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Abstract: A reasonable process plan is an important basis for
implementing wire arc additive and subtractive hybrid manu-
facturing (ASHM) , and a new optimization method is pro-
posed. Firstly, the target parts and machining tools are mod-
eled by level set functions. Secondly, the mathematical
model of the additive direction optimization problem is es-
tablished, and an improved particle swarm optimization al-
gorithm is designed to decide the best additive direction.
Then, the two-step strategy is used to plan the hybrid manu-
facturing alternating sequence. The target parts are directly
divided into various processing regions; each processing re-
gion is optimized based on manufacturability and manufac-
turing efficiency, and the optimal hybrid manufacturing al-
ternating sequence is obtained by merging some processing
regions. Finally, the method is used to outline the process
plan of the designed example model and applied to the ac-
tual hybrid manufacturing process of the model. The manu-
facturing result shows that the method can meet the main
considerations in hybrid manufacturing. In addition, the de-
gree of automation of process planning is high, and the de-
pendence on manual intervention is low.
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Wire arc additive manufacturing (WAAM) has the
advantages of high deposition rates, low manufac-
turing costs, and theoretically unlimited build volumes,
which are frequently adopted in the additive manufactur-
ing of large-sized and complex components ',
ever, WAAM is a complex physical and chemical pro-
cess, specifically in the form of continuous thermal cy-
cling, continuous accumulation of heat, and obvious
flow behavior of the molten pool, which limits its appli-
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cation in the manufacturing of large-sized and complex
parts. Therefore, scholars at home and abroad have in-
vestigated WAAM from various perspectives in recent
years, mainly including the microstructure and mechani-
cal properties of typical materials** , process param-
eters”®), process planning'® , and auxiliary process'’*,
providing a reference for improving the forming effect of
WAAM in practical applications. Composite manufactur-
ing with additive and subtractive processes is also an ef-
fective method for solving the problem.

In recent years, additive and subtractive hybrid manu-
facturing (ASHM) has been investigated and applied in
several fields; however, challenges, especially for parts
with complex structures, still exist. Thus, the selection
of a reasonable manufacturing scheme, which is influ-
enced by suspended structures, manufacturability, and
processing efficiency, is crucial®’. Process optimization
is adopted to subdivide parts and determine the sequence
of interlaced ASHM operations; however, it still encoun-
ters difficulties. A reasonable processing scheme can not
only improve processing quality and efficiency but also
serve as a critical prerequisite for residual stress/distor-
tion assessment and control'*'"!. In practice, the optimi-
zation of additive and subtractive processes is usually per-
formed manually, which heavily relies on the experience
and knowledge of operators. This work is extremely
time-consuming and encounters difficulties in obtaining
the optimal solution. Therefore, an effective optimiza-
tion algorithm for the ASHM is urgently needed. The
process planning of additive manufacturing has been ex-
tensively investigated. Zhao et al. ''>) proposed an inno-
vative WAAM process planning strategy by considering
thermal behavior, which can improve the deposition
quality. Das et al. ‘'’ designed a computer-aided process
planning approach to fabricate functional components.
Most of the existing research on ASHM first uses addi-
tive manufacturing to build an entire near net shape and
then performs subtractive processing, which is difficult
to apply to the complex part processing and inapplicable
to the ASHM. The in-situ forming of complex parts can
be achieved through the alternation of multiple additive
and subtractive processes. Research on process optimiza-
tion of the ASHM is currently in the early stages. Be-
handish et al. "'* proposed an automated additive-subtrac-
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tive process optimization algorithm to optimize the cost
of hybrid manufacturing. Soonjo et al. ">’ used the recur-
sive volume decomposition to determine the optimal se-
quence of ASHM. The aforementioned studies used
manufacturability as a constraint to reduce the costs of
ASHM. However, the suspended structure and tool ac-
cessibility make it difficult to obtain a reasonable process-
ing scheme. In this study, a novel process optimization
method for ASHM is proposed. First, the target parts
and machining tools are implicitly modeled to obtain po-
sitional information in the machining space. Then, an
improved particle swarm optimization (PSO) algorithm
is developed to determine the part orientation for mini-
mizing the support volume and manufacturing costs. Fi-
nally, a process optimization approach is proposed by
considering the manufacturability and efficiency. The ef-
fectiveness of the proposed method is verified through ex-
periments.

