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Abstract: The compliant mechanism (CM)-based fast-tool servo (FTS) is used in ultraprecision
machining contexts to produce high value products for technically advanced applications. Far too
often, the FTS” machined products are expected to be geometrically complex with minimal form
tolerance and surface roughness. Since the FTS’ enclosing CM is responsible for guiding the cutting
motion, its design is of utmost importance in determining the quality of the machined product. The
objective of this paper is therefore to review specifically the design and structural related aspects of
CM-based FTS that affects its ultraprecision machining performance. After a brief introduction, the
fundamentals for designing ultraprecision capable CMs such as flexure hinge modelling, actuator
selection and isolation and CM designing are comprehensively explained. In the subsequent section,
the various configurations of CM-based FTSs that exist so far and their functionalities are listed. The
critical factors which impact the CM-based FTS’ ultraprecision machining performance are identified
and mitigating measures are provided wherever possible. Before concluding, the research questions
that should be investigated for raising the state of the art of CM-based FTSs are presented as food for
thought. With this review article, not only can practitioners have a clearer picture of how better to
design their CMs for their FTSs, but they can also improve upon existing FTS designs from leading
researchers so that products of higher quality than before can be made for the future.

Keywords: compliant mechanisms; fast-tool servos; ultraprecision machining; mechanism design

1. Introduction

A spring contracts under an impact loading for achieving a dampening effect, and a
recurve bow converts elastic energy into kinetic energy for its projectiles the moment it is
drawn [1]. Both revert to their equilibrium positions right after those flexing deformation.
These are in fact, examples of the most intuitive forms of compliant mechanisms (CM)
that one can think of where structural flexing is performed for achieving a user defined
functionality [2]. The CM’s technical definition is a structure whose strain arising from
an elastic deformation is used for force transmission purposes. Since this strain has ex-
cellent repeatability, zero backlashes, friction and wear [3], CMs are often preferred over
conventional rigid mechanisms [4], especially for precision applications.

Fields ranging from biomedical to microelectromechanical systems have extensively
used CMs with varying designs and features [5]. Figure 1 shows selected instances where
CMs have proven to be useful over their rigid body counterparts. Using a compliant
u-shaped spring instead of the usual cantilevered beams, Olesnavage et al. were able to
devise a prosthetic foot of higher stiffness and range of motion for the ankle [6]. Pick-and-
place devices for organic objects such as fruits with conventional rigid mechanisms tend
to cause bruised surfaces. Miao and Zheng addressed this issue by developing a constant
force CM apple picking actuator that provides a much softer grip [7]. CM morphing wings
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have also been experimentally verified to be able to deflect and modify the chord of an
airfoil at a much larger range compared to regular types [8]. U-shaped CMs have also
been explored as alternatives to bimetallic strips in miniaturized circuit breakers since
they are more resilient against cyclically loaded magnetic forces arising from alternating
current flows [9]. Bistable CMs have been developed as shock sensors that need no power
supply for use in crash logging, material handling and shipment monitoring [10]. Beam
steering often required for solar tracking purposes has also benefitted from the use of CMs
as suitable alternatives to bulky mechanical polygonal mirror scanners [11]. Compliant
serial-parallel mechanisms that can provide highly fluidic motions have also been used in
fish-like robots [12]. With compliant mechanisms, the robot fish can produce vectoring and
thrust forces more fluidly to mimic a real fish. While these examples adequately highlight
the versatility of CMs for everyday general usage, precision design considerations are
required before they are deemed suitable for ultraprecision use, where output is expected
to be at a micro or nanometric scale.

Load bearing & sensing
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‘mechanism

Voice coil
actuator

Rhombus-type
amplifier

Displacement
D) sensor
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Figure 1. Examples of CMs in the clockwise direction. (A)Optical beam reflecting [11]; (B) Miniature
circuit breakers [9]; (C) Load bearing deployable structure [13]; (D) Constant-force fruit picker [7];
(E) Anti-buckling universal joint [14]; (F) Electromagnetic force balance sensor [15]; (G) A self-
expanding stent [16]; (H) Morphing flight wing [8]; (I) Robotic fish [12].

As society becomes more reliant on microstructures with the advancement of tech-
nology, high quality throughput of precision components become more desired. This well
positions ultraprecision machining (UPM) technology to directly produce components
and molds of optical quality, with excellent surface finishing and mirror surface finish-
ing [17,18]. In infrared or short wavelength applications, these optical structures require
form accuracies less than 100 nanometers from their designed surface [19], while larger
optical components greater than 1 m require surface accuracies of below 8 microns and
subsurface damage of fewer than 3 microns [20]. With the increasing complexity of optical
structures and requirements, many efforts have been focused on manipulating the tool
to create these structures. Brinksmeier et al. developed the Diamond Micro Chiseling
(DMC) technique to reposition the tool accurately to create facets in various orientations
to develop large arrays of retroreflectors [21]. Huang et al. demonstrated the ability for
high fidelity generation of images by creating greyscale images using inverted pyramids
with relative cell aperture sizes [22]. Zhang et al. included an additional rotational axis
to enable the Rotating tool Diamond Turning (RDT) to fabricate circular Fresnel lenses on
the curved surfaces of roller molds [23]. Many researchers have also employed various
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techniques to fabricate freeform polygonal Fresnel lenses, including Neo at al. with the
Automated Guilloche Machining Technique (AGMT) for hexagonal Fresnel lenses [24] and
Tan et al. using Direct Diamond Shaping (DDS) of composite polygonal Fresnel lenses [25].
While much work has been carried out to improve the efficiency when machining such
complex features, the response from these Slow Slide Servo (SSS) techniques is usually low,
limiting the operational frequencies when machining structures with much topological
variation [26-28].

