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In olden days, for manufacturing camshafts, they used conventional methods like casting, forging and CNC 

technology for the creation of the radial camshaft and these processes have several disadvantages. The 

advancement in cnc machining has reached the concept of multi-axis cnc machining technology which results 

in several benefits in machining complex components. The main benefits of multi-axis cnc machining are 

reduced setups, improved surface finish, improved tool life, reduced cycle time, improved productivity and 

reduced overall machining cost. Proper selection and verification of the machining parameters give the 

selection of optimized tool paths (reduced cycle time and collision-free) in Mastercam software before 

real-time machining can cause unwanted accidents and collisions. This works deals with the three-axis 

rough machining of the radial camshaft using proper tool path, and four-axis machining of the radial 

camshaft by applying three varying machining parameters (spindle speed, feed rate, depth of cut) on three 

cams using three cutters. We carry investigation on surface roughness and cycle time in the finishing 

operation out on three cams. We complete the constant overlap spiral method to be the best tool path for 

roughing operation for the analyzed geometry. Cam-c results in the better surface finish, cam-a result in 

optimized cycle time in the finishing operation. Finally, the machining parameters used for cam-a and cam-c 

can be considered for getting the benefits of multi-axis machining technology. 
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I. INTRODUCTION 

In earlier days, the complexity of fabricating the 

mechanical components like camshaft is higher 

and time-consuming, because manufacturing 

industries normally use conventional methods like 

casting and forging process to shape camshaft and 

use CNC machines to achieve final dimensions 

within the required tolerance. These processes 

usually require multiple setups to fabricate a 

component and thus reduces productivity and 

increase labor cost and fixture cost. For it to cast a 

complex component, it requires over two months. 

There is always a possibility of incorrect alignment 

each time when the part is removed during 

multiple setups. Today’s industries require the 

complex components to be manufactured in an 
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easy manner having an excellent surface finish 

with increased productivity and tool life, 

minimizing production cost, saving machining 

time. The emergence of multi-axis CNC machining 

technology has introduced a positive twist to 

manufacture complex mechanical components, 

kicking off the negative impacts introduced by 

olden conventional methods. Surface Finish is a 

measure of the overall texture of a surface that is 

characterized by the lay, surface roughness, and 

waviness of the surface. Surface Finish when it is 

intended to include all three characteristics is often 

called Surface Texture to avoid confusion since 

machinists often refer to Surface Roughness as 

Surface Finish. Another term, analogous to Surface 

Texture, is Surface Topology. Surface roughness is 

a measure of finely spaced surface irregularities. Ra 

is the average roughness in the area between the 

roughness profile and its mean line. Graphically, 

Ra is the area between the roughness profile and its 

centerline divided by the evaluation length. The 

evaluation length is normally five sample lengths 

where each sample length is equal to one cutoff 

length. There is much computer-aided 

manufacturing software to support multi-axis 

machining. The camshaft is a shaft comprising one 

or more cams attached to it. This camshaft is 

known as the radial camshaft. Solid works are 

modeling software that comprises 

Computer-assisted Design and Computer-assisted 

Engineering works. 

This paper deals with the modeling of the radial 

camshaft using solid works software and importing 

the model to Mastercam software to generate a tool 

path by applying different parameters using 

different tools. Then, the tool path was verified in 

simulation. For three-axis rough machining, an 

optimized tool path was selected for real-time 

machining. Three cams were machined by applying 

three machining parameters using three ball end 

mill tools during four axes final finishing. One of 

the machining parameters from the three 

parameters was taken into consideration, which 

results in less surface roughness, that is, better 

surface finish. One of the parameters was taken 

into consideration which results in an optimized 

cycle time among the three cams.  

II. LITERATURE SURVEY 

For the category of sculptured surface parts with 

abrupt curvature, such as turbine blade and fixed 

guide vane, the most commonly utilized spiral 

contouring toolpath modes usually encounter 

some trouble during actual machining, the reason 

lies in the difficult tool orientation control near the 

edge of such parts. In this paper, an efficient 5-axis 

toolpath optimization algorithm is presented, and 

the objective is to smooth the rotary axes’ motion 

caused by drastically changed tool orientation on 

spiral toolpath for abrupt curvature parts 

machining [1].  

