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ARTICLE INFO ABSTRACT

ATH'C’_E history: The revelation of mechanism bifurcation is essential in the design and analysis of reconfig-
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based method for their bifurcation revelation using screw theory. Based on the constraint
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equations derived from the first- and second-order kinematics, only one linearly indepen-
dent relationship between joint angular velocities at the singular configuration of the new
mechanism can be generated, which means the bifurcation cannot be revealed in this way.
Therefore, we calculate constraint equations from the third- and fourth-order kinematics,
and attain two linearly independent relationships between joint angular accelerations at
the same singular configuration that correspond to different curvatures of the kinematic
curves of two motion branches in the configuration space. Moreover, motion branches in
Schatz-inspired metamorphic mechanisms are demonstrated.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Compared with traditional mechanisms with fixed mobility, reconfigurable mechanisms have variable numbers and types
of mobility and a variety of configurations, which can meet the requirements for multi-tasks, multi-working conditions and
multi-functions. The research of reconfigurable mechanism can be traced back to the 1990s. In 1996, Wohlhart discovered
a kind of mechanism whose mobility would change when passing through a singular configuration and named it kine-
matotropic mechanism [1]. Later, Dai and Rees Jones proposed metamorphic mechanisms [2] based on the principle of
biological evolution in the research of packaging origami decorations. These two kinds of mechanisms are the only two
reconfigurable mechanisms developed in the 1990s, which extend traditional mechanisms to more broad wide application

fields.

In the past 20 years, the bifurcation phenomenon of reconfigurable mechanisms has attracted many scholars’ interest.
Here, bifurcation (or multi-furcation) refers to the phenomenon that the mechanism has two (or more than two) different
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motion branches when it moves through a constrained singular configuration [3,4]. The revelation of bifurcation (or multi-
furcation) is to detect whether there exist two (or more than two) different motion branches in a reconfigurable mechanism.

Some scholars found different motion branches of the mechanism by solving analytical solutions of the closed-loop equa-
tion based on the DH transformation matrix. Feng et al. [5,6] discovered the kinematic bifurcation of the plane-symmetric
Bricard linkage and the plane-symmetric spherical 6R linkage assembly. Ma et al. [7] obtained the bifurcation motion of the
Bennett planar-spherical hybrid 6R mechanism. Song et al. [8] presented the constraint conditions of joints in a 6R meta-
morphic mechanism, which leads to eight motion branches and multiple furcation points. However, it is not easy to get
analytical solutions of all the closed-loop equations of reconfigurable mechanisms. Some scholars use numerical methods to
solve this problem where analytical solutions cannot be attained. Kumar and Pellegrino [9] developed a unique iterative al-
gorithm to detect the existence of bifurcation motion based on the current configuration. Gan and Pellegrino [10] introduced
the numerical solution of the closed-loop equation in the bifurcation detection of deployable structures.

Other scholars applied screw theory especially the screw system methods [11,12] to analyse the local motion character-
istics of branch motions and constraints of different bifurcated motions. Gan et al. [13,14] used screw theory to study the
mobility changes and bifurcated motion of novel metamorphic parallel mechanisms. Qin et al. [4] studied the multi-furcation
phenomenon of the queer square mechanism, which can generate 14 bifurcation motion states through the constrained sin-
gular configuration. Gao et al. [15] presented a novel truss-shaped deployable grasping manipulator with mobility bifurca-
tion, which changes its mobility from deployment to grasping motions.

Besides, there are other methods for revealing bifurcation in reconfigurable mechanisms. Wei and Dai [16,17] used the
concept of Lie group to present the finite motion characteristics and differential manifold to explore the bifurcation phe-
nomenon of reconfigurable parallel mechanisms. Wang and Wang [18] proposed an algorithm to determine all configuration
branches and bifurcation points of the Stewart platform. Lee and Hervé [19] studied a 6R mechanism with two different
single-degree-of-freedom motion modes and presented that bifurcation belongs to a special singularity type. Li and Hervé
[20] designed a parallel mechanism with Schéenflie motion branches. Gogu [21] discussed the essence of bifurcation at the
constraint singularity by using linear algebra method and expounded the relationship between constraint singularity and
structural parameters of parallel mechanisms. Yuan et al. [22] introduced the concepts of mechanism stiffness and flexibility
to define bifurcation motions. Nurahmi et al. [23] established the decomposition of constraint equations of 4-RUU parallel
mechanism by using the algebraic method of Study’s kinematic mapping of the Euclidean geometry group SE(3) to analyse
the reconfiguration.

High-order kinematics has been introduced to analyse the characteristics of mechanisms. Hunt [24] first applied the
velocity screw to the construction of the first-order kinematic model of 6-DOF parallel mechanism, namely the velocity
Jacobian matrix. This contribution has laid a solid theoretical foundation for much later research work. Generally, the first-
order kinematic model can be directly obtained by deriving the position closed-loop equation [25-28]. Similarly, the second-
order and higher-order kinematic models can also be obtained by directly deriving the first-order kinematic model [29-31].
Moreover, the method based on finite and instantaneous screw can be used to formulate the high-order kinematic models
by directly differentiating the corresponding topology and velocity models, which is simple and straightforward with lower
computation cost [32-35].

To simplify the mathematical model of higher-order kinematics, Joshi and Tsai proposed a general modelling method for
non-overconstrained parallel mechanisms by using the property of reciprocal product of screws [36]. Thomas and Tesar pro-
posed a general method to construct the acceleration model of the series kinematic chain by using the influence coefficient
method [37]. Wang and Huang extended this method to the field of parallel mechanisms [38]. Staicu and Zhang revealed
a recursive matrix method to represent the velocity and acceleration of the next configuration based on the velocity and
acceleration model of the current configuration [39,40]. In 1996, Rico and Duffy proposed a simplified method to calculate
the acceleration of spatial kinematic chains using screw theory [41]. Later, Rico et al. [42], Alvarado [43] extended this sim-
plified method to the jerk and jounce analysis of spatial kinematic chains. Gallardo-Alvarado and Garcia-Murillo [44] applied
the theory of screws in the jerk and hyper-jerk analyses of a six-degrees-of-freedom parallel manipulator. Lé6pez-Custodio
et al. [45] proposed a compact expression for high-order kinematic analysis and verified the equivalence with the expression
derived by Lerbet in 1998 [46].

