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Abstract: Aiming at the purpose of achieving accurate fabrication of complex part, 

process planning algorithm based on additive and subtractive hybrid manufacturing 

system is researched. On condition that part can be fabricated, comprehensively taking 

consideration of machining tool accessibility, deposition nozzle accessibility and 

machining time, hybrid process planning strategy is presented. The given complex part 

is carried out four big stages including part segmentation, build direction determination, 

additive and subtractive operation sequence construction and operation sequence 

optimization. Additive, subtractive and inspection operation are reasonably arranged. A 

feasible operation sequence in time optimal is generated. In accordance with the final 

sequence of operations, complex parts can be interactively used for additive, 

subtractive and inspection operations to achieve precise machining in the shortest 

amount of time. Improve the processing efficiency and quality of complex parts, 

further expanding the processing capability, flexibility and applicability of composite 

manufacturing technology. 

 

Keywords: Additive and subtractive manufacturing, process planning, model 

segmentation, 3D printing. 

 

1. Introduction 

The combined manufacturing technology for the addition and subtraction of materials 

is a new technology that combines product design, software control, and additive 

manufacturing with reduced material manufacturing. By means of a 

computer-generated CAD model and layering it according to a certain thickness, the 3D 

data information of the part is converted into a series of 2D or 3D contour geometric 

information, and the layer geometry information fusion deposition parameters and 
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machining parameters are generated. The material manufacturing process path code, 

the final shape of the three-dimensional solid parts. Then, the measured and feature 

extraction is performed on the formed three-dimensional solid parts, and after 

comparing with the CAD model to find the error area, the parts are further processed 

and corrected based on the reduced material manufacturing until the product design 

requirements are met. Therefore, the "addition and subtraction" processing can be 

realized on the same machine tool, which is a hybrid scheme of the existing 

combination of CNC machining and 3D printing. In this way, for parts of special 

geometry or special materials that cannot be realized by conventional cutting, the 

near-net forming stage can be undertaken by the additive manufacturing, and the later 

finishing and surface treatment are carried out by the conventional material reduction 

processing. Since all the machining processes are completed on the same machine tool, 

it not only avoids the accumulation of errors caused by the clamping and picking and 

unloading of the workpiece during multi-platform machining, but also improves the 

manufacturing precision and production efficiency, and also saves the workshop space 

and reduces the manufacturing cost. 

The promotion and application of the combined processing technology of increasing or 

decreasing materials will prompt the related industries to usher in a further leap, which 

will surely be the focus and hotspot of the next manufacturing industry. Compared with 

domestic, international research on composite manufacturing technology based on 

increasing and decreasing materials has been carried out earlier, and the research 

content is also more. In 2007, the German Fraunhofer Institut Lasertechnik [1] 

developed the Controlled Metal Buildup (CMB) technology in combination with material 

addition and removal methods, equipped with a deposition section on a three-axis 

vertical milling machine. After depositing a layer, the surface profile of each layer is 

machined to make it flat. In 2010, the Indian Institute of Technology Akula [2] studied 

a hybrid welding system (ArcHybrid-layered Manufacturing ArcHLM). The ArcHLM 

system integrates a pulsed inert gas shielded welder into a three-axis CNC machine and 

is controlled by a custom software system. The basic process is the same as CMB 

technology, except that after a layer of deposition scan, only face milling is performed 

until near The finished part is finished, and finally the profiling is performed. In China, 

Jeng et al. [3] of the National Taiwan University of Science and Technology used direct 

process of selective laser cladding and milling (HSLM) to directly form, repair and 

modify metal parts. Related research in 2001. In 2010, Xiong Xinhong et al. [4] fusion 

material addition and removal method of Wuhan University of Technology studied the 

HPDM (Hybrid plasma deposition and milling) technology, which is basically the same 

as the CMB technology. The difference is that the additive manufacturing part of the 

system is Powder-based microbeam plasma rapid prototyping technology, compared to 
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ArcHLM, HPDM technology, which uses plasma forming technology, high heat input, 

smaller spot radius, concentrated energy, and therefore faster deposition. The ion 

beam quality is very stable, so the degree of automation is higher, and the noise is small, 

but the cost is higher than that of ArcHLM, and since the powder is used to form a 

molten pool, the forming is more difficult to control. 

