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ABSTRACT The inverse kinematic model is an essential mathematical tool of the performance analysis
and motion control for the parallel mechanism. A diversity of mathematical methods is used for inverse
kinematic modelling. However, for compliant parallel mechanism, the direction of the causative force in the
model is always disregarded in previous works, which leads to large deviation due to the force sensitivity
of the flexure hinge. A straightforward index is proposed to quantitatively evaluate the deviation. A new
approach presented in this paper try to overcome this shortcoming, by considering the forward causative
force during the inverse kinematic modelling, which makes model realize less deviation and more practical
in motion control. Compliant matrix method is adopted to analyze the deformation of the flexure hinge. The
effectiveness of the proposed methodology is verified, based on a 3-PRS compliant parallel mechanism, with
finite element analysis simulation. The proposed methodology can be employed and extended to a variety

of compliant parallel mechanism.

INDEX TERMS Compliant mechanism, inverse kinetostatic model, compliant matrix method, 3-PRS.

I. INTRODUCTION

The compliant parallel mechanism (CPM) is a parallel
mechanism whose joints are replaced by flexure hinges.
In comparison to traditional parallel mechanisms, CPM
realizes motion by elastic deformation of flexure parts,
which by nature have no friction, backlash, or wear. Owing
to these advantages, CPM has been widely employed in
micro-electromechanical systems [1], precise positioning [2],
micromanipulation [3], optical alignment [4], and other appli-
cations. Kinematic model is the basis of the motion control
for the parallel mechanism. Generally, kinematic model can
be divided into forward kinematic model (FKM) and inverse
kinematic model (IKM). FKM can be defined as ‘“When the
displacement of the active pair D), given, solving the position
and posture of the platform D,,’, whereas IKM is defined as
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‘When the position and posture of the platform D, is given,
solving the displacement of the active pair D),’. According to
the definitions, FKM and IKM are reciprocal, which means
that the solution of the FKM should be identical to the condi-
tion of the IKM, and vice verso.

In previous work, the rigid body inverse kinematic model
(RIKM) is commonly used as an approximate IKM for the
CPM, where the mechanical behavior of the flexure hinge
is ignored and the geometric constraint of the kinematic
chain is with ideal joints [5], [6], [7], [8]. RIKM provides
a straightforward method for analyzing the kinematics of
the CPM. However, since CPMs have an inherent coupling
of kinematic-mechanical behaviors and complicated paral-
lel arrangements, the kinematic behaviors differ from those
of rigid-body equivalents. To improve the accuracy of the
RIKM, some studies combined the force-displacement equa-
tions of the flexure hinge into the kinematic chain of the
parallel mechanism [9], [10]. The flexure-based RIKM has
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FIGURE 1. The illustrations of the FKM, BIKM, and FIKM.

a satisfactory accuracy. However, it is difficult to obtain
analytical solution from the model due to the complexity
of the equation set. Thus, the computation of the model is
time-consuming. Castigliano’s second theorem is an energy
approach for analyzing the relationship between displace-
ment and force in flexure hinges, which calculates the
displacement of the flexible structure as the first-order
differential of the total strain energy with respect to the
corresponding external force. Yang et al. [10] developed the
kinematic model of a six-DOF precision positioning stage
using Castigliano’s second theorem. The deviation between
the FEA results and the generated model is approximate 20%.
Author [11] was proposed a piezo-actuated microgripper for
manipulation used. The Castigliano’s second theorem and
RIKM were utilized to analyze the motion performance of
the microgripper, respectively. Lobontiu and Garcia [12] used
the strain energy approach to develop an analytical model
for displacement and stiffness of a bridge-type displacement
amplifier. The predictions from the analytical model were
within 5% of the FEA results. Although Castigliano’s second
theorem is concise, implementing inner-force analysis for
CPM with complex configurations gets relatively challeng-
ing. This is why Castigliano’s second theorem is a minority
method for CPM modelling.

The reciprocity between the FKM and IKM is another
issue in CMP’s kinematics modeling, in addition to being
time-consuming and complicated. Fig. 1(a) illustrates the
FKM of the 3-PRS, with the causative forces running down
the routes from the prismatic joints to the platform. Fig. 1 (b)
shows the IKM, where the position and posture of the plat-
form D, is given and the causative forces are along the routes
from the platform to the prismatic joints. Since the causative
force is directed in the opposite direction as the FKM, the
model shown in Fig. 1 (b) is called back-causative-force
based inverse kinematic model (BIKM). Although the BIKM
follows the definition of the IKM, the reverse causative
force may cause a discrepancy between FKM and BIKM
since the deformation of the flexure hinge is force sensitive.
Fig. 1 (c) illustrates the forward causative force based inverse
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kinematic (FIKM), which is considered as a more practical
IKM for CPM.

