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Abstract 

Process route planning plays an important role in bridging between computer-aided design (CAD) and computer-aided 

manufacturing (CAM) in modern manufacturing environments. Process route planning aims at defining all machining methods, 

equipment, tools, and sequence of processes involved in altering the initial stock material into end products according to the CAD 

designs. The current work develops a time-optimized process route plan to manufacture a front-wheel sub-assembly that contains 

various materials and a range of simple and complex designs using a computer-aided virtual manufacturing system. Throughout 

this process route plan, a decision was made to select the most proper process methods, machines, cutting tools, and sequence of 

machining process to minimize the time and improve the quality of the machined parts. List of machines and corresponding 

processing parameters were included, and both calculated and actual overall production times were compared and evaluated. The 

computer-aided virtual manufacturing system optimize the production time focusing on the shortest tool path. The CAD/CAM 

integration provided a powerful tool to fabricate parts of different levels of complexity. The results of the developed process route 

plan showed that minimum time and high-quality parts could be achieved. 

Keywords: CAD/CAM, Process route planning, Front wheel sub-assembly, Manufacturing, Virtual manufacturing 

 

1. Introduction 

The ultimate goal in manufacturing is reducing number of setups, shortening processing time, improving part quality, and 

minimizing machining cost during a product life cycle [1]. It is highly important to obtain the proper part information to reach the 

right selection of the desirable manufacturing process and their parameters. Process route planning (process planning) can be used 

in selecting the most appropriate processes and their sequences given in the CAD design  during manufacturing [2,3]. The output 

of process planning is an operations sheet, which is a document that lists all details of the operations needed to complete the part 

or assembly without delay [4]. 

Generally speaking, no two process planners can come up with the same sequence of machining operations. The difficulty raises 

from several variables that are associated with the process selection [5]. Furthermore, manual process planning requires both 

skilled process planners and machine tool availability in the shop. To reduce the process planning time and improve production 

efficiency, computer-assisted process planning (CAPP) approaches are being developed and used [2,6]. However, most existing 

CAPP systems are developed to generate process plans for certain part types [7]. For instance, some CAPP systems are devoted 

for producing rotational parts [8,9], whereas other systems [10] are used for prismatic parts. In this work, a manual processing 

route plan was developed, with the aid of MS-Excel® spread sheets and virtual manufacturing environment (VM) in Creo 

Parametric® software, to determine the detailed requirements for fabricating the various components of the front wheel sub-

assembly prototype used in the SAE formula student vehicle as shown in Figure 1.  

 

2. Front wheel sub-assembly 

Front wheel sub-assembly main parts are driving axle hub, brake disc, upright, and steering arm. The hub is connected with the 

driving axle from one side and with the wheel from the other side to provide the rotational motion to the wheel. The brake disc is 

responsible for stopping the vehicle by frictional forces with the braking pads. The hollow-shaped disc, shown in Figure 2, was 

designed to dissipate thermal energy generated due to frictional forces [11]. It is important to mention that the finite element 

analysis for all parts will not be discussed in the current work. The hub is also directly connected to the upright, which is 

responsible for connecting all suspension, steering, and braking parts together with the chassis to stabilize the vehicle. Moreover, 

the upright is connected to the steering arm, allowing the driver to steer the front wheel of the vehicle. Detailed information about 

different methodologies used to design front wheel sub-assembly components were discussed in Saxena et al. [12]. The design 

was optimized using computer—aided design and engineering (CAD/CAE) integration in an attempt to reduce the manufacturing 

time and cost. 
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Figure 1: (a) Assembled and (b) exploded views of the front wheel sub-assembly, where 1 is the hub, 2 is the brake disc, three is 

the upright, and 4 is the steering arm 

 

Figure 2: Thermal simulation of the designed brake disc 

3. Process route planning 

Process route planning was extensively studied and used in several production environments, for instance, in the distributed 

manufacturing [13] and shop manufacturing systems [14]. The goals of most existing research in this area were focused on one or 

more conventional management aspect, such as shortest time, minimum machining steps, and lowest cost. The current work is 

directed towards the selection of the machining methods, equipment, tools, and sequence of machining processes during process 

route planning.  

