB script used to numerically evaluate the closed-form expressions for (i)
static tip deflection due to a through-thickness stress gradient, (ii) the reduction in deflection under centrifu-
gal stiffening during rotation, and (iii) the effective stiffness increase with rotational speed, as reported in
the bending and stiffening appendix. To reproduce different material cases, edit the USER INPUT block (in
particular the material preset values for E, p, and film thickness d) and rerun the script. The script writes a
single summary .x1sx file containing the input parameters and the computed tables.

%% Tip deflection of rotating ultra-thin cantilever under centrifugal
stiffening
% Computes:

% - Initial tip deflection hO from a stress gradient (Delta sigma / d)
% - Dimensionless initial deflection (hO/L)=*100%

% - Tip deflection during rotation h(Omega)

% - Percentage change in tip deflection due to rotation

% - Stiffness increase: kO(L), keff (L,Omega), and keff/kO

% Formulae correspond to the bending and rotational stiffening appendix
in the thesis.

clear; clc;

$h mmmmmmmmmmmmmm e USER INPUT -------=---=--——-
% Output directory for summary .xlsx file (relative by default)
outputDir = fullfile(pwd, "Summaries"); % Change if desired

% —--- Material preset (edit as needed) ---
% a-SiC preset: E_GPa = 210, rho = 2900, d_um = 0.096
% Si02 preset: E_GPa = 70, rho = 2300, d_um = 4

material = 'a-SiC'; % Material name for run ID
E_GPa = 210; % [GPal Young's modulus
rho = 2900; % [kg/m~3] density

% Geometry (film / beam)

w_um = 10; % [um] beam width
d um = 0.096; % [um] beam thickness (film thickness)
Rom = 0.018; % [m] outer radius (distance from rotation

axis to free end location)

% Rotation
RPM = 20000; % [rpm] rotational speed

63
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% Stress gradient levels and beam lengths to evaluate

stressGrad_MPa_per_um = [50 100 150 200 250 300]; % [MPa/um]
L_um_vec = [5 10 40 60 80 100 120 150]; % [um]

%h ———=————-- UNIT CONVERSIONS TO SI (m, Pa, s, kg) ----------

E = E_GPa * 1e9; % [Pal

W = w_um * le-6; % [m]

d = d_um * le-6; % [m]

Lm = L um_vec(:) * le-6; % [m] column vector of beam lengths

% Cross-sectional area and second moment of area (bending about
thickness d)

A = w * d; % [m~2]

I =w * d7°3 / 12; % [m~4]

% Stress gradient (Delta sigma / d): MPa/um -> Pa/m
% 1 MPa = 1e6 Pa, 1 um = le-6 m, so factor = lel2
stressGrad_SI = stressGrad_MPa_per_um * lel2; % [Pa/m], row vector

% Angular velocity [rad/s]
Omega = 2*pi * RPM / 60; % [rad/s]

hh ————————- INITIAL TIP DEFLECTION hO FROM STRESS GRADIENT ----------
% h0 = (Delta sigma / d) * L°2 / (2E)
[L_grid, grad_grid] = ndgrid(L_m, stressGrad_SI); % [m], [Pa/m]

hO_m = grad_grid .x L_grid.”2 ./ (2 * E); % [m]
hO_nm = hO_m * 1e9; % [nm]
hh —=——==—=—- TIP DEFLECTION DURING ROTATION h(Omega) ----------

% h(Omega) = hO / (1 + alpha)
% alpha = (rho * A x Omega”2 * L~°3 % (27L + 35 R_E)) / (280 *x E x* I)
% with R_.E = Ro - L

RE = Ro.m - L_m; % [m]
alpha_L = rho * A * Omega”™2 .* L_m.”3 .*x (27*L_m + 35%*RE)
/ (280 * E *x I); % [-], column vector

% Broadcast alpha_L across all stressGradient columns
h_ nm = hO_nm ./ (1 + alpha_L); % [nm], same size as
hO_nm

hh === PERCENTAGE CHANGE OF TIP DEFLECTION ----------
% deltal%] = 100 * (h(Omega) - hO) / hO
delta_pct = 100 * (h_nm - hO_nm) ./ hO_nm;

