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Abstract

Based on the metamorphic mechanisms, we proposed a new type of metamorphic kinematic pair, with which a novel metamorphic
parallel cutting mechanism was designed to achieve changing pose and trajectory movement. Using the screw theory and the product
of exponentials formula, we constructed a nonlinear system of equations for each configuration framework of the metamorphic
parallel cutting mechanism, and the Sylvester resultant elimination method was employed to simplify equations of motion for the
mechanism, thereby completing the research about the forward and inverse kinematics solution of the original and sub-configuration
framework and verifying the feasibility of this novel mechanism via MATLAB and ADAMS simulation.
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1 Introduction

The manufacturing of ship products is often accompanied
by large-diameter hole cutting and processing on the hull
surfaces, which are pieced together with complex surface
patches in most cases. And then square groove or bevel
preparation of these large size holes are often needed [1-
2]. As a critical technical problem in shipbuilding
industry, large-diameter-hole and changing-angle bevel
structure processing is characterized by high difficulty,
low efficiency and low accuracy, etc., and the processing
quality of which will directly influence the quality and
efficiency of the subsequent industrial processes.

Seamus Gordon, et al., from University of Limerick,
designed a high-speed CNC cutting machine realizing
spatial movement of the cutting tool along three axial
directions. Controlled by computer numerical control
programming, the high speed of this cutting device
reaches 40m/min [3]. The Omnimat cutting machine
developed and produced by Messer, is a high-
performance, multi-functional, large CNC cutting
machine applicable for high speed and precision cutting
of large size flat plate [4]. The model RV-016 cutting
robot, developed and produced by Panasonic
Corporation, adopts a serial mechanism, and its end
infinite rotating cutting gun can perform high speed and
precision cutting task on complex surfaces.

In China, many experts and engineering technicians in
machinery manufacturing field have made a series of
researches on numerical control cutting technology. The
multi-functional NC-fair incision machine with a gantry-
bridge structure, designed by Ming, et al., can cut large
5000mm X 3000mm work-piece and perform arbitrary
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plane curve cutting tasks [5]. The cantilever structured
CNC large intersecting circle flame cutting machine with
five-bar cooperating, designed by Sun, et al., can process
a work-piece with a diameter of 4000-8000mm (pipe);
and the diameter of the cutting hole lies in a range of 50-
550mm, and the bevel angle is between 30° and 40° [6].
Zhang, from Harbin Engineering University, designed a
large complex surface cutting mechanism with the end
cutting torch being a five-bar metamorphic mechanism to
achieve square groove and bevel groove of large diameter
hole cutting on complex surfaces; controlled by electric
motor, it can perform spatial movements with changing
pose and trajectory [7].

Based on the analysis of literatures at home and
abroad, we know there are two types of cutting
techniques and equipment: one is round hole cutting on a
plate with its vertical displacement almost unchanged in
the cutting process. And the bevel angle remain
unchanged in bevel cutting; the other is CNC pipe-cutting
machine, which is applicable for round pipe (whose
diameter is less than 1.4m) intersection hole cutting.

The parallel mechanism has the merits of simple high-
rigidity structure, high processing speed and accuracy,
and is less affected by the inertia, etc. For these
advantages over the serial mechanism, it has been widely
employed in various processing and manufacturing
industries. Furthermore, its end moving platform can
many complex spatial motions via multi-axis
coordination [8-13]. Studies about metamorphic
mechanism starts late, but this mechanism has stimulated
the research interests of many scholars for its flexible
topology, based on which many tasks can be completed
[14-21].
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According to the principles of metamorphic
mechanism, a parallel cutting mechanism was designed to
solve the problem of changing pose and trajectory in
square groove and bevel groove cutting. Since there are
different requirements for the cutting torch motion in the
process of cutting different shapes of holes on complex
surfaces, we reasonably  designed different
conFigureuration frameworks of the metamorphic
mechanism based on their metamorphic characteristics,
which can meet the technology requirements of changing
spatial pose and trajectory cutting on large complex
surface.

2 Metamorphic Parallel Cutting Mechanism Design

2.1 ANOVEL DESIGN OF SPATIAL
METAMORPHIC KINEMATIC PAIR

A conventional spherical pair has three spatial degrees of
freedom (DOF). And there are 3 degrees of freedom of
rotating between the two components linked by the
spherical pair. In actual analysis, the motions of the two
components can be simplified as the rotation around the
three spatial axes that are perpendicular to each other and
also meet the right-hand rule. Therefore, a spatial
spherical pair is equivalent to a compound kinematic pair
consisting of a Hooke's joint and a revolute pair whose
axis is perpendicular to the Hooke’s joint axial plane. For
a Hooke's joint, the shaft connected with the base is the
main shaft, and that connected with the linkage is a
counter shaft.