The importance of process planning stems from its role in combining both product design and manufacturing stages. The basic 

process planning usually begin during the product design stage, where the selection of materials and their initial forms is 

established.   

1 

2 

3 

4 
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Table 1 provides a list of materials and their initial forms and dimensions used in making the front wheel sub-assembly. 

Furthermore, process route planning takes its inputs from the CAD drawings that indicate what part and how many is to be made. 

Preliminary decisions about the product to determine which machine, as well as the tools, may be made based on the given 

drawings [15]. Figure 3 shows the detailed CAD drawings for the front wheel sub-assembly components. The technical 

knowledge of processes, machines, and tools is required after drawing analysis stage. Table 2 demonstrates the machine codes 

used in the current study. For each part, a detailed operations sheet is developed.  
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Table 1: Initial information of the used materials. The part number is corresponding to that in Figure 1. 

No. Part name Material Form 
Stock dimensions 

(mm) 

1 Hub (2 parts) AISI 4140 Rod Ø40 × 125 

AISI 4140 Disc Ø128 × 10 

2 Brake disc Grey cast iron Disc Ø210 × 20 

3 Upright Al 7075-T6 Block 120 × 300 × 50 

4 Steering arm Al 7075-T6 Block 30 × 30 × 120 

Table 2: Machine codes and models 

Machine Code Model (if available) 

Arc welding M01 Miller CST-230 

Automatic hex saw M02 Siloma ON401 

CNC milling  M03 San Eagle SHV-850 

Drill press M04 Arboga Sweden 

Hydraulic press M05 N/A 

Manual lathe  M06 Mascut MA2160 

Waterjet cutting M07 Easyline 2020 

  

     

Figure 3: Detailed CAD drawings for the front wheel sub-assembly components. (a) hub, (b) brake disc, (c) upright, and (d) 

steering arm 

3.1 Material selection criteria 

The front wheel sub-assembly is naturally subjected to fatigue force, cornering force, braking force, vibration, impact loading, and 

combination of all forces due to road condition and from the steering movement applied by the driver [12]. Materials with high 

properties are undoubtedly recommended to secure the driver and the vehicle from any possible failure. Therefore, front wheel 

(b) 

(c) (d) 

(a) 
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sub-assembly components were made from different materials based on the required properties to encounter different loading 

types. For instance, the hub was made of AISI 4140 steel, which is known for its high strength and toughness. This steel is used in 

mission-critical structural components because it contains Cr, Mo, and Mn, that improves its hardenability and fatigue resistance 

[16]. Grey cast iron is the most widely used material for automotive brake discs because of its desirable structure [17], low 

production cost, and good tribological properties [18]. With flake form of graphite in grey cast iron structure [19], wear and 

frictional characteristics are highly improved and made it suitable for such application. Grey cast iron is a brittle material and 

exhibits little plastic deformation when loaded, and thus the yield strength and tensile strengths are almost identical [20]. Both 

upright and steering arm were made of AISI 7075-T6 aluminum alloy, which is typically used in transport applications, including 

marine, automotive, and aviation [21]. Typical mechanical properties of AISI 4140 steel and 7075-T6 aluminum alloys are listed 

in Table 3.  

Table 3: Mechanical properties of the selected materials 

Material 
σT 

MPa 

σY 

MPa 

E 

GPa 

τ 

MPa 

AISI 4140 655 415 190-210 80 

Al 7075-T6 572 503 71.7 331 

 

3.2. Machining processing time (MPT) 

It is of high importance to determine the machining operation before calculating the operation actual time. Machining operations 

used in this work are classified into traditional processes, such as turning, milling, and drilling, and none traditional processes, 

such as abrasive water jet cutting. The actual machining time was calculated from the equations demonstrated in this section. The 

time required to perform other operations, such as joining, sawing, and pressing, was estimated using a stop watch. 

