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To overcome the precision limitation and environmental impact of current chemical-based production methods
for manufacturing silk microfibres used for targeted drug delivery, this paper presents a high-precision, scalable,
eco-friendly mechanical machining approach to produce such microfibres in the form of discontinuous chips
obtained through elliptical vibration turning of silk fibroin film using a diamond tool. The length and waist width
of fabricated microfibres can be precisely controlled. As each vibration cycle will produce one silk microfibre,
complete and deterministic chip breakage becomes an essential and challenging task in this approach due to its
unique two-phase structure. Thus, the hybrid FE-SPH numerical simulations and machining experiments were
conducted to gain a pioneering and in-depth exploration of the chip-breaking mechanism in this process. It was
found that applying a low depth ratio (ratio of the nominal depth of cut to the tool path vertical amplitude) and a
high horizontal speed ratio (the nominal cutting speed versus the critical workpiece velocity) could effectively
reduce the average tool velocity angle (the angle from the deepest cut to the tool exit point along the cutting
direction). A smaller angle would enhance the diamond tool’s shearing action and led to the reduction of hy-
drostatic pressure in the cutting zone and a consequent decrease in the ductility of silk fibroin due to its unique
structure dominated by beta-sheet crystallites. The above adjustments collectively facilitated chip breakage. This
paper, therefore, established a governing rule for the controlled and repeatable formation of microfibres based on
the average tool velocity angle for the first time and revealed that the cutting chips would undergo complete and
deterministic breakages once the angle approached below 22.6°. On this basis, the high-precision and scalable
manufacturing of silk microfibres with precisely controllable length and waist width was ultimately achieved.

length are superior to silk spheroids for drug delivery in terms of tar-
geting and immune clearance [9].

However, current chemical-based processing methods for producing
silk particles are facing challenges, including high costs associated with
equipment [10,11] and environmental concerns related to chemical
usage [12,13]. In contrast, machining techniques offer a high-precision,

1. Introduction

After several decades of development, targeted drug deliveries based
on silk particles have shown great promise in cancer [1] and

intra-articular [2] treatments due to silk fibroin’s excellent mechanical
properties [3], biocompatibility and biodegradability [4]. Drug mole-
cules encapsulated in silk particles can extend their presence in the
bloodstream, significantly improving their pharmacokinetics and cell
uptake compared to free drugs [5]. Interestingly, the shape factor was
discovered to play a critical role in tissue targeting [6]. It is reported
that, against silk spheroids [7,8], silk microfibres of tens of microns in
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cost-effective, and chemical-free alternative. Rajkhowa et al. [14] and
Kazemimostaghim et al. [15] have demonstrated that the milling pro-
cess can successfully produce silk spheroids. Yet, these mechanical
methods often struggle to maintain shape integrity and size uniformity,
and typically suffer from low production rates. Moreover, they are
restricted to producing silk spheroids only. Although experimentation
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Nomenclature d. depth of cut, um
d, nominal depth of cut, ym
2D two-dimensional f vibration frequency, Hz
3D three-dimensional l fibre length, ym
FEM finite element method N spindle speed, rpm
FE-SPH finite element and smoothed particle hydrodynamics (0] geometric centre of the elliptical tool trajectory
HSR horizontal speed ratio rq depth ratio
SPH smoothed particle hydrodynamics Te tool edge radius, nm
a tool clearance angle, ° t time, s
[ tool velocity angle, ° u upfeed per cycle of the workpiece, ym
o) transient tool velocity angle, ° Veri critical workpiece velocity, m/s
O, average tool velocity angle, ° Vi nominal cutting speed, m/s
0, critical value of average tool velocity angle, ° v transient tool velocity vector, m/s
Omax maximum tool velocity angle, ° vy, »()  y-component of the transient tool velocity vector, m/s
T mathematical constant, 3.1415926 Vv, V()  z-component of the transient tool velocity vector, m/s
a tool path horizontal amplitude (cutting direction), um w fibre waist width, pm
b tool path vertical amplitude (depth of cut direction), um y, y(©) tool displacements in the cutting direction, pm
Dins instantaneous cutting diameter, mm 2, 2(t) tool displacements in the cutting direction, pm

into the production of silk microfibres through the machining approach
is still limited, producing metallic microfibres using vibration-based
cutting techniques is well-established. A notable example includes
recent work by Li et al. [16], who successfully fabricated short copper
microfibres with high length/diameter ratios using vibration chiseling.
This method has shown excellent reproducibility and control over the
microfibre dimensions, suggesting its potential applicability to silk
microfibre production.

Inspired by these advancements, this paper aims to develop a me-
chanical manufacturing process using elliptical vibration diamond
turning for the high-precision and high-efficiency fabrication of silk
microfibres as discontinuous chips. This approach is chosen for its su-
perior precision in chip breakage control compared to traditional
methods, such as using chip breakers [17] or coolants [18,19]. In the
proposed manufacturing process, the silk microfibres are scooped out
from silk fibroin film via the elliptical movement of the diamond tool,
with each vibration cycle tailored to produce a single silk microfibre.

Silk fibroin, however, presents unique challenges as a natural protein
material with properties that differ significantly from ductile metallic
materials. Its structural composition, featuring a random amorphous
matrix intertwined with beta-sheet crystallites [20], endows silk fibroin
with exceptional mechanical and biological properties. In turn, these
structural elements critically influence its chip-breaking behaviour
under elliptical vibration diamond turning, a phenomenon that remains
underexplored. Additionally, the inherent softness and flexibility of silk
fibroin [21] mean it may not break cleanly; instead, it is prone to
stretching, bending, or tearing, which complicates the production of
precisely controlled chips. Furthermore, Wang et al. [22] indicated that
material removal during conventional diamond turning of silk fibroin
occurs within the ductile regime, further complicating the complete and
deterministic breakage of silk cutting chips [17,23].

In summary, there are two primary challenges in developing this
manufacturing approach. First, it needs to establish a governing rule that
involves careful selection of vibration and machining parameters to
achieve complete and deterministic breakage of silk cutting chips,
thereby yielding discrete microfibres with high precision in both length
and width. Second, the impacts of key processing parameters on the
chip-breaking mechanism in this manufacturing process remain poorly
understood, presenting a significant knowledge gap which will be
thoroughly studied in this paper.

