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Abstract: A three-legged compliant parallel mechanism (3L-CPM) achieves fully decoupled motions
when its theoretical 6 X 6 stiffness/compliance matrix is a diagonal matrix, which only contains
diagonal components, while all non-diagonal components are zeros. Because the motion decoupling
capability of 3L-CPMs is essential in the precision engineering field, this paper presents the fundamen-
tal criteria for designing 3L-CPMs with fully decoupled motions, regardless of degrees-of-freedom
and the types of flexure element. The 6 X 6 stiffness matrix of a general 3L-CPM is derived based on
the orientation of each flexure element, e.g., thin/slender beam and notch hinge, etc., and its relative
position to the moving platform. Based on an analytical solution, several requirements for the flexure
elements were identified and needed to be satisfied in order to design a 3L-CPM with a diagonal
stiffness/compliance matrix. In addition, the developed design criteria were used to analyze the
decoupled-motion capability of some existing 3L-CPM designs and shown to provide insight into the
motion characteristics of any 3L-CPM.

Keywords: three-legged parallel mechanism; compliant mechanism; flexure-based mechanism;
flexure; compliant joint; decoupled motion; coupled motion; stiffness; compliance

MSC: 70-10

1. Introduction

Compliant (or flexure-based) mechanisms have been widely used to develop pre-
cise devices, such as micro-scale manipulation grippers [1,2], nano-scale positioning
actuators [3,4], alignment systems [5-7], etc., due to their frictionless elastic deformation
behavior. Precise positioning is considered to be one of the most popular applications
for a compliant mechanism, because it has the ability to deliver repeatable motion with
high positioning resolution, which its traditional counterparts failed to achieve [8]. In the
past few years, compliant mechanisms have been preferred in biological/surgical applica-
tions [9,10], micro-machining systems [11-13], and bulk lithography and microlithography
three-dimensional fabrication processes [14,15]. It is seen that the abilities of producing
precise and repeatable motions of compliant mechanisms are essential in these advanced
applications. Thus, the motion property of compliant mechanisms needs to be thoroughly
investigated to further improve their performance.

Compliant mechanisms in these applications can be designed through various tech-
niques, such as the pseudo-rigid-body modeling approach [5,16-41], the exact constraint
design approach [42-52], and topological/structural optimization methods [6,7,53-56].
In addition, parallel kinematic configuration is commonly adopted to design compliant
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positioning stages, due to its closed-loop and compact architecture. As a result, numerous
three-legged compliant parallel mechanisms (3L-CPMs) with different numbers of degrees-
of-freedom (DOF) have been developed over the past two decades, e.g., the 3-DOF in-plane
motions (X-Y-67) 3L-CPMs [18-20,22,27,29,35,53,55], the 3-DOF out-of-plane motions (X-Y-
Z) [24,25] and (0x-0y-Z) [5-7] 3L-CPMs, and the 6-DOF motions 3L-CPMs [28,31,42,43,56].
These 3L-CPMs all adopted a three-legged parallel kinematic configuration as a base archi-
tecture. Due to their popularity, this paper focuses on the 3L-CPM with detailed studies on
its motion decoupling capability.

In general, a 3L-CPM consists of three legs, wherein each leg is formed by either one
or a series of flexure elements, e.g., thin/slender beams or notch hinges, etc., connected
together. Hence, each leg can be partially compliant if a rigid-link is used to connect two
flexure elements, or is fully compliant; or if there is no rigid-link between two flexure
elements. Depending on the structure of the leg, 3L-CPMs can be classified into two types,
i.e., single flexure serial chain and double reflecting flexure serial chains in a leg. For
a 3L-CPM or any compliant mechanism, DOF represents the number of possible output
motions that the moving platform can deliver, i.e., three translation motions along and three
rotation motions about the respective X, Y, and Z axes. In an ideal case, the output motions
have to be fully decoupled, i.e., delivering the desired DOF in the actuating directions
and without any parasitic motion in the non-actuating directions. Based on Hooke’s Law,
the motion property (coupled or decoupled) of a compliant mechanism is governed by a
6 X 6 stiffness matrix where the diagonal components represent the stiffness characteristics
of all six possible actuation directions, while the non-diagonal components are responsible
for the off-axes (or non-actuating) stiffness characteristics.

Past works in the literature have shown that the motion properties of many existing 3L-
CPMs were generally neglected [18-22,24,25,27-29,31,33,35,41-43,54]. Based on the derived
6 X 6 stiffness/compliance matrices, only few recent 3L-CPMs demonstrated decoupled
motions [7,52,55,56], while most 3L-CPMs could only deliver coupled motions [5,6]. The
main reason is that the existing 3L-CPMs were synthesized with the aim of achieving the
desired DOF. As a result, they were able to deliver the motions in the desired actuating
directions, but they also produced undesired parasitic motions in the non-actuating di-
rections. More recent efforts have mainly focused on synthesizing 3L-CPMs with a high
ratio between the non-actuating stiffness and actuating stiffness [6,7,53,55], so as to keep
the undesired parasitic motions to a very small percentage as compared to the actuating
motions. In addition, several design criteria for achieving 3L-CPMs with decoupled motion
capability were recently presented in Reference [7]. Such criteria were obtained by substitut-
ing a number of discrete parameters (orientation and position) of flexure elements into the
mathematical model of a 3L-CPM used in a specific structural optimization method [7,56].
Thus, these criteria are not general and cannot be applied in different design methods.
Because motion decoupling is an important performance indicator for any positioning
system, the criteria that can be used to design decoupled-motion 3L-CPMs regardless of
design method and DOF are essential. This paper presents the fundamentals for designing
any 3L-CPMs with fully decoupled motion characteristic. This includes several design
criteria that need to be fulfilled in order to completely eliminate parasitic motions. The
findings that arise from this work suggest that parametric features of flexure elements,
such as the orientation and relative position to the end effector, will have a direct impact
on the performance of any 3L-CPM in terms of the DOF, the constrained motions, and the
parasitic motions.

The remainder of this paper is organized as follows: Section 2 describes the stiffness
modeling of a typical 3L-CPM and the stiffness property of each leg. The criteria of flexure
elements to design a 3L-CPM with fully decoupled motion are presented in Section 3, and
a special case of 3L-CPMs having two reflecting flexure chains in a leg is discussed in
Section 4. Section 5 presents a review on the decoupled-motion capability of an existing
3L-CPM, and Section 6 provides discussions about the findings in this work. Lastly, some
conclusions are offered in Section 7.
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2. Stiffness Modeling of a Decoupled-Motion 3L-CPM

In this work, a CPM is represented by a mechanism having three compliant legs that
are distributed symmetrically about the center of the end effector. The legs are fixed at one
end, while the free ends are connected with the end effector. Each legs contains a serial
chain of flexure elements and rigid links, as illustrated in Figure 1. Here, the global frame,
XYZ, is attached to the center of the end effector, and the local frame of each leg, X'Y'7!,is
attached at the free end of each leg. Note that the X"Y’ plane of the local frame of each leg
lies on the same plane as the XY plane of the global frame.

| Structure of a 3L-CPM|

End effector

Flexure element
Rigid link

Figure 1. Construction of a general 3L-CPM.