According to the principles of metamorphic
mechanism, we designed a slot where the two ends of the
counter shaft can slide on the main shaft of Hooke’s joint.
The counter shaft can be fixed in a certain position as
required with a pin; therefore, we can reduce the degree
of freedom of the kinematic pair by putting pin into the
pinhole located on the revolute pair. Based on the
framework before and after metamorphic operation, the
novel metamorphic kinematic pair can be classified into
four configurations:

(1) The original configuration g,

Fix the counter shaft in a position perpendicular to the
main shaft, and remove the pin on the revolute pair. The
kinematic pair has three degrees of freedom and is
equivalent to a spatial spherical pair, as shown in Figure.
5(a);

(2) The a-type 2-DOF sub-configuration g,

Fix the counter shaft in a position perpendicular to the
main shaft, and put the pin into the pin hole on the
revolute pair. Now the kinematic pair has two degrees of
freedom and is equivalent to a traditional Hooke's joint,
as shown in Figure. 5(b);

(3) The b-type 2-DOF sub-configuration g’ ,

Fix the counter shaft in a co-axial position with the
main shaft, and remove the pin on the revolute pair. Now
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the kinematic pair has two degrees of freedom, as shown
in Figure. 5(c);

(4) Sub-configuration S, with single degree of
freedom

Fix the counter shaft in a co-axial position with the
main shaft, and remove the pin on the revolute pair. Now
the kinematic pair has only one degrees of freedom and is
equivalent to a traditional revolute pair, as shown in

Figure 1 (d);
ffdd
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FIGURE 1 The Structure of a Novel Metamorphic Kinematic

2.2 THE METAMORPHIC PARALLEL CUTTING
MECHANISM'S ORIGINAL CONFIGURATION
FRAMEWORK

Based on the above designed metamorphic kinematic pair
unit, a limb kinematic chain where we can switch the
degree of freedom is constructed. Assign the position of
each kinematic pair, and form the metamorphic parallel
mechanism using three same limb chains (see Figure 2).
The end effectors M,M,M, are connected with the fixed

base B B,B, via the three same kinematic chains

§.8"0 U . Under this framework, it is 6-DOF mechanism

that can achieve upper and lower bevel cutting.
Therefore, it is regarded as the original configuration of
the cutting machine. When the mechanical properties of
the mechanism are considered, the driving input should
be as near as possible to the fixed platform to reduce the
influence of inertia and to improve load performance. So
we choose three Hooke’s joints on the fixed platform as
driving input.

2.3 THE NOVEL METAMORPHIC PARALLEL
MECHANISM'S SUB-CONFIGURATION
FRAMEWORK

Based on the original configuration, the 3-DOF sub-
configuration framework of metamorphic parallel
mechanism is obtained by transforming the metamorphic

kinematic pair ¢°, into g , framework, and the

metamorphic kinematic pair g, into S° . Then the

limb chain structure changes after these metamorphic
operations. The kinematic pair distribution in the limb

chain turns into g, .¢¢.U , which means the sub-
configuration framework of the metamorphic parallel
cutting mechanismis 3g,,,9..U , as shown in Figure 3.
With three revolute pairs on the fixed platform chosen
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as driving inputs, the square groove cutting on the
surface can be achieved.

2
D.\ o

3
—

FIGURE 3 3-DOF Sub-
configuration Framework
3Sm18ﬁ12U

FIGURE 2 The Metamorphic
Parallel Mechanism’s Original

a b
Configuration Framework 3Sm2Sm2Y

3 The kinematics position analysis of the metamorphic
parallel cutting mechanism

3.1 THE ANALYSIS OF THE ORIGINAL
CONFIGURATION FORWARD AND INVERSE
KINEMATICS SOLUTION

3.1.1 The analysis of original configuration forward
kinematics solution

Set the absolute coordinate system OXYZ, as shown in
Figure 4; the XQOY plane is parallel to the plane B,B,B,
of the fixed base; axis Z is downward perpendicular to
B,B,B;; and suppose the origin of coordinates and the

geometric centre of B,B,B, overlap. With the structures

and parameters of the three limb chains being identical,
we assume that: the radius of the circumcircle of B,B,B,

is R ; the length of B,D;(i=12,3) is |, and the length
of DM.(i=12,3) is m. Then suppose the angles of
rotation about €11, €z, €3 €is €is €is (j_1-3) in
each limb chain are 9i1, 0i2, 0i3, 0i4, 0is (1=1-3)
respectively. Let the Hooke’s joint of the metamorphic
kinematic pair B; be the driving joint and the rest be

driven joint, and 7,(i=1~3) be the azimuth at point B; ,
as shown in Figure 4, where 5, =0", 75,=120 ,
n,=-120".