This paper reports on an experimental 

investigation of the effect of different cutting 

parameters on surface roughness of Al 2618 alloy. 

A full factorial experimental analysis using four 

different levels of spindle speed, feed-rate and 

cutting-tool approach angle was carried out. The 

results indicate that higher spindle speed, lower 

feed rate and a cutting tool approach angle of 

approximately 25° generates a better surface finish 

[2]. 

This paper presents the effects of cutting 

parameters and the corresponding prediction 

model on the surface roughness in the machining 

of AlSi/AlN metal matrix composite (MMC). This 

new composite material was fabricated by 

reinforcing smaller sizes of AlN particles at volume 

fractions of 10%, 15% and 20% with AlSi alloy. The 

machining experiments involved of uncoated 

carbide tool and PVD TiAlN coated carbide and 

conducted at different cutting parameters of 

cutting speed (240–400m/min), feed rate 

(0.3–0.5mm/tooth) and depth of cut (0.3–0.5mm) 

under dry cutting conditions. Taguchi's L18 

orthogonal arrays approach was performed to 

determine the optimum cutting parameters using a 

signal-to-noise (S/N) ratio according to the 

stipulation of the smaller-the-better. The test 

results revealed that the type of cutting tool is the 

most significant factor contributing to the surface 

roughness of the machined material [3].  

The present study is to investigate the effect of 

machining parameters such as cutting speed, feed 

and depth of cut on surface roughness during dry 

turning of hardened AISI 4340 steel with CVD 

(TiN+TiCN+Al2O3+ZrCN) multilayer coated carbide 

inserts. A full factorial design of experiment is 

selected for experimental planning and the 

analysis of variance (ANOVA) has been employed to 

analyze the significant machining parameters on 

surface roughness during turning. 

 [4].  

The objective of this research is to analyze the 

machining parameters (spindle speed, depth of cut 

and feed rates) in a three machining conditions 

(dry, wet and 1.0 mm coolant nozzle size on the 

surface roughness and tool wear using Respond 

Surface Method (RSM) on the CNC Lathe machine 
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with 2 axes movements. The synthetic soluble oils, 

and coated cemented carbide Al2 O3 insert were 

used as a workpiece material and cutting tool 

respectively. The result of the machining 

experiment for Aluminum alloy 319 was 

investigated to analyze the main factor affecting 

surface roughness using the analysis of Variance 

(ANOVA) method [5]. 

This paper shows that, for machining a surface an 

appropriate cutter diameter, step over percentage, 

is required. If they are not in the proper range, than 

machining time increases. So for creating a 

sculptured surface in CNC milling process effect of 

different parameters are analyzed and the effect of 

parameters (like feed rate, step down, effect of tool 

containment boundaries etc.) different parameters 

are analyzed with respect to machining time 

because if machining time is optimal than our 

production time reduces and production rate 

increases [6]. 

This paper presents a literature review in 

computer-aided fixture design (CAFD) in terms of 

automation and optimization techniques over the 

past decades. First, the reason behind the 

necessity of automated fixture design is stated. 

According to the degree of automation, fixture 

design methods are then categorized based on 

significant work done in the CAFD field [8].  

In this paper, the effects of impeller gap on rotor 

vibration in a high-speed centrifugal compressor 

are investigated. For this purpose, a numerical and 

experimental analysis is carried out. The moving 

reference frame method in FLUENT software is 

used for modeling of geometries. Then, the motion 

of rotation components is introduced using UDF 

(User-Defined-Function) writing in C++ software 

and Define CG Motion macro [9].  

In this paper, computer simulation models are 

used to optimize the flexible manufacturing system 

FMS). The objectives of this paper are included: the 

optimal time served in each unit, the optimal 

number of servers in each unit, and the optimum 

number of domestic transportation fleet based on 

the type [10]. 