The effects of vibration and machining parameters on chip breakage
have been researched for several decades. As previously referred, Li
et al. [16] produced copper microfibres using vibration chiseling. Their
research identified that the key parameters controlling the geometries of

the fabricated microfibres include the tool vibration trajectory, tool
shape, backward-moving velocity, and depth of cut. These findings
highlight the importance of precise tuning of processing parameters to
achieve optimal chip breakage and desired microfibre dimensions. Yang
et al. [24] developed an empirical model to predict chip removal during
vibration-assisted drilling of Ti-6Al-4V titanium alloys. Their findings
suggested that effective chip removal is best achieved with a low rota-
tion speed, a small chip radius, and a high vibration frequency. On this
basis, the optimal combination of drilling parameters to maximize
processing efficiency for chip removal was provided. Chen et al. [25]
established an inequality governing complete chip breakage in ultra-
sonic vibration drilling of 201 stainless steel, noting that complete chip
breakage occurs only when the amplitude/frequency ratio satisfies this
inequality. Kim and Choi [26] successfully produced plastic particles in
the form of powder-type chips, measuring tens of microns in length,
using an ultrasonic vibrator equipped with a single-crystal diamond
tool. The tool velocity was set to half the critical cutting velocity;
otherwise, long and continuous chips would be produced. Zhao et al.
[27] obtained tungsten alloy particles as discontinuous chips using an
ultrasonic cutting tool. They found that a smaller phase difference in the
vibration could cause the chips to transition from a continuous and
smooth shape to a discrete and folded shape. Miyake et al. [28] indicated
that it was preferable to apply the vibration in the feed direction with
respect to chip breakage when turning 304 stainless steel. They also
noted that the effectiveness of vibrations on chip breakage control was
tied to the processing parameters used, such as the vibration amplitude
relative to the feed rate and cutting speed. These parameters can be
transformed into depth ratio and horizontal speed ratio (HSR) through
simple mathematical and geometric transformations, whose impacts on
chip morphology and chip breakage were also highlighted in Negishi’s
research [29]. Furthermore, discrete chips with high dimensional con-
sistency were obtained by Negishi using an elliptical vibrator when
cutting aluminium with the diamond tool. However, a detailed inves-
tigation into how depth ratio and HSR influence the chip-breaking
mechanism was lacking, indicating a potential area for deeper research.

Nevertheless, studying the chip-breaking mechanism through solely
experimental means is difficult [30], primarily due to the restriction of
in-situ observation. Simulations serve as a critical supplementary
method, offering detailed insights into the chip-breaking process that
are difficult to measure in experiments. Hybrid approaches like the
FE-SPH formulation have been developed to harness the benefits of both
the Finite Element Method (FEM) and Smoothed Particle Hydrody-
namics (SPH) [31,32]. Modelling and simulation of micromachining is
also one of its significant applications [33]. For example, Takaffoli and
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Papini [34] investigated the mechanism of material deformation and
removal in the machining of Al6061-T6. Xi et al. [35] studied the chip
formation mechanism during the thermally assisted machining of
Ti6Al4V alloy with the aid of the hybrid FE-SPH method. This model
accurately reproduced the periodic formation of the chip segmentation,
where a good agreement with the experimental results regarding cutting
force was also achieved. Using a similar hybrid formulation, Zahedi et al.
[36] reproduced the orthogonal micro-machining of single-crystal cop-
per and explored its machining mechanics at the micro-scale. Duan et al.
[37] conducted the hybrid FE-SPH simulation for the scratching process
of monocrystal SiC, which was simplified as a micro-cutting process.
Three material removal modes of SiC were illustrated through the
simulation results, which closely matched the corresponding experi-
mental outcomes. Recently, Wang et al. [22] explored the formation
mechanisms of shear bands and serrated chips in the conventional dia-
mond turning of silk fibroin film using a hybrid FE-SPH formulation.
This model accurately replicated chip morphology and specific cutting
forces, demonstrating its effectiveness in simulating the chip formation
process. Therefore, given its capability to accurately model detailed
material behaviour alongside large deformations and fractures during
chip formation and breakage, this paper will employ the hybrid FE-SPH
formulation to achieve an in-depth exploration of the chip-breaking
mechanism involved in this manufacturing process. On this basis, a
governing rule for precise control over complete chip breakage will be
formulated to guide the high-precision and scalable manufacturing of
silk microfibres with customisable sizes.

Building upon the identified challenges and knowledge gaps dis-
cussed earlier, this paper is structured as follows. Section 2 introduces
the fundamental principles of this processing technique. Subsequently,
Section 3 presents a hybrid FE-SPH orthogonal cutting model to reveal
the chip-breaking mechanism. Depth ratio and HSR are two critical
processing parameters in elliptical vibration diamond turning, both of
which significantly influence the average tool velocity angle. On this
basis, Section 4 explores the impact of depth ratio and HSR on the chip-
breaking performance with the aid of numerical simulations. Section 5
then identifies a critical value for the average tool velocity angle that
ensures complete chip breakage, derived from simulation results and
experimental trials, to guide the selection of processing parameters.
Results from machining trials, as presented in Section 5, demonstrate the
effectiveness of the proposed manufacturing approach.

2. Basic principles

This section begins with the detailed preparation process of silk
fibroin films from silk solution. Section 2.2 demonstrates the
manufacturing principles of silk microfibres using elliptical vibration
diamond turning and emphasises the distinctive geometry and consis-
tent uniformity of the produced microfibres. Furthermore, Section 2.3
investigates the significant role of the tool velocity angle in this
manufacturing process, highlighting its influence on material removal
and chip breakage.

2.1. Material preparation

The silk fibroin solution derived from Bombyx mori cocoons must be
transformed into silk fibroin films before conducting elliptical vibration
diamond turning experiments. The silk cocoons were first boiled in a 25
mM solution of NayCOs for one hour, followed by dissolving the
degummed silk in 9.3 M LiBr at 60 °C for three hours. Afterwards, the
solution was dialyzed against water for two days, resulting ina 5 %6 %
w/v concentration of silk fibroin solution. This solution was then diluted
with distilled water to a final concentration of 4 % w/v. Next, 5 ml of the
silk solution was poured onto an aluminium plate to form silk fibroin
films, which were left to dry in the air overnight. This process was
repeated three times to increase the thickness. The resulting semi-
transparent films contained 15.6 mg of silk fibroin per square

International Journal of Mechanical Sciences 277 (2024) 109418

centimetre. The samples were kept in a dry, vacuum-sealed environment
at a temperature of 25 °C and relative humidity of 60 % to avoid
structural alterations before the machining trials.