For producing high density microstructures within a small area on the workpiece [29],
conventional CNC machines have difficulty synchronizing a fast rotating spindle with
the required high frequency reciprocating motions of the turning tool. This is due to
such machining processes requiring a large force, stiffness, response adequate stroke,
zero backlash and repeatability which are beyond the CNC’s servo capability [30]. For
surmounting those concerns, CM-based fast tool servos (FTS) that remove surface material
on a workpiece in rapid and consistently traceable back-and-forth motions are used in
single point diamond turning (SPDT). The two common manners in which the FTS is used
for machining are shown in Figure 2. On the left, the FTS is used for diamond facing where
it is machining in a back-and-forth motion parallel to the workpiece’s central axis whereas,
on the right, the FTS is machining perpendicular to the axis in a roll machining process.

Ni-P plated : Optical
roll mould microscopy

Figure 2. Fast tool servo examples. (A) Process schematic of FTS machining during SPDT [31]; (B) A
FTS machine setup for machining on a roll mold [32]. For Figure 2B, readers should take note that the
spindle rotation should ideally not be referred to as the C-axis if the cutting motion is provided by its
rotation. Spindle rotation can be termed as C-axis if it performs indexing motion such as those in mill
turn machining centers.

By using the FTS, products with tessellated micro/nanostructures on their surfaces
as shown in Figure 3 can be produced more effectively as compared to lithographic pro-
cesses. Microstructure morphologies that are possible with the FTS include sinusoidal
microlenses [33,34] and square pits [35] shown in Figure 3A,B. Complex surfaces that are
non-rotationally symmetric freeform or of toric forms [36] are also usually machined using
the FTS. The spherical and aspherical surfaces which find use in advanced photonics and
imaging purposes [37] are also manufactured using the FTS. The FTS has also proved its
versatility by machining a complex freeform surfaced femoral head prosthesis [38] and
microstructured molds with square microstructures [31].
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Figure 3. FTS machined workpiece examples. (A) FTS machined microstructured mold with a PMMA
(polymethacrylate) surface embossed by the mold shown at right [31]; (B) Microlens array [39].

The FTS machining tool consists of both CM and non-CM components such as the
computer, servo control panel, power amplifier, actuators and sensors [40]. Past reviews
on FTSs focus either on their non-CM aspects or on the surfaces they fabricate. Gong et al.
had made comparisons between two control algorithms commonly used for FTSs, namely
the PID and hybrid control algorithms, and discussed how accurately each performed
microstructure machining [41]. A review article by Zhu et al. examines non-CM aspects of
the FTS such as its machining processes, closed loop controls, toolpath programming and
surface metrology for the manufacturing of optical freeform surfaces [40]. Brinksmeier et al.
also review FTSs but more on the surface structures they are capable of machining [42].
A separate review on surface structures also touched on the nano FTS but again, had
very minimal mention of how CM design contributes to its functionality [43]. Finally, the
FTS was reviewed by Zhang et al. from a machining point of view which had marginal
consideration of how CM design might affect machining performance [44]. Despite the CM
being a key component of the FTS, there is not much literature on how its design can aid in
ultraprecision machining. This gap may contribute to limited functionalities in CM-based
FTSs as only through design variations novel functionalities such as long stroke, motion
decoupling, actuator isolation and real time machining measurements be made possible. In
fact, Zhu et al. promoted in their review article the use of multi DOF or rotary FTSs, which
are of greater design complexity, for overcoming the machining limitations of the linear
FTS [40].

This review is geared towards the design and structural aspects of the FTS” CM that is
crucial for attaining ultraprecision accuracy and flexibility. In Section 2, the design related
prerequisites for CM-based FTSs are comprehensively reviewed. Matters related to flexure
hinge fundamentals, motion decoupling, displacement amplification structures, actuators
and actuator isolation, design methodologies, CM-based FTSs prototyping concerns and
the various configurations that researchers have developed and experimentally verified
are included in Section 2. The accompanying Section 3 will explain how factors such as
machining parameters and CM structure related factors such as stiffness, dynamic behavior,
hysteresis, fatigue and thermal conductance will affect the FTS” machining performance.
Before concluding, the possible future research direction for the design and application of
CM-based FTSs will be considered.