It can be judged that in the future for a long period of time, the composite 

manufacturing of the increase and decrease of materials will combine the advantages 

of increasing and reducing materials in the field of metal parts processing, and become 

the main manufacturing method. Thanks to the advantages of additive manufacturing 

and material reduction manufacturing technology, the composite manufacturing 

technology based on increasing and decreasing materials can quickly prepare 

high-precision, high-quality complex shape parts of different materials, shorten 

manufacturing cycle, save materials, reduce costs, and enhance products. Competitive 

advantage, especially for the production of complex shapes, multi-variety, small batch 

parts, to ensure the processing accuracy of the final parts, it has broad application 

prospects. The advantages of the composite manufacturing technology of the increase 

and decrease materials are shown in Table 1. 

 

Table 1 Advantages of composite manufacturing technology 

 Additive manufacturing 
Reduced material 

manufacturing 

Addition and 

subtraction 

material 

composite 

manufacturing 

Technical 

advantages 

Can manufacture products 

of any complex shape.  

Wide range of materials. 

Material utilization is close 

to 100%.  

Fast. 

High processing 

precision.  

High surface quality. 

High strength. 

Products with 

high accuracy.  

High strength.  

High surface 

quality.  

Fast speed.  

High material  

utilization and 

wide range.  

Can process any 

complex shape. 

Technical 

disadvantag

e 

Low surface quality.  

Low dimensional accuracy.  

Low strength. 

Limited by the shape 

complexity of the 

part.  

Limited material. 

From the current research work, although a lot of fruitful research work has been done 

on the composite manufacturing technology of the addition and subtraction materials, 

due to the different materials, materials and materials used, and most of the research 
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work is committed to how Effectively blending additive and material reduction 

technologies on the same processing platform or optimizing parameters for individual 

processing techniques to improve the quality and efficiency of processing an exact part. 

Therefore, the processing capabilities, flexibility, and applicability of composite 

manufacturing techniques are bound to be limited by the material, construction, and 

size of the part. In addition, composite manufacturing technology provides feasibility 

for the precise processing of complex or oversized parts. However, there has not been 

any in-depth study on the composite manufacturing scheme of such parts, there is the 

lack of feasible process planning, It hinders the development of composite 

manufacturing technology. Therefore, for the purpose of realizing the precise 

processing of complex parts, based on the composite manufacturing system of 

increasing and decreasing materials, this paper proposes a reasonable process 

planning algorithm, and the experimental case study verifies the feasibility of the 

proposed algorithm. 

 

2. The overall framework of the process planning algorithm for the 

composite manufacturing system 

The addition and subtraction composite manufacturing system incorporates additive, 

material reduction and inspection methods, in which the additive (i.e., FDM) method 

can create parts of any complex shape; the reduction (i.e., CNC) method can finish 

parts created by the additive method. The inspection method measures the part being 

machined in real time, ensuring that the dimensions are within design tolerances. 

The traditional process planning method mainly considers the processing time and cost 

[5]. It does not consider whether the machining tool can reach the internal 

characteristics of the part when machining complex parts, that is, the accessibility of 

the tool. If this factor is ignored, the part will be directly determined can be successfully 

manufactured and manufactured accurately. Therefore, in order to achieve precise 

machining of parts with difficult-to-machine geometry, this chapter proposes a 

reasonable process planning algorithm (APPA). APPA mainly includes the following four 

processes: 

(1) Part splitting is to divide a complex part into a series of sub-parts that are 

independent of each other and simple in shape; 

(2) Determining the construction direction, mainly considering the deposition nozzle 

collision problem and support problem in the process of creating sub-parts by FDM; 

(3) Establishing the operation sequence of the increase and decrease materials, and 

rationally arrange the additive operation in FDM form, the material reduction operation 

and the detection operation in the form of CNC machining; 

(4) Operation sequence optimization, establish a processing time estimation model, 
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determine the optimal operation sequence in time, and add additional operations to the 

operation sequence to ensure the sequence is feasible. 

The input to APPA is a CAD model and the output is a sequence of operations that is 

optimal in terms of time. In the final sequence of operations, additive, material 

reduction, and inspection operations are used interactively to complete the machining 

of parts with complex shapes in the shortest amount of time. The overall flow chart of 

APPA is shown in Fig. 1. The rectangular box in the figure represents the activity, and 

the box with rounded corners represents the output of the activity. 