For the reconfigurable mechanisms, the current high-order kinematic analysis methods focus on the relationship between
joint velocities at the singular configuration of mechanisms and have been used successfully on the revelation of bifurcation
[47]. Here, we are going to reveal the bifurcation by establishing the high-order kinematic model and obtain the instanta-
neous joint velocities at the singular configuration of the mechanism, which can be obtained directly by the screw theory.
Furthermore, with the screw theory, we can obtain the constraints of mechanisms if necessary. Hence, we adopt screw the-
ory here instead of Lie group. In this paper, two special cases namely the Schatz-inspired metamorphic mechanisms are
presented, where the first- and second-order based methods fail. Then, we propose a novel third- and fourth-order based
method to reveal the bifurcation of the presented mechanism based on the simplified mathematical model of higher-order
kinematics. The layout of this paper is as follows. Based on the geometric setup of Schatz-inspired metamorphic mechanism
described in Sec. 2, two singular configurations are analysed with the first- and second-order based method in Sec. 3 and
one of them cannot be revealed. Sec. 4 introduces the third- and fourth-order kinematics to obtain the acceleration con-
straint equations and illustrates the third- and fourth-order based method for the revelation of bifurcation, which leads to
the motion branches given in Sec. 5. Then, this method is extended to another Schatz-inspired metamorphic mechanism in
Sec. 6.
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Fig. 2. Singular configuration I (a) and singular configuration II (b) of the Schatz-inspired metamorphic mechanism.

2. Geometric setup of the Schatz-inspired metamorphic mechanism

The Schatz-inspired metamorphic mechanism consists of seven links connected by seven revolute joints and one loop
is constructed by these joints. As illustrated in Fig. 1, seven revolute joints are described by letters A, B, C, D, E, F and G,
respectively. The Schatz-inspired metamorphic mechanism is a spatial 7R mechanism and can be seen as a Schatz linkage
with an additional revolute joint E. The geometric parameters of the mechanism are

a1y = dg7 =0, a3 = 034 =2(1, 45 = 456 = A, A7 :2«/§a
Q2 =03 = 034 = Olys = Qg7 =TT /2,056 = 71 = 0 (1)
R, =R3=R4=R5; =R =0,R; =—-R; =R

The geometric setup of coordinate systems follows the Denavit and Hartenberg’'s convention [48]. The local coordinate
system 0;-x;y;z; is established. Axis z; lies along the revolute axis of joint i, axis x; is collinear with the common normal
direction pointing from axis z;_; to axis z;, axis y; follows the right-handed rule. a(;_;); is the link length representing the
normal distance between axis z;_; and axis z;, o _y); is the twist angle from axis z;_; to axis z; about axis x;, R; is the
joint offset representing the normal distance between axis x; and axis x;, 1, and 0; is the rotation angle from axis x; to axis
Xi11 about axis z;. Here, link length a(;_;y;, twist angle a;_); joint offset R; and rotation angle 8; are DH parameters in the
mechanism.

The global coordinate system B-xyz is established with its origin at the centre point of joint B in Fig. 1. Axis x is collinear
with axis xq, axis z is collinear with axis z;, axis y follows the right-handed rule.

When the Schatz-inspired metamorphic mechanism moves to a configuration that all links lie in the same plane, the
mechanism is singular, and the configuration is called as singular configuration. As shown in Fig. 2, there are two singular
configurations denoted as singular configuration I and singular configuration II, respectively.

Each of the seven revolute joints of the Schatz-inspired metamorphic mechanism as indicated in Fig. 2 is expressed by
a screw, denoted as §;, which can represent the instantaneous velocity including linear velocity and angular velocity of a
motion generated by a kinematic joint in the global coordinate system. Following Refs. [41-47], the dimension of the tangent
cone equals to the local mobility of the mechanism at the singular configuration and the tangent cone can be approximated
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by different order cones. For the revelation of bifurcation, we focus on the singular configuration, so we only establish the
high-order kinematic model at the singular configuration rather than any one non-singular configuration in this paper. For
the Schatz-inspired metamorphic mechanism, a can be 1 and R can be 0 for simplified calculation, because the axes of
joints A and G are parallel to each other as shown in Fig. 1. Seven screws that are attached to the seven revolute joints at
the singular configuration I in Fig. 2(a) can be calculated and written as

$;=1(0,0,1,0,0,0)",8, = (0, —1,0,0,0,0)"
T
S5 = (%,0,@,0,2,0) .S4=(0,1,0, 2,0, —2V3)’

T T (2)
$5=(1,0,0,0,1,0)",8s = (1,0,0,0,0,0)
$;=(0,0,1,0,2v3,0)"
Similarly, the seven screws at the singular configuration II in Fig. 2(b) can also be calculated and written as
$;=1(0,0,1,0,0,0)". 8, = (1,0,0,0,0,0)"
$3=(0,1,0, —=2,0,0)".8, = (%O - ?,0, - 1,0)T
3)

s = (0.-1.0.3.0, %)T,SG = (0. -1,0,0,0,2v3)"
$;=(0.0,1,0,2v3,0)"

3. First- and second-order kinematics

For the Schatz-inspired metamorphic mechanism, the closed-loop velocity equation can be expressed as
w181 + W87 + w383 + W48y + W5S5 + WS + W87 =0 (4)

where w1, w;, w3, w4, Ws, W and w7 represent the scalar angular velocities of revolute joints in the mechanism. Eq. (4) can
be written in matrix form as

w1
w3

Jo=[S S S5 Si S S S || ws |=0 (5)

Eq. (5) gives the Jacobian matrix of the mechanism which implements instantaneous velocity analysis for the mechanism
when the mechanism moves from the singular configuration.