The compliant matrix approach is a kinetostatic modelling
technique that does not include an inner-force analysis for
the compliant mechanism [13], [14], [15]. However, some
compliant matrix method based kinematic models for CPM
are with back causative force assumption. Rouhani and
Nategh [16] reported a kinetostatic solution to the IKM of
a six-DOF CPM based on the compliant matrix of the flexure
hinge. The screw theory was utilized to transfer the matrix.
Xuetal. [17], [18] analyzed and designed two optoelectronic
packaging used CPMs by using compliant matrix method.
FEA and experimental study validate the accuracy of the
established IKMs. Dan and Rui [9] presented an approach
of the IKM of a six-DOF CPM with spatial beam flexure
hinges. The model corresponds to the FEA results for the
back causative force situation. The preceding efforts appear
to have given a versatile answer to IKM of CPM. When the
IKM solution is applied in forward kinematics simulation,
however, a substantial deviation arises. Because the causative
force does not correspond to the practical circumstance.

This paper presents an approach of the FIKM for a
3-PRS compliant parallel mechanism. The compliant matrix
method is adopted to analyze the deformation of the flexure
hinge. The prismatic joint is replaced by a flexure element
with infinite flexibility to construct a close-loop kinematic
chain. To quantify the deviation between the BIKM and
FIKM, a new index, forward/inverse kinematic deviation
rate (FIDR), is proposed. The finite element analysis (FEA)
is used to validate the accuracy of the proposed FIKM.
The results show that the FIDR between the FIKM and
FEA are finer than the RIKM and BIKM. Furthermore,
the proposed model provides an analytical solution, thus
the computation time is short enough to be used in motion
controlling.

The reminder of this paper is organized as follows. The
FIDR of the rigid body 3-PRS and flexure-based one is
exhibited in Section II. The compliance matrix based BIKM
and FIKM are established in Section III. In Section IV,
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the accuracy of the three models is validated by applying
FEA. Finally, this paper is concluded in Section V.

Il. THE DEVIATION BETWEEN FORWARD/INVERSE
KINEMATICS

A. AN INDEX QUANTIFYING THE DEVIATION

When a target pose of the mechanism D, is given, the required
input displacements of the active joints D, can be calculated
by IKM. Then import the D), into the controller to guide
the parallel mechanism to reach the target pose D). Ideally,
D, and D; would be identical. In practice, deviation is exited
due to machining error, assembly error, model error, and so
forth. Previously mentioned index, FIDR, is used to quantify
this deviation. The definition is formulated as follows:

A mod el1— mod el2

FIDR
|dp,—dor|  |dg,~dos| |40, —don]
7 7 tee 7 (1)
dOl d02 dOn

=max(

where d,,; and d) . are the i element of vector D, and D). The
flow chart of the FIDR calculation is illustrated in Fig. 2.

D;'l Ep

D,

Inverse
kinematic
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D,

Forward A-FIDR

Eq. (1)

FIGURE 2. The flow chart of the FIDR.

B. RIGID BODY 3-PRS PARALLEL MECHANISM

Generally, a parallel mechanism is composed of a base, a plat-
form, and multiple limbs. In the rigid body kinematics model,
the joint is an idealization that does not consider any motion
errors. Usually, solving the IKM needs to be based on the
closed-loop kinematic chains implied in parallel mechanism,
as shown in Fig. 3. In this case, the constraint equations of
the closed-loop kinematic chain can be written as follows:

—>
PiBic)

—
— 1 + Bidig
PiBi{G})

— — —
00 Gy +REuler - O'Aigry=OPi(y + si -

@

where the subscript { G} indicates the vector is in the global
coordinate system, {L} indicates the vector is in the local
coordinate system. Rgyler iS the transformation matrix con-
verted from Euler angle. It can be seen that the IKM result
is the solving condition of the FKM issue in (34), and vice
verso. Thus, the FIDR of rigid body kinematic model is zero.

