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Abstract

A novel metamorphic rolling mechanism (MRM) based on genetic evolution
synthesis that realized multiway, multiple-DOF and synchronous plastic forming in arc
based deposition processing of components with variable wall thickness is proposed
in this paper. Topology and mechanical structure of the metamorphic mechanism is
presented and D-H equation is derived. Experiments show that firstly efficient
manufacturing of components with variable wall thickness can be realized by
synchronous rolling in vertical direction. Secondly precision and surface
configurations of the components are improved compared with that of freeform
deposition manufacturing. The metamorphic mechanism provides possibilities of
efficient hybrid manufacturing of near net shape components with variable wall
thickness.

Introduction

Metamorphic mechanism [1] started to be investigated in 1996 and its concept
was proposed in 1998 by Dai [2]. In contrast to traditional mechanism, metamorphic
mechanism has different configurations and its topology and mobility change as it
moves from one configuration to another. Metamorphic mechanism can achieve
different working behavior by their multiple configurations, variable topology and
changeable mobility [3]. Metamorphic Rolling mechanism was first introduced to
assist additive manufacturing in 2013 by Zhang [4]. The metamorphic rolling
mechanism was designed and applied for reducing the cumulative error in the
Z-direction [5].

Arc based deposition processing [6-8] of components is more efficiency and
low-cost [9] than other additive manufacturing processing using laser [10] or
electron beam [11] as energy source, which provides an advantageous alternative to
inexpensive access of additive manufacturing technology and shows great
commercial potential for 3D printing. To control the surface precision of the
overlapping beads [12], geometry of bead is analyzed [13-15] and the top surface will
conventionally be milled after deposition of each layer [16, 17]. But the material
utilization rate is low and the processing cycle is extended.
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In this paper, a novel metamorphic rolling mechanism was designed through a
first proposed genetic evolution synthesis operator. Topology and mechanical
structure of the metamorphic mechanism is presented and D-H equation is derived.
Experiments of efficient manufacturing of components with variable wall thickness
realized by synchronous compressing in vertical direction [18] was carried out.
Precision, and surface configurations of the components were measured compared
with that of freeform deposition manufacturing. Results show that the metamorphic
mechanism provides possibilities of hybrid manufacturing of near net shape
components with variable wall thickness efficiently.

Design of metamorphic rolling mechanism

1. Working phases of metamorphic rolling mechanism.

A metamorphic mechanism is a variable topology mechanism that can be
evolved into a set of traditional mechanism, which function as multiple working-
phase mechanisms, realizing multiple working state configurations for multiple
kinematic functions[]. Each working-phase mechanism has one degree of freedom
(DOF). According to the working condition, metamorphic mechanism can change
from one working-phase mechanism to another. The vertical rolls have three working
phases:

1) Two vertical rolls both work. It is most often used in deposition of single bead
or thin-wall components. And the distance between two rolls can be changed to
manufacture components with variable wall thickness.

2) One vertical roll works and the other rises from working position. It is used for
outer edges of multi-bended parts or when there is interference at one working
position.

3) Two vertical rolls both rise from working position. It is used in the deposition
of root beads close to substrate.

Thus the source-metamorphic rolling mechanism should have 2 DOF, one
translation DOF P and one rotation DOF R, to achieve the above 3 working phases.

2. A first proposed genetic evolution synthesis operator.

A genetic evolution synthesis operator |J X was first proposed as follows:

b.U*b. =b AnAq..b: =*M
o . &

This operation results in a working-phase mechanism *M from source

kinematic pair bi and executive kinematic pair bj by multiplying a combination of

transmission genes which satisfied non-genovariation evolution between adjacent
genes. Any combination can get a theoretically feasible working-phase mechanism.
Taking consideration of mechanism flexibility and number of unnecessary
transmission parts and DOF, the optimal mechanism should have two characteristics
as follows:

1) The number of unnecessary genes should be few, better no more than 3, to
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make working-phase mechanism simple and perform well.