2. Designing Ultraprecision Capable CMs

Unlike a conventional machining tool which consists of interconnected rigid body
mechanisms such as gears, pins and hinges moving against each other [45] for providing
the cutting action, the CM-based FTS is monolithically designed to consist of flexure hinges,
sensors and at least one actuator. The flexure hinges used for FTSs are mostly based on the
basic notch and bladed types (shown in Figure 4) [46]. The notch hinge only rotates about
an axis at its thinnest section whereas the bladed hinge can rotate and twist about itself.



Machines 2023, 11, 450

5 of 36

(A)

Rigid link o

7

Fixed end

A)

(B) (®)

Figure 4. (A) Notch hinge; (B) Blade hinge; (C) Elliptical hinge.

For reliable ultraprecision machining, the output stiffness, natural frequencies, and
output displacement accuracy of the CMs are ideally designed to be as high as possible.
On the other hand, mounting options should also be accounted for when developing FTSs
for retrofitting onto existing machines.

CMs can be designed either in serial or parallel configurations with key differences
lying in mass, ease of mathematical modelling, range of motion [47] and first mode fre-
quency. Figure 5A shows a typical serial configuration with a chain of flexure hinges [48]
and Figure 5B shows a parallelogram flexure module which is a parallel CM type [49].
It should be noted that serial configurations generally have lower working bandwidth
between cutting displacement and frequency than parallel configuration CMs.

Flexure 2 g Intermediate
member  Part m : Stagc y
I—~ X
Ground
Final Stage

(B)
Figure 5. (A) Serial CM [48]; (B) Parallel CM-based parallelogram flexure unit [49].

2.1. Fundamental Flexure Hinge Modelling

The overall compliance of the CM is dependent on each of its flexure hinge’s stiffness.
Each flexure hinge is geometrically defined by its web thickness, in-plane thickness and
its hinge radius, as shown in Figure 6, and together with the hinge’s material properties,
they determine the stiffness of the hinge. Aravind et al. have identified that increasing the
hinge’s in-plane thickness and web thickness raises its bending stiffness while increasing
its curvature brings about the opposite effect [50]. Formulaically, the stiffness of the circular
and elliptical hinge can also be approximated using Equations (1) and (2) [51].

2x Exbxt2d
9 x 7T x 105

)

Kcircular hinge —

2xExbxa? a to
KEllipical hinge = W, £ = E,ﬁx = % )
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Figure 6. Generalized model of the (A) circular hinge and (B) elliptical hinge(right) [50]. Key
geometrical parameters for circular hinges are denoted as b, t and r for the thickness of circular hinges,
web thickness and hinge radius respectively [50].

For CM-based FTS design, circular hinges are generally used more often than elliptical
or bladed hinges as the former has the least parasitic motions due to its relatively thicker
web. Parasitic errors can be characterized as undesirable movements made by the flexure
components against their intended directions. The elliptical and bladed types tend to rotate
out-of-plane when set in either parallel or serial layouts within the CM. A reduced parasitic
error, without any out-of-plane rotation, is needed for ultraprecision machining. It is best
parasitic errors are minimized as they tend to accumulate for example when flexure hinges
are serially chained. Coupled motions in parallel CMs may contribute to parasitic errors
as well.

2.2. Motion Decoupling

CMs suffer from coupled motions where actuator inputs specified for a particular
direction structurally influence the CM to undesirably move in other directions. This is
due to the cross-axis coupled deformation between flexure hinges and rigid components
within the CM. Due to such movements, the CM’s output will experience parasitic errors
that adversely affect the CM’s output positioning accuracy [52].

Parallel configured CMs have reportedly greater cross-axis coupling behavior. Not
only that, single-input-single-output (SISO) control methodologies and sensor tracking
during ultraprecision machining will be challenging with parallel configurations because
of such issue [53]. Despite so, researchers have developed some workaround for motion
decoupling parallel configured CMs. These are applicable for CM-based FTSs meant for
any multiple DOF cutting actions. A basic but incomplete workaround for reducing cross-
axis coupling includes aligning the stiffness center of the CM with its output center and
introducing symmetry into the design. Alignment of CM’s stiffness center with output
center is identical to having a collinear layout between the actuator, flexure hinges and
diamond insert. Shang et al. designed a parallel flexure-based positioning stage that not
only has a large output range of a millimeter and increased out-of-plane stiffness but also
decoupled x and y motion [54]. Decoupling was achieved by Shang et al. with both a
symmetrical design and 4 output support legs where each of them was a serially connected
flexure hook joint. The flexure hook joint was able to successfully limit the cross-axis
motions to within 0.65% and 0.82% in the x and y axes. X direction movements were
simply decoupled from the y and 6 directional by Bhagat et al. with flexure cantilevers [55].
Bhagat’s flexure cantilevered solution was able to have an x direction-coupled movement of
only 1 pum with a y direction input of approximately 25 um, and 0.2 um y direction-coupled
movement with an x direction input of 40 pm. Another workaround by Wang et al. use is
to use a parallelogram flexure hinge parallel joined to a prismatic joint (shown in Figure 7),
which was able to have lesser than 0.6% coupling ratio in both x and y directions [56].
However, a PID controller was used to enforce linearity and stability. Similar to actuator
isolation using wire flexures, Chen et al. also combined parallelogram flexure modules with
wire flexures for achieving motion decoupling for a 1DOF rotating stage [57]. With that
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workaround, the rotating stage had maximum coupling output angles less than 0.1 mrad
and 0.16 mrad about the x and y axes.