Substituting the seven screws of Eq. (2) into Eq. (5), the Jacobian matrix of singular configuration I in Fig. 2(a) can be
expressed as a function of the mechanism dimensions and the first-order velocity constraint equations of the mechanism at
singular configuration I are obtained as

o0 L o 11 01
2 o,
0 -1 0 1 0 0
v3 @3
Jo = 1 0 > 0 0 O o -0 (6)
0 0 0 -2 0 0 0 ws
0 0 2 0 1 0 2v3 ws
0 0 O -2v3 0 0 0 || o

The dimension of matrix J is 6x7 since the mechanism has only one loop and seven joints. It can be found that the
fourth and sixth rows of the Jacobian matrix in Eq. (6) are dependent. Then, the first-order velocity constraint equations can
be simplified as

0 5 0 1 10 .
1 0 0 0 0 @3
Jo=1 41 9 ? 0 0 0 1 wg | =0 (7)
0 -2 0 @s
wWe
L 0 2 0 1 0 2V3 |
| W7 |
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It shows that the rank of matrix J is 5. There are 7 angular velocity variables and the transitory mobility of the mecha-
nism at singular configuration I is 2.

When we take derivatives of both sides of Eq. (4) to implement acceleration analysis for the Schatz-inspired metamorphic
mechanism, the closed-loop acceleration equation [42,49] is obtained as

181 + 028y + 0383 + 0484 + 0585 + 06S6 + 04787 = =S| (8)

where o1, a3, o3, a4, 05, g and «; represent the scalar angular accelerations of revolute joints in the mechanism. The Lie
screw S; [47] can be computed by a sequential operation using the Lie bracket of screws and expressed in bilinear form as

SL = Zwiwj[si, S]]
i<j
-~ =T

@] [0 [$1.S52] [S1.83] [S1.Sa] [S1.S5] [S1.Se6] [S1.S7]|[@i]
wy 0 0 [52, Sg] [52, S4] [52, S5] [52, SG] [52, S7] wy
w3 0 0 0 [S3.84] [S3.S5] [S3.S6] [S3.57] || w3 (9)
= | W4 0 0 0 0 [54, 55] [54, 56] [54, S7] Wy
ws 0 0 0 0 0 [55, Sg] [55, S7] ws5
(O 0 0 0 0 0 0 [SG, S7] we
Lw7 | |LO 0 0 0 0 0 0 ||w7|
where 1 < i < j < 7. The rule of calculating the Lie bracket of any two screws S; and S; can be given as
< S X Sj
[s.5/] = (si X S0+ 8y X s},) (10)

where the 3-dimensional vectors s; and s; are the primary parts of screws §; and S; respectively, while the 3-dimensional
vectors S;p and sjp are the secondary parts of screws S; and S; respectively. The Lie bracket formula satisfies anti-
commutativity which is [S;, §;] = -[S;, S;].

For singular configuration I, substituting the seven screws of Eq. (2) into Eq. (9), the Lie screw S; can be expressed as

3 3
w1 (a)z - (U4) - a)z(%ah + a)7) - §w3w4 + waw7

w1 (303 + ws + ws) + a)3(§a)5 + Lo - %w7) — w7 (ws + wg)

w2 (303 + @5 + W) + JW3ws — W4(Ws + W) (1)

-1 (20)3 + ws + 2\/§Cl)7) + 2ﬁ(1)2&)4 — w3 §w5 + Ll)7> + wsw7;
20104 — 204 (v3ws + VBws — w7)

—2WHw4 + W3 (—%0)5 — 2w + «/§w7) — Ws5We + 2\/§a)7 (w5 + we)

Then, substituting the first-order velocity constraint equations in Eq. (7), Eq. (11) can be simplified as

Y

0
%03
5= V3w? —OZx@cog (12)
w2+ a)§0+ w3ws
Eq. (8) can also be written in matrix form as
o ]
o
a3
Ja=[S S S5 Si S5 S S || a |=-S (13)
as
2%
L @7 |

The algebraic condition for solving Eq. (13) can be expressed as
Rank(J) =Rank([ J -8, ]) (14)
Eq. (7) shows that Rank (J) = 5. Then, Rank ([ J -S;]) = 5, which means that all the six-order cofactors of the extended

matrix [ J -S;] are zero [50]. Thus, the second-order velocity constraint equations of the Schatz-inspired metamorphic mech-
anism can be obtained by calculating all the six-order cofactors of the augmented matrix as

—203 + w3ws + WE +6w3 =0 (15)
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Assembling the first-order velocity constraint equations in Eq. (7) and the second-order velocity constraint equations
in Eq. (15), the following constraint system with first- and second-order velocity constraints integrated is obtained and all
possible constraints exerted to the mechanism at singular configuration I can be listed as

%a)3+a)5+w6=0

—wy+ws =0
w1+§w3+w7=0 (16)
—2(1)4 =0

20)3 + ws + 2\/?6()7 =0
—2w3 + w3ws + Wi 4+ 6w2 =0

Considering the constraint system of the Schatz-inspired metamorphic mechanism presented in Eq. (16), two linearly
independent solutions are obtained. For the mechanisms in this paper, two linearly independent solutions, namely, two
high-order cones at the singular configuration are corresponded to two finite motion braches. If representing these solutions
in the form of 7-dimensional column vectors (w7 @, ... w7)T, the solution vectors can be expressed as