2) DOF of working-phase mechanism should be 1. If the DOF of genetic
combination is more than 1, External constraint should be added to ensure the
uniqueness of executive gene.

3. Topology and mechanical principle diagrams of the working-phase
mechanisms and source-metamorphic mechanism.

Considering motor drives screw to provide power source, substitute P for the

source kinematic pair bi and the 2 DOF R and P of the source-metamorphic rolling

mechanism for the executive kinematic pair bj in Eg. (1), the working-phase

mechanisms M and 2M can be expressed as:
PU*R=PIIR-R-R-R=aaA =[a;aA;a,]="M (2)

PU”P=PIIR-RIP =aA, =[a;; A;a,]= "M 3)

The generation of the source-metamorphic mechanism M from the genetic
evolution synthesis can be expressed as Eqg. (4).

M ="M{J*M =[a;aA;a ] Jla: Al
= [(as ®a1); (a1A1Ua-6UAz \ai);(a‘f Uaf )]

= [as’a1;(a1A1UaGUas);af]
=[a,,a;a,A;a,]= PTIR-R-R—R—RIIP

(4)

From the biological topologies expressed in Eqg. (4) to Eqg. (6), mechanical
principle diagrams of the working-phase mechanisms and source-metamorphic

mechanism can be established, shown in Fig.1.
|

a *;/Al 3
+!;+ + ¥

(a)
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(b)

(c)
Fig.1. Mechanical principle diagrams of the working-phase mechanisms (a, b) and

source-metamorphic mechanism (c).

The DOF of the first working-phase mechanism is 2. Constraint is added to
reduce redundant DOF and ensure the metamorphic process as shown in Fig.2.
Reducing redundant DOF makes the followers of metamorphic rolling mechanism a
local four-bar linkage mechanism. In addition, the rigidity of the metamorphic
mechanism is improved by taking use of the locking-position characteristic of

four-bar linkage mechanism.
|

_E_

(@) Original metamorphic mechanism (b) Redudng redundant DOF (c)Adding Extemal constraint
Fig.2. The modifying process of original metamorphic mechanism.

The metamorphic process of the vertical rolling mechanism is shown in Fig.3. In
the source mechanism state (Fig.3. (a)), the spring constraint limits the horizontal
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movement of the vertical roll. The source mechanism turned into the first working-
phase mechanism (Fig.3. (b)). As the motor drives the screw, the slider moves
downward, as shown by the dotted arrow. When it reaches the locking position of
the four-bar linkage mechanism (Fig.3. (c)), the rigid constraint limits the rotation of
the bars. The whole mechanism changes into a 0-DOF mechanism in an instant.
When the slider continuous moving, the spring constraint get released by the driven
force of the slider (Fig.3. (d)). The four-bar linkage mechanism in the dashed frame is
equivalent to one link rod (Fig.3. (e)). The metamorphic mechanism changes into the
second working-phase mechanism.

(@) (b) () (d) (e)
Fig.3. The metamorphic process of the vertical rolling mechanism.
4. 3D model and mechanical device of the metamorphic rolling mechanism.
From the biological and topological model shown in Fig.3, 3D model of the
source-metamorphic vertical rolling mechanism is established. Added by a
horizontal-roll mechanism and a fixture of welding torch, the final metamorphic
rolling mechanism is modeled by Pro/E software. The 3D model and mechanical
structure are shown in Fig.4 and Fig.5 respectively.

(@) (b) (c)
Fig.4. 3D model of metamorphic rolling mechanism in the three working phases of the vertical

rolls.
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Fig.5. Mechanical structure of metamorphic rolling mechanism and the distance range of the

vertical rolls.