FIGURE 4 The Moving Coordinate System and the Kinematic Screw of
the Metamorphic Parallel Cutting Mechanism’s Original Configuration
Framework

According to rigidity constraint,
M, - Ml)T M, -M,) = (Ms - Ml)T (Ms -M,)

=(M2_M3)T(M2_M3)=3r2 @
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The coordinates of point M, in the equation can be

obtained through the following methods
gD, (9) — eﬂléﬁ’ e'9ize£i"§ e'guaéilg gD, (O) : (2)

where e”ﬁ":{egé (I—e"é)(exv)+0eeTv} (e=0)

0 1
2]
w ~ o rxe
= y = y = 0)2 y
a)3
0 - o
o=l o, 0 -o
-0, o 0

®)

Substituting (2) and (3) into (1), we have three
equations of @,(i =1~3):

M, =Ry, (M +t, .

L11C013C0,3 + Ly55613C053 + Ly3CO 35003 + L14561350,3
+Ly5CO5 + L1gCOn3 + L17563 + LigSOps + Lig =0
L1C0,3C03 + LypS015C 055 + Lp3CO; 35053 + Ly S 6135055
+ LysCl3 + LygChaz + Ly7S6013 + LygSOa3 + Lyg =0
L31C0p3C 053 + L3p56,3C 03 + L33C0p35 033 + L3y $6,35053
+ Lg5COhg + L3gCOa3 + L3756003 + L3gSbaz + L3g =0

(4)

where L, ,(m=1~3n=1~9) is
containing 8,,0,(i=1~3).

Based on half-angle formula:
sin@ = 2tan(6/2) / [L+tan?(6/2)] ,
cosd =[1-tan’(6/2))]/[L+tan*(@/2)] , supposing
x=tan(@,/2) , y=tan(6,/2) , z=tan(6,/2) , and

manipulating the above three equations, we have:

a polynomial

R,X*+P, x+P,, =0, (5)
P4Xz2 +PR5,z+ P, =0, (6)
P,z*+R,z+PR,, =0, )

where, Py =Quy* +Quay + Qs ,

2
P2y=Q12y2+Q1<aY+Q18 Py =QuY +Quy+Qy
Pax = QuX® +QuaX+ Qs+ Py = QpX® +QupX+Qpq
Pex = Q24X2 +QuX+Qy + Puy = Q31y2 +Qxy+Qs5
2
Ry = Qszy2 +Qg6Y +Qs5., P6y =Qy Y + Qg Y + Q.
Eliminate the variable Z using Sylvester resultant; then
regard Z and the constant terms as new variables;
multiply Z with equation (6) and (7), combed with which

a matrix is constructed. Since only non-zero solutions are
considered, the resultant is zero:
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F)4x P5x Pﬁx 0

0 P4x I:’5x I:’6x =0 (8)
F)4x P5x Pﬁx 0

0 P4x I:’5x PGX

Then we have the equation, in which the highest
exponent degree of X is not more than 2:

R, X +Fx+F, =0, ©)

where F, (i =1~ 3) are expressions in which the highest
exponent degree of y is 2.

Eliminate the variable X using Sylvester resultant;
regard X and the constant terms as new variables;
multiply X with equation (5) and (10), combed with

which a matrix is constructed. Since only non-zero
solutions are considered, the resultant is zero:

Ply I:)Zy P3y 0
OB R R (10)
R, F, K, O
0 F, F, F

Then we have the equation in which the highest
exponent degree of y is not more than 4:

Kyt + Ky + K y? + Ky + K, =0, (11)

where K, (1=0~4) is a polynomial containing
01,6,(1=1~3). 6,

Because the driving kinematic pair rotation angles
o

.,6., are known quantities, the value of y can be
calculated out from equation (11). Substituting the y
value into equation (5) and (6), we vyield twos sets of
values of X and Z, and then substituting, which into
equation (7) to determine the end values of X and Z.
After that, the coordinates of M,, M, and M, on the
end moving platform can be determined, and then we can

further determine the pose of the moving platform in the
absolute coordinate system.