%h —=—=====-- STIFFNESS (kO and keff) AS A FUNCTION OF L AND RPM
% k0 (L) =3ETI/L"3

% keff k0 + I2

% I2 = (3/280) * rho * A * Omega”2 * (27 L + 35 R_E)

kO_ N perm =3 * E x I ./ (L_m."3); % [N/m]
(3/280) * rho * A * Omega”2 .*x (27+*L_m + 35%RE); % [N/m

—
N
=

|

el
[0]
R
=]
]
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keff N_per_m = kO_N_per_m + I2_N_per_m; % [N/m
]
stiffening_factor = keff N_per_m ./ kO_N_per_m; % [-]

StiffTable = table(L_um_vec(:), kO_N_per_m, keff_ N_per_m,
stiffening_factor,
'VariableNames', {'L_um','kO_N_per _m','keff_N_per_m'
,'keff_over_kO0'});

hth ————————= BUILD RESULT TABLE ----------
nGrad = numel (stressGrad_MPa_per_um);

% First column: beam lengths in um
data = L_um_vec(:);

varNames = cell(1l, 1 + 3*nGrad);
varNames{1} = 'L_um';

for j = 1:nGrad
g stressGrad_MPa_per_um(j);

data = [data, hO_nm(:, j), h_nm(:, j), delta_pct(:, j)I;

sprintf ('hO_%d_nm', g);
sprintf ('h_%d_nm', g);
sprintf ('delta_%d_pct', g);

varNames{3*j - 1}
varNames {3*j}
varNames{3*j + 1}

end

T = array2table(data, 'VariableNames', varNames);

hth —=———————= BUILD INITIAL DEFLECTION-ONLY TABLE (hO AND hO/L=*100%)
hO_g;;;:g:;;; = (hO_m ./ L_m) * 100; % [%], size [nL x nGrad]

data_hO = L_um_vec(:);
varNames_hO = cell(l1, 1 + 2*nGrad);
varNames_hO{1} = 'L_um';

for j = 1:nGrad
g stressGrad_MPa_per_um(j);

data_hO = [data_hO, hO_nm(:, j), hO_over_L_pct(:, j)I;

varNames_h0{2x*j} = sprintf ('h0_%d_nm', g);
varNames_hO{2*j+1} sprintf ('h0_over_L_%d_pct', g);
end

hOTable = array2table(data_h0O, 'VariableNames', varNames_hO);

%h ————————- DISPLAY INPUT PARAMETERS AND TABLE ----------
fprintf (' Input parameters used:\n');

fprintf (' RPM = %.0f rpm\n', RPM);

fprintf (' E = %.3g GPa\n', E_GPa);

fprintf (' rho = %.3f kg/m~3\n', rho);

fprintf (' w = %.3f um\n', w_um);

fprintf (' d = %.3f um\n', d_um);
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fprintf (' Ro = %.6f m\n', Ro_m);

fprintf ('\nStress gradient levels [MPa/um]:\n ');
fprintf('%.0f ', stressGrad_MPa_per_um); fprintf('\n');
fprintf ('\nBeam lengths L [um]:\n ');

fprintf('%.0f ", L_um_vec); fprintf('\n\n');

disp('Table of tip deflections (hO: static, h: rotating) and percentage
change: ') ;
disp(T);

hth ————————- BUILD RUN ID AND SAVE SUMMARY TO XLSX ----------
runID_raw = sprintf('%s_w’%.3fum_d%.3fum_Jdrpm',

material, w_um, d_um, RPM);
runID_safe = regexprep(lower (runID_raw), '[“\wl', '_');
xlsxFileName = sprintf ('tipDeflectionSummary_%s.xlsx', runID_safe);

if ~exist (outputDir, 'dir')
mkdir (outputDir) ;
end
xlsxFilePath = fullfile (outputDir, xlsxFileName);