]

Wire flexure hinge P G Output stage

2-DOF RCM guiding ‘/k
mechanism

Fixed link

& I
2

Rectangular
flexure hinge

(D) collmowor  Fixedbase  Drivelink  Mounting cap J-axis input stage

Figure 7. (A) Coupled motion example where two topside hinges are actuated in an upwards
direction and the center stage exhibits coupled rotation [55]; (B) Motion decoupling method with
a hook joint flexure hinge and its linear-stacked leg version [54]; (C) A parallelogram hinge (blue)
parallel connected with prismatic joint (green and orange) [56]; (D) A wire flexure hinge (at top) [57].

Motion decoupling can also be achieved by having CMs with serial designs. Though
such designs are simpler to conceptualize in terms of kinematics modelling and control, they
have increased mass which inevitably reduces first mode frequency. Therefore, serial CMs
might not be suitable for high frequency machining as compared to parallel counterparts.

2.3. Amplification Structures

Due to the piezo actuator limitation, most CMs often suffer from limited output dis-
placement [58]. Long stroke for FTSs is typically achieved by integrating displacement
amplifying compliant structures into them. Figure 8 shows the 4 CM fundamental dis-
placement amplifying structures, lever, Scott-Russell, buckling and bridge type. Another
displacement amplifying structure includes the pantograph type [59].

The lever type is the most intuitive but with its asymmetrical layout, it is challenging
to align its axis of actuation to the line of cutting action which leads to probably the greatest
parasitic error [60]. A long lever length might provide greater mechanical leverage, but the
structure will have poor stiffness. The Scott-Russell type overcomes the stiffness issue by
simply adding an intermediate pivot point [61]. The misalignment between the actuation
and the cutting axis is not solved though. Both amplifying structures output a curvilinear
motion that must be taken into consideration when used for microfeature machining.

The buckling mechanism is a non-lever type structure with intrinsic symmetry and
greater stiffness [62]. Its range of motion is somewhat limited compared to the lever types
since its actuator is placed orthogonal to the line of cutting action. Due to its symmetrical
flexing, the buckling mechanism has greater precision during machining. The bridge type
is an enhancement of the buckling type where it now can drive two outputs with a single
actuator [63]. Since each arm is subdivided into sections where each consists of a rigid
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structure and a bladed hinge, the bridge type structure may have greater parasitic error

than the buckling type.
@ | ® |
Input }
Ou(putT
©) D)

Figure 8. Various types of displacement amplifying structures [40]. (A) Lever type; (B) Scott-Russell
type; (C) Buckling type; (D) Bridge type.

2.4. Actuators for CM-Based FTSs

Piezoelectric [64] and Lorentz force voice coil [65] actuators are mainly used to flex
the CMs towards the workpiece during machining. Magnetism-based actuators include
electromagnetic [66], magnetostrictive [67] and flux steered [68] types.

There are three fundamental configurations in which the actuator can be placed in
the FTS w.r.t the cutting motion as shown in Figure 9 [69]. Cross-axis motions within the
CMs can be expected to be greater for non-collinear layouts which could result in parasitic
motions of the cutting tool during machining. Actuator heating up from prolonged or
high frequency cutting can also cause the CM to deviate from its intended motion [70].
While commercially sold actuators can have very high 1st mode frequency above 10 kHz,
machining at ultrasonic frequencies could still bring about a resonance-like effect that can
pose challenges for closed loop positioning control. However, the resonance type machining
can be highly useful for machining ferrous materials. Therefore, when designing CM-based
FTSs for ultrahigh speed machining, structural stiffness needs to be modified as well for
mitigating such effects.

_(ﬁ(J

=
——

Figure 9. Common actuator, sensor (optional) and tool layouts for CM-based FTSs [69]. (A) Collinear

A)

layout; (B) Parallel-offset layout; (C) Non-parallel-offset layout.

2.4.1. Piezoelectric Actuator

Transducers which convert electrical energy into controlled mechanical motion via the
piezoelectric effect are used as piezoelectric actuators in precision applications. Piezoelectric
driven systems have better peak acceleration, bandwidth and minimized form factor
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compared to other types of actuators used in ultraprecision applications. However, they
can only travel up to several hundred microns [71] and their cost is directly proportional to
the stroke’s extent.