The stiffness property of a 3L-CPM is governed by the stiffness of the legs and the
moving stage (end-effector). The stiffness matrix of the leg along the Y axis is represented
by K’ with respect to (w.r.t.) the local frame, i.e., at point E, as shown in Figure 1. With D as
the vector that represents the distance between the local frame of the leg and the global
frame of the 3L-CPM, the stiffness matrix of the entire 3L-CPM, K™, is expressed as follows:

k= 3R () (1) @
i=1

where i = 1, 2, and 3 denotes the three legs in the CPM, as illustrated in Figure 1; J! is the
translation matrix from the local frame of the ith leg to the global frame; and Rf is the
rotation matrix about the Z axis of the ith leg. As three legs are symmetrical and 120° apart,
Rf and ]f» are written as follows:

cosf; —sinf;, 0

Rf» = [ R:(6:) 0 ] where R;(6;) = | sinf; cos6; 0 ()
0 Rz(gz') 0 0 1

0 D;, —Dy,
—Dy, 0 Dy,
Dy, —Dxy, 0

1

]l-:[ ! O]whereTﬁz

i Té I (3)

In Equation (2), the values of 61, 65, and 65 are 0°, 120°, and 240°, respectively. In
Equation (3),Dy;, Dy;, and D, are three components of D; and represent the projections of
the distance from each local frame to the global frame onto the X, Y, and Z axes, respectively.
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Note that D,, = 0, since the XY plane of the local frames lies on the same plane as the XY
plane of the global frame.
Here, the stiffness of a general leg, K/, is represented as follows:

- -
k’1 1 KL SYM

! kl21 kl22 kL

K = 31 32 "33 4
e ‘)
kl51 k152 k153 k?4 k155 kl
L "61 62 63 64 65 66 |

where the non-diagonal components are symmetrical. By substituting Equations (2)—(4)
into Equation (1), the general form of the stiffness matrix of a 3L-CPM is as follows:

km
11 "
0 K y SYM
m_ | 0 0 ki3
S P ©

ksi ky, 0 0 kg
0 0 k% 0 0 Kkt

with d denoting the size of the end effector, as illustrated in Figure 1, the expressions of the
non-zero components within the stiffness matrix of Equation (5) are expressed as follows:

= k= 3(k, + k)
k3 = 3ké73

= kg = 30y — 2kl + K+ 1)

ki = 3(d2Kly +2dKly + Ky ) ©)
K= iy = =3 (kb — Ky — k)
K= =k = 3 (kb + kb, — k)

ks = 3(did, + k)

By referring to Equation (6), the five non-diagonal components within K™ (k}};, klj5,
k3, kiy, and k{3) are represented by seven components within K/ (kl31, kl32, kfﬂ, kfg, kél,
kL,, and kL,). To fulfill the requirements of a fully decoupled motion, all non-diagonal
components in K" must be zeros. In this work, the 6 x 6 stiffness matrix of a 3L-CPM with
fully decoupled motion characteristic is termed as a diagonal stiffness matrix, as shown

in Equation (7).

km
11
0 ki SYM
m_ | 0 0 KB
K=10 o 0o #p @

0 0 0 0 k&
0 0 0 0 0 K.

In order to obtain a diagonal stiffness matrix as shown in Equation (7), the five non-
diagonal components in Equation (5), for which the expressions are written in Equation (6),
must be zeros. With kj} = ki, and ki = —kJ}, the relationship between seven variables
(Khy, Ky, Ky, Ky, KLy, KLy, and KL3) in K, K, k2, K2, and k7 can only be represented
by three equations, and this condition led to a multiple-solutions problem. Hence, it is
important to note that this work only uses a special case (or solution) to demonstrate how
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the presented mathematical models can be used to synthesize a 3L-CPM with the aim
of achieving fully decoupled motion capability. This special case is to make those seven
components within K be zeros, as shown in Equation (8).

. -
11
kb, kb, SYM
1
K| 0 0 Ky @®)

1 l 1
0 0 K
L k61 k62 0 k64 k65 k66 _

In this work, the two popular-choice flexure elements that are used to synthesize the
compliant mechanisms are the beam type and the notch type, as shown in Figure 2. Both
elements have thin features which permit elastic bending in a specific direction.

(a) (b)

Figure 2. Original orientation of the flexure elements (solid lines): (a) beam type and (b) notch type,

with the local frames, X”Y”Z”, attached at the free end and the arbitrary orientation of the flexure
elements (dotted-lines) about these local frames.

Assuming that each leg being formed by a serial chain of flexure elements and rigid
links where a rigid link has infinite stiffness (non-compliance) property, the compliance
of each leg (C') is governed by the compliance of each flexure element, C¢, expressed
as follows:

cl— ]é JiRSCS (Rj.) ! (]]e.) ’ ©)

where 1 denotes the number of flexure elements, and R;? and ]]? are the rotation matrix, and
translation matrix of the jth flexure element respectively. Referring to Reference [57], the
compliance matrix of each original flexure element, C, with respect to the local frame, as
illustrated in Figure 2, is defined as follows:

CE
L
0 ¢ ) SYM
0 0 ¢
e __ 33
S=10o o o ¢, (10)
0 0 & 0 c3
e €
0 ¢ 0 0 0 ¢t

Equation (10) is applicable for both the beam type and notch type flexure elements, as
illustrated in Figure 2 [57]. In addition, the geometry of each flexure element type can vary
without changing the form of the compliant matrix expressed in Equation (10). Several
kinds of flexure elements which have a similar form of compliance matrix are presented in
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Appendix A. Note that the X”Y” plane of the local frame of each flexure element (Figure 2)
lies on the parallel plane with the XY plane of the global frame, as illustrated in Figure 1.
By referring to Equation (9), we see that the rotation matrix, R¢, is a 6 X 6 matrix and is
defined as the multiplication of the rotation matrices about the X”, Y”, and Z” axes (Rij,
R;], and Rg/,). Hence, it is written as follows:

R RZ Ry, R 0 h R oSy IR 8
| = where = | siny; cosv; ,
i 0 R RY RS, 2 071 071 !
cosfj 0 sinf; |
R = o 1 o0 |, (11)
| —sinB; 0 cosp;
1 0 0
Rfc]_ = | 0 cosaj —sing;
0 sina; cosa;

Here, a;, B;, and 7j represent the rotation angles about the X”, Y”, and Z” axes,
respectively. The geometries of a flexure element before and after orientation are also
illustrated in Figure 2. As for the 6 x 6 translation matrix, ]]e., it represents the projected
distances onto the three axes (ij, Ty and rzj) from the jth flexure element to the local frame
of the leg that are indicated by vector r;, as shown in Figure 1, written as follows:

. I ¢ . 0 Tz Ty
J = 0 I] wherer; = | —73 0 rx; (12)
fy, Ty 0

Using Equations (9)(12), the compliance matrix of a leg, C', can be obtained, and the
-1
stiffness matrix of each leg is given as K = (C') .

As mentioned earlier, the stiffness matrix of each leg must follow the exact form shown
in Equation (8), and this requirement applies to its corresponding compliance matrix too.
The detailed derivation of the compliance matrix of each leg with the aim of achieving
that requirement is presented in Appendix B. To summarize the results obtained from
Appendix B, one condition which allows for the compliance matrix of a leg to become the
exact same form as Equation (8) is for seven components within the compliance matrix
of a leg to be zeros, i.e., cél = céz = cil = cﬁlz = c.la-1 = cl52 = cl63 = 0. This condition
offers simplicity during the design stage and can be used as the standard approach to
synthesize 3L-CPMs with the aim of achieving fully decoupled motion capability. However,
it also introduces a multiple-solutions problem to solve the corresponding components
within the stiffness matrix, K'. Among a number of possible solutions, kl64 = kl65 =0isa
unique solution that is used to fulfill the condition in this work. By adopting this unique
solution, both the stiffness matrix and the compliance matrix of a leg will have the same
form as expressed in Equation (13), and the expression of each component within K/ is
given in Appendix C.

ol T rol 11
N i
k21 k22 | SYM Cy; Cpp l SYM
0 0 Ky 0 0 dy
1
0 0 kf;a kfm 0 0 Cia Ciy; (1)
I I I ] I I
? (l) kss ks kss l ? (l) Cs3 C54  Cop 1
| kg ke O O 0 ke | [ C%1 S 0 0 0 Ce6
} }
Kl -1
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3. Characteristics of Flexure Elements in Decoupled-Motion 3L-CPMs

In this section, the desired rotation angles («, 8, and <) and distances (ry, r;, and rz)
of flexure elements in a leg to achieve decoupled-motion capability are analyzed. First,
Equation (9) is re-expressed as follows:

-1

n - - Y
e~ ) (5) o

where f]e- indicates the compliance matrix of the jth oriented flexure element referring to
the local frame X'Y’Z’ attached to the free end of the leg, as illustrated in Figure 1. In order
to achieve fully decoupled motion, the nine non-diagonal components (cél, cﬁn, c’51, cl32, ciz,
0152, 0163, 024, and 0165) of the compliance matrix, c , must be zeros, as shown in Equation (13).
As C! is the sum of n sub-components, é]e-, there could be numerous solutions, because all
components within E; can have arbitrary values in general cases. In this work, a special

case where all E; have the same form (C') is considered and yields the following:

1
&, @, SYM
—e Ch1 = Can = C
C = gl 0 22 0 §3 15
- E@ — E@ — 0 EC EE ( )
41 0 43 44
=€ __ =€ __ =€ —=e =€
G5 =0 C5=0 55 C5q Cs5
=4 =€ =4 _ =€ _ =4 _ =€
Ce1 Ce2 C3=0 Cou =0 Co5=0 Cgo

Note that C in Equation (15) is different from C° in Equation (10), since
C° = JRC'(R?)(J°)7, as expressed in Equation (14). R° and J° are similar to
Equations (11) and (12) with the subscript, j, being removed.