%% Build an "Input" sheet with parameters

paramNames = { ...
'"RunID'; 'Date'; 'Material'; 'RPM'; 'E'; 'rho'; 'w'; 'd'; 'Ro';
'StressGradientLevels'; 'L_values'};

paramValues = {

runID_raw; datestr(now, 0); material; sprintf('’%.0f rpm', RPM);

sprintf('%.3g GPa', E_GPa); sprintf('%.3f kg/m~3', rho);

sprintf('%.3f um', w_um); sprintf('%.3f um', d_um); sprintf(').6f m
', Ro_m);

sprintf ('%s MPa/um', num2str(stressGrad_MPa_per_um));

sprintf ('Y%s um', num2str(L_um_vec))l};

paramUnits = { ...
II; ll; Il; lrpml; IGPaI; Ikg/m“sl; luml; luml; lml; IMPa/uml; luml
s
InputTable = table(paramNames, paramValues, paramUnits,

'VariableNames', {'Parameter', 'Value','Unit'});

writetable (InputTable, xlsxFilePath, 'Sheet', 'Input', '
WriteVariableNames', true);

writetable (hOTable, x1lsxFilePath, 'Sheet', 'InitialDeflection', '
WriteVariableNames', true);
writetable (T, xlsxFilePath, 'Sheet', 'Results',6 '

WriteVariableNames', true);
writetable (StiffTable, x1lsxFilePath, 'Sheet', 'Stiffness', '

WriteVariableNames', true);

fprintf ('Summary written to Excel file:\n ¥%s\n', xlsxFilePath);
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G.1.IMAGING TRIALS FOR CLEARANCE INDICATION AT THE ROTATING RIM
Imaging trials were performed to assess whether the rotating rim could be visually “frozen” (i.e. rendered
with negligible motion blur) to improve observation of the approach and contact region. At the target rim
speed v = 30m/s (at r = 18 mm), continuous illumination cannot freeze the rim at practical exposure settings.
Even at the maximum shutter speed (18000s), the apparent motion during exposure is Ax = vt = 3.8mm.
Consequently, the camera view was used only as a qualitative clearance indication during stepwise approach,
rather than to resolve edge features in-flight.

Strobed illumination was also evaluated. In principle, sufficiently short light pulses can reduce motion blur.
However, in this work the strobe could not be phase-locked to the rotor and the spindle speed exhibited small
drift. As a result, the apparent edge position drifted over time. In addition, during rolling-shutter video ac-
quisition, pulsed illumination introduced banding/artefacts that reduced the reliability of the view. For these
reasons, strobed imaging was not used for the reported cut demonstrations. Fig. G.1 summarises representa-
tive trials.

(a) Stationary (b) Rotating (c) Rotating (d)Rotating (strobed)
1/50, ISO100 1/50, ISO100 1/8000, ISO 8000 1/50, ISO 5000

=

Figure G.1: Representative imaging trials near the cutting edge used to assess feasibility of reducing motion blur for approach monitor-
ing: (a) stationary rim under continuous illumination, (b) rotating rim under continuous illumination (motion blur but stable view for
qualitative clearance), (c) fast-shutter trial at high ISO (rolling-shutter distortion and residual blur), and (d) strobed illumination without
phase-lock (apparent drift due to phase slip and banding/artefacts under rolling-shutter video). These observations motivated the use
of imaging only for qualitative clearance indication during stepwise approach.

G.2. SAMPLE HOLDER FOR COMPLIANT ENGAGEMENT (THREAD TESTS)

To preserve the axial camera view during approach, the compliant sample (thread) must be held without
obscuring the line-of-sight to the cutting edge. A 3D-printed sample holder was therefore designed to clamp
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the sample in a diagonal orientation between two arms (Fig. G.2). This geometry keeps the region of interest
visible when the sample is brought close to the blade (cf. Fig. 5.1(b)).

(a) (b)

Camera viewing direction (axial) Example sample in diagonal position

Figure G.2: 3D-printed sample holder used for the thread cut demonstrations. (a) Isometric CAD view of the holder geometry and
mounting features (camera direction indicated). (b) Front view illustrating the diagonal thread sample orientation (green) used to main-
tain an unobstructed axial line-of-sight to the blade-sample contact region during approach (cf. Fig. 5.1).

G.3. SEWING-THREAD RESPONSE USED AS A QUALITATIVE CONTACT INDICA-
TOR

As discussed in Section G.1, the rotating rim is strongly motion blurred at the target rim speed and first contact
cannot be localised reliably from the camera view alone. For the sewing-thread tests (Tests 2-4), the thread
was therefore used as a practical qualitative indicator of engagement: when the released rim contacts and
severs a subset of fibres under tension, visible fibre separation occurs and can be observed in the camera
view.