C. THE 3-PRS COMPLIANT PARALLEL MECHANISM

In this part, the FIDR of the CPM is analyzed via finite
element analysis (FEA) approach. The 3-D model of the
3-PRS was created by SolidWorks 2020, a commercial soft-
ware for CAD. The model is then imported into Workbench,
a commercial FEA simulation package. Fig. 4 shows the
FEA model of the 3-PRS. The concerned structure param-
eters are set as variables that can auto-change according to
the preestablished variable table. Threaded holes, fillets, and
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FIGURE 4. The FEA model of the 3-PRS in the co-simulation system.

other characteristics that have little effect on the FEA are
deleted to reduce computing time. The flexure hinges that are
the region of stress concentration are sliced for ease of mesh-
ing, with a mesh size of 0.2 mm. The revolute joint is made of
spring steel with E-modulus of 210 GPa and Poisson’s ratio
of 0.3, while the ball joint is made of Aluminium alloy with
E-modulus of 72 GPa and Poisson’s ratio of 0.3. Table 1 lists
the structure parameters.

TABLE 1. The structure parameters.

Geometry and properties Symbol Value Unit
Length of the flexure hinge / 5 mm
Width of the flexure higne b 5 mm
Thickness of the flexure
. 0.3 mm
hinge
Radius of the base R, 10 mm
Circumscribed circle radius R 20 mm
of Platform °
Angle of kinematic chain 0 45 °

Given the pose of the platform D, set in Eq. (3), the
displacements of the prismatic joints Dj, is firstly obtained by
FEA, and then set it to the corresponding prismatic joint of
the kinematic chains to obtain a new pose of the platform D).
The local coordinate system is set at the geometric center of
the platform. The next procedures are followed the definition
of the FIDR, as shown in Fig. 2.

Do_g, = [6x 00], with, =0:0.01:0.1(°)
Dy_g, =[06, 0], withf, =0:0.01:0.1(°)
Doa, =[00d.], withd, =0:0.01:0.1Gmm) ~ (3)
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FIGURE 5. The result of the FIDR. (a) The structure angle 6 vs Agpg; (b) The flexure hinge parameters vs Agpp-

The deviation of the FIDR is caused by the flexure hinge.
Thus, the relations of the Apjpg with the flexure hinge
parameters and the angle 6 is analyzed. Fig. 5 shows the
analysis results. When the platform moves along Z axis,
ArrpR remains small. It is because that the motions of the three
kinematic chains are centrosymmetric. Thus, the motion devi-
ations caused by the flexure hinge is counteracted. The other
two motions, i.e., rotations about X axis and Y axis, have
extremely large Apjpg. Particularly, Apjpgr increases while
angle 6 decreases and the length of flexure hinge [ increases.
The thickness ¢ has little influence on the FIDR. The results
reveal that the inverse kinematic model and the forward given
of the flexure-based 3-PRS have large deviation, which is
totally different from the rigid model expressed by Eq. (34).
Thus, the IKM of the CMP should be reconsidered.

Ill. THE BIKM AND FIKM OF THE 3-PRS CPM

A. COMPLIANT MATRIX OF THE FLEXURE HINGE

Fig. 6 illustrates a flexure hinge with one end fixed and
another free. When a force system F is applied at the free
end, the displacement D can be calculated as follows:

Dy, = ch. Fy, “4)

Dyy=ldy d, d- 6, 0, 6.]
Fuy=lffo Sz M M, M)
¥

Base

FIGURE 6. The flexure hinge and the coordinate system.
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where subscript £ indicates that the matrix or vector are
expressed in flexure hinge fixed local coordinate system.
C" is the compliant matrix of the flexure hinge. In the
global coordinate system, the transferred force and displace-
ment from point a to point b can be obtained by matrix
transformation

T
Dy) = [Tp-al" [Rin-(a)]" Doy

TG
Q)
Fupy = [Riy—i6)] [Tr—al Faic
————

Ji_g
Substituting Eq. (5) into Eq. (4),
T
Dycy = [Th-al" [Rin-c)]" C" [Ru-(6)] [Th-al Fagc)
(6)

For conciseness, two operators are utilized to replace Eq. (5)
and Eq. (6).

Dy =J2_ D
Eq(s): | D@ JFth ()
Fuy =J),_cFG)
Eq.(6) : DGy = (JG—h ® Ch) - Fig @)

The detailed calculation process of C" can be referred
to Appendix B1.1, while T and R can be referred to
Appendix B1.2.