1 Problem Description

Process optimization during the implementation of the
ASHM technology encounters many challenges. The
models of parts and machining tools, which are the
foundation of process optimization, need to be estab-
lished. In this study, the target model and machining
tools need to be transformed into level set functions for
process optimization. This method can effectively repre-
sent the topological change of the object through inter-
face analysis and shape modeling. However, the com-
plex structure of parts and the position and posture of
machining tools are still challenges for implicit model-
ing. Meanwhile, the part orientation of WAAM is one
of the critical parameters that determine the supporting
The supporting structure is indispensable
when there is a suspended structure of the model. Dur-
ing the milling process, the supporting structure needs
to be removed. Part orientation of the additive process
needs to be optimized to minimize the support volume,
reduce the manufacturing costs, and improve the surface
quality. In this study, the support volume is adopted as
a criterion for determining part orientation using an im-
proved PSO algorithm. Manufacturability is another im-
portant issue; the formation quality of the target parts is
sensitive to the process parameters, and the manufactur-
ing difficulty of thin geometries and suspended struc-
tures should be fully considered. During subtractive pro-
cesses, the interference between the cutting tool and the
formed part should also be considered. The multiple al-
ternations between additive and subtractive processes
make the aforementioned issues more complex. The
main objective of this study is to reduce the processing
time and improve manufacturing efficiency while ensur-
ing manufacturability.

structure.

2 Methodology

2.1 Implicit reconstruction

The models of the target parts and machining tools
need to be built for process optimization, and the level
set method is commonly applied to WAAM and has the
following advantages for the research on ASHM: (1) the
model of the target parts has the interface evolution and
Boolean operation capabilities, which indicates that the
model has strong geometric manipulability; (2) the sur-
face area and volume of the region represented by level
set functions can be calculated by the numerical integra-
tion method, which can easily determine several param-
eters.

The level set method uses an implicit function to de-
scribe the distribution of the target object in the 3D space
and adopts the zero-equivalent contour to define the
boundary of the model''®'”". The boundary can evolve
under the control of the velocity field, and the result is
generally achieved by solving the Hamilton-Jacobi equa-
tion as follows:

0D

o~ Vivel=o (1)
where T is the time; V" is the velocity field; @ is the
level set function of the target object after evolution.
Meanwhile, the volume and surface area of the region
represented by @ can be calculated as follows:

Vo= [ H(®)a0 (2)

So= | 8(@)|velan (3)

where D is the design domain; {2 is the solid region of
the target object; H (@) is the mapping process of @ us-
ing the Heaviside function; and 8 (&) is the mapping pro-
cess of @ using the Dirac function. Furthermore, the vol-
ume of the intersection of any two regions @, and @
can be expressed as follows:

Vo o, = jDH@B VH (D )d02 (4)

The signed distance function describing the spatial dis-
tribution of the model of the target parts can be calcu-
lated, and the level set function @' of parts can be ob-
tained. The welding torch and cutting tools also need to
be modeled by considering their structural characteris-
tics. As shown in Fig. 1, the structures of the welding
torch and cutting tool need to be simplified to measure
their dimensions. Then, the level set functions of the ba-
sic graphs in the simplified diagrams can be solved. Sub-
sequently, the Boolean operation of the level set func-
tions is performed to obtain the level set functions @*M
and @™ when the machining reference point is consid-
ered the origin and the tool axis coincides with the
Z-axis. However, the level set functions are built under
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Fig. 1 Modeling process of the machining tools. (a) Actual structure of the welding torch; (b) Simplified structure of the weld-

ing torch; (c¢) Implicit model of the welding torch; (d) Actual structure of the cutting tool; (e) Simplified structure of the cutting

tool; (f) Implicit model of the cutting tool

the local coordinate system, which should be combined
with the coordinate system of the target parts in the subse-
quent process planning.

2.2 Part orientation optimization

The orientation needs to be determined before planning
the process for the target parts to minimize the support
volume and reduce manufacturing costs. In this study,
the vector d = (x,y,z) is defined as a unit vector, which
is equivalent to a point on the three-dimensional unit
sphere s°. Here, s is the area of the cell grid. The part
orientation optimization problem for the WAAM aims to
determine the direction d,, from the unit sphere s° to ob-
tain the optimal value for the objective function f(d).
This process can be subdivided into two key subprob-
lems, namely, determining the specific form of the ob-
jective function f (d) and solving the optimal processing
direction d,, for the WAAM.