 

Fig. 1 APPA overall flow chart 

 

3. Specific steps of the process planning algorithm for the composite 

manufacturing system 

3.1 Part Segmentation 

The purpose of part splitting is to split a complex part into a series of sub-parts that are 

independent and simple in shape. The part split must meet the following requirements: 

(1) The features of the sub-parts should be exposed so that the machining tool can 

access these features; 

(2) The sub-parts can be clamped on the machine tool so that the features can be 

finished; 

(3) When the additive component is used to stack a sub-part to another sub-part, no 

deposition nozzle collision occurs; 

(4) Additive operation When stacking a sub-part onto another sub-part, the latter 

surface must be flat because the FDM process can only accumulate material on a flat 

surface. 

Fig. 2 shows the part split. Note that if subcomponents are partitioned according to the 

above requirements, tool accessibility issues will occur during processing and 
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subcomponents can be subdivided again. 

 

Fig. 2 Part segmentation 

 

3.2 Construction direction determination 

3.2.1 Basic considerations 

This section mainly determines the feasible stacking direction for each sub-part and 

generates a feasible set of building directions. When determining the direction of 

construction, the following two problems should be solved: 

(1) Deposition nozzle collision problem 

In a given direction, the FDM process can only create parts by stacking material layer 

by layer from the bottom to the top of the part. The deposition nozzle of the FDM 

machine is shown in Fig. 3. In this chapter, only six construction directions are 

considered. It is x 、 x 、 y 、 y 、 z and z ,Due to the presence of the heating block 

and the nozzle, it is possible to collide with a previously created subpart when creating 

a subpart. 

 

Fig. 3 deposition nozzle of FDM machine 

The deposition nozzle collision is shown in Fig. 4, in which the part is divided into 2 

sub-parts. When the deposition nozzle attempts to create the sub-part 2 along the 

construction direction indicated by the red arrow, since the sub-part 1 has been 

previously created, it collides with the sub-part 1. The occurrence of a collision will 

cause an interruption in the creation between sub-parts 1 and 2, which will cause the 

overall machining to fail. 

1 2
 

Fig. 4 deposition nozzle collision 

(2) Support problems 

In the FDM process, when creating a dangling feature, there must be support material 
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underneath such features, that is, the suspended sub-parts or features are not 

supported and cannot be created. A schematic diagram of the support required for the 

specific construction direction is shown in Fig. 5. There are 3 sub-parts A, B, and C. 

That have been created using the directions indicated by the red arrows in sub-parts A 

and B. If sub-part C is created using the same construction direction as sub-part B, 

sub-part C will be left floating and there will be no support underneath, causing its 

creation to fail. Therefore, the construction direction of the created sub-part C must be 

referenced to the sub-part B, and then the sub-part C can be successfully created using 

the construction direction shown in Fig. 5. Another possible solution to this problem is 

to use a dissolvable material as the support material for the sub-part C. After the 

processing is completed, it can be dissolved and removed. 

 

B

C

A  

Fig. 5 Schematic diagram of the support required to use the specific construction 

direction 

3.2.2 Determination steps of the construction direction 

After the part is divided into multiple original sub-parts, the additive construction 

direction of these sub-parts will be determined. The main steps are as follows: 

(1) Determine the construction direction from the leftmost sub-part at the bottom of 

the entire part (refer to the sub-part 1 or the first sub-part); 

(2) Then select adjacent sub-parts and determine their feasible construction direction. 

If the sub-part 1 has a plurality of adjacent sub-parts, first select a sub-part that shares 

the same base plane as the sub-part 1 (referred to as sub-part 2); 

(3) Similarly, determine the construction direction of the remaining sub-parts and their 

adjacent sub-parts; 

(4) Select another subpart and set it to the first subpart to determine the direction of 

construction and perform the above steps. Similarly, until each sub-part is treated as 

the first sub-part once; 

(5) Reorient the entire part and perform the above steps until all available part 

orientations (a total of 6 orientations) are performed. 

Fig. 6 shows the results of the construction direction determination for a given part. 