3.2.1. Turning operations 

In surface turning operations, the machining time required to turn a cylindrical part in one pass can be expressed by the following 

equation [22]: 

 
𝑇𝑡 =

𝜋𝐷𝑜𝐿

𝑓𝑣
 

(1) 

where Tt is the turning time, Do is the work diameter, mm, L is the work length, mm, f is the feed, mm/rev, and v is the cutting 

speed, mm/min. The total cutting time is computed based on the number of passes according to the CAD drawing and cutting 

parameters. In facing turning, the operation is performed in one pass, and the time, Tf, is calculated according to the following 

equation [23]: 

 
𝑇𝑓 =

𝐿𝑓

𝑓𝑓𝑣𝑓
 

(2) 

where Lf is the facing length (radius of the work), mm, ff is the feed, mm/rev, and vf is the spindle speed, rev/min.  

3.2.2. Milling operations 

In the current work, face milling was the main operation used on CNC milling machine. The machining time spent during face 

milling operation is expressed by [22]: 

 
𝑇𝑚 =

𝐿 + 𝐴𝑚
𝑓𝑟

 

𝑓𝑟 = 𝑁. 𝑛𝑡 . 𝑓 

𝑁 =
𝑣

𝜋𝐷
 

(3) 

(4) 

(5) 

where L is the work length, mm, A is the cutter approach distance, mm, fr is the feed rate, mm/min, N is the spindle speed, 

rev/min, nt is the number of teeth on cutter, f is the feed mm/tooth, v is the cutting speed, mm/min, and D is the cutter diameter, 

mm. Two possible cases are available to calculate the cutter approach distance based on the cutter position relative to the work. 

The first case is when the cutter travels from one side to another across the work, the approach distance, Am, is calculated by: 

 𝐴𝑚 = 0.5 (𝐷 − √𝐷2 − 𝑤2) (6) 

where D is the cutter diameter, mm, and w is the part width, mm. The second case is when the cutter is offset to one side of the 

work; the cutter approach distance is given by: 

 𝐴𝑚 = √𝑤(𝐷 − 𝑤) (7) 
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The milling time calculations are tedious in most milling operations because of complex part geometry and/or tool path. Under 

such circumstances, the milling time can be estimated from the material removal rate, RMR, which is determined using the product 

of the cross sectional area of the cut and the feed rate as follows [22]: 

 𝑅𝑀𝑅 = 𝑤. 𝑑. 𝑓𝑟 (8) 

where w and d are the width of the work and depth of cut, mm, respectively. 

3.2.3. Drilling operations 

Drilling operations can be performed by either a drill press machine or by turning on a lathe machine. In both cases, the drilling 

time, Td, can be calculated by: 

 
𝑇𝑑 =

ℎ + 𝐴𝑑
𝑓𝑟

 
(9) 

where h is the drilling distance, mm and Ad is the drilling approach allowance, mm. The feed rate, fr, in mm/min is obtained 

through multiplying the spindle speed, N, in rev/min by the feed, f, in mm/rev. The drilling approach allowance, Ad, is calculated 

by: 

 
𝐴𝑑 = 0.5𝐷 × 𝑡𝑎𝑛 (90 −

𝜃

2
) 

(9) 

where D is the drill diameter, mm, and θ is the drill point angle, degrees. In all machining operations, a small distance was added 

to the tool path length at the beginning and end of the work to allow for approaching and over travelling. Thus, the duration of the 

feed motion past the work could be longer than the calculated time. However, this difference was taken into consideration in the 

current work. It is important to highlight that the same time calculations are used for other related operations to turning, milling 

and drilling. 