Fig. G.3 shows representative thread conditions prior to cutting and after partial cutting steps. The images
support the qualitative interpretation used in the main text: visible fibre separation provided an immediate
indication that engagement had occurred. No quantitative cut metrics are inferred from these images.

(b) After Test 2 After Test 3

Separated fibre
ol

Figure G.3: Optical micrographs of the polyester sewing thread used as a qualitative contact indicator during the initial cut demonstra-
tions. (a) Higher-magnification view of intact fibres prior to cutting. (b) Thread after Test 2, showing local fibre separation consistent
with partial severing. (c) Thread after Test 3, showing a larger separated region consistent with further severing. Scale bars: 20 um (a)
and 100 um (b—c).

G.4. POST-COMPLIANT SAMPLE TEST MICROSCOPY AND INTERPRETATION

Fig. G.4 summarises Keyence VHX-6000 observations before (Fig. G.4(a,b)) and after the thread tests (Fig. G.4(c-
f)). Two observations from the front-side rim are particularly relevant. First, Fig. G.4(b) and Fig. G.4(c) show
the same pre-existing local defect region (extent = 902 um along the rim) before and after the cutting tests, re-
spectively. The geometry and extent appear unchanged, indicating that this specific front-side sector did not
experience detectable contact. Second, other locations on the front-side rim show large breakaway features
(Fig. G.4(d)). These features were not present in pre-test inspection and were not observed during interme-
diate inspection between Test 3 and Test 4, indicating that the damage occurred during or after the final cut
attempt.

Importantly, post-test microscopy itself can introduce damage to fragile released edges. During inspection
it was observed that incidental contact between the rim and the microscope stage during placement (i.e.
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imperfectly flat seating causing a local edge—stage touch-down) could introduce additional edge damage to
the front-side rim. The rear-side (thicker) rim appeared less susceptible to this placement-induced damage.
For future inspection, the blade should be supported on a central pedestal with radius smaller than the blade
radius, such that the rims cannot contact a flat support surface during placement.

In contrast to the front-side observations, the rear-side (thicker) rim exhibits local regions of slight wear
(Fig. G.4(e)) while other inspected regions appear unchanged (Fig. G.4(f)) and no chipping of comparable
severity was observed on the rear-side rim. The spatially localised nature of this wear is consistent with in-
termittent contact occurring only over a limited circumferential sector. One plausible explanation is that op-
erational displacement (radial and/or axial) causes the rim to intermittently enter contact such that specific
circumferential regions accumulate the majority of wear. Overall, the microscopy supports the qualitative
conclusion that the released rims can survive rotation at the required rim speed and can perform a first cut
demonstration on a soft, tensioned sample. However, the thread tests do not allow unambiguous attribution
of cutting action to the front-side ~ 4 pm rim versus the rear-side ~ 10yum rim.

G.5. POST-TEST 5 MICROSCOPY AND INTERPRETATION

Fig. G.5(a,b) shows that the main damaged band on the polymer has a measured width of 547 pm. This value
is comparable to the total blade stack thickness (~ 4pum + 525pm + 10pm = 539um), which is consistent with
over-travel leading to contact of the Si sidewall and subsequent ploughing by the substrate, rather than cut-
ting dominated by the ultra-thin released edge(s).

At the far end of the track (Fig. G.5(c)), the initial feature is locally ~ 10 um wide. This is compatible with initial
engagement by the rear-side released oxide thickness prior to sidewall contact. However, it is not definitive,
since local chipping, debris drag, or partial rim breakaway can produce similar apparent widths. Overall, this
trial underscores the need for a reliable first-engagement indicator and improved optical access to prevent
over-travel in rigid-sample tests.