Each branch represents a set of building directions, each node represents a single 

sub-part with the exact direction of construction, and each black arrow represents the 

determined order between the two sub-parts. 
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Fig. 6 Determination of the construction direction of a given part 

 

3.3 Establish a sequence of operations for increasing or decreasing materials 

Split a given part into multiple sub-parts, then determine the feasible construction 

direction of each sub-part and generate a sequence of additive operations. 

Subsequently, the material reduction operation is inserted into the additive operation 

sequence to generate a sequence of increase and decrease material operations in 

which tool accessibility is taken into account. If after obtaining a feasible sequence of 

operations for a sub-part, it is found that there are other feasible construction 

directions, it is also determined to be a feasible sequence of operations. The process is 

also applied to other sub-parts to determine their other possible sequence of 

operations. 

3.3.1 Tool accessibility constraints and operational sequence considerations 

(1) Tool accessibility constraints 

Tool accessibility is one of the most important factors to consider in APPA because it 

directly determines whether features (especially internal features) can be successfully 

created and processed. Tool accessibility includes deposition nozzle accessibility and 

machine tool accessibility. The former means that when a sub-part is created by FDM, 

the deposition nozzle may collide with the previously created sub-part. The latter is 

related to the tool approach direction (TAD). In a 3-axis machining environment, there 

are 6 TADs, x 、、 x 、 y 、 y 、 z  z ,This chapter study only focuses on whether 

the machining tool or deposition nozzle is accessible, and if it is accessible, the feature 

is considered to be machined and created. 

(2) Operation sequence considerations 

① Due to the uneven temperature gradient in the additive operation, the bottom of the 

part will be warped and deformed. The material reduction operation should be added 

to finish the bottom surface of the part or sub-part or feature; 

② should avoid the same feature repeated and repeated, after some features are 

processed, due to the processing of subsequent parts, the feature will once again 

become unsatisfactory and need to be reworked; 

③ If more material is to be added to a sub-part, certain features or surfaces on that 

sub-part need to be machined again. 
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A description of ① is as follows: When new materials are added to the created 

sub-parts, uneven temperature gradients can cause thermal stress build-up, resulting 

in distortion, dimensional deviation, and cracking of the inner layer [6]. As the new 

material operation is performed, the bond between the new deposit and the previous 

layer is achieved by local remelting of previously solidified material and diffusion [7], 

and the heating and rapid cooling cycles of the material cause uneven thermal 

gradients, resulting in continuous stress build-up, resulting in further deformation 

between the existing part and the part built on it. Therefore, it is necessary to add a 

material reduction operation to remove the deformation size. Fig. 7 shows a schematic 

view of the deformation removal, in which the sub-part B is stacked on the sub-part A, 

resulting in a 2 mm deformation of the sub-part A. Therefore, the bottom surface of the 

sub-part A should be subjected to a finishing operation to compensate for the tolerance 

loss due to local geometric deformation. 

 

 

Fig. 7 Schematic diagram of deformation removal 

3.3.2 Steps of adding and subtracting material operation sequence 

After determining the construction direction of each sub-part and obtaining the merged 

sub-parts, a sequence of additions and subtractions will be arranged for each effective 

construction direction. For a part with a given TAD, there may be multiple possible 

sequences of operations since it may have multiple build directions and adjacent 

sub-parts. In addition, for other TADs, other possible sequences of possible operations 

can be determined. The main steps of the sequence of operations for increasing or 

decreasing materials are as follows: 

(1) First create sub-part 1 and then add more sub-parts until the features on the 

sub-parts cannot be processed due to the inaccessibility of the tool; 

(2) After arranging a material reduction operation for a feature, once a subsequent 

sub-part is added to the machined sub-part, it must be determined whether the feature 

(or any surface on the feature) will become rough again. If so, it must be determined 

whether the feature can still be accessed when the subsequent sub-parts are added, 

and if so, subsequent sub-parts can be built on the processed sub-parts; 

(3) If the feature can no longer be accessed by the machining tool, the sub-parts that 

are not accessible to the machining tool will be split again until at least one TAD is 

available; 
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(4) When the sequence of additive operations is arranged for the sub-parts that are 

once again divided, they should meet the accessibility requirements of the deposition 

nozzle; 

(5) At the end of the sequence of operations, a material reduction operation for 

machining the exposed features is arranged, as these features can always be accessed; 

(6) If necessary, a material reduction operation will be arranged to remove the support 

material, or the support material may be removed with a soluble solution; 

(7) Finally, in order to obtain a flat surface for the construction platform of the 

subsequent additive operation or the reference for the material reduction operation, a 

material reduction operation will be arranged to obtain the surface. 