When the work is to be machined on several stages, the total machining processing time, MPT, can be calculated as: 

 
𝑀𝑃𝑇 =∑𝑡𝑖

𝑛

𝑖=1

 
(10) 

where ti is the processing time of the operation used in stage, i and n is the process stages in the process route. CNC machining 

time optimization methods [24] can be classified based on material removal rates [25], NC program and machine characteristics 

[26], and artificial intelligence methods [27]. The optimization methods based on material removal rates or artificial intelligent are 

used in rough time estimation due to inadequate information. However, the commercial software calculate the machining time by 

considering both machining feed rates and length of the tool path, which can give acceptable time accuracy. The NC program and 

machine characteristics based methods can provide much higher accuracy than other methods. The drawback of this methods is 

that the machining conditions that influencing the geometry-process information are not taken into account. In order to calculate 

the machining time accurately, a computer-aided virtual manufacturing system was used in the current work. 

4. Virtual manufacturing 

Virtual manufacturing (VM) system is a computer system that generates information about the entire manufacturing system 

similar to these utilized in the real manufacturing environment. In virtual manufacturing, a computer-based environment is 

generally used to simulate manufacturing processes and the total manufacturing enterprise to optimize the cost, quality, and time 

of production and to achieve integrated product, process, and resource design [28]. Virtual manufacturing was performed in this 

work using Creo Parametric® software, which is one of the most sophisticated and advanced solid modelling programs in the 

market. Solid modeling in Creo Parametric® means that the 3D models contain all the information that a real 3D solid component 

would contain. The created parts have volumes, which implies that the mass and inertia of the part are known once the material 

density is provided [29]. Cutting parameters, such as cutting feed, spindle speed, max step depth, step over and tool size, were 

given to the software in the virtual machining environment based on the material type to predict the actual machining times. 

During process route planning, the processes and operations were selected with a great attention on time and quality 

considerations. The manufacturing cost is definitely of high importance and, more specifically, in manual process route planning 

optimization. However, the machine, tool, machine change, tool change, and setup change costs were described and used by 

[2,15] and will not be tackled in the current study. 

 

5. Process parameters 
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Table 4 lists the typical machining parameters for machining operations [30] based on work and tool materials used in this work. 

It is important to mention that the table mentions only parameters of the processes used to fabricate the front wheel sub-assembly. 
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Table 4: Typical parameters for machining operations using high speed steel (HSS) tools 

Operation 
Work 

material 
Process 

v 

m/min 

f 

mm/rev 

da 

mm 

de 

mm 

Turning 

Steel 

Turning and facing 
D 30 – 40 

A 40 - 50 

D 0.1– 0.25 

A 0.02-0.1 

D 0.75-2 

A 0.2-0.8 

 

Threading 10 Thread pitch   

Drilling 18 Manual   

Boring  
D 20 – 30 

A 30 - 40 

D 0.1– 0.25 

A 0.02/ 0.1 

  

Aluminum 

Turning and facing 
D 40 – 60 

A 60 - 80 

D 0.1– 0.25 

A 0.02-0.1 

D 0.75-2 

A 0.2-0.8 

 

Threading 15 Thread pitch   

Drilling 30 Manual   

Boring  
D 30 – 50 

A 50 - 70 

D 0.1– 0.25 

A 0.02-0.1 

D 0.75-2 

A 0.2-0.8 

 

Milling 

Steel 

Face milling 

D 20 - 25 

A 25 - 30 

D 0.05 – 0.1 

A 0.01 – 0.05 

D 1-2 

A 0.2-0.5 

~2/3 Ø 

 

Aluminum 
D 50 - 70 

A 70 - 90 

D 0.05 – 0.1 

A 0.01 – 0.05 

D 1-2 

A 0.2-0.5 
~2/3 Ø 

Drilling 

Steel 
Spot drilling 

18 0.04 – 0.1   
Drilling 

Aluminum 
Spot drilling 

0.04 – 0.1 0.04 – 0.1   
Drilling 

v = cutting speed, f = feed, da = axial depth of cut, de = radial depth of cut, D = roughening and A= finishing 