2.2. Microfibre formation principle

Fig. 1 illustrates the schematic of the manufacturing process to
fabricate silk microfibres using elliptical vibration diamond turning.

Fig. 1(a) demonstrates the manufacturing setup where a piece of silk
fibroin film (cast on an aluminium plate) was mounted on a vacuum
chuck of the ultraprecision diamond turning machine prior to microfibre
fabrication. For fabricating silk microfibres, a self-developed elliptical
vibrator was employed [38]. As depicted in Fig. 1(b), the elliptical tool
vibration led to the formation of silk microfibres in the form of discon-
tinuous chips, which accumulated on the tool rake face. As shown in
Fig. 1(c), the microfibres exhibit a unique comma-shaped cross-section
characterised by a broader front and a tapering rear. Furthermore, the
microfibres’ width varies along their length due to the circular cutting
edge and elliptical path of the diamond tool, resulting in a design that is
more substantial in the middle. Overall, the dimensions of the fabricated
silk microfibres are represented by their length [ and waist width w, as
illustrated in Fig. 1(b). Utilising a high vibration frequency can enhance
fibre production rate, as each elliptical vibration cycle will generate one
piece of silk microfibre. The fabrication process is further illustrated in
Fig. 1(c) from a cross-sectional perspective. The tool trajectory formed
by the vibrator is simplified as a series of ellipses, and each of them
approximately represents one vibration cycle [29,39]. It is considered as
an acceptable approximation when the upfeed of the workpiece in each
cycle u is much smaller than the tool path horizontal amplitude a.
Hence, the tool’s trajectory can be separated into two distinct dis-
placements: one in the cutting direction and the other in the depth-of-cut
direction. These displacements are generated by two piezo actuators
that are arranged perpendicularly, and their relationships can be
described as

{y(t) = asin(2xft) + Vit o
2(t) = bsin(2zft + ¢) ’

where y(t) and z(t) are tool displacements in the y- (cutting) and z-
(depth of cut) directions, respectively. a and b are horizontal and vertical
tool path amplitudes, respectively. f is the vibration frequency. ¢ is the
phase angle between the tool displacements. V,, is the nominal cutting
speed of silk fibroin film that equals nDj;sN. Djys is the instantaneous
cutting diameter, and N is the spindle rotation speed.

A parameter, HSR, can be used to characterize the elliptical vibration
diamond turning process. It is defined as the ratio of V,, over the critical
workpiece velocity Vi

Vw Vw
HSR = — = . 2
Vcri 27rfa ( )

It is clear that when V,, is smaller than V,; (i.e. HSR < 1), as
demonstrated in Fig. 1(c), the tool trajectories between two successive
vibration cycles will overlap. In this case, the diamond tool and the
workpiece will contact intermittently; thus, the interrupted cutting can
be achieved. Our focus is exclusively on overlapping elliptical vibration
diamond turning in this process.

As depicted in Fig. 1(b) and (c), the microfibres’ length [ is deter-
mined by the tool nose radius r, and depth ratio rg:

1=24/r2 — (ry — brg)*. 3)

In Eq. (3), the depth ratio is the ratio of the nominal depth of cut d,
and the tool path vertical amplitude b. The nominal depth of cut is the
vertical distance between the silk fibroin surface and the deepest point
that the diamond tool can reach. As expressed in Eq. (3), the microfibres’
length can be easily tuned by changing the tool nose radius and depth
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Fig. 1. 3D schematics illustrate the formation principle of silk microfibres with the (a) manufacturing setup and the (b) enlarged view of the manufacturing process.
(c) 2D schematic of the manufacturing process from a cross-section view by slicing along the black dashed double-dot line.

ratio. Overall, this method paves the way for the scalable fabrication of
silk microfibres with outstanding uniformity in geometry.

2.3. Tool velocity angle in elliptical vibration diamond turning

In conventional diamond turning, the tool velocity angle remains
constant throughout the machining process. However, as illustrated in
Fig. 2, in elliptical vibration diamond turning process, the tool velocity
angle, denoted as 0, varies over time along the trajectory of the tool. The
tool velocity angle plays a significant role in the material removal pro-
cess and can have a substantial impact on the ductile-brittle transition of
the work material and even the chip-breaking behaviour, as mentioned
in a previous study [40]. Thus, it can be regarded as a dominating
parameter to achieve deterministic and complete chip breakage in this

Diamond tool ~ .--°~ I AL
' a (O
E > Onar
: A '
\
\ 4
. 2
dn \\~ b v ﬂ\/‘.
ﬁ}/r ...... v, A0

(average tool velocity angle)

Nominal cutting
Y direction
Fig. 2. Schematic illustration of the tool velocity angle in elliptical vibration
diamond turning. The green dashed line shows the elliptical trajectory of the
diamond tool, and the angles between the red arrows and the nominal cutting
direction (positive direction of y-axis) indicate the tool velocity angles in
different positions.

Workpiece

process.
The transient tool velocity angle (t) is defined as the angle of the
transient tool velocity vector v relative to the y-axis:

o(t) = tan ! | == C)]

where v(t) and v,(t) are the components of the tool velocity vector on
the y- and z-axis, respectively. It is worth noting that for an effective and
complete chip breakage, only the processing condition with a nominal
depth of cut d, less than the tool path vertical amplitude, i.e. rqg < 1, is
considered. To simplify the analysis, a neutral rake angle tool is
employed.

As shown in Fig. 2, Oy is the maximum tool velocity angle, which is
the transient velocity angle when the tool/workpiece engagement is
ended. The average tool velocity angle, denoted as 6,, is the angle be-
tween the nominal cutting direction and the connection line linking the
deepest point (point A) that the tool can reach and the point where the
tool ends the engagement with the workpiece (point B). The trajectories
of two consecutive vibration cycles can be simplified as identical ellipses
when HSR is small. In this case, 8, can be derived as

_ T4
6, =tan!

7

T -1 -r)?)> ®

d = a(1 + zHSR)

where a’ is the actual tool path horizontal amplitude in elliptical vi-
bration diamond turning. Based on Eq. (5), a higher HSR results in the
enlargement of the tool path horizontal amplitude as the tool trajectory
becomes horizontally stretched in this direction. The depth ratio and
HSR play a significant role in influencing the average tool velocity angle
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and consequently affect the chip-breaking process greatly. Notably, a
small depth ratio and a high HSR can reduce the average tool velocity
angle. It is worth mentioning that Eq. (5) is valid when the value of HSR
remains sufficiently low.