G.6. REPRESENTATIVE WLI MAP AND LINE PROFILE (TEST 6 KERF DEPTH)
White-light interferometry (WLI) was used to quantify the kerf depth produced in the controlled rigid-sample
trial (Test 6). The depth metric reported in the main text corresponds to the maximum trench depth relative
to the local mean surface plane outside the kerf (i.e. peak-to-valley depth after levelling to the surrounding
surface). Fig. G.6 shows a representative height map and corresponding line profile across the kerf near its
mid-length region. The map confirms a pronounced trench-like depression with a maximum depth of order
10um to 15um, consistent with the repeated measurements reported in Section 5.3.

G.7. POST-TEST 6 MICROSCOPY AND INTERPRETATION

To support rim attribution for the controlled rigid-sample trial (Test 6), the blade was inspected after the test
using optical microscopy. Fig. G.7 provides representative examples of the rear-side rim condition after the
test. Two characteristic appearances were observed: (i) regions exhibiting slight local degradation, expressed
as increased edge roughness and a less uniform rim outline, and (ii) regions showing no apparent change
compared with intact pre-test appearance within the optical resolution.

The spatially localised nature of the degradation is consistent with intermittent contact occurring only over
a limited circumferential sector, rather than circumferentially uniform wear. In combination with the single
preserved kerf track on the ABS sample and the absence of substrate sidewall ploughing signatures in Test 6,
these observations support the interpretation in the main text that the rear-side (~ 10pum thick) rim was the
dominant cutter under the present conditions. The examples also illustrate that, despite local wear, large-
scale circumferential rim loss did not occur during Test 6.
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€)] Front-side edge

(] Front-side edge

before

O Fiontside edge O Front-side edge o

after, same regio

side edge

side edge

Figure G.4: Optical micrographs (Keyence VHX-6000) of the released SiOy rims before and after the tensioned sewing-thread tests
(Tests 2—4), used to assess edge condition and potential contact localisation. (a—d) Front-side rim on the polished wafer side (thin oxide,
~4um): (a) representative intact region with nominal protrusion length (L = 120pm); (b) pre-existing local defect region prior to cutting
(extent = 902um along the rim); (c) the same region after cutting, showing an unchanged profile within the inspection resolution; (d)
example of a severe local breakaway observed after the final cut attempt (origin uncertain). (e-f) Rear-side rim on the unpolished wafer

side (thicker oxide, ~ 10um): (e) example region showing slight local wear; (f) example region showing no apparent change. Scale bars:
100 um (a—-d) and 20 um (e—f).
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Figure G.5: Post-test optical micrographs of a rigid polymer trial (white LEGO/ABS, Test 5) at N = 16.9kRPM. Boxed regions indicate the
fields of view shown at higher magnification (a—b, b—c). (a) Overview of the modified surface region. (b) Apparent damage-band width
w = 547pum, comparable to the blade stack thickness (~ 539um) and consistent with over-travel with substrate sidewall involvement
(potential polymer pile-up and projection bias). The separate pre-test mark resulted from a prior touch with a clean Si blade. (c) Detail
near the track end showing a local initial width of ~ 10pm, compatible with the rear-side rim thickness but not definitive. Scale bars:
500um (a,b) and 20um (c).



72 G. SUPPLEMENTARY FIGURES FOR CHALLENGE 4

0 X Profile: AX=0.0685 mm; AZ=-14.7053 pum

R —
5 T I
0
-5 's g_ 5 \ A
-10
-15 T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
-10 mm
% 3 14
0.00 0.02 0.04 0.06 0.08 0.10 0.12
3.397 um
0.124 mm
-14.335 um |

Figure G.6: Representative white-light interferometry (WLI) measurement of the Test 6 kerf on ABS. The top-left panel shows the height
map of a region spanning the kerf; the top-right panel shows an example line profile across the trench. Depth is reported relative to the
local mean surface plane outside the kerf. In this representative scan, the profile indicates a maximum trench depth of Az = 14.7um over
a lateral span of Ax = 68.5um. The measurement supports the depth range reported in the main text for repeated scans near the kerf
centre.

Figure G.7: Representative post-test microscopy of the rear-side rim after the controlled rigid-sample trial (Test 6). (a) Example region
showing no apparent change within the inspection resolution. (b) Example region showing slight local degradation (increased edge
roughness) over a limited sector. The coexistence of degraded and intact regions indicates spatially localised wear, consistent with
intermittent contact limited to a circumferential sector. Scale bars: 50 pm.
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