Equation (15) describes the condition to obtain a 3L-CPM with fully decoupled motion
capability, expressed by nine equations that can be obtained based on those nine zero
components. There are six unknowns in these equations, i.e., the rotation angles («, B, and
7) and the distances (ry, 1y, and r;) measured from the moving end of the flexure element
to the free end of the leg.

t§ = —cfysinpBcos fcosy + c§y cos B(rycosy — rysiny) (r, sin f + r; cos fsiny) —

cos Bsina{cos ysina(cé,r, — ¢4y sin B) + cos a[cg,ry cos B+ (c5, — o7z sin B) siny] }+

cos & cos B{cos a cos v (c&srz + c§g sin B) + sina[—cyry cos B+ (c§; + c&arz sin B) siny] }+

[sinasin B(r, cosy — rysiny) — cosa(rx cosy + r, siny)]- (16)

{cos a cos 1y (c&srz 4 ¢4y sin B) + sina[—césry cos B+ (c&y + 57z sin B) siny] }+

[cos 7y (rysina +ry cosasin ) + (rysina — ry cos asin B) sin |-

{cosysina(—cirs + c&ysin B) — cosa[cery cos B+ (& — cerzsin B) siny| }

=€
Cy1

Cs51

{cos & cos 1y (c&srz + ¢4y sin B) + sina[—césry cos B+ (c&g + 57z sin B) siny| }+

= ¢4, cos B cos 7y (ry, sin B+ r; cos Bsiny) + (cosysinasin f — cos asiny)-

17
(cosacosysinf +sinasiny)- 17
{cos y sina(—cégrz + &, sin B) — cos a[céry cos B+ (g, — cerzsin B) siny] }
= ¢§, cos Bsiny(ry sin f + r; cos Bsiny) + (cosa cos y + sina sin fsin y)-
{cos a cos 7y (c&srz + &y sin B) + sina [—cisry cos f+ (c&; + 57z sin B) siny] }+ as)

(—cosysina + cos a sin Bsiny)-

{cosysina(—cirs + c&ysin B) — cosa[cery cos f+ (&, — cerzsin B) siny] }
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5, = —c§;cospsinpBsiny — c§, cos B(rz cos fcosy + rysin B)(ry cosy — rysiny)+
cos Bsina{cos a[cS,ry cos B+ cos y(c5, — céyrzsin B) | + sina(—cé,r; + ¢, sin B) siny }+
cos & cos B[,y cos Bsina — cos y sina (¢l + c&yrz sin B) + cos a(céyrz + 55 sin B) siny|+
{cosa[ctrx cos B+ cosy (g, — cirzsin )] + sina(—ciqrz + ¢y sin B) siny }- (19)
[cos ¥ (ry sina + ry cosasin B) + (ry sina — ry cosasin B) sin y|+
[césrx cos Bsina — cos ysina(cgy + cEs72 sin B) + cos o (cEsrz + &y sin B) siny]-
[sina sin B(r, cos ¥ — rysiny) — cosa(rx cosy + 1y, siny)]
Cjp = —C44C08Bcosy(r;cosPBcosy +rysinf) + (cosacosysinp + sinasiny)-

{cosa[cerx cos B+ cosy(ct, — cerzsin )] + sina(—céerz + c&ysin B) siny }+ 20)
(cosysinasin — cosasiny)-

[césrx cos Bsina — cos ysina(céy + cEzrz sin B) + cos a(césrz + c&g sin B) sin |
Csy = —C4y008B(rzco8Bcosy +rysinf)siny + (—cosysina + cosasin Bsiny)-

{cosa[céeryx cos B+ cosy(cty — cirzsin B)] + sina(—cierz + c5ysin B) siny }+ a2
(cosacosy + sinasin fsiny)-

[césrx cos Bsina — cos ysina(céy + g7z sin B) + cos a(césrz + c&y sin B) sin 7|

T = 5c08 B{(cfy + ch3) cos Bsin2a + [2cy — chs — chg + (chs — Cfg) cOs 2] 22)
sin B(—rycosy + rysiny) — (&5 — &) sin2a(ry cosy +rysiny) }

Gy = cos {cos 0% (—624 + &g cos®  + c&s sin? uc) sin B+ (—c&5 + cgg) cosasina sin 'y} (23)

Cgs = cos B [(CES — c%) cos a cos 7 sin & + c& cos” a sin Bsiny + (—024 + c&5 sin’ oc) sin B sin 'y] (24)
This set of equations can be solved by considering Equation (22) first, because f is the
only dominant angular variable, and the results are given as follows:

B = 90°
Ce3=0< | a=0%and p=0° 180° ; V7, 7y, Ty, 1z (25)
« =90° and g = 0°, 180°

Here, the rotation angle about the X” axis, «, varies from 0° to 90°, because of the
symmetrical structure of the flexure elements, as illustrated in Figure 2. Equation (25)
shows that there are three possible cases for, ¢g; = 0 with the four remaining variables (7,
rx, 1y, and ;) being arbitrary values.

First, the case with 8 = 90° is considered. With every component within the compli-
ance matrix of the flexure element having a specific value, as shown in Equation (10), six
Equations, from (16) to (21), are always different from zero with any value of -y, ry, r,, and
1. Hence, B = 90° is not a feasible solution.
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Next, consider the second case with « = 0° and 8 = 0°, 180°; the following results can
be obtained:

) = 7o {Fclsrx cos? ¥ F ¢ resin® y + cos vy [cgy + (£c§, F &) rysiny] }

T4y = (c§y — c&5)rz cosysiny

¢y = r2(cgs cos? 7y + ¢4y sin? )

Ty = £z [Fciyry cos? v + (£, F cés)rx cos ysiny + siny(cgy F cgrysiny)]  (26)
4y = —12(c%y cos? 7 + c&s sin® )

C5y = (—cfy + c&s) 7z cos ysiny

=€ _ =€ __
Cos = Co5 = 0

Here, the upper signs of “+” and “F” in Equation (26) represent the case of a« = 0°
and B = 0°, while the lower signs represent the case of x = 0° and 8 = 180°. To solve
Equation (26), ¢%, is first considered to be equal to zero, a unique solution can be obtained
r, = 0 by, and 7 can be any value. With r, = 0, all the remaining equations in Equation
(26) will also be equal to zeros. Hence, r, = 0, &« = 0°, B = 0° or 180° are solutions used to
obtain a 3L-CPM with any DOF and decoupled motions.

Similarly, for the case with « = 90° and § = 0° or 180°, it can be shown that this is
also a possible solution. In summary, the two feasible solutions found from Equation (25)
with r, = 0 are as follows:

x=0°and g =0°, 180°
& =90°and p = 0°, 180° 7"V "% Ty @)

Equation (27) provides the design criteria for the orientations and positions of the
flexure elements that need to be satisfied to design a 3L-CPM with fully decoupled motion
capability. Figure 3 illustrates the desired orientation of the flexure elements about the X”
and Y” axes, with various orientations about the Z” axis. With flexure elements in a leg
having these orientations and distributing in the X’Y’ plane (r, = 0), a 3L-CPM is able to
achieve fully decoupled motions.