Under the same model and process conditions and at
different additive directions, the angle between each tri-
angular facet and the horizontal plane is different; thus,
the possibility of being regarded as a dangerous facet is
different. The supporting area that needs to be added be-
low the dangerous facet and the volume of the supporting
structure required by the component are different. For
the supporting structure that needs to be removed, when
the machining parameters are fixed, the machining effi-
ciency will only be related to the volume of the support-

ing structure. Therefore, the construction direction with
the smallest supporting volume required is selected as the
additive direction. If the angle between the triangular
facet and the horizontal plane exceeds the supporting
critical angle, then the triangular facet is identified as a
dangerous facet, and the supporting structure needs to be
added. The volume of the supporting structure can be
quantitatively assessed by the volume of the space out-
side the model, which is located directly below the dan-
gerous facet. As shown in Fig. 2(a), a line along the di-
rection d is used to transpose the geometric model, and
the plane passes through the nadir points of the model.
Then, the obtained intersection points are sorted from
bottom to top along the straight line, and the line seg-
ments between even and odd numbers (the line segments
0-1 and 2-3) are the positions where the model needs to
add the supporting structure. Based on the idea of dis-
cretization, uniform meshes are generated in the plane
perpendicular to the model and the construction direc-
tion, and the intersecting lines along the construction di-
rection are arranged at the grid nodes. Then, the volume
of the supporting structure can be approximately calcu-
lated by multiplying the total length of the supporting
line segment by the area of the cell grid, as follows:

£d) = if:sdx (5)

i=1

where f (d) is the total volume of the supporting struc-
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ture of the target model under the construction direction
d; [, is the length of the i-th supporting line segment.

The improved PSO"® is adopted to solve the optimal
direction d,. As shown in Figs. 2(b) and (c¢), the posi-
tion of the particle is represented by the angle pair
(a,8), and the increment of the angle pair (Aa, AB) is
the velocity of the particle. The rotating angles
a,B €[ 0,2m] are considered the domain of definition,
and the activity range of the particle is limited to a square
area with a side length 2. If the particle is located near
the boundary of the square region and the velocity vector
points to the outside of the region, then the particle may
cross the boundary, which leads to the divergence of the
population iteration process and makes the algorithm dif-
ficult to converge. The following formula can be used to
reflect the evolutionary trend of the particle when its ve-
locity attribute is canceled:

Pi'' =@ P+ 0,P™" + 0, P® (6)
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Fig. 2 Orientation optimization. (a) Determining where the
support is needed; (b) Particle without the velocity property ;
(¢) Illustration of the evolution of a particle

where P is the position of the particle, i is the sequence
number of the particle, ¢ is the number of iterations, P’
is the position of the i-th individual best particle, P is
the position of the global best particle, and w is the
weight of the particle, which is a random number in the
range of [ 0, 1], and the total sum is 1. The analysis elu-
cidates the position property and optimal behavior of the
particles in the problem of the WAAM, the evolution
mechanism of particles is improved, and the mutation
link of the particles is added. On this basis, the optimal
processing direction d,, can be solved according to the
general steps of the PSO.

2.3 Processing procedures planning

A two-step strategy is adopted to facilitate the develop-
ment of the process plan. First, the model of the target
parts is divided into various processing regions, and the
preliminary processing sequence is formed. Then, the
possible problems that may occur during the execution of
the preliminary processing sequence are evaluated, and
the process optimization model is established.

2.3.1 Division of the target parts

A certain number of spheres are uniformly arranged in-
side the target model to represent the initial subregions,
and the division of the target parts is realized by the evo-
lution of the initial subregions to fill the target parts ex-
actly. The level set function for each initial subregion
can be easily determined, and the result that the initial
subregions evolve to segment the target model perfectly
should meet the following conditions: (1) the union of
all subregions can cover the target model completely;
(2) the intersection between the union of all subregions
and the nontarget region in the design domain should be
empty, avoiding the extra part; and (3) any two subre-
gions are disjointed. These requirements can be ex-
pressed as follows:

L=[ H@ - | H(CJ(DI.)H(QDT)dﬂéo (7)

i=1

L= H(LNJ@,.)U ~H@")]d2<0  (8)

i=1

N N

L=[ > Y H@)H@®)2<0 (9
DiZlj=i+1

where N is the number of the subregions and @, is the
level set function of the i-th subregion.