III. METHODOLOGY 

The method of this project contains 

computer-assisted design, computer-assisted 

manufacturing, 4-axis CNC machining of the 

camshaft, surface roughness measurement, and 

optimization of the cycle time of cams. 

 Geometric modeling of radial camshaft. 

 Importing the model to Mastercam 

software. 

 Deciding the input and selection of 

parameters. 

 Choose the best tool path for roughing 

operation. 

 Verifying simulation for collision free and 

program generation for roughing operation. 

 Apply three parameters such as spindle 

speed, feed rate, depth of cut for three 

cams. 

 Verifying simulation for collision free and 

machining time for final finishing of cams. 

 Analyze the surface roughness and cycle 

time results. 

 Choose the best parameter that gives best 

surface finish and optimized cycle time. 

IV. SOLID MODELLING OF CAMSHAFT 

The camshaft was modeled by using Solid 

Works software. The dimensions used in solid 

modeling of the camshaft are base circle= 42mm, 

prime circle= 44.50 mm, distance between base 

circle and prime circle= 1.2mm, nose radius= 7.5 

mm, lobe separation angle involving cam A and 

cam B= 30o, lobe separation angle involving cam A 

and cam C= 90o, overall length=230mm, profile 

length=179mm. Fig. 1 shows the solid modeling of 

the radial camshaft. Fig. 2 shows the orientation of 

the stock in the window with respect to the x-axis. 

 
Figure 1: Solid modeling 

V. MASTERCAM TOOL PATH SIMULATION 

We use Mastercam software to generate the tool 

path and programs for both roughing and finishing 

operation of the camshaft. The processes involved 

are a rough, semi-finishing and final process. We 

do the roughing operation of the camshaft using 

three-axis CNC milling setup and finishing of the 

camshaft is done using four-axis milling setup.  
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Figure 2: Orientation of the stock in the graphics 

window with respect to the x-axis. 

A. Mastercam Roughing Process and Tool Paths 

 

Table 1. Parameters for surface rough pocket and 

rest mill tool paths 

Tool 

Paths 

Parameters 

Spindle 

speed 

(RPM) 

Feed rate 

(mm/min) 

Depth of 

cut (mm) 

Surface 

rough 

pocket 

1800 1700 0.4 

Surface 

rough rest 

mill 

2000 2200 0.4 

Mastercam stock definition needs to be 

defined. Here, the stock length is set to 230 mm 

and stock diameter is set to 63.07 mm. we carry 

roughing process using the 3–axis machining 

setup. Divided the component and named as top 

part and bottom part. We carried the roughing 

process for the camshaft by applying surface rough 

pocket and surface rough rest mill tool path. We 

consider different parameters and that can be 

spindle speed, feed rate, depth of cut, and the 

pocketing method. Spindle speed is the rate of 

rotation of the spindle. We can define feed rate as 

the rate at which the milling tool moves through 

the material being cut. Depth of cut is the distance 

that the tool bit moves into the work. Cutting speed 

can be defined as the speed of the cutter passing 

over the work piece. We choose the spindle speed 

based on the cutter diameter and cutting speed 

chart. Here, the material to be machined is chosen 

as medium carbon steel of grade EN9, so the 

cutting speed of the material is 250 SFM and tool 

diameter is 0.393 in. As per the chart, the 

maximum spindle speed that can be used is 2545 

RPM. We execute the surface rough pocket process 

with a larger diameter tool to reduce the machining 

time. Table (1) shows the parameters for surface 

rough pocket and rest mill tool paths. Fig. 3 shows 

the tool paths for top side pocket and rest mill. 