(@ (b)

(©) (@

Figure 3. Orientations of the flexure elements in fully decoupled motion 3L-CPMs: (a) beam-type and
(b) notch-type with @ = 0°, B = 0° or 180°, and r, = 0, respectively. (c) Beam-type and (d) notch-type
with o = 90°, B = 0°, 180°, and r, = O respectively.
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4. Stiffness Analysis of 3L-CPMs Containing Two Serial Flexure Chains in a Leg

In Section 2, the stiffness modeling of a general 3L-CPM, with each leg consisting
of a single serial flexure chain, is presented. However, there are many existing 3L-CPMs
synthesized by constraint-based and optimization methods that have two reflecting (or
symmetrical) serial flexure chains, as shown in Figure 4 [6,7,28,31,42,43,53,55,56,58]. In this
section, the analysis of such a leg configuration is presented.

A Z'l 'l'

eflection
plane
(Y'OZ")

L}
2

Figure 4. Construction of a 3L-CPM leg containing two reflecting serial flexure chains.

From the literature [6,7,28,31,42,43,53,55,56,58], we can see that the double flexure
chains are either on the same plane or have an offset distance of 2A along the Z' axis, as
shown in Figure 4. The stiffness matrix of each leg is expressed as follows:

1 " -1
+ (ZJ(_A)MCSCMT](T A)> (28)
j=1

n
K= (X:l] <+A>CSCJ<T+A)>
]:

where M is the reflection matrix about the Y'Z' plane given in Equation (29); and J 5y and
J(—a) represent the offset matrices used to shift the original flexure chain and the reflecting
flexure chain along the Z’-axis distances of +A and —A, respectively, as given in Equation (30).

100 0 00
0 10 0 00
0 01 0 00

M=1"9 00 -1 0 0 (29)
0 00 0 10
0 00 0 01
1 0 0000
0 1 00 00
0 0 100 0

Jem =1 0 4a 01 0 0 (30)
FA 0 0 0 1 0
0 0 00 0 1
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Here, C* is the compliance matrix of a serial flexure chain that can be calculated
by Equation (9). The results from Section 3 are used to analyze the stiffness property of
3L-CPMs with two reflecting flexure chains. After substituting Equations (9), (14), (29) and
(30) into Equation (28), the results show that the decoupled motion capability can only be
achieved when the offset distance 2A = 0 (or A = 0). The offset distance can be considered
as the translation component along the Z axis of each flexure elements () that can lead
coupled motions, as mentioned before. Most important, to achieve fully decoupled output
motion, C* must be in the following form:

CSC
11
% SYM
SC
¢ — 0 0 33 (31)

SC SC
0 0 5
SC SC SC
0 0 55 5y 35
SC SC SC
Ce1 Cen 0 0 0 Ceo

5. Review and Analysis of the Motion Characteristics of Existing 3L-CPMs

In Sections 2-4, 3L-CPMs constructed with single or double serial flexure chains in a
leg together with their corresponding stiffness modeling and decoupled design criteria were
presented. In this section, the proposed criteria are used to analyze the decoupled-motion
capability of some existing 3L-CPM designs. It can be seen that the analysis provides insight
into the motion characteristics of 3L-CPMs. With the design criteria for synthesizing 3L-
CPMs with fully decoupled motions being provided and the motion-decoupling capability
of popular 3L-CPM designs being clearly defined, designers can select or synthesize any 3L-
CPM with suitable motion property (coupled or decoupled) for their specific applications.

This section presents a short review on the motion characteristics from some of the
existing 3L-CPMs. For each CPM, either the compliance matrix of a leg/serial flexure
chain or the stiffness/compliance matrix of the entire mechanism was derived and used
to determine the theoretical motion characteristics. For 3L-CPMs having a single serial
flexure chain in each leg, fully decoupled motion can be achieved if the compliance matrix
of the leg is in the form of Equation (13). The full stiffness matrix of the entire 3L-CPMs
can then be calculated by using Equations (5), (6) and (14). For 3L-CPMs containing two
reflecting serial flexure chains in each leg, fully decoupled motion can be obtained if the
compliance matrix of a serial flexure chain is similar to Equation (31), and the full stiffness
matrix of entire CPM can be calculated based on Equations (5), (6) and (28). Note that the
analyses were conducted for general cases where most parameters, such as rotations angles
and distances, are symbolic. Therefore, the obtained results are in general forms, while the
results for some specific designs were obtained by substituting values into the parameters.

5.1. Three-Legged Revolute—Revolute-Revolute and Three-Legged Prismatic—Revolute—Revolute CPMs

The Three-legged Revolute-Revolute—Revolute (3RRR) configuration has been the
most popular design for developing 3-DOF 3L-CPMs with (X-Y-07) planar motions, which
are widely used in positioning/alignment systems [18-20,22,27,29,35,41]. The schematic
diagram of a typical 3RRR-CPM is illustrated in Figure 5a, while Figure 6a illustrates
the three-legged Prismatic—Revolute—Revolute (3PRR) configuration, which is a variant
of 3RRR, where a revolute joint is replaced by a prismatic joint. The 3PRR-CPMs are
preferred to create 3-DOF planar motions in MEMS devices, due to their advantage in
actuation [59,60]. The prismatic joint can be designed as an active joint and easily driven
by a linear actuator. Note that all flexure elements must be in the XY plane to create three
desired motions. The physical prototypes of positioning systems developed based on 3RRR-
and 3PRR-CPMs are shown in Figures 5b and 6b, respectively.



Mathematics 2022, 10, 1414

12 of 30

(a) (b)

Figure 5. (a) Schematic diagram of 3RRR-CPM and (b) micro-motion stage developed based
on 3RRR-CPM.

—E Revolute joint
—{_F Prismatic joint

(a)

Figure 6. (a) Schematic diagram of 3PRR-CPM and (b) a positioning stage developed based
on 3PRR-CPM.

To determine the theoretical motion characteristics of 3RRR-CPM or 3PRR-CPM, the
compliance matrix of each flexure element is represented by C{, C5, and Cj, respectively,
and each compliance matrix has a similar form to the one shown in Equation (10). Here, C{
is the compliance matrix of either the first revolute joint within a 3RRR-CPM or the first
prismatic joint within a 3PRR-CPM. Cj and Cj are the compliance matrices of the second
and third revolute joints, respectively. As illustrated in Figures 5a and 6a, each joint has
a different orientation about the Z” axis, Y and a different distance to the moving end
point, rj, with j = 1, 2, and 3. The projections of r; onto the X and Y axes are ry; and ry,
respectively. Based on Equation (9), the formula to calculate the compliance matrix of a leg
is written as follows:

where ]]‘i and R]E- are obtained by using Equations (12) and (11), respectively. The result of
Equation (32) is shown in Equation (33), and the detailed expression of each component
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is given in Appendix D. It is observed that the compliance matrix of each leg within the
3RRR-CPMs and 3PRR-CPMs is similar to the form expressed in Equation (13). Hence,
this observation suggests that the 3RRR and 3PRR configurations are able to deliver fully
decoupled motion. This performance indicator also highlighted why both configurations
are popular designs for developing state-of-the-art 3L-CPMs.