3.1.2 The analysis of the original configuration inverse
kinematics solution

Supposing that the geometric center of the moving
platform is C, the cutting gun endpoint is P, and the
length of the cutting gun is n, we set up the moving
coordinate system Cxyz of the moving platform

M,M,M, . The X -axis passes through point M, ; Z-axis
is perpendicular to the moving platform in an outward
direction; and y -axis is determined according to right-

hand rule. The analysis of original configuration inverse
kinematics solution is to determine the driving kinematic
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pair rotation angle 6, and &,(i=1~3), based on the
known pose of the end moving platform M,M,M, .
Supposing that the moving coordinate system Cxyz is

formed by rotating the absolute coordinate system along
the X -axis, Y -axis and Z -axis by the angles of y, £,

a respectively, the coordinates of C are (X.,Y.,Z.) .
and the coordinates of P is (x,,y, z,) , the pose of centre

of mass (PCM) of the end moving platform is represented
as:

Rt ] e e e,
=y 1|7 0 1

cacf caspsy—sacCy cacfCy+sasy X

. (12)
_|sacpB saspsy+cacCy sasfcy—cCasy Y.
| s cfsy cpcy Z
0 0 0 1

We calculate out the coordinates of M,, M,, M,, P
in the moving coordinate system Cxyz : MS(r,0,0) ,

Cc
IV'g(—lr,ﬁr,O) , M?(—lr,—ﬁr,O) . P¥00,n)
2 2 2 2
Therefore, their coordinates in the absolute coordinate

system are:

M; =RM? +t,, (13)

P=RPC +t,. (14)

In solving forward kinematics in the above section,
we know point M;, M, and M, can be represented by
6,,0,, 6, (i=1~3). Based on the corresponding
relationship, we have three square matrix equations:
[(c6,,c0,6,, —s6,,56,,)m +Ic,co,, + R

—-mscé,,co,, —lscé,
| —(s6,,c6,,c0,, +¢0,,56,,)m —1s6,,cd,,

[reacs +x. (15)
rsacf+Yy.

| —IsB+zc

[pl 0, k1]T :[dl € fl]T ) (16)

[P, @ k] =[d, e f], 17)

b= _[(09210622(:923 —50,,50, ) m-+106,,C6y, + R:| /2
+\/§(m50220923 + ISHZZ ) /2

ql = \/§[(C€21C922C923 —_ 50215923)”] =+ IC@21C622 + R]/2
+(MS By, +156,,)1 2
Ky = —(S6051C0,)COy3 + COr1S0r3 )M —156,,CH, ,

where
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dy, = —cacBl 2+3y(casfsy —sacy ) 2+ xc

e = —5acBl2+3y(saspfsy +cacy) 2+ y, ,

f, =rsBl2+~/3rcpsy 12 +12¢

f, =rsB12—/3rcfsy 2+ 2¢

Ky = —(S031C035C 05 +COy1SOsg )M —IS6y,COs,

d, = —rcacBl 2—~l3r(casfsy —sacy ) 2+ xe

P, = —[(CO31C 05,0055 — 50515055 )M + IOy CHs, + R/ 2
—3(MSByyCOs5 + 1563,/ 2

q2 = _‘\/5[(00310332(:033 - 89315933)”] + I0031C032 + R]/ 2
+(MS B350 05 +156,,)1 2
e, =—rsacfl2—3r(sasfsy +cacy)l 2+ ye

Based on the coordinates of P in the coordinate
system, the coordinates of the centre of mass C of the

moving platform can be calculated out. And based on
equation (15), (16) and (17), values of 4, , 6, and

6 (i=1~3) can be calculated out, thereby deriving the
expressions of &, and 6, in terms of a, B, 7, X,
Yo, Zp. So the inverse kinematics solution is completed.

Hu Shenghai, Liu Xiulian, Zhang Manhui

3.1.3 A numerical example of forward and inverse
kinematics solution

Supposing that the geometric parameters of the original
configuration framework of the metamorphic parallel
cutting mechanism are: R=1000mm , r=800mm ,
[ =1000mm , m=1400mm , n=200mm , the
coordinates of the cutting gun endpoint P in the absolute
coordinate system are (1000,0,1973), and the Euler
rotation angles (y,B,a) are (0°, 30°, 0°), we can

calculate out the coordinates of the centre of mass C of
the moving platform (900,0,1800). Substituting all these
known quantity into the matrix equations of (15), (16)
and (17), we obtain the values of input crank rotation
angles 6, , 6,(i=1~3) , and for more detailed
calculation results, see Table 1. It can be seen that the
input crank rotation angles
(61,6,5,6,,,6,,,0,,6,,)=(3.445°, 0°, -95.963°, 23.286°, -
95.963°, -23.286°) are reasonable solutions of the inverse
kinematics.