Then, the problem of the division of the target parts is
transformed into the following model:

minJ =L, + L, + L, (10)

The gradient descent method is used to solve the

model. The derivative of the objective function is ob-

tained, and according to the updated equation of the level

set function, it can be known that:

D =V/|VD,| (11)
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Then, the sensitivity of the objective function is ob-
tained as follows:

N
J = fDIZ(R,-VI-“\VQ-\)d_Q (12)
where R, is expanded as follows:
R =[1-H@)]8(d) L% s S [H(@)s(a)]-
b, 4 !
H(@")s(d,) ‘zgv (13)
Let V' =-R;, and the velocity fields controlling the

evolution of the initial subregions are obtained. Then,
the level set functions of the subregions are updated. Fi-
nally, the subregions of the target parts are obtained.
2.3.2 Optimization of the processing procedures
The processing order of each processing region is as-
signed by the bottom-up logic to form the partition se-
quence {®,, D,, -, D,}, and the processing procedure
is {(A,S,), (A,,S8,),..., (Ay,Sy)}, where A, and S,
are the additive and subtractive processes in the i-th re-
gion, respectively. For the optimization of the initial pro-
cess, the manufacturability of parts during the process
needs to be considered. When the additive or subtractive
process is conducted for a certain region, the tool needs
to smoothly process all parts of the region. The main fac-
tor affecting manufacturability is the interference be-
tween the machining tools and the area that has been
formed. When the machining tools are processing a cer-
tain region, if they interfere with other parts of the
model, then the processing will be hindered or even
stopped. If no interference occurs, then the processing
can proceed normally. Therefore, the manufacturability
of the region can be evaluated by the interference be-
tween the machining tools and the formed area of the
parts. Furthermore, if there is any interference, then
there will be an intersection between the two. The larger
the volume of the intersection is, the more difficult it is
to avoid the interference. Therefore, the interference be-
tween the machining tools and the formed area of the
parts can be expressed by the volume of the intersection.
When the welding torch or cutting tool processes a cer-
tain zone, its position and attitude will change with the
movement of the processing point. First, the additive
and subtractive processing points under the current pro-
cessing region need to be determined. The welding torch
and cutting tool are more likely to collide in the area that
has been formed when processing the boundary of the re-
gion; thus, the surface contour of the region is dis-
cretized into points as the processing points. Then, the
poses and level set functions of the machining tools at
each processing point are obtained. As shown in Fig. 3
(a), the coordinate system of the initial welding torch is
translated to the place where its origin coincides with the
processing point of the additive process and mapping

from the level set function of the welding torch to the co-
ordinate system of the target model can be achieved. As
shown in Fig. 3(b), the subtractive processing point is
moved along the outside normal direction of the surface
by a certain distance, which is equal to the radius of the
head of the cutting tool, and the reference point of the
processing point of subtractive processing can be ob-
tained. The coordinate system of the initial cutting tool is
translated to coincide with the reference point, and the
axis of the cutting tool is parallel to the Z-axis. The coor-
dinate system of the cutting tool is rotated around the cen-
ter of the ball head to make its Z-axis consistent with the
external normal direction of the surface. Then, the level
set function model of the cutting tool under the subtrac-
tive processing point can be obtained.

Processing point

(a)

Processing point

Reference point

(b)

4 Reference point

0

7_range OSM range

Processing point
Parts to be machined

(¢)

Fig. 3 Machining tools under the specified processing points.

(a) Pose of the welding torch; (b) Ideal pose of the cutting
tool; (¢) Search for the best pose of the cutting tool

Because of the limitation of the relative motion be-
tween the machining tool and the spindle, the ideal pose
of the cutting tool may not be achieved, as shown in
Fig. 3(b), and adjusting the pose of the cutting tool is
crucial. As shown in Fig. 3(c), the range of the angle
variation of the spindle when the cutting tool is in air
transport is set as 6, ..., and the normal direction out-
side the subtractive processing point is set as the basic di-
rection of the axis of the cutting tool. Given that the ma-
chining effect of the subtractive processing point is poor
when the angle between the actual and basic axes of the
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cutting tool is large, the range of the angle variation of
the actual axis relative to the basic axis of the cutting tool
is set as 6, ... The range of the angle variation of the
axis of the cutting tool relative to the basic axis of the cut-
ting tool is Oy runge = 07 range [ 0, runge-  Considering the
machining effect and the collision, the optimal direction
of the cutting tool is selected from fgy .., and the spe-
cific method is not introduced in detail. After determin-
ing the actual direction of the axis of the cutting tool, the
rotation of the coordinate system of the cutting tool rela-
tive to the coordinate system of the model of the target
parts is obtained. Based on the rotation of the coordinate
system, the level set function model of the cutting tool
with a reasonable pose can be obtained.