3.3.3 Detection operation insertion 

A detection operation is inserted into the sequence of augmentation and subtraction 

operations to generate a feasible sequence of addition, subtraction, and detection 

operations. The test should be used before doing the following: 

(1) Machining operations 

Prior to the start of the machining operation, a test operation is performed to determine 

the amount of material that should be removed on the deposit (i.e., using FDM) 

features. If the inspection operation is used to find that the size of the deposited 

features is less than its standard size, the deposition operation is increased prior to 

performing the machining operation. 

(2) Additive operation for the next sub-part 

The inspection operation is performed before the next sub-part is deposited onto the 

unprocessed previous sub-part because the different heights of the previous sub-part 

may result in a change in the deposition parameters. Since the previous sub-part was 

created by deposition and has not been machined, its actual height is unknown. If the 

actual height of the previous sub-part is 10.2 mm, the layer thickness of 0.2 mm is used 

in the additive operation for creating the next sub-part, and the next sub-part is 

deposited from 10.4 mm; if the actual height of the previous sub-part For 10.25 mm, a 

layer thickness of 0.25 mm is used, and the material is deposited starting from 10.5 

mm. 

(3) Additive operation that causes the machining tool to be inaccessible 

When the feature is still accessible, a detection operation is performed to measure the 

internal feature size. In the study of this chapter, the contact measurement method is 

used, and the accessibility of the probe is similar to that of the machining tool. 

At the end of the sequence of operations, the final inspection operation is scheduled to 

ensure that the part size is within tolerance. 
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3.4 Operation sequence optimization 

3.4.1 Processing time estimation 

After all feasible sequences of operations have been obtained, the processing time of 

each individual sequence of operations is calculated to determine the sequence of 

operations that are optimal in terms of time. Processing time is defined as the sum of 

the time spent in additive, material reduction, and inspection operations, and the 

switching time between the three, as shown in equation (1): 

a s c mT T T T T     (1) 

In the formula, T  is the total processing time; aT  is the time of the additive operation, 

that is, the creation time; sT  is the time of the material reduction operation; cT  is the 

switching time between the additive and the material reduction operation, including 

the machine setting time; mT  Is the time to detect the operation. 

Since the part is divided into a plurality of small sub-parts having fewer features, the 

detection time is regarded as constant at this stage. In contrast, additive operations 

take longer than other operations. The time estimation model for the additive operation 

is shown in equation (2): 

168.33 23.56 9.44 160.19 78.17aT V H V H         (2) 

In the formula, V  is the part volume; H  is the part height;   is the porosity;   is the 

intermittent factor, which is defined as the ratio of the deposition nozzle distance to the 

repositioning distance;   is a constant. 

The total processing time of all possible operational sequences is calculated, and the 

sequence with the smallest total processing time is taken as the final operational 

sequence. 

3.4.2 Add extra operation 

If the part is machined according to the final sequence of operations, and the sub-part 

size is out of tolerance after a step operation, the step operation is considered to be a 

failed operation, and the sub-parts processed by the failed operation are said to be 

unqualified sub-parts. Additional operations are added to the final sequence of 

operations to ensure that the sub-part size is within the tolerance before the next 

operation, which can be achieved by adding or removing material from the sub-part. 

The specific addition method is as follows: 

Fig. 8 shows an additional operation addition, where each block represents a separate 

operation, the symbol "+" represents the additive operation, the symbol "-" represents 

the material reduction operation, and the "I" represents the detection operation. The 

blue block represents the operation in the final sequence of operations, the green block 

represents the added new operation, the arrow represents the sequence of operations, 

and the "x" represents the cancelled operation. If the inspection operation finds that 

the processed sub-parts do not meet the design requirements in terms of size and 
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tolerance, the inspection operation will be added after the failed operation. 