Common problems faced by piezoelectrically actuated FTSs include nonlinearity
between input and output displacements, creep, thermal effects during high frequency
operation, hysteresis and extension under load [72]. The proper selection of piezoelectric ac-
tuators is dependent on criteria such as required stroke, resistive loadings against actuation,
static preloading on the actuator and actuator fall and rise time. The voltage applied to the
actuator determines its actuation length and the time it requires to fully reach that actuation
length is known as the slew rate. Equation (3) shows that the slew rate is primarily affected
by the controller’s output current and the actuator’s capacitance. Smaller displacement
actuators tend to have a lesser capacitance which allows them to extend a distance much
faster than larger displacement counterparts.
av. Iy 3)

Slew rate = Friaiare

The bandwidth of the actuator refers to the maximum operable frequency under the
controller’s output current, applied voltage, actuator capacitance and driving signal. The
bandwidth for the sine, triangle and square waves that are often used for driving FTSs are
provided below and can also be retrieved from manufacturers such as Thorlabs, Inc.

Im
fMax_sine = HVPH;C (4)
Im
fMax_triangle = zvpﬁ (5)
IMax
M = (6)
f ax_square Vpeukc

There are a variety of piezoelectric actuators such as direct push, ultrasonic, inchworm
and stick-slip types [73] and their strengths and weaknesses are summarized in Table 1.
The direct push is the most frequently used for CM-based FTSs since its simple controls,
high speed and large enough actuation force plunging the diamond insert into a workpiece
is adequate for ultraprecision machining.

Table 1. Comparisons of various piezoelectric actuator types.

Piezoelectric Actuator Type Strengths Weaknesses
High speed
Direct push Large actuation force e  Limited stroke [74]
Straightforward assembly with CM
. Low actuation force
Ultrasonic : E;’ sﬁfﬁsilrllmlst ch]l Increased wear
& &P Increased thermal buildup
e  No stroke limit [75] e  Requires at least 3 independent control
Inchworm [76] ° H%gh driving speed B schemes for clamping, feeding .and
e  High accuracy and stability releasing piezoelectric mechanism [73]
e  Large actuation force [76] e  Limited driving frequency
e  Reduced positioning accuracy
Stick-slip e  Limited driving frequency [77] e  Limited actuating force

Limited loading capacity [77]
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Piezoelectric actuators manufactured by Physik Instrumente are very commonly used
in research. Alternatives from COREMORROW Inc [56], NEC TOKIN Inc. [59] and Thorlabs
have been used as well.

2.4.2. Electromagnetic Types

The electromagnetic actuators can be categorized under normal or shear stress. For
the normal stress types, the tool behaves similarly to a maglev train, gliding along rapidly
alternating electromagnetic poles. However, unlike the maglev train which operationally
only moves forward, the normal stress EM type FTS is designed such that the tool goes
back and forth with magnetic material flexural hinges being attracted and repelled periodi-
cally [66]. On the other hand, shear stress types such as the voice coil motor (VCM) [72],
use permanent magnets and alternating current flow to get the tool reciprocally moving. A
VCM driven FTS is shown in Figure 10 [78].

FTS system

back support displacement

/ sensor holder

s’ ,
~ __ displacement
sensor

cross-shape

precision

A (B)

Figure 10. Electromagnetically actuated CM-based FIS [78]. (A) CM components of FISs are
displayed; (B) Electromagnetic actuator components are shown where (1) stator, (2) permanent
magnet, (3) coil, (4) moving stage and (5) air gap.

In terms of operating frequency, the normal stress EM type has the largest operating
frequency band compared to the piezoelectric type [72], while the shear type VCM has a
lower 1st mode frequency than the piezoelectric type. The normal stress type has greater
accelerated output motion as compared to the shear type which makes it more suitable for
machining difficult-to-machine metals.

The range of motion for the VCM is the highest compared to the normal stress EM
and piezoelectric type. There is minimal need for displacement amplification structure for
the VCM due to its inherent large stroke output capability [79]. Despite having a shorter
range of motion compared to the VCM, the normal stress EM actuator can be used for
very high frequency machining at 23 kHz [80]. One critical issue regarding VCM is that
since its motion is from the weaker shear component of the magnetic flux, the FTS tends to
have reduced bandwidth during high frequency machining that leads to inaccuracies in
trajectory tracking [78].

Thermal performance wise, both the normal and shear stress EM and the piezoelectric
actuators produce heat under prolonged operations. They all require advanced cooling sys-
tems not just for their electronics, but also for the CMs themselves to minimize machining
inaccuracies attributed to thermal expansion. Even when a magnetic fluid which had five
times greater thermal conductivity than air was used to dissipate heat away from a VCM'’s
air gap, the VCM was still able to reach temperatures higher than 80 °C after being used
for more than an hour at a 2A current rating [81].

In terms of hysteresis, VCMSs have zero to low hysteresis which implies a minimal need
for linearity enforcing controllers such as the ones needed for the piezoelectric actuator.

Complex dynamic modelling involving electromagnetics is also needed if electromag-
netic types are to be used.
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2.4.3. VCM or Piezoelectric Actuator for Ultraprecision Machining?