Finally, the interference volume is calculated accord-
ing to Eq. (4), and the formulas for calculating the colli-
sion values of the additive and subtractive processes are
respectively expressed as follows:

1= 3 [ H @) H (@)
D

i=1

(14)

b
™ = szH@;M)H(@;)da (15)
j=1
where a and b are the numbers of processing points of the
additive and subtractive processes, respectively; @
and cD_fM are the level set functions of the machining tools
at the i-th additive processing point and the j-th subtrac-
tive processing point, respectively; @, and @, are the
level set functions of the formed part.

Furthermore, the processing efficiency of ASHM is
evaluated. The processing time is consumed by WAAM,
switches of the processes, and subtractive processing.
The consumed time is mainly related to the process. The
time consumed by the switches of the processes is af-
fected by the number of processes, which can be reduced
by combining the processes. The time consumed by sub-
tractive processing is influenced by the area to be pro-
cessed. Under the specific division scheme of the target
parts, the total milling area is roughly equal to the sum of
the surface areas of each processing region. In the case
of other process parameters of milling that are the same,
the greater the total milling area is, the longer the sub-
tractive processing and ASHM. Therefore, the sum of
the surface contour areas of each region is used to repre-
sent the overall processing efficiency, which can be cal-
culated as follows:

E:iiDDé(@i)V@idQ}

The existing regions can be evolved and adjusted again
to minimize the total processing area, and considering
the impact of the collision, the process optimization
model based on the evolution of the regions can be estab-
lished as follows:

(16)

min E = iUDﬁ(@iHV@i‘dfz}

i=1

(17)
s.t. L;<0,L,<0,L,<0,L,<0,L;<0

where L, is the sum of the collision values of the welding

torch in all of the additive processes and L is the sum of

the collision values of the cutting tool in all of the sub-

tractive processes, which can be calculated as follows:

wa{ﬁ [2H<¢>;\M>}H<U<pe> a0 (18)
N 0, ;
LfLE”ZH((pr)}U@edQ (19)

where K, and Q, are the numbers of processing points of

the i-th additive and i-th subtractive processes, respec-
i-1
tively; U @, denotes the formed part of the i-th additive

e=1

process; U @, denotes the formed part of the i-th sub-

e=1
tractive process.

The Lagrange multiplier method is used to solve the
model, and the existing partitioning scheme is optimized.
However, the overswitching between additive and subtrac-
tive processes significantly affects processing efficiency,
and the integration of some regions to reduce the number
of processes can achieve more effective processing se-
quences. The method of combining regions is built based
on the process combination optimization algorithm"*';

(1) The regions in contact with the substrate are com-
bined to form a new partition sequence, i.e.,
(D, D,, -, b, , D, D\, ®,,}, which is consid-
ered the sequence to be combined in subsequent rounds.

(2) Combine the adjacent regions for the sequence to
be combined. For regions @, and @, , | to be combined,
first, two regions are combined to form a new sequence,
e, {®,D,), -, D, |, D, D,,,, -, D} then, whether
interference of the machining tools exists in the new se-
quence is determined. Because only region @ is affected
by the combination, the method only needs to determine
whether a collision of the machining tools will occur
when processing the region @] according to Egs. (16)
and (17). If no collision occurs, then the combination is
successful, and the new sequence is retained, j will be in-
creased by 2, and the checked position moves back
2 bits. Otherwise, the combination is revoked, j is in-
creased by 1, and the checked region shifts back.

(3) Determine whether j overflows; if not, execute
Step 2. Otherwise, this round of the combination is
ended, and a new sequence is obtained after the combina-
tion optimization. Then, Step 4 is executed.

(4) Whether the new sequence obtained is the same as
the sequence to be combined at the beginning is deter-
mined. If the new sequence is the same, then there is no
space for the sequence to be combined further, and the
new sequence obtained is the final sequence. Otherwise,
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the new sequence obtained is considered the sequence to
be combined, Step 2 is executed, and the next round of
combination optimization is continued.

3 Experimental Verification

The proposed method is verified by fabricating a typi-
cal model, which is a typical part with multiple branches,
as shown in Fig. 4. Most of the branches of this kind of
part significantly change along the extension direction in
space, and the distance between the branches is small in
some positions, which may lead to inaccessibility of the
machining tools when the entire additive forming process
is followed by subtractive processing. The inaccessibility
of the machining tools is avoided by alternating the addi-

tive and subtractive processes to successfully realize the
ASHM of such parts. Moreover, the extension of each
branch varies considerably, and an auxiliary supporting
structure may need to be added. Therefore, the orienta-
tion of the parts needs to be determined to reduce the vol-
ume of the supporting structure. As shown in Fig. 4,
first, the optimal WAAM processing direction of the tar-
get object is determined. Then, as shown in Fig. 4(a),
the placement posture is set as the initial state, and the
volume of the required supporting structure is 238 755
mm®. When the model is rotated 180° counterclockwise
around the Y-axis, which is selected as the optimal place-
ment direction, the volume of the required supporting

structure is minimized to 5 328 mm®.