B. THE BIKM OF THE 3-PRS

According to the definition of the IKM, the pose of the CPM
D, is given, as shown in Fig. 1(b). Isolate i kinematic chain
as a free-body. The force system that causes the kinematic
chain deforming is F,;. Ignoring the nonlinear behavior, the
displacement and the force at the free end of the kinematic
chain can be expressed as follows:

limbi
DuifF,,,v = COITFIDI. : Foi (8)
while D,;_r,; can be calculated in another form:

Doi—r, =J2_,D, =D, ©
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J Z-_O is always identity matrix, since point oi and point o are
coincident.

Where C ff’f%i is the compliant matrix of i kinematic
chain, which can be obtained by summing up the flexure
elements in the kinematic chain:

C?T%— =Jopi®CP" +Jou1 ®C" +J iy @ C"
(10)

According to Eq. (5), the equivalent force of F,; to respect to
the input end can be written as follows:

Fpi ZJII;[;OFOi (11)

Substituting Eq. (11) into Eq. (8),

|
Fpi=15i,-[Ci | Do, (12)
Substituting Eq. (12) and Eq. (9) into Eq. (4),
pi  yF limbi 17"
Dy=C"-Jk_, . [CO,FOI_] D, (13)

The whole kinematic chain of 3-PRS can be written as
follows:

D, =[Dy Dy, D31 ="C,_, D, (14)
with

back ) ; ;
aci Cp—a — [backcpl_o backcpz_o backcp3_0]

. -1
backcpi_o —CP. szi " [Clo"fl;oi] (15)

Eq. (14) describes the relation of the platform pose D¢ and the
input displacement D,,. It follows the definition of the IKM.
This modelling approach are widely used for CPM analysis
[16], [17], [18], [19]. However, Eq. (11) shows the causative
force is at the output end. It does not match with the case
in the forward kinematics. Thus, this model is called back-
causative-force based kinetostatic model.

C. THE FIKM OF THE 3-PRS

In forward-causative-force case, assume that Fj; is the
causative force at the prismatic joint. The displacement at out-
put end of the fictitious limb caused by Fp; can be expressed

as follows, and the definition of fictitious limb can be found
in Appendix B1.4.:

»
DU_Fpi = CJZTFPI, : Fpi (16)
with
»
O =2 ,Cpi (17)

On the other hand, assume a virtual force F"'" wal applied at
the end of fictitious limb the displacement at the output end
can be expressed as follows:

ﬂimbi . F(\;irtual (18)

D07F0 = %“o—Fo
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Suppose that these two cases lead to a totally same displace-
ment, i.e., Dy_fp; = Do_F,. The virtual force F (V,’””“l can be
calculated as follows,

inrlual — [Cﬂimbi]—l . C}ZZ"}?]L . Fpi (19)

o—Fo
Refer to Appendix B1.3, a 3-PRS can be consider as a par-

allel connection of springs, whose compliance matrix can be
obtained by using the rule of equivalent stiffness:

Dy_r,=CS"Y - F, (20)
with
. -1 . -1 -1\ T
crt = ([eam] "+ [erme] " [erme] )
@1

Substituting Eq. (19) to Eq. (52), displacement on point O
caused by the input force is obtained:

o
D, r, = CSP ICE O Fy (22

o—Fo

The relationship between the input force of the three limbs
and the displacement of the moving platform can be further
expressed in the form of a matrix:

D, r, =CY - F, (23)
with
Fp:[Fpl Fp2 Fp3]
CcPM CPM (~CPM  (CPM
CO—FP = I:CU_Fpl CO_FpZ O_Fp3 ]
L a—1 Lo

et =St [l el 4
The displacement of the prismatic joint can be expressed as
follows:

Dy_r, = CS"¥ . F, (25)
with
et =[5, €3, e ]
et =t et el )
where lef /}”0 is the transpose of Cgf %p ,
et = [ecru]’ @7

Combined Eq. (23) and Eq. (25), the FIKM can be expressed
as follows:

]
_ (CPM CPM
DP*FP - Cp—FI, : [ ()—FP] 'DofF,, (28)
Inverse Dp model
kinematic
D model

.
AFEA-BIKM
Eq. (26)

Back-causal- Dp FEA
force FEA

simulation

FIGURE 7. The flow chart of the accuracy validation of the model.
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IV. FEA VALIDATION

In order to verify the established model, the predictions are
compared to the FEA results. The compliant matrix of the
V-shape flexure hinge can be found in [20]. The structure
parameters of the of the model are listed in Table 1.