 
Figure 3: Top side pocket and rest mill tool paths 

 

12CuttingSpeed
RPM

Diameter





                                          (1) 

 

Table 2. Calculation of spindle speed 

Parameters Values 

Material Carbon steel EN9 

Cutting speed of 

material(SFM) 

250 

Tool diameter 0.393 

Spindle speed (RPM) 2545 

Table (2) shows the calculation of spindle 

speed. Fig. 4 shows the tool paths for bottom side 

pocket and rest mill tool paths. But the process 

cannot remove the material in some places of the 

stock because the larger diameter tool cannot 

access the small corners. So, the next operation, 

surface rough rest mill operation is used to remove 

the remaining stock left over after pocket 

operation. The tools used for surface rough pocket 

are bull end mill of 20 mm diameter and 0.8 mm 

corner radius, and then, the tools used for surface 

rough rest mill are flat end mill of 10 mm diameter. 

In surface rough rest mill operation, flat end mill 

tool is used in order to avoid the formation of the 

radius between the shaft and face of the cam, since 

there is no corner radius for the flat end mill tool.  

 
Figure 4: Bottom side pocket and rest mill tool 

paths 

 

In roughing operation, spindle speed should be less 

than the feed rate. But in surface rough pocket 

operation, since the amount of material to be 

removed is high compared to surface rough rest 

mill, the spindle speed is greater than the feed rate  
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in the applied parameter. In surface rough rest mill 

operation, we used the theoretical concept of 

roughing, spindle speed is given lower than the 

feed rate. Fig.5 shows the configuration for four 

axis CNC milling. Fig. 6 shows the selection of 

rotary four axis tool path. Fig. 7 shows all the tool 

paths from semi finishing to final 

finishing.Mastercam Semi-finishing and Finishing 

Process and Tool Paths 

 
Figure 5: Four axis CNC milling 

 

 
Figure 6: Selection of rotary 4-axis tool path 

machine configuration 

 

 

Figure 7: Tool paths 

Table 3. Parameters for semi finish 

Process Parameters 

Spindl

e 

speed 

(RPM) 

Feed 

rate 

(mm/mi

n) 

Dept

h of 

cut 

(mm) 

Maximu

m step 

(mm) 

Semi-finis

h 

2000 2600 0.1 0.5 

 

 

Table 4. Parameters for Cam A, Cam B and Cam C 

Cams Parameters 

Spindle 

speed 

(RPM) 

Feed 

rate 

(mm) 

Depth 

of cut 

(mm) 

Maximum 

step (mm) 

Cam A 2400 2200 0.3 0.2 

Cam B 2200 2000 0.4 0.2 

Cam C 2000 1800 0.1 0.2 

 

Table (3) shows the parameters used for semi 

finishing operation. After, roughing process, 

semi-finishing and finishing process is carried out  

by applying rotary 4-Axis tool path. For both  

semi-finish and finish operations, ballend mill tool  

of 10mm diameter is used because,ball end mill  

tool is most commonly used for finishing the  

operation, as it results in the better surface finish.  

Table (4) shows the parameters used for cam-a, 

cam-b, and cam-c.Theoretically, in the finishing 

process, spindle speed should be greater than the  

feed rate and use of coolant gives better finishing.  

Here, in the finishing operation, three different 

cases of feed rate, spindle speed and depth of cut  

are applied for three cams, namely cam-a, cam-b,  

and cam-c. During the simulation, when the 

collision is detected, the simulation automatically 

gets paused and indicates the position where the  

collision occurs. 

B. Tool Path Simulation 

Virtual machining in Mastercam software was 

carried out to ensure collision-free and clear 

movement of the tool during machining of the 

camshaft. Figure 8 shows the stock (material) 

before the simulation. In Mastercam, there are 

three axes namely x-axis, y-axis and z-axis.  
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Figure 8: Stock before machining 

 

 
      Figure 9: After pocket operation 

 

 
Figure 10: Simulation after bottom part surface 

rough pocket operation. 

 
Figure 11: After pocket and rest mill operation 

 
Figure 12: After pocket and rest mill operation. 