TABLE 1 Inverse kinematics solution of the metamorphic parallel cutting mechanism’s original configuration framework

C (X.»¥er 2o
(s Ve 2e) (G 0a)
(r.B.a)
(3.445° 0°)
(900,0,1800) (-130.724° 0°)
(0°,30°, 0°) (-49.337°180°)

(176.557°180°)

(9111 0.6, 0221'9311 932 )

(921 922) (931 632)
(-95.963°23.286°)
(-133.334°23.286°)
(95.963° 156.714°)

(133.334° 156.714°)

(-95.963°-23.286°)

(-133.334°-23.286°)
(95.963° -156.714°)
(133.334° -156.714°)

TABLE 2 Forward Kinematics Solution of the Metamorphic Parallel

Taken Cutting Mechanism’s Sub- configuration Framework
=(3.445',0',-95.963,23.286',~95.963 ,~23.286 ) "\, 0, 0, 0,
as the input crank rotation angles of the mechanism, we 1 2.5956 3.0572 3.0572
in eigh f forward kinemati lution 2 11422 3.0572 3.0572
oblta. ¢ gt]ht S?s ° q ° k.a d fi ematics t_so ut ofs tﬁy 3 1.9517+1.2135i -2.2954+1.0379i -2.2954+1.0379i
solving the Torwarad Kkinematics —equation 0 € 4 -21642+0.7489i -2.2954+1.0379i -2.2954+1.0379i
mechanism. For more detailed calculation results, see 5 1.9516-0.2133i -2.2954-1.0379i -2.2954-1.0379i
Table 2. 6 -2.1642-0.7484i -2.2954-1.0379i -2.2954-1.0379i
X 7 7 2.5728 0.6784 0.6784
It can be seen that the two sets of X and Z values 8 8045 06784 06784

calculated out based on the four sets of y values of

equation (11) all satisfy equation (7) and thus are all
reasonable solutions. Hence, we obtain eight sets of
forward kinematics solutions.

TABLE 3 The Coordinates of M,

M1 MZ
No Xm, Ym, Zm, Xm2 Ymz2 Zm2 Xm3
1 301.79 0 282.205 301.79 0 282.205 301.79
2 -453.439 0 -1418.2  -453.439 0 -1418.2  -453.439
3 272.887 0 268.508 272.887 0 268.508 272.887
4 1592.8 0 1400 1592.8 0 1400 1592.8

Based on Table 3 and the equation (15), (16) and (17), we
can calculate out the coordinates of the geometric center
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After calculation, the obtained coordinates of M,, M,

and M, in the absolute coordinate system are shown in
Table 3.

, M, and M, in the Absolute Coordinate System

Ms

Yms Zm3
0 282.205
0 -1418.2
0 268.508
0 1400

C and the z-y-x Euler angles of the moving platform, see
Table 4.
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TABLE 4 The coordinates of the geometric centre C and the z-y-x Euler
angles of the moving platform

C
No X, Ve 2 o B X 7 Ye
1 -411.729 0 -79.67 0°  -411.729 0
2 -663.473 0 -646.41 0° -663.473 0
3 486.443 0 1387.103 0° 486.443 0
4 899.993 0 1800 0°  899.993 0

Since the phase spaces of the first and the third set of
solutions will cause interference in the mechanism, and
the phase space of the second set is outside the range of
maximum rotation angle 6,(=1~3), we give all these
three sets of solutions up. Errors resulting from using
approximate solutions of inverse kinematics to solve the
forward kinematics of the mechanism are small between
the fourth set of solutions and the inverse kinematics
solutions. Figure 5 is the abbreviated drawing of the
mechanism pose of the fourth solutions set, and the
corresponding model pose is shown in Figure 6.

FIGURE 5 Mechanism pose
diagram of position positive
solutions

FIGURE 6 Model pose of
position positive solutions

3.2 FORWARD AND INVERSE KINEMATIC
ANALYSIS OF THE METAMORPHIC PARALLEL
CUTTING MECHANISM'S SUB-
CONFIGURATION FRAMEWORK

3.2.1 Forward Kinematic Analysis of the Sub-
configuration Framework

Figure 7 shows the moving coordinate system and
kinematic screw of metamorphic parallel cutting
mechanism’s the sub-configuration framework. Establish
the absolute coordinate system OXYZ , and the sub-
configuration framework has only 3 degrees of freedom.