Even though piezoelectric actuators are quite often used in CM-based FTSs, VCMs
may also be utilized within a range of machining parameters that are less demanding on
them. VCMs may have challenges in sustaining machining accuracy with an increase in
either spindle rotation, feed or cutting depths. A higher spindle rotation will not only
subject the CM to bending deformations but also require the actuator to work against higher
torque loadings Increases in feed and depth of cuts will result in greater cutting resistance
that may push back against the CM and the enclosed actuator if it has a reduced blocking
force. With the VCM, it may also be challenging to process difficult-to-machine materials
such as titanium and nickel composites in an environmentally sustainable manner since
cutting them not only require a greater pushing force, a lot of heat gets generated [82] that
will further complicate the VCM’s performance.

Despite the weakness of VCMs relative to piezoelectric actuators, precedents of them
being successfully used for precision machining exists. An example by Tao et al. was able
to accurately perform groove cutting and indent microstructures along a line [83]. Similarly,
Chen et al. also used a VCM-FTS for machining a sinusoidal surface on a stationary
workpiece [84]. It should be noted that Tao’s artificial intelligence-assisted VCM-FTS had a
lower first mode frequency at 90 Hz compared to piezoelectric actuator types that are often
preferred. Since their VCM-FTS performance evaluations were conducted on stationary
workpieces with constant feed and depth of cuts, the question of whether VCM-FTS may
be used for more challenging freeform surface machining may require further exploration.
It should be noted that freeform surface machining involves varying workpiece rotations,
feed, depth of cuts and difficult-to-machine materials.

The weaknesses of VCMs are offset by their budget friendliness and range of motion
which far surpasses that of the piezoelectric actuator. Contemporary VCM models exist
with submicrometer resolution and a range of motion at tens of millimeters.

The bottom line criteria for determining if a piezoelectric or VCM actuator is required
for a FTS job include required surface roughness, workpiece material, the spatial frequency
of surface features, machining duration and machining cost. For optical grade components,
where surface roughness is to be no more than 100 nm, a high speed workpiece rotation, that
inherently exert increased stresses on the FTS, is required. Using a piezoelectric actuator
would be more practical due to its higher blocking force which is a few orders greater than
what the VCM has. A higher blocking, push and pull force may also be useful for making
deeper depths of cuts that are required for high aspect ratioed surface features. Cutting
difficult-to-machine materials will also require the use of piezoelectric actuated FTSs since
their exceptionally fast back-and-forth motion can easily shear away materials. If features
are required to be sparsely machined on a large surface area, the VCM might be useful
but if the opposite is required, then a piezoelectric actuator will be a better choice since it
has better repeatability under high frequency operations. Prolonged machining, especially
for large workpieces, leads to heat buildup which penalizes the VCM’s performance. If
machining deeper depths of cuts at reduced feed and spindle rotation, the VCM may be
more suitable for the job.

2.5. Manufacturing of CM-Based FTSs

While in general applications, high strength polymer material CMs are acceptable,
metal material CMs are preferred for FTSs to be used for ultraprecision machining due
to their toughness and prolonged fatigue life. Polymer CMs may not provide adequate
stiffness against adverse machining forces arising from spindle rotation and hard metal
workpieces, unlike their metal counterparts. While polymer structures are light and
offer ease of handling, they might not last long when exposed to machining lubricants
and surfactants.

The majority of FTSs with very thin flexural elements are manufactured with wire
electrical discharge machining (WEDM). With WEDM, it is possible to fabricate CMs with
hinges that are at micron scale at their thinnest section. Li et al.’s design had 1.1 mm radius
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circular hinges that were 800 pm thick at the thinnest portion [85]. Yang et al. fabricated a
500 pm thin blade hinge FTS [86]. Manufacturing the CM section of the FTS monolithically
is a good practice, otherwise, the non-rigid fastening with screws of both components will
lead to reduced positioning output [87]. It must be mentioned that manufacturing FTSs
with WEDM, restricts design freedom to mostly planar form factors that ultimately limit
the FTSs” functionalities.

For overcoming restricted design freedom from using WEDM, additive manufacturing
(AM) technology can be used. Though many variants of that technology exist ranging
from fused deposition modelling to stereolithography, only a few can be said to be suitable
for fabricating FTSs. AM using selective laser sintering, direct metal laser sintering and
electron beam melting are those that can produce metal-based FTSs tough enough for
ultraprecision machining.

FTSs are generally made of tough metal materials such as steel-based or high durability
aluminum alloys, since they possess high fatigue strength and stress resistive materials
which are needed for ensuring consistent machining performance. Metals with a low
coefficient of thermal expansion should be preferred. Otherwise, even micrometer-scaled
thermal expansion of the CM structure, which is unavoidable and arises from the actuator
during prolonged cutting, can affect the surface finishing.

2.6. General Design Methodologies

CMs can be formally designed using the following general methodologies such as the
building blocks technique [88], freedom and constraint topology (FACT) methodology [89],
pseudo-rigid body modelling (PRBM) [90], kinematics-based methodologies [91] and topol-
ogy optimization approaches [92]. In this section, each of these models will be further
explored to provide a complete picture of the various design methodologies for CM.