 

6. Process route planning case study 

The front wheel sub-assembly consists of several components that have various complexity levels, as could be concluded from the 

CAD drawings in Figure 3. Complex shapes require longer manufacturing time as compared to simple shapes. For instance, the 

upright has many details that make it the most complex and time consuming part in the sub-assembly. These many features 

require several tool paths. In addition, the job must be rotated in many positions. For mass production, casting is recommended to 

make the upright. However, it is made by machining in this work because only one piece is required as a prototype. The upright 

machining was performed on a three axes CNC milling machine that gave us a room to work on other parts while it was 

machined.   
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Table 5 is the detailed process route planning for upright manufacturing. 

The first step in upright manufacturing process involved removing two 50 × 50 × 50 mm blocks from the initial 120 × 300 × 50 

mm Al 7075-T7 block, as shown in Figure 4, by sawing to save time and reduce the scrap amount. The total sawing time was 

about 20 minutes. During sawing process, the upright CAD drawings were converted into G-code programs and transferred into 

the CNC milling machine controller. 

 

Figure 4: Illustration of the aluminum alloy block preparation for hub manufacturing (a) before and (b) after sawing 

  

   

(a) (b) 
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Table 5: Details of process planning for hub manufacturing 

Part name: Upright Material: Al 7075-T6 

Quantity: 1 Material size: 120 × 300 × 50 mm block 

Operation 
Machine 

code 
Description 

Tools and 

Parameters* 

Time (minutes) 

Processing Tool change Fixture 

Sawing M06 Removing 50×50×50 mm block  Stop watch 8 0 2 

Removing 50×50×50 mm block  Stop watch 8 0 2 

Milling M03 Figure 5 position 1 EndmillØ10mm 

v =60 m/min 

fr= 0.35 m/min 

d=  0.5 mm 

250.3 3 10 

Figure 5 position 2 43.6 0 10 

Figure 5 position 3 21.8 0 10 

Figure 5 position 4 61.3 0 2 

Drilling M04 Drilling 6 through holes of Ø8 

mm 

Twist drill bit 

Ø8mm 

v= 25 m/min 

fr= 0.2 m/min 

0.5 2 10 

Total machining time (min) 444.5 

* v is the speed, fr is the feed rate, and d is the depth of cut 

Next, the prepared aluminum alloy block was clamped by a vice mounted on the CNC milling machine bench, as shown in Figure 

5 (position 1). A 75 mm long and 10 mm diameter high-speed steel end mill was used in this stage to cut through the job width. 

Position 1 was suggested to produce the side slopes on the upright smoothly. The same tool was used for other milling operations 

in positions shown in Figure 5. The total machining time by milling was 412 minutes. 

 

  

Figure 5: Illustration of different rotation positions of the aluminum alloy block for milling operations. The transparent green 

features represent the removed material. The positions are corresponding to those in   

Position 1 Position 2 

Position 3 Position 4 
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Table 5. 

After sawing and milling, a drilling process was performed using an Ø 8 mm twist drill bit to create six through holes in the 

upright body. Two holes dedicated to fasten the steering arm (Figure 1), two holes on the thin part (Figure 3c) to fix the brake 

caliper, and two holes at the top and bottom to connect the upright with the vehicle chassis using tie rods. The total drilling time 

was about 12.5 minutes. The overall upright manufacturing time was about 444.5 minutes. The upright production timeline is 

demonstrated in Figure 6. 

As mentioned earlier, other parts were processing during the upright machining. It is highly recommended to fabricate the hub as a 

one-piece component to tolerate different loadings exerted on the front wheel sub-assembly. However, in order to minimize cost, 

shorten time and reduce scrap amount, the hub was fabricated from two components, i.e., rod and disc. The one-piece component 

requires about 12 kg AISI 4140 steel rod (Ø120×125 mm) to produce a final product weighing 1.6 kg. This means that about 10.4 

kg of the material stock will be wasted as scrap. Furthermore, removing 10.4 kg by machining will be a time consuming and 

expensive process. The hub fabrication strategy is demonstrated in Table 6.  