S
cl21 cl22 SYM
1
Cl _ 0 0 C33

I (33)

5.2. Three-Legged Prismatic-Prismatic-Spherical and Three-Legged Revolute—Prismatic—Spherical CPMs

Based on past works in the literature, the three-legged Prismatic-Prismatic-Spherical
(3PPS) [5,32] and the three-legged Revolute-Prismatic-Spherical (3RPS) [21,61] configura-
tions were adopted to develop 3-DOF 3L-CPMs with (6x-0y-Z) out-of-plane motions, as
shown in Figure 7a,b respectively. For both 3L-CPMs, each leg employed three serially
connected flexure elements along the Z axis to create the desired motions. As a result,
the component r;; in Equation (12) exists and generates the off-axis components in the
compliance matrix of a flexure element after transformation (é;). Here, the components
within C! can be derived from the following:

3
€
czb = Z Ca]b (34)

=1

where Ezjb is a component on row a2 and column b in E; calculated by Equation (14).

zZ 3z End effector

End effector

(a) (b)

Figure 7. Structure of (a) 3PPS CPM [62] and (b) 3RPS CPM modeled based on the design presented
in [21].

Based on the results obtained from Equation (16) to Equation (24), the components,
ie., E;jl, Eijl, E;"l, E;jz, Eijzf and E;’é, are non-zeros because of the existence of raj. Thus,
the corresponding components in C' are also non-zeros. Therefore, the legs’ compliance
matrices within the 3PPS- and 3RPS-CPMs do not satisfy Equation (13). As a result, both
the 3-DOF 3PPS- and 3RPS-CPMs will generate coupled motions. This coupled motion
property can be observed from Equation (35), which is the 6 x 6 stiffness matrix of the 3PPS-
CPM (Figure 7a) taken from Reference [5]. Having those five non-diagonal components
indicates that the developed 3PPS-CPM cannot deliver fully decoupled motion.



Mathematics 2022, 10, 1414

14 of 30

K =

2.57 x 10°

0 2.57 x 10° SYM

0 0 3.99 x 10°
547 x 10! 5.18 x 103 0 9.51 x 102 (35)
—5.18 x 103 5.47 x 10" 0 0 9.51 x 102

0 0 —5.63 x 10! 0 0 1.72 x 103

5.3. Three-Legged Prismatic—Revolution—Prismatic—Revolution CPMs

Based on past works in the literature, several 3-DOF 3L-CPMs with spatial motions
capability have been developed by using the three-legged Prismatic-Resolution-Prismatic—
Revolution (3PRPR) configuration. Depending on the orientations of the prismatic and
revolute joints, a SPRPR-CPM can deliver either (X-Y-Z) [24,25] or (0x-6y-Z) [16,17] spatial
motions, as shown in Figure 8a,b respectively. For the 3PRPR-CPM with (X-Y-Z) spatial
motion, as shown in Figure 8a, all the P-joints and R-joints within each leg have their
respective X”Y” planes. The P-joints operate in their respective X”Y” planes, while the
R-joints rotate out of these planes. To analyze its compliance behavior, the leg parallel to the
Y axis of the global frame was selected. Note that detailed modeling follows the procedures
presented in Section 2. Here, each leg consists of four flexure elements (ey, e, €3, and e4),
representing the P-, R-, P-, and R-joints, respectively. The local frame X'Y'Z’ is attached at
the free end of the leg. The compliance matrix of each flexure element, C]g- (withj=1,2,3,
4), is given as follows:

oy
b SYM 0 & SYM
P R
8 683 c pand € =G = 8 g C83 R (36)
44 44
0 o 0 o 0 0 & o &
&, 00 0 0 & 0 0o 0 &

(a) (b)

Figure 8. Prototypes of 3PRPR-CPMs with (a) X-Y-Z motions modeled based on the design presented
in [24] and (b) 6x-0y-Z motions modeled based on the design presented in [17], respectively.

Based on Figures 2b, 8a, and A1b, the two P-joints can have arbitrary rotation angles
(771 and 73) about their Z” axes, while the two R-joints have two rotations, i.e., about the
X" axes with an angle of 90° (ap = x4 = 90°) and about the Z” axes with an angle of 90° (72
=74 = 90°). All flexure elements have no rotation about their Y” axes (81 = B2 = f3 = Ba
=0). In addition, as the first three flexure elements (e1, e, and e3) are located at specific
distances from the local frame of the leg X'Y'Z', the distance vectors are r; = {rxl, Typ, Tz },
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1) = {ry,, 1y, 2}, and r3 = {ry,, 1y,, 12, }, respectively, as illustrated in Figure 1 and
Equation (12). Moreover, 14 is a zero vector, because the free end of the last R-joint (e4)
coincides with the frame X'Y’Z’. By substituting these parameters into Equations (9), (11)
and (12), the compliance matrix of the proposed leg can be expressed as follows:

ro -

"o
C121 cl22 l SYM
1_ | G311 €3 C33
c=| 7" P2 P (37)

I
€51 Csp C53 C5q G5 l
Cep 0 0 0 Co6

The expression of each component in Equation (37) is given in Appendix E. It is
observed that the compliance matrix expressed in Equation (37) does not match the form
given in Equation (13) with six non-diagonal components (cél, chy, c151, ck,, ch,, and cky) not
equal to zero. This is due to the non-zero translation components along the Z axis of the
first three flexure elements (7, 12,, 7z; 7 0) making the oriented compliance matrix of each
flexure element different from the condition in Equation (15). Thus, the output motions of
the entire 3PRPR 3L-CPM are coupled.

As for the 3PRPR-CPM with 0x-0y-Z spatial motion shown in Figure 8b, each leg has
its respective X”Y” plane. Based on the design of each leg, it is observed that the P-joints
(also illustrated in Figure Alb) would operate in their respective X”Y” plane, while the
R-joints were designed to rotate out of that working plane. In addition, the translation of
each flexure element consists of three projection components onto three axes. Similar to the
3-DOF 3PRPR 3L-CPM presented above, this design also generates coupled motions, since
the flexure elements are not distributed in the XY plane (rZ]. # 0) and the orientations of
the flexure elements also include the rotation out of the X”Y” plane (B; # 0), making the
non-diagonal components within the compliance matrix of each leg become non-zeros, as
proven in Section 3. Lastly, a similar analysis can be adopted to demonstrate that the 3L-
CPM using three serial Prismatic-Universal-Prismatic-Universal (3-PUPU) flexure chains
presented in Reference [33] will also generate coupled motions.

5.4. Three-Legged CPM with Paired Prismatic—Spherical-Spherical Configuration

A 6-DOF 3L-CPM [28] was developed using a pair of Prismatic-Spherical-Spherical
(PSS) serial chain configuration to create each leg as illustrated in Figure 9. By considering
the leg in the front of the 3L-CPM, it is observed that two PSS serial chains located in the
X'Z' plane and reflect about the Y’Z’ plane. Based on Figure A1, the P-joint is oriented about
the X” axis (x1 = 90°) and Z” axis (771 = 90°) respectively to obtain the desired orientation.
In addition, the two S-joints are oriented 45° about their Y” axes (8, = B3 = 45°) and the
distance vector from each joint to the local frame X'Y’Z’ at the moving end of the leg only
consists of two components, i.e., 11 = {ry,, 0, 75, }, 12 = {rx,, 0, 75, } and r3 = {ry,, 0, 15, }.
Subsequently, the compliance matrix of each flexure element is given as follows:

S
11
SYM 0 o, SYM
P S
C33 e e 0 0 ¢35
P ,and G5 = C3 = S (38)
0 ol 0 0 0 ¢
cg3 0 c§5 0 0 c§3 0 cg5
0 0 0 ¢k 0 ¢, 0 0 0 c

where cl, and ¢, (with u,v = 1,2,...,6) are the components within the compliance
matrices of the P-joints and S-joints, respectively.



Mathematics 2022, 10, 1414

16 of 30

! Y
| \" S(e,)

] Se) Y

H— P(e)

Figure 9. Six-DOF 3L-CPM with two reflecting PSS chain in a leg modeled based on the design
presented in [28].

In this design, the two symmetrical PSS serial chains have no offset distance. Hence,
the offset matrices, ](i A)s as shown in Equation (30), become identity matrices. By using
Equations (9), (11) and (12) with the defined parameters, the compliance matrix of a serial
flexure chain in the proposed leg, C*, is written in Equation (39), and the result of each
component is given in Appendix F.