Nevertheless, as HSR increases, the impacts of depth ratio and HSR
on the average tool velocity angle exhibit a similar trend. This is
because, as illustrated in Fig. 2, the toolpath between points A and B is
consistently concave. The upcoming sections will establish a microfibre
formation law based on the average tool velocity angle for a complete
chip breakage, which enhances the high-precision and scalable pro-
duction of silk microfibres.

3. Hybrid FE-SPH modelling

This section introduces the development of a hybrid FE-SPH nu-
merical model to analyse the chip-breaking mechanism in elliptical vi-
bration diamond turning of silk fibroin. Section 3.1 details the setup of
this model and describes the simulation conditions that reproduce the
elliptical tool trajectories. Furthermore, the model evaluation and
verification through simulations and experimental comparisons are
demonstrated in Section 3.2 to showcase the model’s effectiveness in
accurately predicting chip morphology and specific cutting force.

3.1. Orthogonal cutting model

As mentioned before, a complete chip breakage is essential for this
manufacturing process, so its chip-breaking mechanism must be inves-
tigated prior to production. The traditional finite element method re-
quires considerable effort to establish accurate criteria for chip/
workpiece separation and to manage extreme grid distortions [41-43];
therefore, a hybrid FE-SPH numerical model for this process is devel-
oped owing to its inherent ability to capture the natural flow of
machined materials. In this paper, elliptical vibration diamond turning
is treated as an orthogonal cutting process, making it easier to analyse
and understand [44,45]. This simplification also significantly decreases
the computational power requirement [46]. In this study, thermal ef-
fects are considered negligible and not explicitly modelled for several
reasons [47]. Firstly, the periodic separation allows the tool and work-
piece to cool down between operations [48,49], effectively dissipating
accumulated heat and minimizing thermal build-up in the silk fibroin
film, which helps maintain consistent material properties and dimen-
sional stability. Additionally, the use of submicron depths of cut and low
material removal rates significantly minimize thermal effects during the
machining process [50]. Moreover, the cutting experiments were carried
out at low cutting speeds to further reduce heat generation and its
impact on the material.

A 3D model of a silk fibroin workpiece, measuring 15 pm x 15 pm x
0.5 pm, was created within an orthogonal cutting framework using LS-
PrePost. Fig. 3 shows the hybrid FE-SPH numerical model established
in this work.

The workpiece was divided into two distinct domains: one repre-
sented the Smoothed Particle Hydrodynamics (SPH) domain with di-
mensions of 9.5 pm x 7 pm x 0.5 pm, implemented using the
renormalised formulation, while the remaining portion represented the
Finite Element (FE) domain. The FE region was discretised using eight-
node Lagrangian solid elements. For the SPH domain, a particle density
of 0.1 pm was chosen, ensuring an adequate number of SPH particles
across the thickness of the chip. Therefore, the total number of SPH
particles reached approximately 40,896. The mesh size for the FE
domain was set to 0.25 pm. Additionally, two symmetry planes were
enforced on the front and back faces of the SPH domain.

Moreover, fixed boundary conditions were applied to the bottom and
left-hand faces of the workpiece. At the interface between the FE and
SPH domains, a tied contact formulation was employed to couple the
Lagrangian meshes and SPH particles, as its effectiveness had been
verified in previous research [36]. The tool rake angle was set to 0°,
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Elliptical tool
vibration

Symmetry
planes

Workpiece
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X

Fig. 3. Illustration of hybrid FE-SPH numerical model for elliptical vibration
diamond turning. This figure depicts a two-domain workpiece, the green FE
domain and the blue SPH domain, coupled via a tied contact formulation. The
cutting tool is modelled in FE, and the red dashed line indicates its elliptical
vibration trajectory. Dimensions are given in micrometres (pm).

while the clearance angle @ was 15°. The cutting edge radius r, of the
diamond tool, specified as 60 nm in the hybrid model according to
technical data from the tool manufacturer, was explicitly and naturally
incorporated into the simulation to account for its impact on stress and
strain distribution within the machining area. Additionally, the mesh
around the tool tip was adequately refined to improve the modelling
accuracy. The diamond cutting tool has a density of 3.5 g/cm® and a
Young’s modulus of 1050 GPa, while its Poisson’s ratio is 0.1. The co-
efficient of Coulomb friction between the tool and workpiece was
determined as 0.12 [51].

The Cowper-Symonds material model, as utilised in the authors’
previous work [22], was employed to characterize the damage behav-
iour of the silk fibroin during elliptical vibration diamond turning. The
specific material parameters for silk fibroin are presented in Table 1.

The diamond tool in the numerical model oscillates periodically in
the cutting and depth of cut directions to reproduce the elliptical tool
trajectories in elliptical vibration diamond turning. The phase angle
between the two directions was 90°. The tool displacements in the y-
(cutting) and z- (depth of cut) directions are given in the following
equations:

{y(t) = acos(2xft) — V,t —a ©
z(t) = —bsin(2zft) ’

Table 1

Material parameters for silk fibroin [52-54].
Material parameters Silk fibroin
Density (g/cm®) 1.4
Young’s modulus (GPa) 5.2
Poisson’s ratio 0.3
Static yield stress (MPa) 70
Tangent modulus (MPa) 172.4
Cowper-Symonds parameter p 7
Cowper-Symonds parameter D (s~ 1) 1140
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where a and b are the tool path amplitudes in corresponding directions. f
is the vibration frequency. V,, is the nominal cutting speed of the
workpiece.

The key distinction between conventional and elliptical vibration
diamond turning processes lies in the nature of tool/workpiece contact.
In the conventional process, the tool maintains permanent contact with
the workpiece. Conversely, in the elliptical vibration process, the tool-
workpiece contact becomes intermittent.

3.2. Model evaluation and verification

In order to evaluate and verify the orthogonal cutting model estab-
lished in this paper, a series of simulations were conducted for con-
ventional diamond turning of silk fibroin with a cutting speed of 1.35 m/
s and different depths of cut. The comparison between the simulated
chip morphology and the experimental results from the authors’ previ-
ous work [22] is illustrated in Fig. 4.