Figure 7 illustrates the hub stock material preparation, which includes pressing, welding, and turning stages. Both rod and disc 

were machined using a manual lathe in such a way that the rod is tightly implanted in the disc using a hydraulic press. 

 

Figure 6: Upright production timeline 

The implanted rod was then joined together with the disc using arc welding process. The pressing and welding times were 

recorded using a stop watch with a total time of 48 minutes. The next turning process was delayed for about 60 minutes in order to 

allow the weldment to cool down. Typical risk in turning hot components is that the job may fly away from the machine chuck 

when it cools down due to metal shrinking. Such conditions may result in deadly accidents and big economical losses. One may 

suggest to quench the job in cold water to expedite the process. In fact, the job was not quenched and left to cool down slowly to 

reduce the hardness that may result from the welding process. AISI 4140 steel is highly susceptible to cracking after welding 

because of excessive grain growth and the formation of non-tempered martensite with a high hardness levels in the heat affected 

zone (HAZ) [31]. Thus, cooling in still air is considered a post-welding heat treatment to avoid metallurgical problems. 

          

20

263.3

53.6

31.8

63.3

12.5

Sawing

Milling Position1 

Milling Position 2

Milling Position 3

Milling Position 4

Drilling

0 100 200 300 400 500

 

 

Time (Minutes)

Initial stocks Turning 1 Pressing and welding Turning 2 
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Figure 7: Illustration of the hub stocks preparation, pressing, welding, and turning stages. The golden area represents the welding 

line. The stages are corresponding to those in Table 6. 

 It is important to mention that the rod finishing pass parameters were not included in the process route planning when the 

bearing size of Ø25 mm was made. However, the time was compensated in Table 6 near Turning 4 operation. The machining 

parameters used for finishing pass, when Ø25 mm bearing size was made, are the cutting speed v = 150 m/min, feed rate fr = 0.1 

mm/rev, depth of cut d = 0.05 mm. These parameters were also recommended by [32]. The finishing pass took around 2.3 minutes 

to reduce the rod diameter to 25.05 mm.  

Three milling operations were scheduled to complete the hub manufacturing. Figure 8 demonstrates the milling operation features. 

The total time required for hub machining by milling was about 130 minutes. While the hub was operated by milling, the brake 

disc stock material was machined on the lathe to prepare the disc for the subsequent water jet cutting process. Table 7 

demonstrates the details of the disc brake process route plan. The hub production timeline is demonstrated in Figure 9. 

 

                      

Figure 8: Illustration of the hub milling operations. The transparent green features represent the removed material. 

 

Table 6: Details of process planning for hub manufacturing 

Part name: Hub Material: AISI 4140 

Quantity: 1 
Material size: Ø40×125 mm rod  

                        Ø128×12 mm disc 

Operation 
Machine 

code 
Description 

Tools and 

Parameters 

Time (minutes) 