A. ACCURACY OF THE BIKM
To quantify the accuracy of the BIKM, the deviation ratio is
defined as follows:

c FEA—BIKM

|dEra3 —dpikm3|

|dEFA2 —dikm? |
dEFAR

|dEr1 —dpikmi|
dgran

dEFa

) @

where dgra; and dprkas are the i™ element of the dis-
placement vector solved from the FEA and theoretic model,

= max (
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FIGURE 11. The input displacement sequence of the trefoil.

respectively. Fig. 7 illustrates the flow chart of the accuracy
validation.
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FIGURE 12. The trefoil trajectory of the 3-PRS: (a) The D, of the trefoil trajectory; (b) The Afpg of the three models.

The FEA results in Section II are reused. The BIKM
established in Section III is utilized to calculate the theoretic
predictions, where the structure and material parameters are
consistent with the FEA simulation. The number of the sam-
ples is 180. Each sample date is processed by Eq. (28). Table 2
lists the statistical result of the deviation ratio. The maximum
error is 3.31%, the minimum one is 0.12%, the mean is
1.81%, and the median is 1.46%. The results show that the
BIKM has an extremely high accuracy for back causative
force-based motion.

TABLE 2. The statistical result of the deviation ratio.

Samples Max Min Mean median
180 3.31% 0.12% 1.81% 1.46%

B. THE FIDR OF THE RIKM, BIKM AND FIKM

Although the BIKM has a great consistency and accuracy
compared with FEA results, it is not appropriate to be used
in motion control due to the force status is inconsistent with
the forward case. The FIDR is a straightforward index to
assess the theoretical model that can be used for motion
control or not. In this part, the FIDR of the RIKM, BIKM
and FIKM with the FEA are presented, respectively. First,
give the expected poses of the platform D" ected which is
listed in Eq. (3). Second, use the RIKM, BIKM and FIKM
to calculate the displacement at prismatic joint DPRIKMDI]?IKM

and Dp'M, respectively. Then, import DR"*MDP*M and

DEIKM to the FEA software and obtain the pose of the plat-
form DgIKM—FEA, DgIKM—FEA and DICF)IKM—FEA

Finally, calculate the FIDR by Eq. (3).

Fig. 8 shows the analysis results of the RIKM. No matter
how angle 6 and flexure hinge parameters change, )\Igg%] —FEA
remains small when the platform moves along Z axis due
to the symmetric distribution of the force. As for the other
two DOFs, the )\Iggl‘g —FEA g large. Particularly, )»%g% —FEA
increases with angle 6 reduce and length [ increase.

Fig. 9 is the analysis results of the BIKM. The relation of

the )L%g% —FEA \yith the variables are almost identical with the

FEA-FEA result shown in Fig. 5. It is because that the input

, respectively.
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displacement calculated by BIKM and obtained by FEA are
closed, as shown in Table 2.

Fig. 10 presents the results of the FIKM. The deviation
is significant reduced compared with the other two IKMs.
Specifically, )ng%’ ~FEA increase with angle 6 decrease. the
maximum deviation value is within 0.1. As for the flexure
hinge parameters, short / and large ¢ bring small )\fgg]g —FEA
The largest deviation is within 0.13.

Overall, the three IKM models are able to provide fine
prediction when the platform moves along Z axis. However,
for the other two DOFs, RIKM and BIKM have a large devi-
ation of FIDR, which is sensitive to angle 6 and flexure hinge
parameters. On the contrary, FIKM keeps a fine prediction
on the other two DOFs. The maximum deviation is within
13%. Thus, FIKM is an IKM accurate enough to be used in

structure design and kinematics control.

C. THE COMPOUND MOTION OF THE 3-PRS

According to the analysis results shown in Fig. 8 -Fig. 10,
the two rotation DOFs has a large deviation of the FIDR.
Thus, it is necessary to test the compound motions containing
rotation around X and Y axes. To do so, a trefoil trajectory is
used, which can be expressed as follows:

D, =[6: 6,0] (30)
with

&1V

0y = sin (3¢) - cos (1)
Oy = cos (3t) - sin ()

+d] BIKM

+d2 BIKM
2 led3 BIKM
+dl RIKM
+d2 RIKM
=d3 RIKM
+d| FIKM
+d2 FIKM
0543 FIKM

(mm)

input

A

0 10 20 30 40 50 60
Sequence

FIGURE 13. The input displacement sequence of the helix.
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FIGURE 14. The helix line trajectory of the 3-PRS: (a) The D, of the helix trajectory; (b) The Afpg of the three models.