Both simulated chips exhibited visible chip segmentation and shear
localization on the free surface, aligning with the corresponding mea-
surement results in Fig. 4(b) and (d). The simulated shear band spacing,
denoted as S, showed good agreement with the experimental values for
different depths of cut. Specifically, simulations with a depth of cut of
1.5 pm yielded an approximate shear band spacing of 1.8 pm, while
simulations with a depth of cut of 2 pm resulted in a simulated shear
band spacing of approximately 2.3 pm. Notably, the formation mecha-
nism of serrated chips was linked to the hierarchical structure of silk
fibroin. As a result of the high shearing action in ultraprecision diamond
turning, the increased number of ruptured H-bonds made the beta-
strand interfaces act as slip planes. This led to interstrand slip motions
that accumulated and formed shear bands, ultimately leading to the
formation of serrated chips. These findings were consistent with what
had been previously reported by the authors [22]. Overall, the high
consistency between the simulations and the measured values demon-
strates the accuracy of the hybrid model established in this paper.

In addition, a good estimation of the specific cutting force was also

(a) (b)
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achieved with the aid of this model. Fig. 4(e) compares the simulated
and experimental specific cutting forces. When the depth of cut was set
to 2 pm, the specific cutting force attained a value of 300.2 pN/pm?,
representing 56.7 % of the value measured in experiments. Additionally,
at a depth of cut of 1.5 pm, the specific cutting force derived from nu-
merical simulations was 314.8 pN/pm?, equating to 49.2 % of the
experimental outcome. The estimation error arose from the omission of
strain and thermal effects in Cowper-Symonds material model, which
only accounts for strain-rate hardening. However, the reliable prediction
of specific cutting force and chip morphology validated the effectiveness
of the established hybrid FE-SPH model.

4. Parametric study on chip-breaking mechanism

This section presents the parametric study conducted with the hybrid
FE-SPH numerical model, as established in the previous section, to
explore how the average tool velocity angle impacts chip-breaking
behaviour. The effect of HSR and depth ratio on chip breakage were
analysed in Sections 4.1 and 4.2, respectively. Both parameters signifi-
cantly influence the average tool velocity angle, and the effect of this
angle on the chip-breaking mechanism is revealed at the end of this
section.

4.1. Effect of HSR

Previous studies have highlighted the significant influence of the tool
velocity angle on hydrostatic pressure and shear stress in elliptical vi-
bration diamond turning [40,55]. Understanding their distribution can
provide insights into chip-breaking behaviours. Therefore, to investigate
the effect of HSR, Fig. 5 illustrates the distribution of hydrostatic pres-
sure and von Mises stress under different values of HSR at two critical
moments: when the tool/workpiece engagement ended and when the
tool withdrew from the chip (or at the moment of chip breakage if it
occurred before tool withdrew). These two moments were chosen for
analysis as they are key transition points for observing how pressure and
stress concentrations dissipate or transform. A vibration frequency of 20
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Fig. 5. Distribution of hydrostatic pressure (unit: MPa) and von Mises stress (unit: MPa) in elliptical vibration diamond turning with (a) HSR = 0.1 (6, = 27.3°), (b)
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kHz was selected for all simulation cases, considering the constriction of
available computational power. At the same time, the tool path ampli-
tudes a and b were set to 1 pm and remained constant. A fixed depth
ratio of 0.5 was employed in all cases, indicating a nominal depth of cut
of 0.5 pm. The same colour legend scale was utilised in each figure to
monitor the pressure and stress variations. This allows for consistent
comparison and analysis of pressure and stress changes across different
scenarios.

As depicted in Fig. 5, the HSR was increased from 0.1 to 0.9, leading
to a gradual reduction in the average tool velocity angle from 27.3° to
15.5°. It is worth mentioning that the machined dimples with a curved
shape were consistently visible across all figure panels, accurately
replicating the elliptical tool trajectories. Additionally, the formation of
these dimples aligned well with the schematic of the manufacturing
process illustrated in Fig. 1(c). When the HSR was 0.1, tensile hydro-
static pressure could be initially observed in the region ahead of the tool
rake face and below the tool edge. As the HSR increased, the hydrostatic
pressure diminished and transitioned to high compressive hydrostatic
pressure. Normally, high compressive hydrostatic pressure is known to
enhance ductility [56-59]. But, in the case of silk fibroin, the scenario
was exactly the opposite due to its unique structures. Fig. 6 demonstrates
the structure of silk fibroin and its pressure-dependent structural
transition.

Silk fibroin is a protein material that consists of two primary phases;
the random amorphous matrix and beta-sheet crystallite. Increased hy-
drostatic pressure (typically above 100 MPa) can lead to a higher degree
of crystallinity by promoting the formation of more ordered beta-sheet
structures that are responsible for the material’s strength and struc-
tural rigidity [60]. Yet, as illustrated in Fig. 5(c), local pressure could
reach over 200 MPa, causing an excessive increase in the beta-sheet
content. The silk fibroin became over-rigid, potentially decreasing the
ductility of silk fibroin. Also, an inherent trade-off between strength and
ductility means that a higher strength comes at the expense of ductility
[61,62]. In short, the ductility of the silk fibroin was decreased because
of high compressive hydrostatic pressure, contributing to crack initia-
tion and thus chip breakage in the manufacturing process [63-66].
When the HSR reached 0.9, a complete chip breakage was achieved, and
a discontinuous chip was formed, as illustrated in Fig. 5(c). This chip
exhibited a thinner front and a thicker back, aligning with the antici-
pated chip geometry as displayed in Fig. 1(c), despite a slight chip
curling due to the bending moment and plastic deformation formed at
the cutting zone [67-70]. The accurate prediction of chip geometry was
attributed to the SPH technique’s ability to reproduce the natural ma-
terial flow [71-73], which validates the accuracy of the established
model in turn. Fig. 5(c) demonstrates that, under an HSR of 0.9 and a
depth ratio of 0.5, the predicted waist width w of the fabricated silk
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microfibres was about 1.4 pm.

Regarding von Mises stress, Fig. 5(a) illustrates that there was no
apparent shear stress concentration in front of the tool’s rake face when
the HSR was set at 0.1. However, as the HSR increased, there was a
gradual accumulation and concentration of shear stress, leading to the
formation of a shear deformation zone within the chip. This phenome-
non arose due to the smaller tool velocity angle associated with higher
HSR values, enhancing the extrusions and shearing actions of the dia-
mond tool. As shown in Fig. 5(c), with the advance of the diamond tool
and shear strain accumulation, a crack in the chip was initiated and
propagated along the narrow shear deformation zone. Ultimately, the
complete chip breakage was achieved.