Processing Tool change 
Fixture 

change 

Turning 1 M06 Rod turning to Ø37×20 mm Single point 

cutting tool 

and Ø35mm 

twist drill 

v =80 m/min 

fr= 0.1 m/min 

d=  0.3 mm 

1.5 3 0 

 M06 Disc boring to Ø37×10 mm 5 5 0 

Pressing M05 Pressing the rod and the disc Stop watch 10 0 3 

Welding M01 Welding the rod to the disc Stop watch 30 0 5 

Turning 2 M06 Rod turning to Ø35×111 mm Single point 

cutting tool 

v =80 m/min 

fr= 0.1 m/min 

d=  0.3 mm 

3.4 60 0 

Turning 3 M06 Rod turning to Ø31×83.8 mm 4.6 0 0 

Turning 4 M06 Rod turning to Ø25×66.3 mm 4.4+2.3 0 0 

Threading M06 Rod Threading M25×21 mm 12 3 0 

Turning 5 M06 Disc turning to Ø128×10 mm 0.8 3 0 

Milling 1 M03 Key way 17.5×8×4 mm  End mill 

Ø8mm 

v =50 m/min 

4 0 6 

Milling 2 M03 Figure 8 (b) 74 0 4 

Milling 3 M03 Figure 8 (c) 42 0 0 

Turning 3 Turning 4 Threading Turning 5 

(a) (b) (c) 
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fr= 0.15 m/min 

d=  0.2 mm 

Total machining time (min) 286 

 

 

Figure 9: Hub production timeline 

 The grey cast iron disc thickness was reduced by turning from 20 mm to 17.5 mm. 1.25 mm was removed from each face. 

After this stage, both disc surfaces are guaranteed to be parallel. The disc CAD drawing was converted to DXF format and fed to 

the water jet controller. The cutting profile is presented in Figure 3b. The total processing time by water jet was about 45 minutes. 

Water jet cutting operation was used because it is relatively very fast process, environmentally friendly and the dimensions of the 

cut features are less important. Furthermore, it was easy to cut the key way. Figure 10 demonstrates the disc brake manufacturing 

operations. Grey cast iron corrodes when contacted with water, as could be observed after cutting. However, the rust layer was 

removed by subsequent machining processes. It is important to mention that disc brake is often in contact with water during its 

service due to road and washing fluids. But the rust layer is always removed by friction with the breaking pads [18].  

    

Figure 10: Illustration of the brake disc manufacturing operations 

 

Table 7: Details of process planning for brake disc manufacturing 

Part name: Brake disc Material: Grey cast iron 

Quantity: 1 Material size: Ø210×30 mm 

Operation 
Machine 

code 
Description 

Tools and 

Parameters 

Time (minutes) 

Processing Tool change 
Fixture 

change 

Turning 1 M06 Turning 1.25 mm from the face Single point 

cutting tool  

v =120 m/min 

fr= 0.3 m/min 

d=  0.5 mm 

5 0 5 

  Turning 1.25 mm from the face 5 0 2 

Water jet M07 Figure 3b NC  program 45 0 7 

Turning 2 M06 Removing 9 mm form thickness 

and diameter down to 50 mm 

Single point 

cutting tool  

v =120 m/min 

fr= 0.3 m/min 

36 0 2 

Turning 3 M06 Removing 3.5 mm form 

thickness and diameter down to 

14 0 5 

14.5

13

35

63.4

4.6

6.7

15

3.8

10

78

42

Turning 1

Pressing

Welding

Turning 2

Turning 3

Turning 4

Threading

Turning 5

Milling 1

Milling 2

Milling 3

0 50 100 150 200 250 300

 

 

 

Time (Minutes)

Turning 1 Water jet Turning 2 Turning 3 
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50 mm d=  0.5 mm 

Total machining time (min) 126 

 After water jet cutting, the disc was chucked at its outer diameter, and 9 mm from the surface thickness were removed by 

turning the diameter down to 50 mm. This step was intestinally processed to create an edge for adequate gripping when other side 

of the disc is machined. However, the drawback of this step is that the fixture change time increased because the chuck gripping 

size must be adjusted to 50 mm from 210 mm in the previous step. The other side of the disc was machined down to 50 mm 

diameter, and 3.5 mm were removed from the thickness. The total manufacturing time of the brake disc was about 126 minutes. 

The brake disk production timeline is demonstrated in Figure 11. 

 

Figure 11: Brake disc production timeline 

 

 The steering arm was made from 7075-T6 aluminum alloy because of its desired mechanical properties, as discussed earlier. 