Calculate the input displacements by RIKM, BIKM, and
FIKM respectively. Fig. 11 illustrates the calculation results.
Then, import the input vectors DRIKM DBIKM 54 pFIKM
into the FEA model and obtain the pose of the platform
DléIKM—FEA’ DBIKM—FEA and DgIKM—FEA’ respectively.

Fig. 12 presents the results of the trefoil trajectory of the
3-PRS. The trajectory of the FIKM is much close to the ref-
erence one with deviations within 0.03. On the contrary, the
RIKM and BIKM are far away from the reference trajectory
with deviations larger than 0.35. It implies that the proposed
FIKM is able to predict the compound motions with two
rotations.

It is known that the 3-PRS has three motion DOFs includ-
ing 0y, 0y, d,. A spatial trajectory, helix line, is utilized to test,
which can be formulated as follows:

t .
Oy = 240 sin(z)

t
Oy = 240 cos(t) (32)

(@ —2m)x 1077
o 27

The input displacements of the prismatic joints obtained by
IKM models are illustrated in Fig. 13. The analysis results
are presented in Fig. 14, which shows that the FIKM has the
finest prediction with a deviation within 0.08. The other two
IKM models performs bad with deviations larger than 0.4.

d;

V. CONCLUSION

This paper discussed the inverse kinematic modelling of
the flexure-based 3-PRS parallel mechanism. The deviation
between the BIKM and FKM of the CPM was exhibited
via FEA simulation. To quantify the deviation, a new index,
FIDR, was proposed. FEA studies showed that the devia-
tion of the flexure-based 3-PRS is larger than 0.8, which
is sensitive to angle 6 and flexure hinge parameters. three
IKM models are established to predict the motion of the
3-PRS. RIKM has a large deviation due to the neglect of
the flexure hinge. BIKM is unsatisfying since the causative
force in the model is opposite to the practical situation. Final,
the improved model, FIKM, provides a great prediction on
the complex compound trajectory with a maximum deviation
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within 8% that is fine enough to be used on kinematic con-
trol. The simulation results validate the effectiveness of the
proposed methodology that can be employed and extended to
a variety of compliant parallel mechanism.

APPENDIX A
See Table 3.

APPENDIX B

A. DERIVATION OF THE COMPLIANCE MATRIX OF
FLEXURE HINGE

Compliance matrix describes the force-deformation rela-
tionship of a flexure hinge, it can be derived according
to Castigliano’s theorem. Since the flexure hinges used in
this paper have V-shaped in front view, takes the V-shaped
revolute joint and V-shaped spherical joint as example, the
derivation of their compliance matrix can be carried out by
the following steps:

a) Formulate the function of the V-shape:

12+41/24 1 =~2)r —x,
x €[0,1/2 —~2/2r]

t)24+rF — /12— (x —1/2)?,
(33)
x€[l/2=~2/2r,1/2 4+ 2/2r]
—1)241)2+ (1 = V2)r +x,
x € [l/24~2/2r,1]
b) Assuming the force F = [fx fy f; Mx M, M. 1T acted
on the free end of the flexure hinge and deform it,

according to the Clapeyron theorem, the elastic strain
energy equals to the work of F, it can be formulated as

follows:
I 2 I 2 i 2
F F, F
\% =/ —X(x) dx+/ hanlt A28 yx) dx+/ it () dx
o 2EA o 2GA o 2GA
IM 2
dx+ 2(x)

I M (x)? bt /l My(x)?
o 2GI, o 2EI, o 2EI

y(x) =

dx

(34)

where « is shear coefficient, I, and I, is moment of inertia
about y axis and z axis, I, is polar moment of inertia, A is cross
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TABLE 3. Nomenclature