Structure analysis and D-H equation of the metamorphic rolling mechanism

To obtain the relationship of the distance between two vertical rolls and the
position of the vertical sliders linked to the screw driven by the motors (D-H
equation), kinematics equations and the transformation matrices of metamorphic
rolling mechanism are analyzed. The coordinate system of metamorphic vertical
rolling mechanism is shown in Fig.6. According to the kinematics equations of planar
mechanism, the horizontal position of vertical roll y4 and the vertical position of the
slider dcan be obtained by the Homogeneous transformation matrices as Eqg. (5) and
Eq. (6).

P =Teehy (5)
T, =Trans(d,0,0)sRot(z,, 6, }*Trans(l,,0,0)+Rot (z,, 6, }*Trans(1,,0,0)+Rot (z,,6,)

(10 0 d]fcg -s6 0 O}[1 0 O L][ca, -s, 0 O[][1 0 O I,][c, -sf, O O
010 O0f[s§ c4 0 0[|[0 10 0[|s6, c§, 0 0[{0 1 0 O[[s, ¢4 0 0
loo1o0/lo o 1ofloozaollo 10o/looz1oflo o 10
000 1]/0 0 0 1]j0 00 1 0 1j[0o 00 1[0 0 o0 1/(6)
_0123 —Sips 0 d+|101+|2C12
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Fig.6. The coordinate system of metamorphic vertical rolling mechanism
When the metamorphic rolling mechanism works in the second working phase
(Fig.3. (d)), the lengths of connecting rods and the angles of rotation satisfy the
constraint equation:
6,+6, =90
6, =0 (7)
p, =C

Substitute Eq. (6) and Eq. (7) into Eq. (5), the horizontal position of the vertical
roll y4 can be expressed as:

Y4:|2+«f|12_(px4_d2) (8)

l, and 1, represent for the lengths of connecting rod. p, is a constant,

representing for the x coordinate of the vertical roll in coordinate system 0. Eq. (8)
shows the relation between the position of the horizontal slider d and the position of
the vertical roll y;. The distance between two vertical rolls is controlled by y,, as
shown in Fig.7.

(@) (b) (c)
Fig.7. The distance between two vertical rolls is 10mm (a), 5mm (b) and Omm (c).

Experiments
The experimental installation consists of an arc-based welding machine, a

three-axis CNC machine, the designed metamorphic rolling mechanism and a PLC for
the rolling mechanism motion control and data acquisition. The NC programs
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generated by software are used to control the CNC machine movement. Besides,
some auxiliary instructions are inserted into the NC programs including the arc
striking or arc extinguishing to complete sequential control of the deposition and
rolling process. By doing this, the hybrid manufacturing process is controlled
automatically. Welding material and deposition parameters are shown in Table.1.

Table 1
Welding materials and deposition parameters
Materials low alloy wire 45# steel wire
Diameter(mm) 1.6 1.2
Wire feed(m/min) 3.5 10
Peak voltage(V) 29
Base current(A) 90 76

1. Using 1.6mm diameter low alloy wire as welding material, single beads were
deposited by moving the welding torch along a straight line. The distance of vertical
rolls is 8mm. The influence of vertical rolls on the bead relative deformation and
surface configurations was studied. Freeform and rolled beads are deposited
respectively for comparison. A numerical control rotary table is added to the
installation to ensure the 180° rotation of the deposited bead. The results of the
deposited beads are shown in Fig.8. Wall thicknesses of 7 points evenly along the
bead are measured, as shown in Table 2 and Fig.9.