 

 

Fig. 8 additional operations added 

 

4. Experimental Case Study 

The case test part is shown in Fig. 9, which has three communicating grooves. The part 

is divided into 4 sub-parts, and then the construction direction is determined, the 

operation sequence of the addition and subtraction is established, and the operation 

sequence is optimized, and finally a feasible operation sequence optimal in time is 

generated, as shown in Table II. For the processed subparts, they are represented as 

"subpart x and (x + 1)". The symbol "W" represents a sub-part that has been created 

by an additive operation but has not yet been finished. For example, the sub-part 2W 

is added to the sub-part 1, and the obtained sub-part is referred to as a sub-part 1∪

2W, and if the sub-part 1∪2W has been finished finishing, it is referred to as 1∪2. 

 

 

Fig. 9 Case test part 
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Table 2 Time-based feasible sequence of possible operations 

1. Adding materials to create sub-parts 1W; 

2. Measure the 1W size of the sub-parts; 

3. Machining the groove 1 in the sub-part 1W to obtain the sub-part 1; 

4. Using the additive to create the sub-part 21 above the Z of the sub-part 1 to obtain 

the sub-part 1∪21W; 

5. Using the additive to create the sub-part 22 above the Z of the sub-part 1 to obtain 

the sub-part 1∪21W∪22W; 

6. Measure the dimensions of the sub-part 1∪21W∪22W to determine the amount of 

material to be removed in the next operation (surface grinding); 

7. Surface grinding sub-assembly 1∪21W∪22W (three outer sides of sub-part 21 and 

three inner sides of sub-part 22) to obtain sub-parts 1∪21∪22; 

8. Add the supporting material, and use the additive to create the sub-part 23 above 

the Z of the sub-part 1∪21∪22 to obtain the sub-parts 1∪21∪22∪23W; 

9. Remove the support material to obtain the sub-parts 1∪21∪22∪23; 

10. Use the additive to create the sub-part 3 above the Y of the sub-part 1∪21∪22

∪23 to obtain the sub-parts 1∪21∪22∪23∪3W; 

11. Measuring sub-parts 1∪21∪22∪23∪3W size; 

12. Machining the groove 2 of the sub-part 1∪21∪22∪23∪3W to obtain the 

sub-parts 1∪21∪22∪23∪3; 

13. Using the additive to create the sub-part 41 above the Z of the sub-part 1∪21∪

22∪23∪3, to obtain the sub-parts 1∪21∪22∪23∪3∪41W; 

14. Measuring sub-parts 1∪21∪22∪23∪3∪41W size; 

15. Machine the sub-parts 1∪21∪22∪23∪3∪41W in the groove 3 to obtain the 

sub-parts 1∪21∪22∪23∪3∪41; 

16. Add the supporting material and use the additive to create the sub-part 42 above 

the Z of the sub-part 1∪21∪22∪23∪3∪41 to obtain the sub-parts 1∪21∪22∪23

∪3∪41∪42W; 

17. Remove the support material to obtain sub-parts 1∪21∪22∪23∪3∪41∪42 (this 

is the test part); 
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18. Measure the final part size. 

The test part is processed according to the above operation sequence, and Fig. 10 is a 

sample of the processed test part, wherein (a) is a processed sub-part, (b) is a 

processed integral part, and (c) is a part sectional view showing the test part Internal 

characteristics. This case study demonstrates the feasibility of APPA. 

 

 

(a) Processed sub-parts 

 

(b) Processed integral parts   (c) Part sectional view 

Fig. 10 Processed test parts 

 

5. Conclusion 

Based on the composite manufacturing system of increasing and decreasing materials, 

this paper proposes a process planning algorithm based on the composite 

manufacturing system of increasing and decreasing materials. Considering the factors 

such as the accessibility of the deposition nozzle, the accessibility of the machining tool 

and the processing time, the parts are divided into four stages: part segmentation, 

construction direction determination, operation sequence creation and operation 

sequence optimization, and finally It generates a sequence of possible operations that 

are optimal in terms of time. In the final sequence of operations, additive, material, and 

inspection operations can be interactively used to achieve precise machining of 

complex structural parts in the shortest amount of time. The proposed process 

planning algorithm based on the composite manufacturing system of the addition and 

subtraction material can generate a feasible sequence of feasible operations for the 

processing of complex parts, and further expand the processing capability, flexibility 

and applicability of the composite manufacturing technology. 
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