4.2. Effect of depth ratio

Fig. 7 displays the distribution of hydrostatic pressure and von Mises
stress under various depth ratios. In the manufacturing operation, two
significant moments were observed: when the tool disengaged from the
workpiece and when the tool withdrew from the chip (same choices as in
Fig. 5). Meanwhile, the HSR remained constant at 0.4 for all cases. A
consistent colour legend with the same scale was utilised in both figures.
This allows for a direct comparison of pressure and stress changes.

Fig. 7 shows the impact of reducing the depth ratio on the chip-
breaking dynamics of silk fibroin. When the depth ratio was decreased
from 0.7 to 0.4, there was a notable reduction in the average tool ve-
locity angle, from 25.6° to 18.9°. This change coincided with a shift in
hydrostatic pressure in front of the tool’s rake face from nearly neutral to
highly negative, as depicted in Fig. 7(a) and (b). This transition indicates
a significant increase in compressive hydrostatic pressure, which is
known to reduce the ductility of silk fibroin, as previously discussed.
Additionally, the materials with lower ductility are more likely to reduce
or eliminate burr formation during machining [74-76]. This relation-
ship was evidenced by the results presented in Fig. 7(b) and (c), where a
significantly smaller burr was observed at a depth ratio of 0.4 compared
to those at a depth ratio of 0.5. The decrease in ductility, coupled with
the diamond tool’s enhanced shearing action (enabled by a lower
average tool velocity angle), plays a crucial role in effectively sup-
pressing burr formation. This is further supported by the stress contour
illustrated in Fig. 7(a), which highlights the formation of a localized
shear stress area at a depth ratio of 0.7. As the depth ratio decreased, the
shear stress and strain accumulated, forming a shear deformation zone.
The formation of silk microfibres was directly attributed to these phe-
nomena. As Fig. 7(b) demonstrates, the reduction in depth ratio to 0.5 or
below facilitated the initiation and propagation of cracks within the silk
fibroin chip. This process led to complete chip breakage, ultimately
resulting in the formation of loose and discrete silk microfibres.

Hydrostatic
pressure

Beta-sheet crystallites

Fig. 6. Schematic illustration of the two-phase structure of silk fibroin and its hydrostatic pressure-induced transition. The image on the left illustrates the initial
array of fibroin fibres. The central and right images offer magnified views of the structure, showing the transformation of beta-sheet crystallites when subjected to

hydrostatic pressures over 100 MPa.



Z. Wang et al. International Journal of Mechanical Sciences 277 (2024) 109418

. Small area of .
Tiasesaz
. shear stress Z o

R | concentration f—

000es02__; ¢

2103002 B |

rasesaz || |
o 4.280e401

% Continuous e B |
i 1.2860402

21430002 8 |

e Shear
ey :
—— ¢ {or mation zone

- =
— Compressive
s hy drostatic pressure

ool e
jectory : 1836002

* H = H L 57160401

R —— =
{1 Stress Contour n—————

17180002

Compressive

hydrostatic pressure SRS

11716002
11430002
57140001

Formation of : 4 \ S
silk microfibre siete
Machined dimpl

Chip breakage

Fig. 7. Distribution of hydrostatic pressure (unit: MPa) and von Mises stress (unit: MPa) in elliptical vibration diamond turning with (a) r4 = 0.7 (6, = 25.6°), (b) rg =
0.5 (0, = 21.3°) and (c) rg = 0.4 (6, = 18.9°). This figure depicts the progression of hydrostatic pressure and the corresponding transformation in chip morphology.
Across all panels, the pressure and stress distribution within the workpiece are represented by the same colour scale, respectively. The pink dashed frame encloses the
enlarged view of interest, highlighting the details of pressure and stress evolution. The tool trajectories are demonstrated in black dashed arrows. The red dashed line
shows the crack in the chip, while the red dotted line encircles the concentration area of hydrostatic pressure and the shear stress deformation zone.



Z. Wang et al.

In conclusion, the study demonstrates that a reduction in the average
tool velocity angle facilitates complete and precise chip breakage in
elliptical vibration diamond turning of silk fibroin. This achievement is
attributed to the combined effects of weakened ductility of the silk
fibroin and enhanced shearing action of the diamond tool. Eventually,
the rule governing the controlled formation of silk microfibres, based on
the critical value of the average tool velocity angle, is established. Ac-
cording to the simulation results, the critical value was initially
confirmed within the range from 21.3° to 23.0°. However, further
experimental investigations are necessary to determine its specific
value, which will be discussed in Section 5.

5. Manufacturing trials to fabricate silk microfibres

In this section, a series of manufacturing trials were conducted on an
ultraprecision diamond turning machine equipped with an elliptical
vibrator to determine the threshold value of the average tool velocity
angle for producing silk microfibres. The details of the manufacturing
setup and experimental conditions are elaborated in Section 5.1, while
the outcomes and analyses of these experiments are presented in Section
5.2.

5.1. Manufacturing setup and conditions

Fig. 8 illustrates the setup employed for the manufacturing process. A
round nose tool with a nose radius of 0.5 mm, a rake angle of 0°, and a
clearance angle of 15° was utilised for the cutting operation. A three-
component dynamometer (9129AA, Kistler) was mounted beneath the
tool holder to measure the cutting forces. Furthermore, a scanning
electron microscope (S3700-N, Hitachi) was employed to observe and
analyse the silk microfibres.

As illustrated in Fig. 8, a high-performance function generator
(TGF4042, Aim-TTi) and a power amplifier (E01.A2, CoreMorrow) were
employed to generate sinusoidal signals accurately. These signals are
crucial for maintaining the correct frequencies and phase relationships,
which are essential for coordinating the orthogonal movements of the
diamond tool along the y- and z-axes. The mechanical stability of the
manufacturing system is ensured through the use of a pair of rigid
piezoelectric actuators (PSt150, Piezomechanik) and a well-developed
elliptical vibrator. The efficacy of this configuration has been demon-
strated in the authors’ previous work [38], where the machining accu-
racy of the vibrator was validated by producing micro-dimple arrays and
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two-tier microstructured surfaces with machining errors below 11 %,
demonstrating that this configuration can effectively mitigate asyn-
chronous motion between the y- and z-axes. Additionally, prior to
operational use, the system underwent rigorous calibration to confirm
that the actuators respond accurately to the control signals. The pro-
cessing parameters for four sets of manufacturing trials, designated as I,
I, III and IV, are presented in Table 2. The experiment involved the
application of two vibration frequencies: 100 Hz and 500 Hz. The hor-
izontal and vertical amplitudes of the tool path were approximately 0.75
pm and 1 pm, respectively. The depth ratio in sets I and II was 0.5.
However, a depth ratio of 0.7 was specifically chosen for set III. A uni-
form feed rate of 150 pm/rev was used throughout the experiments to
maintain the cutting in a non-overlapping scheme.