(b)

Fig.8. Lateral surface configurations of freeform (a) and rolled (b) bead.
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Table2
Comparison of freeform and rolled thicknesses of the weld beads

Mean Maximum Mean Mean
layer di d2 d3 da d5 dé d7 Value Absolute  Absolute  Square
No. Error Deviation Error

(mm) (mm)
1% 9.32 8.10 8.62 8.20 8.69 8.80 10.77| 8.93 2.67 0.6380 0. 9065
2% 9.84 9.16 9.10 8.54 9.56 8.68 8.70 9.08 1.30 0. 3796 0. 4849
3 8.63 8.8 7.98 8.36 8.17 8.64 8.04 8.39 0.90 0. 2837 0.3416
4 8.6 8.23 8.16 7.84 8.22 8.26 8.3 8. 23 0.71 0. 1331 0.2131
5 8.18 8.31 8.17 8.14 8.31 8.34 8.35 8. 26 0.21 0. 0804 0. 0898
6 8.63 8.29 8.22 8.35 8.20 8.06 8.07 8.26 0.57 0. 1400 0. 1946
7 8.47 8.06 7.62 7.82 8.07 8.25 8.46 8.11 0.85 0. 2453 0.3162
8 8.61 8.37 8.23 8.14 8.32 8.32 8.19 8.31 0. 47 0. 1069 0. 1546
9 8.10 8.03 8.13 8.04 8.11 8.04 8.17 8. 09 0.14 0. 0445 0.0534
10 8.3 8.41 8.47 8.01 8.27 8.12 8.59 8. 32 0. 58 0. 1576 0.2012
11 8.41 8.33 8.32 850 8.32 8.08 8.09 8.29 0.42 0.1188 0. 1560
12 8.28 8.16 8.14 8.19 8.12 8.06 8.11 8.15 0.22 0. 0502 0. 0699
13 8.12 7.94 8.02 8.06 8.05 7.95 7.98 8. 02 0.18 0.0518 0. 0650
11.00 11.00
10.50 / 10.50
g 10.00 / g 10.00
E 9.50 \ A / E 9.50
a a
GCJ 9.00 - g 9.00
S 850 - - S 850 N =
= % = e
F 800 — = 8.00 —v\y-\;—
7.50 7.50
7.00 — T 7.00 — T T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Measured point No. Measured point No.

(@) (b)
Fig.9. Distribution of thickness along the freeform (a) and rolled (b) beads.

Results show that the thicknesses of rolled beads become more even than that
of the freeform deposited beads. Maximum absolute error is about 78.1% lessen
while that of mean absolute deviation and mean square error is about 77.8% and
78.2%. The data is acquired by dividing the average value of the thicknesses of rolled
beads by those of freeform ones.

2. Using 1.6mm diameter low alloy wire as welding material, single beads were
deposited by moving the welding torch along a straight line. To obtain components
with various-wall thickness, the distance of vertical rolls is controlled by a
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self-developed sequential-control-based ladder diagram written in PLC. The
diagrammatic sketch of deposition process is shown in Fig.10. The bead is deposited
with half freeform and half rolled. The numerical control rotary table in experiment 1
is added to the installation to ensure the 180° rotation of the deposited bead. Wall
thickness along the bead is measured. The results of the deposited beads are shown
in Fig.11. Wall thicknesses of 8 points evenly along the beads rolled are measured, as
shown in Table 3. Three distances of the vertical rolls are tested.

ollle
|

o) Lo

O O
Fig.10. The diagrammatic sketch of deposition process in Experiment 2.
Table3
Comparison of half freeform and half rolled thicknesses of the weld beads
Distance
Bead of
No. vertical dl d2 d3 d4 d5 d6 d7 d8
rolls
(mm) (mm)
6 10.37 9.66 10.16 10.14 6.20 6.19 6. 18 6. 20
7.5 9.64 8.99 9. 34 9.61 7.43 7.76 7.50 7.99
9 11.00 11.83 10.00 11.20 9.33 9.02 9.33 9.40

Fig.11. Surface configurations of half freeform and half rolled beads in the case the distance of

vertical rolls is 6mm.
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Fig.12 shows the thickness distributions of half freeform and half rolled beads.
The rolled parts of the beads are significantly flatter and narrower. About 40%
relative deformation can be fulfilled when the distance of vertical rolls is 6mm (blue

line).