2.6.1. Building Blocks Approach

The building blocks approach first identifies the directions along which the outputs of
the CM are required to displace along. Following this, for each directional displacement, a
flexure module is assigned. For example, in Figure 11A, a single DOF precision translational
stage, a blade hinge is used as a fundamental block since it is known to be capable of 1DOF
displacement. A right circular notch hinge could have been used for greater accuracy
albeit with a reduced range of motion. Another bladed hinge is parallelly connected to
the block’s stage for achieving symmetry-based parasitic error. In Figure 11B, for the same
1DOF moving stage, the previous block is now used in a different orientation. This time
round, input displacements can be prescribed at two different locations compared to the
block configuration used in Figure 11A. If the CM is required to move with greater DOFs,
additional blocks are likewise assigned for those directions as in the case for a 2DOF stage
by Awtar et al. [93].

N ®)

Figure 11. Example of a parallelogram flexure module used as a block for generating movement for
each DOF [94]. (A) Single input-single output layout for a CM stage. (B) A multi-input-single output
layout variant.
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Alternatives to the parallelogram flexure block have been developed over recent years.
One block has been designed as a double slider four bar mechanism which can convert
a low frequency input to a higher frequency output [95]. Shell structures have also been
studied and categorized based on their gaussian curvature and flexibility as blocks for
CMs [96]. Lastly, an origami-based geometry which possesses bistability, helical output
displacement and tunable structural stiffness has also been experimented with as a novel
block [97]. CM-based FTSs generally use simple parallelogram flexure blocks nowadays,
but with the use of these novel block designs, new design possibilities and functionalities
could be realized.

2.6.2. Freedom and Constraint Topology

With the freedom and constraint topology (FACT) methodology, the designer is ini-
tially required to know the DOFs the CM is expected to have, and the planes along which it
is required to be constrained. Just with these two considerations, multiple design variations
for the CM can be visualized by referring to a highly systematic library developed by
Hopkins and Culpepper [89]. In Figure 12, three different designs recommended by that
library (1DOF Type 1) for a rotational 1IDOF CM are shown. The planes, in blue, are known
as constraint planes and they are where flexure hinges, or members, are usually placed to
achieve the target output movement shown in red.

For Figure 12, bladed hinges were oriented along the recommended plane directions.
Alternatively, circular, or elliptical hinges may be used for greater rotational precision
though larger space might be needed to accommodate them. Hopkins and Culpepper have
used wire-like struts as flexible members in many of their FACT-based designs [98]. Novel
types of flexure hinges, not just CMs, can be designed conveniently with this methodology.

A CM-based 3DOF cutting tool has been developed by Lin et al. using this methodol-
ogy [99]. The surface machined by their cutter had a surface roughness of 3.446 um while
another that was conventionally was higher at 9.912 um. With the FACT methodology,
Lin was able to identify the plane along which additional constraints are to be placed
for raising positioning stability and thermal resistivity without much loss in machining
accuracy. While Lin’s design’s lack of servo control discounts it from being a FTS, it can
be considered a clear cut example of how the FACT can be useful for designing CM-based
ultraprecision machining tools.

This methodology eschews mathematical formulations unlike the other methodologies
listed in this section. Once the initial design of the CM is agreed upon with FACT, the
mathematics-based approaches listed in this section can be used for optimization purposes.

2.6.3. Pseudo-Rigid Beam Modelling

Conventional modelling of beam deformations is only applicable where small de-
formations are assumed. When the flexure member is thin, it inevitably undergoes large
deformations under loading which renders the conventional beam theory inapplicable
for CMs. The PRBM method overcomes this problem by modelling identified flexible
sections as torsional springs. For each flexible member, instead of using its original length,
an approximate characteristic length is used instead as shown in Figure 13. The prefix,
v, of the characteristic length is known as the characteristic radius factor and it varies
depending on the ratio between the horizontal and vertical component of applied force, n.
While the characteristic length is useful for determining output positioning, the substitute
torsional spring is prescribed a characteristic stiffness, K, for determining the output force of
a flexible member. The characteristic stiffness is also dependent on n. The applicable y and
K values for different n are provided by Lusk [100]. Once the appropriate y and K values
are determined, and depending on how the loading is applied, algebraic equations relating
the torque, x and y reaction forces, and angular and linear displacements are solved [90].
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Figure 12. FACT methodology was used to conceptualize several designs for a rotational 1IDOF
CM [98]. (A) The red arrow indicates the desired rotational movement for the CM, or its freedom.
(B) The blue components indicates the planes, or constrains, along which flexure elements are
to be oriented to achieve rotational motion. (C-E) Rotational CM with two blade hinges aligned
perpendicular to rotational axis. (F-H) Another CM with four blade hinges aligned differently
to produce the same rotational movement in (I). (I-K) The third design variation for the same
rotational CM.
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Figure 13. (A)A parallel CM. (B) Its PRBM equivalent [101] with its / converted to its characteristic
equivalent, ¢/ and its flexing elements reinterpreted as torsional spring of characteristic stiffness K.
Both 7y and K are dependent on the loading subjected on them.