T
( éwﬁ 0 —2wsg 0 0 wsg —zﬁa}(; ) (17)
3 3
V3 2 4 !
( —?a)g 0 §a)6 0 —g&)e we 0 ) (18)

Similar to singular configuration I in Fig. 2(a), substituting the seven screws of Eq. (3) into Eq. (5), first-order velocity
constraint equations of the Schatz-inspired metamorphic mechanism at singular configuration II in Fig. 2(b) are obtained
as

[ 1 0 % 0 0 o |r w; 7
0 0 -1 1 0 wo
1 oo -¥3 o 0o 1 @3

Jo = 2 ws | =0 (19)

0 2 0 5 0 0 s
0 0o -1 o0 0 2v3 o
6

0 0 0 O %g 2V3 0 L @7

Substituting the seven screws of Eq. (3) into Eq. (9), the Lie screw S; of singular configuration II can be expressed and
simplified as

—V3w3w,
§w2w4
—W3W4
S = 20
L 26()46()7 — §w5a)5 ( )
—Zﬁw3w4

V3wawr — %wswa

The augmented matrix of Eq. (13) at singular configuration II is

o1 0o ] 0 0 0 V3wsws

00 1 0 -1 -1 0 — B wywy

10 0 -¥ 0 o0 1 W34 1)
00 -2 0 1 0 0 2040 +Lwsws

0o 0 0 -1 0 0 2v3 2v/3ws w4

0 0 O 0 M5 2V3 0 —VBwswr + losws

Thus, the second-order velocity constraint equations of the Schatz-inspired metamorphic mechanism at singular config-
uration II in Fig. 2(b) can be obtained by calculating all the six-order cofactors of the augmented matrix as

3wyws — 2w5wg + 3V 3waw7 =0 (22)
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- - -branchl —— branch2
. .
5 5
2 2
I 11
0] ---#--- 0 ———e—-
-1 -1
w; [}
) 1 =) 1
-2 -1 0 1 2 -2 -1 0 1 2
(a) (b)
Fig. 3. The relation of angular velocitieswsvsw,at singular configuration I (a) and singular configuration II (b).
Then, the following constraint system with first and second-order kinematics is obtained as
wy + %0)4 =0
w3 — W5 — Wg = 0
w1 —§w4+w7:0 (23)

—2w3 + Jws =0
—W4 + 2\/?6()7 =0
3worwy — 2wswg + 3\/§6{)4C{)7 =0

Considering the constraint system of the mechanism presented in Eq. (23), only one linearly independent solution is ob-
tained. If representing it in a 7-dimensional column vector (w; @, w3 w4 ws wg w)T, the solution vector can be expressed
as

(20, —3w; 0 2V3w; 0 0 ) (24)

Comparing Eqgs. (17)(18) and Eq. (24), it can be found that there are two linearly independent solutions, which means
there are two different motion branches that can be revealed through the first- and second-order based method at singular
configuration I in Fig. 2(a). However, there is only one linearly independent solution and it cannot be revealed whether there
are different motion branches at singular configuration II in Fig. 2(b), of which the reason is that the two motion branches
have the same velocity at singular configuration II as shown in Fig. 3(b). Fig. 3 presents the angular velocity relationship of
two different motion branches at the singular configurations, which are obtained by the first- and second-order constraint
equations. Moreover, the angular velocity relationship is also the tangent of the motion curves at the singular configurations.
In other words, the kinematic curves of these two motion branches are tangent at singular configuration II in Fig. 3(b).
Meanwhile, as shown in Fig. 3(a), the two motion branches have different velocities and the kinematic curves of these two
motion branches intersect at singular configuration I.

In a word, the first- and second-order based method succeeds in the revelation of different motion branches at singu-
lar configuration I but fails to reveal different motion branches at singular configuration II. Here, it cannot be determined
whether there is no bifurcation or two tangential motion branches. The difference is that the former has only one cur-
vature but the latter has two different curvatures, namely different acceleration relations. Then, it needs to calculate the
acceleration relation of kinematic joints at singular configuration II in the following section.

4. Third- and fourth-order kinematics

In Sec. 3, we have obtained the second-order acceleration constraint equations at singular configuration II as Eq. (13).
Substituting Eqs. (3), (20) and (24), it can be written as

_ ; = i
o1 0 3 0 0 0 a o
001 0 -1 1 0 a0
3v3w?
\/§ (0%}
100 -3 0 0 1 0
Jo = 1 w | = (25)
_ 2 —4/3w?2
2 0 5 0 0 s 7
0 -1 0 0 2¥3 o 0
—6w?
0 0 0 32£ 2V3 0 L %7 ’
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Then, we need to calculate the third-order kinematics to obtain other acceleration constraint equations. When we take
derivatives of both sides of Eq. (8) to implement jerk analysis for the Schatz-inspired metamorphic mechanism, the closed-
loop jerk equation is obtained as

P11 + P282 + 383 + 0454 + P5S5 + PeS6 + P787 = =) (26)

where p1, 02, p3, P4, P5, Pg and p; represent the scalar angular jerks of revolute joints in the mechanism. The jerk screw
S; [45] can be computed by a sequential operation using the Lie bracket of screws and expressed as

S] =2 Zinlj[Si,Sj] + Zaiwj[si,sj]
i<] 1<]

+ gjwiwiwj[si, [si.5;]] +2 i<]z<kw,-ijk[s,-, [S;. S]] (27)
where the detailed items are placed in the Appendix. Then, the jerk screw §; can be written as
— (603 + 35 + 3ag) w7 + 9V3w3
(6ay — 3aq)wr
5 = _3£g;:0037+ 9w3 (28)
—(12a3 + 305) w7 + 10v303
330407
Eq. (26) can also be written in matrix form as
o T
02
03
Jo=[S1 S S Si S5 S S || pa |=-§ (29)
Ps
Ps
L p7
The algebraic condition for solving Eq. (29) can be expressed as
Rank(J) =Rank([ J -$; ]) (30)

Similar to Eq. (14), Rank ([ J -§j]) = 5, which also means that all the six-order cofactors of the extended matrix [ J -
§;] are zero. Thus, the third-order acceleration constraint equations of the Schatz-inspired metamorphic mechanism can be
obtained by calculating all the six-order cofactors of the extended matrix as

w20, +0ty) =0 (31)

Comparing Eq. (31) and the first second-order acceleration constraint equation in Eq. (25), we can find that these two
equations are equivalent to each other, which means that the third-order acceleration constraint equation cannot be used for
the revelation of bifurcation. Further, we need to calculate the fourth-order kinematics to attain other acceleration constraint
equations as follows.