FIGURE 7 Coordinate of motion and twist of sub-configuration

Suppose the angles of rotation about ej;, ei, eis
eis, eis (i=1~3) in each limb chain are g, i, Ois,
Ois » 0is (1=1~3) respectively. Let metamorphic
kinematic pair B; be the driving joint and the rest be

driven joints. Suppose the coordinates of the geometric
center C of the moving platform M,M,M; in the

|
|
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Z), based on
in the absolute

absolute coordinate system are (XC, s

which the coordinates of M,;, M,, M,
coordinate system are :

T

1:[Xc+r Ye Zc]
:

Mzz[xc—r/2 yC+J§r/2 zc}

M
(18)

T

Maz[xc—rlz Yo —~3r/2 zc}

To calculate the coordinates of D, in the absolute
coordinate system, let fully expanded limb chain B,D, M.,

be the initial phase space, at which the conversion
between B.Xg Vs Z5; and the absolute coordinate system

is:

05, (6) =€"“g, (0). (19)
And the coordinates of D, in the absolute coordinate

system are:

D, =RyD,” +t, . (20)

the
DM, |2 =m?(i=1~3), we have the position kinematics

According to rigidity constraint equation

equation of the metamorphic parallel mechanism’s sub-
configuration framework:

(%, +r—1c0sf, —R)* +y.2 +(z, +1sing,)" —m? =0

[x —%r+2(lc059ﬂ+R)] +{ +§r—§(lcosHZJ+R)} +(z,+1sin6,, ) (21)
[x —%r+2(lc056’31+R}} { \/2§r+§(lc0593,+R)T+(zc+lsin93,)2—m2:0
Let a=r—-lcosg,—R , b=Ising, , e=Ising, ,

h=1siné,, , —r/2+(lcosé,, +R)/2 ,
d=+/3r/2-3(Icosd, +R)/2 ,
f=-r/2+(lcosé, +R)/2 ,

——3r/2+3(Icosb, +R)/2.

So that the simultaneous equations (21) can be written
as:

(x, +a)* +y.S2 +(z, +b)>*-m* =0

(X, +¢)*+(y, +d)*+(z, +€)*-m* =0 , (22)
(X, + )2 +(y, +9)* +(z, +h)>-m* =0
which can be simplified to a matrix form:
Xe
_ -d b- 2 a2 2 K2 2
2ac eyc:d a“+c b+c_(23)
a-f —-g b-h g’—a’+ f>-b?+h?
Zc

Based on equation (23), let z. represent x. and y.,
and substitute it into equation (24), thereby deriving the
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analytic expression of Z_ relative to @;;, @, and g .

Then X, and Y, can be calculated out, and the forward
kinematics solution is achieved.

3.2.2 Inverse kinematic analysis of the sub-configuration

framework
Substituting the half angle formula
sin@ =2tan(@/2)/[L+tan*(8/2)] ,
cos@ =[1—tan’(0/2)]/[L+tan*(#/2)] into equation

(21), we have the expressions of tan(é,/2) , tan(6,,/2)
and tan(é,,/2) about x., y_ and z., thereby obtaining
the input crank rotation angles @,,, 8, and @;,. Then

the inverse kinematics solution of the sub-configuration
framework is achieved.

3.2.3 A numerical example of forward and inverse
kinematics solution

Suppose the coordinates of the cutting gun endpoint P
are (1000,0,1000), and the coordinates of the moving
platform geometric center C are (1000,0,800).
Substituting these two known quantities into equation
(21), we have the input crank rotation angles @,, 0
and @,,. See Table 5 for detailed calculation results. The
results 6, =-156.033° and 6, =6, =-167.665" will

cause interference or unreasonably distribution of the
components in the mechanism, so we give them up. Then
supposing the coordinates of the moving platform

geometric center C is (-1000,0,200), &, =-159.101" and
6, =6, =—-96.178" among the results obtained are also
unreasonable and are therefore casted.

TABLE 5 Inverse kinematics solution of the metamorphic parallel
mechanism’s sub-configuration framework

o (% ¥ 2:) (1000,0,800) (-1000.0.200)
Ot 23.174°, -156.033°  -159.101°, -146.005°
0n -116.654°, 167.665°  -96.178°, 32.956°
Oa -116.654°, 167.665°  -96.178°, 32.956°

Taken (fu1, 021 0s1) = (23.174°,~116.654",~116.654")

in Table.5 as input crank rotation angles, we obtain the
forward kinematics solution by solving the forward
position equation of the mechanism. See Table 6 for
detailed calculation results.