 

 
Figure 13: After semi finishing operation 

 

The stock is placed in the screen is with respect to 

X-axis in Mastercam software, keeping in mind the 

setup to be done in real time machining. Fig. 9 

shows the simulation after the surface rough 

pocket operation. The numerical control code for 

the pocketing operation that is used to remove 

most of the material was generated by applying the 

tool of bull end mill of 20mm diameter and 0.8 mm 

corner radius, so that, the tool can remove most of 

the material in sharp corners with collision using 

tool library from Mastercam software. Fig. 12 

shows the simulation after pocket and rest mill 

operation of the top part and that follows the same 

tools and concepts used for pocket operation and 

for rest mill operation, the flat end mill tool of 

10mm diameter is used for effective removal of 

material from sharp corners and the roughing 

process is completed. 

Fig. 10 shows the simulation after machining of 

bottom pocketing operation using bull end mill of 

20mm diameter and corner radius 0.8mm. And 

now, the roughing process for both the top side and 

bottom side partition of radial camshaft were 

performed. Fig. 13 shows the simulation after 

semi-finishing operation. Fig. 14 shows the 

Mastercam four-axis machining of cams. 
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Figure 14: Mastercam 4 – axis machining 

VI. MULTI AXIS MACHINING 

A. Material Selection 

The materials that can be used to manufacture 

camshaft is EN8/EN9 carbon steel, EN40B 

nitriding steel and steelGrades ranging from 1045 

to 1060. In this work, for machining camshaft, 

medium carbon steel EN9 is selected.Rockwell B 

hardness (HRC) for steel, EN9 is 10. The 

composition of EN9 carbon steel is tabulated 

below. Table (2)shows the composition of carbon  

steel. Table (5) shows the composition of carbon 

steel. 

Table 5. Composition of carbon steel 

Element Composition (%) 

Carbon 0.5-0.6 

Silicon 0.05-0.35 

Manganese 0.5-0.8 

Sulfur 0.06 

Phosphorus 0.06 

 

B. Multi-axis Machining Configuration 

We machine the cam shaft using the 4-axis 

configuration, but the machine setup includes 

the  

5-axis configuration. Inthe 5-axis configuration, X,  

Y, Z, A, and C-axis are available. The X and Y-axis  

are the table movement in X and Ydirection, Z-axis 

represents the movement of the tool up and down.  

A - axis represents the rotation of the chuck with  

respect to X-Axis and C-axis represents the tilting  

of rotary from -90°to 0°or from 0°to -90°. Fig. 15  

shows thefive axis machining configurations. 

 
Figure 15: Five-axis machining configuration 

C. Machining of Camshaft Bottom Part 

The initial stock dimensions are  

Length = 230mm 

Diameter = 63mm 

The real machining has started using five-axis 

machining center and taking three axis movement 

into account for rough machining. The axis that 

works for rough machining are X-axis, Y-axis, 

Z-axis, and A-axis is set at 180° from the initial 

position as constant and C-axis is set at -90° as 

constant from the initial position. And now the 

work holder has been positioned for machining. 

Now, the numerical control program for the surface 

rough pocket process has been generated using 

Mastercam software with appropriate post 

processor according to the cnc machine. NC 

program is processed to the cnc machine and the 

pocket program is carried out using bull end mill of 

20mm diameter and 0.8mm corner radius to 

remove about 90% of the material, then numerical 

control program for surface rough rest mill is 

processed to the cnc machine using the flat end 

mill of 10mm diameter to remove the remaining 

material, so as to perfectly obtain the required 

shape. Fig. 16 shows the machining of the bottom 

side cam shaft by applying both pocket and rest 

mill numerical control programs using the 3- axis 

setup. 

 
Figure 16: Machining of the bottom part 
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D. Machining of Camshaft Top Part 

The workpiece is rotated to 0°of A-axis as constant 

and keeping the C-axis at -90° to perform the top 

part machining. Fig. 17 shows the execution of the 

surface rough pocket operation on the top part 

using the 3–axissetup. Fig. 18 shows the surface 

rough rest mill operation execution on the top side 

after performing a pocket operation on the top part. 

The pocketing operation was performed using bull 

end mill of 20mm diameter and 0.8mm corner 

radius and the flat end mill of 10mm diameter were 

used for performing rest mill operation. Now, both 

surface rough pocket and rest mill programs are 

executed to both top and bottom part of the 

camshaft and roughing process is done. 