Taking derivatives of both sides of Eq. (26) to implement jounce analysis for the Schatz-inspired metamorphic mecha-
nism, the closed-loop jounce equation is obtained as

7181 + 7282 + 1383 + 7484 + 7585 + 1686 + 7787 = fS]o (32)

where 71, Ty, T3, T4, Ts, Tgand T represent the scalar angular jounces of revolute joints in the mechanism. The jounce
screw Sjp [45] can be computed by a sequential operation using the Lie bracket of screws and expressed as

S]O =3 Zw,pJ[S,, sj] + Zp,wj[s,, Sj] +3 Z(X,‘O{j[si, SJ]
1< 1< 1<
+ 3]Z a)iwiaj[si, [S: Sj]] +3 Za)iol,-a);[si, [Si, Sj]] +6 Z’ wiijlk[si, [Sj, Sk]]
i<j i<j i<j<k
+3 Z’ w,-otja)k[si [S], Sk]] +3 Zkoz,-a)jwk[s,-, [Sj, Sk]] ]
i<j<k i<j<
+ Zwia)iwiwj[si, [S,’, [S,,S]]]] +3 kaiwiij,c[sj, [S, [S_)’Sk]]]
i<j i<j<

+3 Z a),-a)ja)ja)k[s,-, [SJ, [Sjvsk]]] +6 Z a)ha),-a)ja)k[sh, [Siv [SJ,Sk]]] (33)

i<j<k h<i<j<k
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where the detailed items are placed in the Appendix. Then, the jounce screw Sjo can be written as
—(803 +4ps + 4pe) w7 + 6330203 — T200w2

(802 — 2pa)w7 — 3303 — 360303 + 183w}
~4V/3p3w7 + 603 — 18v/30t, 2

$10= | 8 pgey + 44302 + 18v3a2 — 144302 + 144304 (34)
—(163 + 2ps5)w7 + 1230203 — 840, w2
4V3paw; + 602 + 1802 — 7230302 + 324w
Eq. (32) can also be written in matrix form as
F o
T2
73
Jt=[ S S S5 Si S5 S S || u |[=-Sp (35)
15
T6
L T7

The algebraic condition for solving Eq. (35) can be expressed as

Rank(J) =Rank([ J —Spo ]) (36)

Similar to Eq. (14) and (30), Rank ([ J -Sjo]) = 5, which means that all the six-order cofactors of the extended matrix [ J
=Sjo] are zero. Thus, the fourth-order acceleration constraint equations of the Schatz-inspired metamorphic mechanism can
be obtained by calculating all the six-order cofactors of the extended matrix as

2027 + P47 + 33303 + 36+/305 — 360302 =0 (37)
From Eq. (29), we can get the relation equation ofp,andp4as
02+ %p;; = (603 + 3at5 + 3ats) w7 — 9V3W3 (38)
Then, substituting Eq. (38) and (25) into Eq. (37), it can be simplified as
as(a; —2v3w3) =0 (39)
From the above constraint system and rearranging the fourth-order acceleration constraints, all possible constraints ex-
erted to the mechanism at the singular configuration can be listed as
o+ 3a4=0
o3 — o5 — ot = 3v/3w2

oy — ?a;; +a7;=0
—203 + 1os = —4V3w2 (40)

—a4+2vV307=0
#as + 24306 = —6w?2
(g —2v/3w3) =0
Considering the constraint system of the mechanism presented in Eq. (40), two linearly independent solutions are ob-

tained. If representing these solutions in the form of 7-dimensional column vectors (o7 @5 ... a7)T, the solution vectors can
be expressed as

T

( —23£012 (0%) 2\/§w% —20[2 0 —ﬁw% —?Olz ) (41)
T

( —23£a2 oy 0 —2a; —8v3w? 5v3w? —\?az ) (42)

These two linearly independent solutions correspond to two different motion branches revealed by the third- and fourth-
order based method. Fig. 4 presents the angular acceleration relationship of two different motion branches at the singular
configurations, which are obtained by the third- and fourth-order constraint equations. Moreover, the angular acceleration
relationship describes the curvature of the motion curves at the singular configuration. Considering these two relations of
joint angular accelerations in Eqgs. (41) and (42) as shown in Fig. 4 with the relation of angular velocities in Eq. (24) at
singular configuration II, the difference between these two motion branches is that revolute joint E is geometrically con-
strained in one motion branch while not geometrically constrained in the other motion branch. In other words, when the
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— — = branch 1
—— branch 2

A

_2—2—10 1 2

Fig. 4. The relation of angular accelerationsasvsagat singular configuration II.

Schatz-inspired metamorphic mechanism moves through singular configuration II in Fig. 3(b), the curvatures of kinematic
curves of these two motion branches are different, although the tangent lines of them are the same.

For this mechanism in the paper, its configuration space is seven-dimensional. Here, we choose the two-dimensional
graphs to illustrate the relationship of angular velocities and angular accelerations. Any two of the seven joints can be
selected in the two-dimensional graphs. We just choose two of them as an example to illustrate. Ideally, choosing the same
joints is better for the consistency of the figures. However, in Fig. 4, the angular accelerations and angular velocities of joints
A and E are coupled, making it unable to present the relationship of angular accelerations in a numerical way, so we choose
joints E and F instead of joints A and E.