TABLE 6 Forward Kinematics Solution of Metamorphic Parallel
Mechanism’s Sub-conFigureuration Framework

(011,021, 031) (23.174°,-116.654°, -116.654°)

(1006.427,0,995.852)
C (% Yerz) (-280.248,0,-429.140)
Obviously, (1006.427,0,995.852) are reasonable

solutions; Figure 8 is the corresponding pose of end
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moving platform at the model mechanism; Figure 9 is the
corresponding pose of the model. Taking the inverse
kinematics solution results calculated to the thousandth as
the input of forward kinematics solution may result in
errors between the forward and the inverse kinematics

FIGURE 8 Mechanism pose
diagram of position positive
solutions

FIGURE 9 Model pose of
position positive solutions

4 Study on kinematics simulation of the metamorphic
parallel cutting mechanism

4.1 KINEMATICS SIMULATION OF THE
METAMORPHIC PARALLEL CUTTING
MECHANISM'S METAMORPHIC ORIGINAL
CONFIGURATION FRAMEWORK

4.1.1 MATLAB-based kinematics numerical simulation of
the original configuration framework

The sub-configuration framework of metamorphic
parallel cutting mechanism should be able to perform
upper and lower bevel cutting on a surface, which means
the end moving platform can move with changing spatial
pose and trajectory. Now we take upper bevel cutting as
an example, and the space motion requirement for the
cutting gun endpoint P are:

x =1000sin(2zt/ 2)
y =1000cos(27t / 2)
z =-400sin(27t / 2) +1400 , (24)
a=0
B =—(x16)-sin(2xt/2)
y =(x16)-cos(2xt/2)

where T is a time cycle with the value of 60s.

Set 300 evenly spaced numerical points t from 0 to
60s. Based on the above inverse kinematics equation of
metamorphic parallel cutting mechanism’s original
configuration framework, using Matlab, we calculate out
the 300 numerical values of the 6 driving kinematics
pairs rotation angles in the original configuration
framework. Then draw the curve of driving kinematic
pair rotation angles to time based on the numerical values
obtained. As shown in Figure 10, compute the derivatives
of the analytic expressions of the six input crank rotation
angles with respect to t, and obtain 300values of inputs
angular velocities. Then draw the angular velocity curve,
as shown in Figure 11.
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FIGURE 10 Input angle curve of source configuration of metamorphic parallel cutting mechanism
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FIGURE 11 Input angular velocity curve of source configuration of metamorphic parallel cutting

mechanism

4.1.2 ADAMS-based kinematics simulation of the original ~ using the 300 numerical values of driving kinematic pair
configuration framework rotation angles calculated out by MATLAB and add it as
driven spline curve to the AKISPL function. Figure 13 is
Figure 12 shows the simulation model. Add six driving  the spline curve of the input crank rotation angle g, .
force on the three Hooke’s joints; and draw spline curve

_ T |
FIGURE 12 Simulation models in ADAMS FIGURE 13 The spline curve of input angles

Perform kinematics simulation of the above model by ~ platform’s center of mass relative to that of the fixed
setting the simulation time 60s and the number of time  platforms, thereby obtaining the angular displacement
steps 300. And measure the displacement and angle  and the angular velocity change curves of the end moving
changes of the coordinate system of the end moving  platform’s center of mass, as shown in Figure 14.

1000 - = 1800 _ —— 1
£ . E il ~
E - z T
£ 0 = = > U
S =
3 N & I AN ; <
-1000 i - 1000 e |t Kl
0 Time(sec) 60 0 Time(sec) 60 0 Time(sec) 60
(a) displacement curve on X, Y axis at the end point of (b) displacement curve on Z axis at the end point of (c) angle curve of the end point of cutting gun relative
cutting gun cutting gun to system coordinate axis

FIGURE 14 Change curves of displacement and angle of the end moving platform’s center relative to the static platform

4.1.3 The simulation output analysis characteristics, the simulation values and theoretical

values of the each motion parameters at the time of
The curve derived from the simulation shows the  t=0,10,20,30,40,50,60s are collected, thereby obtaining
ADAMS-based simulation output coincides well with the  the maximum relative errors. See Table 7 for more detail.
motion characteristics as well as the changing trend of the TABLE7 The Simulation-theoretical Relative Errors of the Mechanism
center of mass of the mechanism end moving platform Motion Parameter

with initial settings. To find the numerical errors between Motion  x@m)  vom)  zm) X v o
he simulation output and the theoretical motion Pgaum?ters Angle(”) - Angle() - Angle(®)
t P I;rf;'r‘f 00048  0.0059 00005  0.006 0.0021 0.0044

73



COMPUTER MODELLING & NEW TECHNOLOGIES 2014 18(11) 66-75

Comparing the ADAMS simulation values and
theoretical values of motion parameters of the
metamorphic parallel cutting mechanism’s original
configuration framework, as shown in Table 7, we know
the maximum relative errors at each time point are all
restricted on a level of 0.01. It means the kinematics
method adopted in this paper for the study of the
metamorphic parallel cutting mechanism’s original
configuration framework is correct and reasonable, and
the bevel cutting on the surface can be achieved via this
mechanism.