(a) (b)
Fig. 4 Different postures of the required supporting structure.
(d) Optimal posture

As shown in Fig. 5, the example parts at the best orien-
tation are modeled by the level set method, and a total of
16 spherical regions are arranged at the bottom of the 4
branches of the model. By solving the regional division
model (Eq. (11)), the example model is divided into
16 processing regions, i.e., {®,,D,, -+, D}, to ob-
tain the preliminary ASHM process, i.e., {(A,,S,),
(A, 8,), -+, (A, S,s)). Then, the 16 processing re-
gions are optimized by solving the optimization model to
realize the optimization of the preliminary ASHM pro-
cess. Through the judgment of experience and knowl-
edge, the preliminary process can meet the requirements
of manufacturability. The preliminary processing regions
are directly regarded as the optimized processing regions
so that the next step of planning can be executed. Fi-
nally, the optimized processing regions are combined ac-
cording to the method of process combination, and the
number of the final processing regions is reduced from 16
to 4. Here, @, to &4 are combined as @|; @, and P,
are combined as @,; @y, @, Dy, P,,, and D5 are
combined as @;; and @ is left over as @,. For the final
four processing regions, interference of the machining
tools will occur when further combination is performed;
thus, there is no room for further combination.

The processing procedures are executed. The welding
wire used for WAAM is ER5356 aluminum alloy with a
diameter of 1.2 mm, and the substrate is a 6061 alumi-

(c) (d)

(a) Initial state; (b) Random posture 1; (c) Random posture 2;

[

. N Region 1
I Region 2
Region 3
W Region 4

(b)

I Region 1
""" . I Region 2
: . Region 3
[ Region 4

(c)
Fig. 5 Main procedures of process planning. (a) Layout of
the 16 initial subregions; (b) Optimized processing regions of

the target parts; (c) Final processing procedures decided by the
proposed method
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num plate. The wire feeding and travel speeds are 6.7
and 10 mm/s, respectively. The welding current fluctu-
ates between 19.3 and 19.7 A. Experiments on the
ASHM system are conducted, as shown in Fig. 6 (a).
The system is mainly composed of a cold metal transfer
power source, wire feeder, driving system, headstock,
tool magazine, and computerized numerical control sys-
tem. The welding torch is placed in the tool magazine
through a specially designed fixture. Additive and sub-
tractive operations are alternated using different tools.
The part is fixed on the rotary table, and the position and

orientation are adjusted with the rotation or overturning
of the rotary table. As shown in Fig. 6 (b) , the actual
formed object is the same as the model from the perspec-
tives of shape and size. Some defects occur at the junc-
tion of various processing regions because of the instabil-
ity of WAAM, which can be eliminated by improving
the processing quality. Moreover, the supporting struc-
ture used can sufficiently guarantee the normal forming
of the target parts, which indicates that it is feasible to
manufacture and process the target parts according to the
process planning method proposed in this study.

(a)
Fig. 6 Verification experiment. (a) ASHM system; (b) Actual hybrid manufacturing processes

4 Conclusions

(1) The proposed methodology can effectively evalu-
ate machining interference and manufacturing efficiency.
First, the implicit models of target parts and machining
tools are built by the level set method. Then, the volume
of the intersection of any two regions is used as the ma-
chining interference evaluation index. Finally, the evalu-
ation index of the manufacturing efficiency is set as the
sum of the surface areas of all of the processing regions.

(2) The part orientation of the additive process is de-
termined by the improved PSO algorithm, and the pro-
cessing procedures planning method is developed based
on manufacturability and manufacturing efficiency. The
proposed method is verified by fabricating a typical test
model. Through the analysis of the manufacturing re-
sult, the method can meet the main influencing factors in
ASHM, and the application effect is passable.

(3) The proposed approach can generate alternating
processing schemes for the ASHM process, which solves
the problem of low efficiency and difficulty in evaluating
the interference of existing methods. In the future, more
characteristics (such as the thermal behavior) of WAAM
will be considered in process optimization.
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