5. Motion branches in the Schatz-inspired metamorphic mechanism

In the previous sections, we have revealed all the motion branches and singular configurations in the Schatz-inspired
metamorphic mechanism as shown in Fig. 5, where I-IlI-II-IV-I correspond to configurations of the mechanism along motion
branch 1 and I-V-II-VI-I correspond to configurations of the mechanism along motion branch 2.

For the motion branches in Fig. 5, joint E is geometrically constrained in motion branch 1, where the mechanism moves
as a Schatz mechanism, but not geometrically constrained in motion branch 2, where the mechanism moves as a single
degree-of-freedom spatial 7R mechanism. Moreover, the kinematic curves of these motion branches intersect at singular
configuration I and are tangent with different curvatures at singular configuration II. When the mechanism moves to singular
configurations, the mechanism will be divided into two motion branches and this is coined as bifurcation. The mechanism
can switch its motion branches when going through the intersection points and these points can thus be coined as constraint
singularity. It can realise the reconfigurable switch between these two motion branches through singular configuration I and
singular configuration IL

6. Extension to another Schatz-inspired metamorphic mechanism

Most of the existing metamorphic mechanisms can be analyzed with the first- and second-order based methods and
their motion branches intersect at the bifurcation points. Besides the above-mentioned mechanism, another Schatz-inspired
metamorphic mechanism is used to present the third- and fourth-order based method for its bifurcation revelation using
screw theory. These two mechanisms are both spatial 7R mechanisms and can be seen as Schatz mechanisms with ad-
ditional revolute joints. The positions and orientations of the axes of the additional revolute joints are different in these
two mechanisms, which induce the different geometric parameters of the mechanisms. The geometric parameters of the
mechanism are

a1y =d0dg7 = 0, a3 = ds6 = 2a, a34 =045 = A, d71 = Zﬁa
Q12 = Qo3 = O34 = Ols6 = Ue7 = T /2,05 = 71 =0 (43)
Ry=R3=R4=R5s =R =0,R;{ = —R; =R

The global coordinate system B-xyz is established with its origin at the centre point of joint B in Fig. 6. Axis x is collinear
with axis xq, axis z is collinear with axis z;, axis y follows the right-handed rule. Similarly, there are two singular configu-
rations denoted as singularity configuration I and singular configuration II as shown in Fig. 7, respectively.
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---» branch 1
— branch 2

Fig. 6. Another Schatz-inspired metamorphic mechanism.

(b)

Fig. 7. Singular configuration I (a) and singular configuration II (b) of another Schatz-inspired metamorphic mechanism.
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Seven screws that are attached to the seven revolute joints at the singular configuration I in Fig. 7(a) can be calculated
and written as
$1=(0,0,1,0,0,00".8, =(1,0,0,0,0,0)"

T
§5=(0.1,0, —2,0,0)".85, = (%,0, - ?,0,0,0)

T T (44)
S5 = (%,0, -0, —1,0> .S6=(0. -~ 1,0,0,0,2v3)
$;=(0,0,1,0,2v3,0)"
Similarly, the seven screws at the singular configuration II in Fig. 7(b) can also be calculated and written as
$;=(0,0,1,0,0,0)".8, = (0, —1,0,0,0,0)"
s3:<%,0,§,0,2,0)T,s4=(0,1,0, _3, ,-#)T )

Ss=(0.1,0, =2,0, —2v3)',85 = (1,0,0,0,0,0)"
$;=(0.0.1,0,2v3,0)"
Substituting the seven screws of Eq. (44) into Eq. (5), the Jacobian matrix of singular configuration I in Fig. 7(a) and the

first-order velocity constraint equations at singular configuration I are obtained as

10 1} 1 0 0 @1

2 2 w

0 0 0 0 -1 0 2
33 “

Jo=| 1 00 3 T 0 1 wg | =0 (46)

0 0 -2 0 0 0 0 ws

0 0 0 O -1 0 2V3 ws

| 0 0 0 O 0 23 0 || o

It can be found that the second, fourth and sixth rows of the Jacobian matrix in Eq. (46) are dependent.
Substituting the seven screws of Eq. (44) into Eq. (9), the Lie screw S; can be obtained and simplified as

0
V3
B0, (0, + 5)
0
S, = (47)
2w5w,
0
«/§a)5w7
The algebraic condition for solving Eq. (13) is that all the six-order cofactors of the extended matrix [ J -S| are zero. Thus,
the second-order velocity constraint equations can be obtained by calculating all the six-order cofactors of the augmented
matrix as

\/§(1)5(,()7 + wyw4 + wyws =0 (48)

Assembling the first-order velocity constraint equations in Eq. (46) and the second-order velocity constraint equations
in Eq. (48), the following constraint system with first- and second-order velocity constraints integrated is obtained and all
possible constraints exerted to the mechanism at singular configuration I can be listed as

wz+%w4+%w5=0
w1—§w4—§w5+w7=0

a)3=0

49
_0)5+2«/§0)7=0 (49)
60520

«/§w5w7 + W4 + wrws =0

Then, two linearly independent solutions are obtained. If representing these solutions in the form of 7-dimensional col-
umn vectors (wq w, ... w7)T, the solution vectors can be expressed as

(20, V3w, 0 0 23w; 0 ) (50)

(<407 VBw; 0 -4vV3w; 2V3w; 0 ;) (51)
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Fig. 8. The relation of angular velocitiesw,vswat singular configuration I (a) and singular configuration II (b).