5.2. Results and discussions

As displayed in Fig. 9, the measured cutting forces are compared
between the elliptical vibration diamond turning experiment (set I) and
its conventional counterpart (set II), both conducted at the same nom-
inal cutting speed of 0.42 mm/s. Notably, the measured cutting forces in
set I were collected under an HSR of 0.9.

Fig. 9 demonstrates that the peak cutting force in the elliptical vi-
bration diamond turning is slightly higher than that in conventional
diamond turning. The overshoot of the cutting force is attributed to the
vibration impact of the diamond tool. Nevertheless, the valley values of
cutting force reach nearly zero in each vibration cycle, indicating a
complete tool/workpiece separation. The noise in the force data during
the acquisition process resulted in the inability to obtain an absolute
zero value. The average cutting force in vibration cutting is significantly

Table 2
Processing parameters for manufacturing trials.

Set  Cutting mode Vibration HSR Nominal depth of
frequency (Hz) cut (pm)
1 Elliptical 100 0.1; 0.3; 0.5; 0.5
vibration 0.7; 0.9
I Conventional N/A N/A 0.5
I Elliptical 100 0.3; 0.9 0.7
vibration
v Elliptical 500 0.9 0.5
vibration

{ Vacuum chuck

Diamond
tool

Elliptical
vibrator

Function generator |

Power amplifier }

Fig. 8. Experimental setup for manufacturing silk microfibres using elliptical vibration diamond turning. The left panel of this figure illustrates the manufacturing
configuration, while the right one depicts the configuration for signal generation and data acquisition.
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Fig. 9. Comparison between conventional diamond turning (d. = 0.5 pm) and
elliptical vibration diamond turning (f = 100 Hz; HSR = 0.9; rq4 = 0.5) on
cutting force variations. The enlarged view (enclosed by red dashed lines) il-
lustrates the minimum value of the cutting force measured in elliptical vibra-
tion diamond turning.

reduced by 53.9 % compared to conventional diamond turning, which
also results from the intermittent tool/workpiece contact after applying
the elliptical vibration [77,78]. The proposed hybrid model has effec-
tively reproduced the cyclical fluctuations of the cutting force in this
process. Given that the actual depth of cut varies along the tool path, the
unit cutting force was chosen as an indicator for normalization purposes.
Fig. 10 illustrates the oscillation of the unit cutting force and the contour
of the effective plastic strain from the initiation of tool/workpiece
contact to their disengagement.

The HSR and depth ratio adopted in the simulation are the same as
those shown in Fig. 9, with the only difference being the vibration fre-
quency set at 20 kHz. This frequency was chosen to significantly reduce
the computational demands due to limited access to computing power.
The simulation duration is constrained to 20 ps for the same reason;
nevertheless, it covers an entire cutting cycle. Within each cutting cycle,
as depicted in Fig. 10, the unit cutting force increases continuously until
the diamond tool reaches the deepest point of the tool path, after which
it gradually decreases to zero. Stress accumulates as the cutting tool
advances, leading to the formation of cracks on the cutting chip once it
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exceeds the strength of silk fibroin. As a result, the stress gets released, as
indicated by a slight decline in the unit cutting force. As the cutting force
surpasses its peak value, the drop in force caused by crack formation
becomes more pronounced due to the decreasing amount of removed
material. This phenomenon persists throughout the cutting process until
complete chip breakage occurs.

Figs. 11, 13 and 14 display the chip morphologies obtained in the
experiments of sets I, III and IV, respectively. The caption of each figure
provides the average tool velocity angles corresponding to specific
processing parameters.

As illustrated in Fig. 11(b), the vibration marks were clearly identi-
fiable on the continuous chips, and their formation was successfully
reproduced using the established hybrid numerical model. Fig. 12 il-
lustrates the comparison of chip morphology between the experimental
continuous chip and its simulated counterpart.

As shown in Fig. 12(a), the chip’s back surface displayed a periodic
smooth wavy pattern because of the cutting action produced by the
diamond tool’s elliptical motion trajectory. The dashed yellow lines
delineate the boundary between two adjacent cuts. The wavelength of
the wavy pattern of the chip from the SEM image was about 1.5 pm,
while the simulated wavelength was 1.3 pm, validating the hybrid
model’s accuracy in replicating the actual manufacturing process.

In the experiments carried out in set I, with the increase in, there was
a progressive decline in the average tool velocity angle, from 34.5° to
20.3°. During this process, the chip structure evolved from being
continuous to semi-continuous. When the average tool velocity angle
approached 22.6°, the discrete silk microfibres began to form (instead of
the formation of ribbon-shaped chips), indicating a complete and stable
chip breakage. The transformation of chip morphology from continuous
to discontinuous is consistent with the simulation results presented in
Section 4. Also, the fabricated microfibres exhibit a thicker design in the
middle, agreeing well with the anticipated fibre geometry depicted in
Fig. 1(c). Based on the chip morphology depicted in Fig. 11, it was
determined that the critical value of the average tool velocity angle
necessary for complete chip breakage was between 22.6° and 25.6°.
Simultaneously, as noted in Section 4, the simulated threshold for chip
breakage ranged from 21.3° to 23.0°. Two ranges overlapped slightly
(22.6° to 23.0°), indicating consistency between simulated and experi-
mental findings. Considering both the simulation and experimental re-
sults, the critical value was identified as 22.6°. Maintaining the average
tool velocity angle below this threshold is essential to fabricate silk
microfibres. Furthermore, the smaller the average tool velocity angle,
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Fig. 10. The simulated unit cutting force (unit: pN/pm) oscillation from the moment the diamond tool contacts with the workpiece until their separation and the
contour of the effective plastic strain at the corresponding moment (f = 20 kHz; HSR = 0.9; ry = 0.5). The solid red line shows the cutting force oscillations, while the
red dashed line shows its average value. The cracks are depicted in red dotted lines.
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Fig. 11. Chip morphology obtained in the experiments of set I with (a) HSR = 0.1 (¢, = 34.5°), (b) HSR = 0.3 (6, = 29.5°), (c) HSR = 0.5 (6, = 25.6°), (d) HSR = 0.7
(0, = 22.6°) and (e) HSR = 0.9 (6, = 20.3°). In each panel, the right image offers an enlarged view of the left one. This figure emphasises the evolution of chip

morphology from a continuous chip to discrete silk microfibres.

the lower the ductility of the silk fibroin and the greater the shearing
action of the diamond tool, which resulted in improved dimensional and
shape accuracy of the produced silk microfibres. As illustrated in Fig. 13
(e), the silk microfibres with outstanding shape uniformity were suc-
cessfully manufactured using an average tool velocity angle of 20.3°,
about 10 % smaller than the threshold.