11

€% SYM
1 G 3

i CH B Ci

G5 5 3 3y C5

G % 0 0 0 g

Cc* = (39)

Based on the obtained C*¢, the stiffness matrix of each leg, K/, can be calculated by
Equation (28). It is realized that the form of C* in this design is different from the condition
shown in Equation (31), as the flexure elements are not located in the XY plane (sz #0)
and the P-joint has a rotation about the Y” axis (81 # 0). Therefore, even the offset distance
between two serial flexure chains in each leg is zero (A = 0), and the output motions of this
6-DOF 3L-CPM are coupled based on the results obtained from Section 4. Using a similar
analysis, the 6-DOF 3L-CPM presented in Reference [31] also generates coupled motions.

5.5. Six-DOF 3L-CPM Synthesized by Constrained-Based Method

A 6-DOF 3L-CPM using double flexure chains configuration, as shown in Figure 10,
was presented in Reference [42]. The construction of each leg contains two horizontal
beam-type flexure elements at both sides and one vertical beam flexure at the center. This
structure can be considered as a reflecting double chain about the Y'Z’ plane, where each
serial flexure chain consists of one horizontal beam and a half of the vertical beam, as
illustrated in Figure 10. Referring to Figure 2a, it is observed that the vertical beam (e;)
has a rotation of 90° about its Z” axis (7, = 90°) while the horizontal beam (e7) remains
in its original orientation. In addition, the translations of ¢; and e, are represented by
r = {7x1, Ty, O} and r, = {0, 0, 0}, respectively, since the free end of e, coincides with the
frame X'Y'Z’ of the leg. The compliance matrices of two flexure elements in a serial flexure
chain are given as follows:
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Figure 10. Six-DOF 3L-CPM modeled based on the design presented in [42].

Based on Equations (9), (11) and (12) and the defined parameters, the obtained compli-
ance matrix of the serial flexure chain shown in Figure 10, C*¢, is written as follows:

€1 €2 €12
cqp tcpn+ Ce6"

- (C?Z + C?érxl )r!/l CS]Z + C’izl + Ty (2022 + C?erxl) SYM
s 0 0 cg‘S + cgé - 25€3rx1 -i: C?5”:2r1 + cjﬂlr}z/1 . . ( 41)
0 0 _flszs + 514};% Cyy + C55 0 o
o 0 . . OB1 Cs3 — Cs57x 0 Cs5 + 044 . o
—C62 — Ce6n Cor T CepTx1 0 0 0 Co6 1 Co6

It is observed that the compliance matrix presented in Equation (41) matches the form
expressed in Equation (31), and all flexure elements are distributed in the XY plane (A =0
and J(4,) become identity matrices). Note that, while ¢} is zero, those nine essential
non-diagonal components (37, €3], €37, €35, Ci5/ €35, Cga, Coy, and cg5) are zero and, thus,
satisfy the special case proposed in this work. As a result, it shows that this design is able
to produce fully decoupled motion. This can be demonstrated by the resulting diagonal
matrix obtained by applying Equations (1) and (28) to analyze the stiffness property of the
entire 3L-CPM. Several micro-scale 6-DOF 3L-CPMs which developed based on the same
concept were proposed in Reference [43], and a variant of this design was presented in
Reference [58].

5.6. Six-DOF 3L-CPM Synthesized by Optimization Method

A recent 6-DOF 3L-CPM synthesized by the structural optimization method [56] is
shown in Figure 11. Its leg consists of two reflecting flexures about the Y'Z' plane, and
each flexure is constructed by a curved beam. Here, this curved beam can be considered
as a series of straight beam-type flexure elements (e, e, . .. , €;) with various orientations
about their respective Z” axes (71, v2, ..., Yn), as illustrated in Figure 3a. Note that each
beam-type flexure element has the compliance matrix in the form shown in Equation (10).
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Figure 11. Six-DOF 3L-CPM synthesized by the structural optimization method.

In Figure 11, the translation of each flexure element can be represented by r,, =

{rxj, "y 0} (wherej=1,2,...,n)because all flexure elements are located in the XY plane.

It is observed that the structure of this CPM matches the case shown in Figure 4, with zero
offset distance between two reflecting serial flexure chains (A = 0). Thus, this CPM is able
to achieve full decoupling. Referring to the results in Reference [56], we can see that the
stiffness matrix of this CPM has the form of a diagonal matrix, as shown in Equation (42),
and its motion-decoupling capability was also demonstrated.

3.67 x 1072
0 3.67 x 10~° SYM
0 0 9.70 x 1075
0 0 0 3.06 x 1072 (42)
0 0 0 0 3.06 x 1072
0 0 0 0 0 347 x 1072

5.7. Three-DOF Planar-Motion 3L-CPM Synthesized by Optimization Method

The three-legged configuration with double serial flexure chains within a leg is pre-
ferred in 3L-CPMs that were synthesized by the topological optimization method. Here, an
optimized 3-DOF (X-Y-07) planar motion 3L-CPM [53] shown in Figure 12a was analyzed
to study its motion property. It is observed that each leg contains two reflecting flexure
chains about the Y'Z' plane, and each flexure chain has four beam-type flexure elements
(e1, €2, e3, and e4) connected together in a series. The thicker segments with each flexure
chain are considered as rigid-body links in the stiffness analysis. With this 3L-CPM being
a planar structure, the translation of each flexure element to the end effector is located
in the XY plane, and there is no projection component (r;;) in the Z axis. By referring to
Reference [53], the 6 x 6 stiffness matrix of the entire 3L-CPM is as follows:

2.0 x 104
0 2.0 x 104 SYM
0 0 2.6 x 100
K= 0 —545 0 1.3 x 10% (43)
545 0 0 0 1.3 x 103

0 0 0 0 0 12
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Figure 12. Three-DOF (X-Y-67) 3L-CPM designed by using the optimization method (a) structure of
aleg and (b) prototype built based on the design presented in [53].

From Figure 12a, we can see that the 3L-CPM has two reflecting flexure chains with no
offset distance, so that, depending on the results presented in Section 4, its output motions
are decoupled. However, Equation (43) suggests that this 3L-CPM will generate coupled
motions, since there are two non-diagonal components. This result can be explained by
the stiffness modeling used in Reference [53]; the compliance matrices of the leg were
calculated at the local frame X'Y’Z’ in the middle plane, while the stiffness matrix of the
entire 3L-CPM was derived at the global frame XYZ (located at the center of the end effector)
in the top plane, as illustrated in Figure 12b. That generates the translation components D,
along the Z axis in the translation matrices of the legs, as demonstrated in Equation (3), and
creates the off-axis stiffness components within the final stiffness matrix. Similar designs
presented in Reference [55] will also generate decoupled motions. If the global frame is
attached at the middle plane of the end effector instead, the non-diagonal stiffness will be
eliminated, and the 3L-CPM will have fully decoupled motion characteristic.

5.8. Three-DOF Spatial-Motion 3L-CPMs Synthesized by Optimization Method

Two designs of 3-DOF (0x-0y-Z) spatial-motion 3L-CPMs, as shown in Figure 13, were
synthesized by the structural optimization method [6,7]. Here, the desired motions were
generated by two reflecting beam-type flexure elements about the Y'Z’ plane in each leg.
The design shown in Figure 13a has a small offset distance along the Z axis (A # 0) between
two flexure chains, as compared to the other design, which is shown in Figure 13b, where
all flexure elements are located in the same XY plane (A = 0).

321 x10°8
0 321x10°8 SYM
0 0 8.98 x 10>
—331x107% 7.84x10°8 0 3.05 x 1072 (44)
—784x10"% —331x10°° 0 0 3.05 x 1072
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0 553 x 1078 SYM
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0 0 0 0 1.32 x 1071
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Figure 13. Three-DOF (0x-0y-Z) 3L-CPMs designed by structural optimization method (a) with offset
distance and (b) without offset distance between two flexure chains in a leg [63].