Similar to singular configuration I in Fig. 7(a), substituting the seven screws of Eq. (45) into Eq. (5), first-order velocity
constraint equations at singular configuration II in Fig. 7(b) are obtained as

o 0o 1 o o 1 o[
0o -1 0 1 1 0 o0 ||
1 0 £ o0 0 0 1 [|“
Jo=lo 0o 0o -3 2 0 o0 34 =0 (52)
0 0 2 0 0 0 2V3|| 7
0 0 0 =33 -2/3 0 0 ||,

Substituting the seven screws of Eq. (45) into Eq. (9), the Lie screw S; of singular configuration II can be expressed and
simplified as

—x/§a)2co3
?a)w}e
wHw:
5 = 203 (53)
—W3W7 — 5~ W4Ws5
0

%0)4(1)5 — 26()360(5

Thus, the second-order velocity constraint equations of the Schatz-inspired metamorphic mechanism at singular config-
uration II in Fig. 7(b) can be obtained by calculating all the six-order cofactors of the augmented matrix as

Waws — W3Wg + ?wgan =0 (54)

Then, the following constraint system with first and second-order kinematics is obtained as

%0)3 +wg=0

—wy + w4+ w5 =0

w1 + §w3 +w;=0

—30)4 — 2(,()5 =0

2w3 +2V3w; =0

WaWs — W3Wg + §w3w7 =0
Only one linearly independent solution is obtained. If representing it in a 7-dimensional column vector (w7 @, w3 w4

ws wg w7)T, the solution vector can be expressed as

(%a)7 0 *«/?(1)7 0 0 ?0)7 (,L)7)T (56)

Comparing Eqgs. (50)(51) and Eq. (56), it can be found that there are two linearly independent solutions, which means
there are two different motion branches that can be revealed through the first- and second-order based method at singular
configuration I in Fig. 7(a). However, there is only one linearly independent solution and it cannot be revealed whether there
are different motion branches at singular configuration II in Fig. 7(b), of which the reason is that the two motion branches
have the same velocity at singular configuration II as shown in Fig. 8(b). In other words, the kinematic curves of these two
motion branches are tangent at singular configuration II. Meanwhile, as shown in Fig. 8(a), the two motion branches have
different velocities at singular configuration I and the kinematic curves of these two motion branches intersect at singular
configuration II. In a word, the first- and second-order based method succeeds in the revelation of different motion branches
at singular configuration I but fails to reveal different motion branches at singular configuration Il. Then, it needs to calculate
the acceleration relation of kinematic joints at singular configuration II in the following section.
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Substituting Eqs. (45), (53) and (56) into Eq. (13), the second-order acceleration constraint equations at singular configu-
ration II can be written as

- ) _—
00 5 0 0 10 o 0
0 -1 (jf 1 1 0 0 o 3 ﬁw%
10 X2 o 0 0 1 o3 0o’
Jou= S a | = i (57)
0 0 O -5 -2 0 0 o —3w?
00 2 0 0 0 2v3 e 0
—3w?
00 0 —3*—@ 2V3 0 0 L o7 ] @7

Then, we need to calculate the thlrd—order kinematics to obtain other acceleration constraint equations. The jerk screw
§; can be written as

(32 + 30q + 35 ) w7 — 95 3

(%O['j — 3a6)a)7
5=| ~“Flutas)o + e (58)
—3a3wy
—(%(X;l + 30{5)(1)7 + \/§(1)%
6«/?0[6607

The algebraic condition for solving Eq. (29) is that all the six-order cofactors of the extended matrix [ J -Sj] are zero. Thus,
the third-order acceleration constraint equations can be obtained by calculating all the six-order cofactors of the extended
matrix as

w4 (a3 +204) =0 (59)
Comparing Eq. (59) and the first second-order acceleration constraint equation in Eq. (57), we can find that these two
equations are equivalent to each other, which means that the third-order acceleration constraint equation cannot be used for
the revelation of bifurcation. Further, we need to calculate the fourth-order kinematics to attain other acceleration constraint

equations as follows.
Then, the jounce screw Sjp can be written as

(sz + 4,04 + 4,05)607 + 4014017 - Mww%
(03 — 4p6) w7 — 2P a2 — oy — 2L ol

~233(ps + ps)wr — Tfa4a7 + 4a7w% (60)
—4p307 + 2LaZ + 3302 + auw? + 2388
—(3p4 + 4p5) w7 + 3v30403

8v3psw7 — 502 + 902 + 2o +
The algebraic condition for solving Eq. (35) is that all the six-order cofactors of the extended matrix [ J -Sjo] are zero.
Thus, the fourth-order acceleration constraint equations can be obtained by calculating all the six-order cofactors of the
extended matrix and simplified as
ay(ay+2v3w3) =0 (61)
Assembling Eqs. (57) and (61), all possible acceleration constraints at the singular configuration Il can be listed as

S]o =

jas+ag=0

—0ly + 0ty + 05 = %a)z

a1+§a3+a7:0 (62)
—304 — 205 = —/3w?

203 + 2+/307 =

(0, +2v3w3) =0
Two linearly independent solutions are obtained. If representing these solutions in the form of 7-dimensional column
vectors (a7 oy ... a7)T, the solution vectors can be expressed as

T
(%067 f % —\/§(X7 0 ?(D% ?Oﬁ 0[7) (63)
T
(%067 3f % —\/§O{7 —Zﬁw% Zﬁw% ?Oﬁ 067) (64)

These two lmearly independent solutions correspond to two different motion branches revealed by the third- and fourth-
order based method. Considering these two relations of joint angular accelerations in Eqgs. (63) and (64) as shown in Fig. 9
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Fig. 9. The relation of angular accelerationsa4vsasat singular configuration II.
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Fig. 10. Motion branches of another Schatz-inspired metamorphic mechanism.

with the relation of joint angular velocity in Eq. (56) at singular configuration II, the difference between these two motion
branches is that revolute joint D is geometrically constrained in one motion branch while not geometrically constrained in
the other motion branch. In other words, when the mechanism moves through singular configuration II in Fig. 7(b), the
curvatures of kinematic curves of these two motion branches are different, although the tangent lines of them are the same.