Fig. 13 showcases the chip morphology when using a nominal depth
of cut of 0.7 pm (r4 = 0.7). In these cases, setting the HSR to 0.3 resulted
in the average tool velocity angle reaching 35.0°. However, even as the
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HSR approached 0.9, ribbon-shaped cutting chips were still produced
with vibrational marks on their back surfaces. This outcome is attributed
to the average tool velocity angle (6, = 24.0°) remaining above the
critical threshold (6. = 22.6°), validating the effectiveness and reliability
of the established guideline for controlled fibre formation.

Fig. 15 presents a detailed comparison of the length and waist width
of silk microfibres produced in the experiments from sets I and IV, as
illustrated in Figs. 11(e) and 13, against their predicted dimensions
according to Eq. (3) and simulation results in Fig. 5(c).
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Fig. 12. Comparative analysis of chip morphology: (a) shows the SEM image of the experimentally obtained continuous chip featuring vibrational markings and the
boundaries between adjacent cuts; (b) presents a simulated continuous chip with a colour-coded effective strain distribution. The experiment and the simulation were
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Fig. 13. Chip morphology obtained in the experiments of set III with (a) HSR = 0.3 (¢, = 35.0°) and (b) HSR = 0.9 (¢, = 24.0°). The right images provide a detailed
view of the images on the left, illustrating vibration marks on the chip surfaces.

The average length of the silk microfibres fabricated in experiments resulting in a dimensional error of less than 15 %. Additionally, the
of setIand IV is 38.2 pm and 39.1 pm, respectively. These measurements microfibres demonstrate exceptional consistency in waist width, with an
are in close agreement with the theoretical prediction of 44.7 pm, error margin of approximately 7 %. This highlights the remarkable
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Fig. 14. Chip morphology obtained in the experiments of set IV with HSR = 0.9 (6, = 20.3°). The left image shows a cluster of silk microfibres with dimensions noted
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dimension control capability of this process despite minor issues of fibre
adhesion due to the instability in the vibration amplitude of the elliptical
vibrator. Moreover, silk microfibres of these dimensions are considered
to have significant potential in controlled drug delivery, serving as
carriers for therapeutic molecules [20].

Although the frequencies used in the simulations differed from those
in experiments (500 Hz vs 20 kHz), this choice was made out of neces-
sity. Simulating at the actual frequencies of 100 Hz or 500 Hz would
have increased computational demands by at least 40 times, which
would be fatal for this work. Nevertheless, in both simulations and ex-
periments, the chip morphology transitioned from continuous to fully
discontinuous as the average tool velocity angle decreased. Further-
more, the critical angle values for chip breakage obtained through both
methods are within a similar range, proving the feasibility and reason-
ableness of this substitute. Most importantly, the effectiveness of this
alternative approach is also supported by the fact that, as long as the
vibration parameters remain consistent, whether at 500 Hz or 20 kHz,
the elliptical trajectories produced by the diamond tool are identical,
and the dimensions of the silk microfibres produced are consistent (as
demonstrated in Fig. 15). Nevertheless, future work will aim to refine
and optimise computational methods to simulate at the actual fre-
quencies used in experiments. This will involve enhancing algorithm
efficiency through improved numerical formulations and reducing
computational complexity. Additionally, leveraging parallel processing
techniques and utilising high-performance computing systems will be
essential to effectively manage the increased computational demands.

It is also worth mentioning that the diamond turning process,
particularly with the additional energy introduced by high-frequency
vibrations, could alter the residual stress and induce phase trans-
formations [79,80] of the produced silk microfibres, thereby affecting
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their mechanical and biomedical properties. Further research is neces-
sary and recommended to quantify these effects.

6. Conclusions

A high-precision, scalable, eco-friendly manufacturing process for
producing silk microfibres with precisely controlled length and waist
width was established in this paper. The chip-breaking mechanism in
this process was investigated for the first time, and the governing rule for
complete chip breakage and controlled fibre formation based on the
average tool velocity angle was established.

Research findings reveal that a high HSR and a low depth ratio can
effectively decrease the average tool velocity angle. This reduction im-
proves the shearing action of the diamond tool on the cutting chips,
simultaneously leading to higher compressive hydrostatic pressure and
reduced silk fibroin’s ductility as a result. These adjustments collectively
facilitate chip breakage. It is worth noting that the effect of hydrostatic
pressure on the ductility of silk fibroin is completely opposite to that of
other common metallic materials due to the unique structure of silk
fibroin, which is dominated by beta-sheet crystallites.

Further, through rigorous experimental and simulation analyses, the
critical value of the average tool velocity angle to achieve a complete
and stable chip breakage is confirmed to be 22.6°. Angles below this
threshold are crucial for silk microfibres, preventing the formation of
ribbon-shaped cutting chips. However, an even smaller angle (e.g. 20.3°
as demonstrated in the experiments) is highly recommended to produce
silk microfibres with better dimensional and shape accuracy. Notably,
the length and waist width of the fabricated silk microfibres show a
deviation of approximately 15 % and 7 %, respectively, from the pre-
dicted values, demonstrating the excellent dimensional consistency of



Z. Wang et al.

the fabricated microfibres.

Although the current operation is restricted to a frequency of 500 Hz,
it is possible to anticipate that incorporating a high-frequency or ultra-
sonic elliptical vibrator with superior amplitude stability (e.g. imple-
mentation of feedback control on vibration amplitude) or multi-tip
diamond tools can significantly boost the fibre production rate while
reducing fibre adhesion, which could be included in future research.
This enhancement stems from the capability to deterministically pro-
duce one silk microfibre per vibration cycle, showcasing the superb
scalability of this manufacturing process. However, further research is
necessary to quantify the effects of high-frequency or ultrasonic vibra-
tions in elliptical vibration diamond turning on residual stresses and
phase transformations within the fabricated silk microfibres.
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