For the 3L-CPM with A # 0, as shown in Figure 13a, the results presented in Refer-
ence [6] agree with the findings described in Section 4, where its compliance matrix, C,,
has five non-diagonal components, as derived theoretically in Equation (44). For the other
3L-CPM with A = 0, as shown in Figure 13b [7], the compliance matrix, Cp, only has diago-
nal components, as demonstrated theoretically in Equation (45). In summary, the motion
property of 3L-CPMs having two reflecting flexure chains in a leg was demonstrated. The
3L-CPM having an offset distance in the Z axis between two flexure chains will generate
coupled motions, while the other having both flexure chains located in the same plane will
generate decoupled motions.

6. Discussion

In order to deliver fully decoupled motion, a 3L-CPM must have a 6 x 6 diagonal
stiffness/compliance matrix whereby all non-diagonal components are zero. Due to the
property of the parallel architecture, the stiffness matrix of a 3L-CPM can be calculated
based on the stiffness matrices of its legs. However, the stiffness matrix of each leg cannot
be derived directly, since it can be constructed by one or two serial chains; each is formed by
a number of flexure elements and rigid links, and, thus, its characteristic is defined by the
compliance. Due to the challenges in converting between the stiffness and compliance ma-
trices, existing 3L-CPMs failed to analyze their motion property analytically. To overcome
this limitation and, most importantly, for designing a 3L-CPM to obtain a full-decoupled
motion characteristic, the conditions for the compliance matrix of the single serial flexure
chain, i.e., Equation (13), and for the compliance matrix of the double serial flexure chains,
i.e.,, Equation (31), are provided in this work. A short review of various state-of-the-art
3L-CPMs presented in Section 5 showed that the conditions of the compliance matrix can be
used to identify the motion property of these 3L-CPMs. In order to satisfy these conditions,
analytical analyses show that every flexure element within each leg must be located in
the global XY plane with only two orientations (0° and 90°) about its local X” axis, as
illustrated in Figure 3, and the offset distance along the Z axis between two serial flexure
chains, as shown in Figure 4, must be zero (A = 0). In other words, these design criteria
can be used to synthesize a 3L-CPM that aims to achieve fully decoupled motion capability.
Moreover, the findings in this work are applicable to any synthesis method, e.g., traditional
pseudo-rigid-body model, constraint-based and topology /structural optimization meth-
ods, etc. Consequently, these design criteria and conditions for the compliance matrices of
the flexure chains can be used as the fundamental design guidelines for the syntheses of
3L-CPMs to achieve desired motion property that can be either decoupled or coupled.



Mathematics 2022, 10, 1414

21 of 30

As the 3L-CPM plays an important role in precise motion systems, the motion de-
coupling capability needs to be clearly defined in the design process to make the control
simpler and the output motions more accurate as well. Based on the literature, several
compliant systems which are capable of producing precise motions with a simple control
method, due to the defined motion characteristics of their compliant structures, have been
developed. In particular, the 3-DOF spatial-motion (0x-8y-Z) manipulator [6,7] and the
flexure-based electromagnetic nano-positioning actuator [3] are able to produce a large
workspace with high resolutions, using simple open-loop control systems. Moreover, 3L-
CPMs with decoupled motions can also be applied to design micro-fabrication systems,
e.g., the flexural spindle head in a micro drilling machine tool [11,12], the motion stage in a
micro milling system [13], and the flexural stage to adjust the angles of mirror in advanced
three-dimensional fabrication methods [14,15]. In addition, the benefits offered by decou-
pled 3L-CPMs have been recently exploited in biomedical applications, such as the flexural
micro-dissection device [10]. Since the application range of decoupled-motion 3L-CPMs
has been increasing, it can be said that the fundamental criteria for synthesizing 3L-CPMs
with fully decoupled motions and the motion property of some existing designs presented
in this paper are an important background for developing advanced flexure-based systems.

7. Conclusions

This paper presented the fundamental design criteria for synthesizing any 3L-CPM
with fully decoupled motion capability regardless of the targeted DOF. The stiffness charac-
teristics of a 3L-CPM were analytically modeled. The derived criteria suggested that the
flexure elements in each leg must be distributed in the same plane with the end effector
of the 3L-CPM in order to fulfill the decoupled motions requirements. In the case where
each leg contains two parallel reflecting flexure chains, such requirements are valid if both
flexure chains are located in the same plane with no offset distance. To demonstrate the
effectiveness of the design criteria and conditions obtained from this work, several state-
of-the-art 3L-CPMs were analyzed for their stiffness characteristics and compared with
these criteria. The presented cases show that the proposed design criteria can be applied to
accurately determine the motion characteristics of any 3L-CPM through the analysis of its
stiffness/compliance matrix; only 3L-CPMs having diagonal stiffness/compliance matrices
are able to achieve fully decoupled motions. Findings from this work can be used to define
the motion property of any form of 3L-CPM during the design process.

In this paper, only some special solutions were considered to make the non-diagonal
components within the stiffness/compliance matrix of a 3L-CPM equal to zero; there could
be other solutions that need to be explored. Future work will focus on investigating more
general design criteria for synthesizing any CPMs with desired DOF and motion property.

Author Contributions: Conceptualization, methodology, software, validation, formal analysis, visual-
ization, and writing—original draft preparation, M.T.P; writing—review and editing, and supervision,
TJ.T. and S.H.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by Vietnam National University HoChiMinh City (VNU-HCM),
under grant number C2020-20-01.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Stiffness Characteristics of Some Common Types of Flexure Element

Referring to References [22,57], some popular flexure elements have the same compli-
ance matrix form as expressed in Equation (10) and are shown in Figure A1l. They can be
revolute hinge; thin beam, as illustrated in Figure 2; and also can be some other forms, such
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as spherical joint (Figure Ala) or prismatic joint (linear spring), as shown in Figure Alb.
The notch of spherical joint can have a circular or square cross-sectional area, while the
linear spring can be constructed by four notch hinges or a pair of cantilever beams.

YH

Figure A1. Flexure elements: (a) spherical joint and (b) linear spring.

Appendix B. Conditions of the Leg’s Compliance Matrix for Decoupled Motions

The results of the inversion of Equation (8) are written as follows:

_71 - l -

I
ilill X Kt SYM Elﬂ cl SYM
2 2 a2
0 0 k _ | e c3 (A1)
0 0 kyy ky Cfn 0512 0513 6514
(l) 0 le3 ké4 kl55 ClSl Clsz Cés Cé4 C155
L k1 kl62 0 klé4 kl65 kl66 i L Clél Cl62 Cl63 C164 Cl65 Cl66 i
} }
)" ¢

The expression of each component in C' is given as follows:
1 -
1 I 4l [ 1l I I 1l I 4l l I 4l I 1l
€31 = z (kZZkél - k21k62> »k64 (k53k54 - k43k55) + kes (_k44k53 + k43k54)} (A2)

1 [ 2
= = 5 (Ko — bkl ) [k ()" — Mookl ) + ks (Higkls + Koy | (43)

1 _
ch =~ (Vhokls — Kbl ) Ko (bt + 5 ks ()" — ke )| (a9

1
chy = Tz <k121k161 - klllkl62) [klez; (kl53k154 k43k55) + k65( Kiykhs + kisks 4)_ (A5)
1
Chp = z Kk — K 1kgo ) {k 4<(k53) - k33k55> +k 5( kisks + Kasks 4) (A6)
1
chp = E<klz1k161 k11k62) {k 4( kysks + Kasks 4) +k 5( k43 — ka3ky 4> (A7)
1
Ch3 = é:((k[ﬂ) - kluklzz) [klez; (k aksy — k43k55> +k 5( Kiukss + k43k54> (A8)
1 2 2
Cea Tz <<k121) — Kik) 2) {k (( - k33k55> +k 5 k43k13 +k33k54>} (A9)
1
Chs = "z ((klzl) —k 1k22) {kl@;( Kiaks + K ) + kg ((k43) k133k£14)] (A10)
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I
Cy3