Same milling parameters to those used in the upright fabrication were adapted for steering arm machining. The steering arm was 

manufactured by milling using three gripping positions, as shown in Figure 12. In Position 1, the part was clamped on the 

complex shape of the part in order to establish a new parallelogram base for subsequent milling operations. The depth of cut in 

these operations was reduced to 0.25 mm to avoid excess pressure on the part and vibration because of its small geometry. The 

total machining time was about 134 minutes. The steering arm production timeline is demonstrated in Figure 13. 

    

Figure 12: Illustration of the steering arm milling operations. The transparent green features represent the removed material. 
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Figure 13: Steering arm production timeline 

 

Table 8: Details of process planning for hub manufacturing 

Part name: Upright Material: Al 7075-T6 

Quantity: 1 Material size: 120 × 300 × 50 mm block 

Operation 
Machine 

code 
Description 

Tools and 

Parameters 

Time (minutes) 

Processing Tool change Fixture 

Milling 1 M03 Figure 12 (Position 1) End mill Ø8mm 

v =60 m/min 

fr= 0.35 m/min 

d=  0.25 mm 

51 0 4 

Milling 2 M03 Figure 12 (Position 2) 41 0 4 

Milling 3 M03 Figure 12 (Position 3) 30 0 4 

Total machining time (min) 134 

 

In all virtual milling operations, the shortest tool path was adopted to minimize the manufacturing time. For instance, Figure 14 

shows two different tool paths that can be assumed to machine the hub disc. Figure 14 (a) is called TYPE_3 scan type, which 

gives around 74 minutes for overall milling operation. Whereas, Figure 14 (b), so called TYPE_SPIRAL scan type, gives 5 

minutes longer milling operation than that in TYPE_3. Same strategy was followed for milling operations of other parts. 

   

Figure 14: Examples of different tool paths for hub milling two operation. (a) TYPE_3 scan type and (b) TYPE_SPIRAL scan 

type 

The manufactured parts were then manually deburred using a set of files with different sizes and shapes. After each process, the 

parts were measured to assure that the actual part geometry meets with the CAD designs. The front wheel components were 

assembled together, as shown in Figure 15. The assembly process took around 30 minutes, which were added to the total 
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manufacturing time to become 1020.5 minutes (17 hours), in case the parts were manufactured consequently. In fact, the 

calculated time assumes that all parts are made without any delay, which is not the case here. Some operations were impossible to 

run when other machines were busy.  

   

Figure 15: Front wheel sub-assembly. (a) CAD design and (b) actual design 

The calculated manufacturing time with machine delays is summarized in Figure 16. Because of the long occupation time of the 

upright on the milling machine, other milling processes were delayed for about 412 minutes before they begin. However, with all 

delays, the calculated overall manufacturing time was 676 minutes (11.26 hours), in case the parts were manufactured 

simultaneously. 

 

Figure 16: Overall timeline for front wheel sub-assembly production 

 

7. Conclusions 

In this work, a process route planning sheet for front wheel sub-assembly components was developed, and the processing time 

was optimized using a computer-aided virtual manufacturing system. In most cases, the calculated times in minutes were rounded 

to the nearest integer to ease counting. The overall calculated manufacturing time, considering delays, shortest tool paths, and 

simultaneous production, was about 676 minutes (11.26 hours), which is less than the actual time. The actual manufacturing time 

was about 1,320.0 minutes (22 hours) due to some technical issues, such as machine cleaning, machine warming up, changing 

oils, and others. The upright manufacturing was the longest operation because it was made by machining. Metal casting is 

recommended for making the upright in case of mass production. The water jet cutter was used because it is environmentally 
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friendly process in the first place, although a CNC milling machine was available.  For future work, the overall manufacturing 

time could be shortened by using special cutting tools, such as cemented carbide and cobalt-coated tools, which can be operated at 

higher cutting speeds and feed rates. 

 

In turning As a practical matter, a small distance is usually added to the workpart length at the beginning and end of the piece to 

allow for approach and over travel of the tool. Thus, the duration of the feed motion past the work will be longer than Tm. 
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