This method allows rapid and simple calculation of a flexure beam bending. Unlike
the building blocks and FACT methodology, with the PRBM method, a quantitative mathe-
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matical model linking design parametric variations with output positioning and force can
be established. Such models can be used for design optimizations towards accurate output
positioning and force transmission.

The PRBM’s weaknesses include neglect of non-linear effects such as center shifting
and load stiffening, applicability to only straight flexure beams, loss of accuracy for longer
span beams and inability to model the beam’s tip angle when under loading. The modified
PRBM (M-PRB) has been developed to address the various non-linear effects commonly
attributed to CMs [102]. While the standard PRBM assigns pinned torsional spring to
each flexible member, the M-PRBM assigns an additional axial spring. Compared with
the original PRBM, its outputs were much closer to control finite element analysis (FEA)
studies. To extend the PRBM to circular flexure beams, a generalized model had also been
developed and found to have better accuracy than its predecessor [103]. While the PRBM
uses only one torsional spring to model flexible bending, the generalized model uses at
least two torsional springs for higher DOF bending.

For designing of FISs, the PRBM method can be right after the flexure elements’
layouts are established with the building blocks or FACT methodology. Each block’s
deformation can be rapidly calculated before subsequent finite element analysis studies.

2.6.4. Kinematics Approach

The kinematics approach assumes that the CM is a rigid body mechanism that under-
goes small displacements, and then develops forward kinematics equations that relate the
actuator’s input and orientation to the flexure hinges’ outputs [104]. An initial layout of
the CM is still needed before using this method though. Therefore, FTS designers still need
to rely on the building blocks or the FACT approach during the initial design stage.

Two kinematics approach includes the compliance matrix model (CMM) and the
pseudo-static model (PSM). The compliance matrix model (CMM) involves developing
stiffness matrices for each flexure element. Bernoulli’s theory can be used for developing
stiffness matrices of simple beam flexures and Mohr’s integral method may be used for
bent flexure members [105]. With the applied wrench, F, consisting of forces and moments,
together with the flexure member’s compliance matrix, C, the output twist, U, consisting
of the rotation and translation can be calculated [106]. The 6 x 6 C matrix’s coefficients
depend on the flexure members’ shape and material and can be referred from [107].

Since a CM can have flexure elements serially or parallel arranged, the equivalent
compliance matrix determination for both cases is computed differently. For the serial
CM, the equivalent compliance for a complete serial CM is a summation of each flexure
element’s compliance matrix transformed from its local coordinate frame as shown in
Equation (7). Whereas for the parallel CM, the equivalent compliance matrix has more
complexity as shown in Equation (8).

T
CSerial = ZTzocflexure element (Tzo) (7)

—1\ 1

, NT T
Cparallel = Z <T10 <Z T;Cflexure element (T]l> > (TZO) ) (8)
]

1

Wang et al. have noted that since each compliance matrix for a flexure element is
intrinsically ill conditioned, inverting it for parallel CMs might lead to numerical instability.
This translates to a significant disparity between estimated and calculated stiffness [108].
Despite remarking that the CMM might not produce ideal results for parallel CMs, Wang
proved that if the CM has a relatively high rotational or radial translational compliance,
the CMM can yield acceptable results. Most FTS designs mentioned in succeeding sections
have used the CMM method to a great degree of accuracy.

Similar to the CMM method, the pseudo-static model (PSM) involves compliance
matrices but one major difference is that dynamic properties are now included. Apart from
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being able to predict the output force and positioning, the PSM is also capable of computing
the natural frequency of the CM design. Ling et al. have used the PSM method for their
2DOF CM design to accurately predict its natural frequency if one of its internal structure’s
orientations varies [109].

2.6.5. Topology Optimization

Synthesis of CMs via topology optimization involves iteratively seeking the best struc-
tural layout in an approximate design domain by minimizing a target cost function without
violating any prescribed constraints [110]. The most common constraints can be structural
volume, and input and output displacements. Regions that are required to flex for achiev-
ing the desired output will be located as flexure points in the converged geometry [111].
These flexure points which are very small in form, pose manufacturing challenges and
undoubtedly have heightened local stresses under loading [112]. Furthermore, using the
numerically converged design as FTS will not be feasible during machining as high cutting
forces could arise from the highly accelerated back-and-forth cutting motion into tough
metal workpieces. Post processing steps such as flexure point enlargements are required
to modify them into flexure hinges [113] before setting them up for use in SPDT. Identi-
cal to the aforementioned design methodologies, thermal effects are also not considered
by solvers.

2.6.6. Data Driven Design Approach

As the designs of a CM become more complex, optimizing it with multi objectives
becomes a very challenging matter, especially in terms of computational time. To address
that, a new approach to CM design based on data has surfaced over recent years.

The toolset o