mbo uantit
Symbol ity
pl i" Prismatic joint.
o Center point of moving platform.
oi End point of i” limb. In fact, 01 and O are coincident.
{h} Coordinate system fixed on the free end of flexure hinge.
{G} Global coordinate system.
o Angle between limb and base at initial configuration.
h Origin of coordinate system {h} .
top Circumscribed circle radius of Platform.
D Displacement vector with dimension 61, expressed in {h} coordinate, composed in the following order:
{n} [a, d, d. 6 6 6].
D o F Displacement vector at point o, caused by the force acted on point oi
F Force vector with dimension 6 X1 , expressed in {h} coordinate, composed in the following order:
h . . T
& AR AN ANA R
C h Compliance matrix of flexure hinge, with dimension 6x6 .
C/imbi .th
0-F), Compliance matrix of I limb , represent the relationship between force(acted on point oi) and displacement (at point o).
CCPM Compliance matrix of CPM, represent the relationship between force(acted on prismatic joint) and displacement (at
p=F, prismatic joint p).
CPM . . . . . . .
C o0—F Compliance matrix of CPM, represent the relationship between force(acted on point o) and displacement (at point o).
]}l_ G Transformation matrix with dimension 6x 6 , convert a force acting on point G into a equivalent force acting on point h
R Rotation matrix, also called directional cosine matrix, with dimension 6x6 . It is used to transform a vector in a {G}
{h}=1G} coordinate system into {h} coordinate system.
JDG—h Displacement equivalent matrix with dimension 6x6 .
J £ -G Force equivalent matrix with dimension 6x6 .
JG—h Equivalent matrix with dimension 6x6 .

sectional area. All of them are geometric related parameters,
i.e., can be calculated by y(x) [5], [21], [22]. G and E is shear
modulus and elastic modulus, respectively.

Fy(x) = fx

Fy(x) =f,

F.(x)=f; (35)
M, (x) = M,
My(x) = f-x + M,
M (x) = —fyx + M,

c) The relationship between the deformation vector and
the load vector can be expressed as follows:

1%

A=gp = Ci ki (36)

where F; means the i element of F, and Cjj is the element
of compliance matrix at (i, j).

Now, complete compliance matrix is obtained by (4).
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B. DERIVATION OF THE TRANSFORMATION MATRIX AND
ROTATION MATRIX

1) ROTATION MATRIX R4y g,

Suppose that frame B could be convert by frame A though a
series rotation about z-y-x axis in sequence with respective
angle y, B, «, then the rotation matrix is formulated as:

A-B 10 O cB 0sp
O (,B8,y)=| 0 ca —sa 0 10
0 sa co —sB 0 cp
cy —sy 0O
x|sy cy O (37)
0 0 1

A three-dimension vector in frame B can be expressed in
frame A by following transformation:

A—B
viay = 0O -vp (38)
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In this paper, since no matter force vector or deforma-
tion vector are six-dimension, and the first three-dimensional
and the last three-dimensional represent the quantities
along/about the three coordinate axes respectively, the rota-
tion matrix is furtherly formulates as:

A—B
0
Ru-m@ p.r=| <%, (39)
0 0

2) TRANSFORMATION MATRIX Tg_4
Suppose that a force F' act on point A, the equivalent force at
another point B will be:

re=r
1E =fi
B

L=r . .
M? =M} — [BA) - f} + [BA], -

MP =M} + [BA). - £} — [BA), - £

M?P =M} — [BA], - £ + [BAL - f;!
Formulate above equations group in matrix form, yield:
[10
| P

(40)

FB = ] - FA, with P(BA)

0 —[BAl [BA]
=| [BA. 0 —[BAL (41)
| _[BAl, [BAL O

Define the transformation matrix:

TB_A(EA) = [ 1], ?} 42)

C. DERIVATION OF THE COMPLIANCE-BASED MATRIX
METHOD OF SERIAL AND PARALLEL MECHANISM

1) Transformed compliance matrix of a single flexure

hinge

In the simplest case, namely the force vector and deformation
vector are both in flexure hinge fixed local coordinate system
{h}, and force are acting on the free end of the flexure hinge,
the deformation can be calculated by:

Dy =C" - Fyy (43)

However, in general case, force vector and deformation vector
may be expressed in another coordinate system, or force
may not act directly on the h point, but elsewhere in the
mechanism, and then pass to the h point, etc. In order to make
Eq. (11) more universal, three points matrix method [13] is
introduced, with help of transformation matrix and rotation
matrix:

T
Dyy = [Th-sl" [Rpy—i61]" C" [Ryp—161] (Th-al FuG

=Dppy

=Dh{G)
(44)
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For simplicity, define:

J6-n®C" = [Th_p)" [R{h}f{G}]T c’ [Rin—(6)] [T h—a]
(45)

The so-called three points, namely point a - the point of
application of force, point h - end point of the flexure hinge,
and point b - interest point of deformation(displacement). The
proof process is as follows:

1) Transfer the force to the flexure hinge and transform it
into local coordinate, calculate the deformation of the
flexure hinge Dy(cy;

2) Transform the Dy(G) to the specified coordinate (e.g.
global coordinate system) with R{G)_(s, since rota-
tion matrix is orthogonal matrix, the following formula
always holds:

Ry = Ry 61" = Ryy—c)1" (46)

3) Now Dy is known, based on small deformation
assumption, Dy(G) can be further calculate by

d? = d}! + [hb]. - 0! — [hb], - O
db =al' - (b1 - ol + (b1 -oh

d? = d!' + [hb], - 0} — [hb], - O (47)
00 = oh
b _ ph
Qy - 9y
67 =6;

Rewrite above equations group into matrix form, yield:

db ‘ - - dh
a’ 0 [hbl: —lhbly | | dt
b - = h
;1% _ 1: —[hbl. O [hbl ;z% (48)
9/‘1; | [hb]) —[hb], 0 9)21
y o 1 Y
6> : oh
b{G} G}

Compared to Eq. (42), it can be found that Tj)_j is the
transpose of Tj,_p:

Tpp = [Thp)” (49)

1) SERIAL MECHANISM

Assume there is a serial chain with one fixed end and one
free end, comprises multi flexure hinges interconnected with
several rigid links. The point load interacts and deforms with
all the flexible hinges on the series chain between the point
of force and the fixed end, so that the displacement at the
point of interest p is calculated by the linear superposition of
all the individual displacements generated by the interaction
between the load and any flexible hinge. The individual dis-
placement of a flexure hinge is derived by Eq. (12), the linear
superposition can be formulated as:

DI =" J6 1w ®C" - Fig (50)
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2) PARALLEL MECHANISM

Since multi limbs parallelly connect at a center point O,
the displacement for each limb is identical, namely D¢ =
plimbl _ plimb2 _  _ plimbn Qp the same time, the
external force f acting on the point O is the sum of the reaction
forces of each limb, namely:

f zflimbl +flimb2 + . +flimbn
— Z [Climbi]_lDlimbi (51)

The force-deformation relationship of the parallel mechanism
is:

[CParallel]—l . DO =f _ Z [Climbi]_lDlimbi (52)
Hence,

CParallel — (Z [Climbi]_l)fl (53)

D. DERIVATION OF THE COMPLIANCE-BASED MATRIX OF
3-PRS CPM

Although in general, limb is defined as the parts between
the moving platform and the base, each limb includes the
flexible hinges at both ends and the rigid connecting rod in
the middle. However, for ease of operation, the skeleton of the
piezoelectric ceramic and the moving platform is considered
as extended part of the limb. In order to avoid confusion, this
limb including extended part is called “fictitious limb”’ in this
paper.

It is worth noting that, the rigid bodies (rigid link between
in the middle and the skeleton of the platform) in fictitious
limb are not deformable, which equivalent to a flexure hinge
whose compliance matrix’s elements are all zero. On the
contrary, since piezoelectric ceramic’s deformation is freely
controlled according to demand, it is regarded as a soft spring
in moving direction. Based on these reasonable simplifica-
tions, the transformed compliance matrix of j* fictitious limb
is:

5
Cﬂimbj — ZJ]G_]”' ® Chi

i=1

- ; [TJhi—o]T [R/{hi}—{G}]T chi [R/{hi}—{G}] [Tjhi_o]
(54)

where C"!' refer to the piezoelectric ceramic actuator,
C"? refer to the revolute flexure hinge, C" refer to the rigid
link in between, C* refer to the spherical flexure hinge and
C refer to the skeleton of the platform. C? and C"* can be
obtained according to Appendix B1.1. C"', C3 and C" are
set as follows:

00 0 000
00 0 000

s | 00100000000 [ s s

C =100 0o o000 ¢ =C
00 0 000
00 0 000
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000000
000000
000000
~1000000 (55)
000000

000000

—J

Noted that, when i = S,hio{G} equal to zero vector.

R’{hi}_{G} = Ryuij—(6)(0, Bi, ¢)) can be calculated by (7) with

—/2, i=1,5
Bi = / . (56)
/240, =234

. . —~J —J
Ti_o = Thi_,(hio|g)) can be calculated by (42) when hiog,
is given as follows:

—J - - J

=L;- [—c059~cos<pj —cos 0 - sing; sin@]

+rtop'[—COS(,0j—Sin(pj O] (57)
with
Lrevolute + lrigidlink + lspherical» i=1
L, — | lrgidtink & Lspherica, =2

lspherical» i=3

[ 0, i=

[ 0, J =
—2r/3, j=3

Fictitious
limb,

FIGURE 15. Coordinate systems on fictitious limb.
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