4.2 KINEMATICS SIMULATION OF THE
METAMORPHIC PARALLEL CUTTING
MECHANISM'S SUB-CONFIGURATION
FRAMEWORK

4.2.1 MATLAB-based kinematics numerical simulation of
the sub-configuration framework

The metamorphic parallel cutting mechanism’s sub-
configuration framework has 3 degrees of freedom, and
the motion of the end moving platform is 3D satisfying
the requirement of square groove cutting on a surface.

Now we give the specific requirements for trajectory
of the cutting gun endpoint:

X =1000sin 2—”'{
T

2
y =1000 cos%t , (25)

z = —400sin ZTﬂt +1400

where T is a time cycle with value of 60s.

Set 300 evenly spaced numerical points t from 0 to
60s. Based on the inverse kinematics equation of the sub-
configuration framework, using Matlab, we calculate out
the input crank rotation angles and angular velocities at
the 300 numerical points, and then draw the curve of
input rotation angle and angular velocity to time, as
shown in Figure 15 and Figure 16.

——thetal.
—-— theta2
=20\ theta3

0 10 20 30 40 50 60
Timels

FIGURE 16 The input angular’s
velocity curve of sub configuration

FIGURE 15 The input angle’s
changing curve of sub configuration

4.2.2 ADAMS-based kinematics simulation of the sub-
configuration framework

The kinematics simulation method applied to the study of
the metamorphic parallel cutting mechanism’s sub-
configuration framework is the same with that applied to

Hu Shenghai, Liu Xiulian, Zhang Manhui

the original configuration. And Figure 17 shows the
simulation model. Using the same method in section
3.1.2, import the values of the three driving pair rotation
angles obtained from MATLAB into ADAMS, and use
Spline curve to fit the data points of driving pair rotation
angles. Then, set spline-driven pattern for the sub-
configuration framework.

Perform kinematics simulation of the above model by
setting the simulation time 60s and the number of time
steps 300. And measure the displacement and angle
changes of the coordinate system of the center of mass of
the end moving platform relative to that of the fixed
platforms, thereby obtaining the angular displacement
and the angular velocity change curves of the center of
mass of the end moving platform, as shown in Figure 18.

FIGURE 17 The ADAMS Simulation Model
1000

Leigth(mm )
o

-10000 m— 60
Time(sec)
(a) X, Y axis displacement curve of cutting gun end point
1800

Leigth(mm )
o

10000 —
Time(sec) 60

(b) Z axis displacement curve of cutting gun end point
FIGURE 18 Each axis displacement curve of the end moving
platform’s centroid

4.2.3 The simulation output analysis

The analysing method is the same as that applied to the
original configuration framework. Similarly, the ADAMS
simulation values and theoretical values (motion values
of the end moving platform’s center of mass in the
mechanism with initial settings) of the each motion
parameters at the time of t=0,10,20,30,40,50,60s are
collected, thereby obtaining the maximum relative errors
as shown in Table 8.

TABLE 8 The Simulation-theoretical Relative Errors of the
Mechanism’s Motion Parameters

Motion Parameters  X(mm) Y(mm) Z(mm)

Relative Errors 0.0028 0.0045 0.0013

Comparing the ADAMS simulation value and
theoretical value (the mechanism with initial settings) of
the motion parameters of the metamorphic parallel
cutting mechanism’s sub-configuration framework, as
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shown in Table 8, we know the maximum relative errors
at each time point are all restricted to a level of 0.01. It
means the kinematics method adopted in this paper for
the study of sub-configuration framework is correct and
reasonable, and the bevel cutting on the surface can be
achieved via this mechanism.

5 Conclusions

(1) Based on the traditional spherical pair, a novel
metamorphic  kinematic pair with four different
frameworks was designed according to the principles of
metamorphic mechanism. And then we devised a
metamorphic parallel cutting mechanism structure using
this kinematic pair.
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(2) We analysed the forward and the inverse
kinematics solution for the original and the sub-
configuration of the metamorphic parallel cutting
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verification using MATLAB. Finally, the ADAMS
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