¢

2 2
o1 (e I Ll (ki gl kil gl i
1 T ¢ { —k (k53) (k64) + 2kyskss (k54k61k62 + Ky1keakes — k21k54k66> -

2 2
(ko) (kb (ki) bbbl ) +

All
s ()4 s (bl — Kbk + Kyl + o
Kia [(le3> i (_k161k162 + k121k166) + ki (k'lisklmkléz + (kIGS) = klz1ké5ké6>} }
Ce1 = é{ {_2k£13k153ké4 +ki (ké4)2 + (kim)zk{fﬁ + Ky ( (kl53)2 - klsaklss)} (klzzklél - klzﬂ"ez) } (A12)
chy =~ 5 { | ~2biobbobby 4 Koy (k) (k) s+ Ko ()" — Rk )| (ki ki) | (a3

2
=1 {ZkIZl <k153kl54 - k513kl55)k161kl62 + iy (‘késkéz; - k513kl55> (kl&) +
EN (ol ki (N ko i okl al gl
(k21> k53k64k65_k43(k65) — ksgksyks + kagksskes | + (Al4)
2 2 2
A R CRCR R A P CAC R CA R A I
Lot o (i ik Yok ok (i ki Y ()
Cs3 = 712k (k43k53 *k33k54)k61k62+k11(*k43k53+k33k54) (k62) -
EN (o e ik — kL i
<k21) (k33k64k65+k43k53k66 _k33k54k66)+ (A15)
2 2
b Wk (= (ki) Kokl ) s (K (k) Kbkl — Ko )| |
where we have the following:
! e il (N o (e Vo o LY g | Ly g
= —2ky _2k43k53k54+k33(k54> + (k43> kss + kg <k53> —kagkss | keikeot+
2 2 2 2
b 2Rk s (1) + (o) s | () = | | ()
2 2 2
(k)" (k)| (ko) | + 20k (kb — Kok) + (k)| = (i) + ksl +
2 2 2
K [klﬁ (k164) — 2Ky kgt + ki (kl65) + (kl54) kg — Kiakssk 66] }+
2 2 2
o { K () (k) — 2Kk 5 ()4 s — L bl
2 2 2
(ko) [ (k) ks (ks )” — Mo |+

2
K | = <k64) +ky <k154 (kl61) + 2K} Kea ks — k’nkéz;k’%)} +

k
b (k) ( (ki) = b ) = Ko (s () 1 (ki) — okt ) |}

The form of C' needs to be specified as a standard for the design process of decoupled-
motion 3L-CPMs. It is observed that the expressions of seven compliance components
(cél, cl32, cﬂn, C{Q, cél, céz, and 6163) corresponding to the seven zero-components in the
stiffness matrix have similar forms as shown in Equations (A2) to (A8). In this paper,
these seven compliance components are required to be zeros, so that the form of the

(A16)
+
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leg’s compliance matrix will be the same with its stiffness matrix. This special form
offers simplicity during the design process and can be used as the standard to define the
decoupled-motion capability of various 3L-CPMs. The requirements to make the seven
compliance components equal to zeros are written in Equation (A17).

I (gl 4l ! Il g 4l ) —
Kbkl — Kbkl =0 keq <k53k54 - k43k55) +kes (_k44k53 + k43k54) =0

2
I 4l T
kokgr — Kikep =0 or kl64<<kl53) - k133k155> +kes (_kiskéa + kle,3kl54) =0 (A17)

(klﬂ)z — ik =0

2
K (i + skl ) + i (k)" — fl ) =0

As the diagonal components in the stiffness matrix are always non-zeros, while the
non-diagonal components can be zeros or non-zeros, the non-diagonal components are
considered as unknowns, and the diagonal ones are parameters. In the first set of equations,
one of the first two equations can be redundant. The answers to the first set of equations

are as follows:
klzl = i\/ klnklzz
l 0 (A18)
k61 = i\/ ik&

The second set of equations contain three equations with five unknowns, so that there
could be many solutions. Here, two simple solutions are proposed, and their answers are
given as follows:

1 4l 1l

kssksy — kyzkss =0

—klykss + kigkt, =0 Kiy = £1/Kiakly

Ky=0 AR Kes =0

{ ka 0 or (k53> —kypkss =0 & klM 0 or 4 kiy = £\/kigkts  (A19)
65 = 1 4 Il _ 65 ~

—kyskss + kazksy =0

) le4 =+ kf;4k155
(kis) — kigkly, =0

Appendix C. Inversion of the Compliance Matrix of a Leg in a Typical
Decoupled-Motion 3L-CPM

ki = (A20)

2
1 1l
(%z) ~ 2266
cl (cl )2—261 ckocl + ¢l (cl )z—i—(cl )zcl —ch el el
2 \Cs1 21661662 T €11 (Ce2 21) €66 — €11622%6
1l 1 .l
_ —C61%2 T €21%66
klﬂ _ C61C60 1 Co1C (A21)
—2¢k el el 4+ ¢l (cl )2—0—(cl )zcl +cl (cl )2—cl cl
21661662 T €11 Ce2 21) Ce6 T €22 | \Cs1 11%6

i I
1 22061 — ©21%2
Ko = cl (cl )2—261 clock 4+ ¢ (cl )2+ (cl )zcl —ch el el (822)
2\Cs1 21661662 T €11 (Ce2 21) Co6 — C11622%66

2
I Il
C — Cq4C
: ( 61) 11%66
K2 = chy (c! )2—2cl ek, +ct (c! )2+ (c! )ch —cl el (A23)
2 (Ce1 21%61%:2 T €11 (Ce2 21) €66 — 11226

I I
—C21%1 1 C11%:2

2 2 2
—21661%2 + 11 (Cea)” + (1) e + oo [(Cél) - C111Cl66}

(A24)
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44(C53 4365354 1 €33 (Cr4 43) €55 — €33C44C55
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—C53C54 1 C43C55

Ky = (A26)
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Appendix D. Compliance Matrix of a Leg in 3RRR- and 3PRR-3L-CPMs
l o 1 3 (3]' E’]‘ e]- 2 e]- (3]' Cj .
= EZ [Cn + 0y + 20g5ry. + (511 - sz) €08 27; + degy 1y, sin 'y]} (A32)
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3 . e e e e
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13 . . , . , )
by = > Y [— (6214 + c;’5> ry; + 2c§’3 cosy; + (ciﬁl — (1215) (Vx]» €08 27; + 1y, sin 27]-)} (A39)

=1
1 l 3 Ej EJ' 6]' Ej
Chy = EZ; [c44 +co5 + (644 - c55> cos 27]} (A40)
]:
1 3 E]' 6]' .
Cpy = Z [(644 — c55) o8 7y; sin ’yj] (A41)
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! _ 1 3 6/‘ Ej Ej EJ' 2 A42
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I 3 €j
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Appendix E. Components in the Compliance Matrix of a Leg in the 3-DOF (X-Y-Z)
3PRPR-3L-CPM

I _»R R R,2 L P (2 2 ) P, P2 2 P, P2 2
clp = 2c33 — 2537y, +Casty, + Ceg (rm + ry3) +cyrs, + (et + 6551’21) cos® 11 + (c; + c55rz3) cos? 3+ (A44)
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Appendix F. Components in the Compliance Matrix of a Leg in the 6-DOF
6PSS-3L-CPM
1
i = 5 [2653 +265) + 265, + 20417, + (Ciz; + C§5> (732 + @3)} (A62)
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1
5 = 3 2c5 + 4c§3 + 2cff41'§1 — Zﬁcgg)(rxz +7ry,) + (ci4 + cg5> (132{2 + ri)} (A73)

& = 5 [2ck —2vEc — (cfy — &)y +7)] (A74)
3 = % [2\[2%53 — 201y — (024 + c§5) (rx, + rxa)] (A75)
Cih = Cge +Cla + 35 (A76)

€&y = Cia — O35 (A77)

cfS = chy + iy + s (A78)

¢ = ok + 2%, (A79)
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