When the angles between the axis of joint D and those of joints C and E are both 7 /4 as shown in [51], the mechanism
has four motion branches and twelve bifurcation points, which can be revealed by the first- and second-order based method.
However, when the angle between the axis of joint D and those of joints C and E are /2 and O, respectively, as presented
in Fig. 6, the mechanism has two motion branches and two bifurcation points, where bifurcation point I can be revealed
by the first- and second-order based method while bifurcation point II can only be revealed by the third- and fourth-order
based method rather than the first- and second-order based method as shown in Figs. 8 and 9.

All the motion branches and singular configurations in the mechanism as shown in Fig. 10, where I-III-II-IV-I correspond
to configurations of the mechanism along motion branch 1 and I-V-II-VI-I correspond to configurations of the mechanism
along motion branch 2.
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The mechanism moves as a Schatz mechanism along motion branch 1 and as a single degree-of-freedom spatial mech-
anism along motion branch 2, where joint D is geometrically constrained in motion branch 1 but not in motion branch 2.
When the mechanism moves to singular configurations, the mechanism will be divided into two motion branches and this
is coined as bifurcation. The mechanism can switch its motion branches when going through the intersection points and
these points can thus be coined as constraint singularity. It can realise the reconfigurable switch between these two motion
branches through singular configuration I and singular configuration IL

7. Conclusions

This paper established the high-order kinematic models of the Schatz-inspired metamorphic mechanisms and obtained
velocity constraint equations and acceleration constraint equations using the sequential operation of the Lie bracket. Based
on these velocity constraint equations, bifurcation of the presented mechanism at singular configuration I was revealed
by the first- and second-order based method, but those at singular configuration II was not. The reason was that there was
only one linearly independent relationship between joint angular velocities, which means the motion branches had the same
velocity at singular configuration II and kinematic curves of these motion branches were tangent. Further, we proposed a
novel third- and fourth-order based method to reveal it.

Based on the simplified higher-order kinematic model, we calculated the acceleration constraint equations from the
second-, third- and fourth-order kinematics, in which the third-order acceleration constraint equations were equivalent to
those of second-order and cannot be used for the revelation of bifurcation. Then, two linearly independent relationships be-
tween joint angular accelerations were attained and the bifurcation characteristics at singular configuration Il were revealed
with these acceleration constraint equations, which correspond to different curvatures of kinematic curves of the two mo-
tion branches, although the tangent lines of them were the same. It would be found that the first- and second-order based
method was based on the tangent change of motion branches, while the third- and fourth-order based method was based
on the curvature change of motion branches.

In a similar way, we can discover other novel metamorphic mechanisms induced by classical overconstrained mecha-
nisms except the Schatz mechanism, which may have a similar phenomenon. Moreover, when the motion branches of these
mechanisms have the same tangential velocity at the singular configuration, the higher-order kinematics than second-order
is needed. Hence, this research provided a more general procedure for revealing motion branches of reconfigurable mech-
anisms, which is to use the first- and second-order based method firstly followed by the third- and fourth-order based
method if there exists the same velocity at the singular configuration.
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Appendix

The detailed items of the jerk screw S; are

—(4oz + 205 + 206 ) w7 —(as +as +ag)w
(40{2 — 054)607 (20[ - %a4)a)7
—2J3 -3
i<j —(8a3 + a5) w7 t=<J —(40[3 + %Ol5)(l)7
NE O V3oaw;
~3V303 124/3w3
0 0
3 3 6 3
Toeels(ssl]=| 57 | 2D eewdsss]]=]
< 3 <J=

-18v3w3 28V3w3
0 0
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The detailed items of the jounce screw Sy are

— (603 +3p5 + 3p6) w7 —(2p3 + ps5 + ps) w7
(602 \}%04)0)7 (2'02\}%'04)“)7
-3J3 —+/3
onlss]-| | Soelss-| u
- —(12p3 + 3 ps) 7 - —(4p3 + 5 ps)r
3v3paws V3pawr
60y (—3w3 + v3a3)
—3+302
60{20[3
3 Z e[S 8] = 4303 + 18v303 — 2160303 + 180+/3w?
i<i 1205 (—202 + v/3az3)
62 + 1803 — 72+/3a30?2 + 180w
9, w2 a2
w2 (=171v/3w? + 36a3) 0
~3+3a,w? —3v3a,05
BZwiwiaj[Si’ [si.5i]] = —w%(—156\/§63%136053) 3) ‘Cl)iOli(J)j[Siv [si.5i]] = Oozzw7
i<j 540,02 t<i 540, w?
—w?(~378w2 + 367/303) 0
360,03
~w3(~162v3w3 + 54a3)
—6+/30,w?
6 Z Wiy [Si, [Sj, Sk]] = a)% (—‘144\/§a)2% -:72(13)
i<j<k —84&20)%
w3(—3240?% + 36v/3a3)
— 1803 —18ct, 3
o} (9@% + 18a3) o
—-3V3a,w —3v3,w
’ ,Z, wijox[Si [Si. S]] = 2(124302 + 18a3) | .Zkaiijk[si’ 15 5:01= | ez |
<=k —42a,w2 s _42“2“)%2
w? (54(1)% + 6~/§Ol3) 630307
0 0
18v3w? 453w?
0 0
S cnwei[S 5[5 = | _gg g | 3 2 cereenls:[5: 55011 = | g 50
i<j O 1<]<Kk 0
-72w4 —54w3
0
273w}
0
3 )" wwjojolS: [S;. [S.S]]] = 108+/30?
i<j<k
0
1620?
0
0
6 > oSS [5;.5]]] = _72«0&0‘7‘

h<i<j<k

0
0
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