3. Using 1.2mm diameter 45# steel wire as welding material, single beads were
deposited on 12mm-wide substrates, freeform or rolled. The distance of vertical rolls
is controlled by another self-developed sequential-control-based ladder diagram
written in PLC. The diagrammatic sketch of deposition process is shown in Fig.13. The
bead is deposited with middle rolled and rest freeform. Wall thickness along the
bead is measured. The results of the deposited beads are shown in Fig.14. Wall
thicknesses of middle and both sides of the bead is measured, as shown in Table 4
and Fig.15

Thickness/mm

14.00

N
g
o
S}

10.00

8.00

6.00

4.00

Distance

of vertical

rolls (mm)

—6

—75

9

Measured point No.

,,,,,

Fig.12. Thickness distributions of half freeform and half rolled beads.

Fig.13 The diagrammatic sketch of deposition process in Experiment 3.

Table 4
Comparison of thicknesses of middle-rolled and all-freeform beads
Layer dl d2 d3 d1* d2% d3%
No. (mm)
1 11.70 8.58 11.03 9.84 9.80 10. 35
2 11.90 8.54 11.38 9.99 9.79 10.72
3 11.93 8. 57 11.99 10. 25 9.81 10.95
4 12.03 8.57 10. 04 10.95 9.53 10. 20
5 12.22 8. 45 11.08 10. 35 9.14 9.98
6 11.91 8.51 11.27 10. 86 9.57 10.13

The d* presents the all-freeform deposited bead sample.
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Fig.14. Surface configurations of middle-rolled beads in Experiment 3.
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Fig.15. Thickness distributions of middle-rolled (a) and all-freeform (b) beads.
Comparison shows that the middle of the rolled bead becomes 3mm thinner
than both sides while that of the all-freeform bead is 1mm because of the process
characteristics of welding. The thickness distribution along the horizontal direction of
the middle-rolled bead is more approximate than that of the all-freeform bead.

Conclusion

This paper proposed a novel metamorphic rolling mechanism based on a
developed genetic evolution synthesis that realized multiway, multiple-DOF and
synchronous plastic forming in arc based deposition processing of components with
variable wall thickness.

(1) A developed genetic evolution synthesis operator U* is first proposed. U
results in a working-phase mechanism *M from source kinematic pair b; and
executive kinematic pair bj, providing a feasible method for metamorphic mechanism
design. Using the operator, a novel metamorphic rolling mechanism is designed. The
designed metamorphic mech anism makes two independent motors be capable of
controlling 4 DOF of two vertical rolls and ensuring the stiffness of the mechanism by
taking advantage of four-bar linkage mechanism and its locking-position
characteristic. The metamorphic mechanism is energy-and-space-saving. Topology
and mechanical structure and metamorphic process of the metamorphic mechanism
are presented.

(2) To obtain the relationship of the distance between two vertical rolls and the
position of the vertical sliders linked to the screw driven by the motors, kinematics
equations and the transformation matrices of metamorphic rolling mechanism are
analyzed. The D-H equation is derived, simplifying the control of the metamorphic
mechanism.

(3) Three different groups of experiments are carried out. The experimental
installation consists of an arc-based welding machine, a three-axis CNC machine, the
designed metamorphic rolling mechanism, a PLC and an optional numerical control
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rotary table. The influence of vertical rolls on the bead relative deformation and
surface configurations is studied. Results show that compared with existing freeform
deposition process, the bead deposited by hybrid deposition and rolling have flatter
and width-controllable surfaces. Maximum absolute error of the thicknesses is about
78.1% lessen while that of mean absolute deviation and mean square error is about
77.8% and 78.2% for constant-width rolling. In the deposition of variable wall
thickness bead, about 40% relative deformation can be fulfilled when the distance of
vertical rolls is 6mm. In experiment 3, comparison shows that the middle of the
rolled bead becomes 3mm thinner than both sides while that of the all-freeform
bead is 1mm because of the process characteristics of welding.
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