 
Figure 17: Execution of pocket operation on the top 

part. 

 
Figure18:Machinedtoppart 

 

E. Semi-finishing and Finishing of Camshaft 

Now, we introduced multi-axis machining 

technology for semi-finishing and finishing 

operation. Here, four-axis configuration of the CNC 

machining center is made to work that consists of 

X-axis, Y-axis, Z-axis, and A-axis. Here, X-axis, 

Y-axis is the table movements, Z-axis is the tool 

movement towards up and down, A-axis is the 

rotation of workpiece with respect to the work 

holder. Using Mastercam, through rotary 4 – axis 

tool path, the four-axis numerical control program 

has been generated and semi-finishing machining 

has been done. The tailstock is used for supporting 

the camshaft to avoid machine vibration due to 

over-hanging of the shaft and to get the excellent 

surface finish. Finishing operation is performed 

using the same setup as like semi-finish, but the 

finishing operation is performed on three cams 

individually with three varying parameters on 

spindle speed, feed rate, and depth of cut using 

three ball-end mill tools of 10 mm diameter. Each 

ball end mill tool is used for machining each cam.  

The parameters used for experimental work for the 

finishing process of three cams, cam - a cam - b, 

cam – c is illustrated in Table (6). 

Table 6. Parameters applied for cam-a, cam-b, 

cam-c. 

Parameters Cam - A Cam - B Cam - C 

Spindle Speed 

(RPM) 

2400 2200 2000 

Feed Rate  

(mm/min) 

2200 2000 1800 

Depth of cut    

(mm) 

0.3 0.4 0.1 

 

 
 Figure 19: Ball end mill tools. 

 

Three ball end mills are used for three cams to 

maintain accuracy in surface roughness results. 

Fig. 19 shows the three ball end mill tools of 

nominal size 10 mm diameter and the actual size of 

9.998mm diameter.The specifications of ball end 

mill cutters are illustrated in Table (7).  

Table 7. Specifications of ball end mill cutter 

Parameters Dimensions (mm) 

Overall Length 100 

Flute Length 38 

Number of flutes 4 

Actual Diameter 9.998 

Material Tungsten Carbide 

Coating                                            Titanium Aluminum 

Nitrite 

 

Figure 20 shows the finished camshaft.  
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Figure20:Finishedcamshaft. 

VII. SURFACE ROUGHNESS MEASUREMENTS 

The surface roughnessRa is commonly used to 

indicate the level of surface roughness. In order to 

get a good surface finish and high accuracy, it is 

essential to cut at a low-chip load. Surface 

roughness is an important parameter that affects 

the tribological behavior of surfaces, e.g., asperity 

interlocking or deformation can increase friction. 

Generally, surface roughness increases with sulfur 

content. Chip load is the most influential factor 

that affects surface roughness since surface 

roughness deteriorates with the increase of chip 

load. The surface roughness was investigated on 

three cams by means of Surfcom 1400G tester. 

This assessment was completed to investigate, 

which parameter, among the three parameters 

applied for cams, offers enhanced finishing on 

cams, otherwise known as reduced surface 

roughness. The probe is permitted to travel just on 

the exterior portion of three cams. Four 

interpretations on average roughness were 

obtained on each cam. Then, the average of the 

four interpretations was taken on every cam as the 

result of surface roughness on each cam. Figure 21 

shows the setup for surface roughness 

measurement. In order to investigate the surface 

roughness on three cams, the three parameters 

such as spindle speed, feed rate, and depth of cut 

are considered based on three cases using three 

pieces of ball end mill cutters on each cam. Three 

ball end mill cutters are used on three cams in 

order to maintain the accuracy in surface 

roughness results. Fig. 22 shows the probe 

measuring the cams. 

VIII. RESULTS AND DISCUSSIONS 

The best tool path among the different types 

depends up on the type of geometry and the way in 

which the tool moves around the profile and the 

cycle time taken. The optimization approach for 

roughing operation includes the selection of pocket 

cutting method which results in optimized time 

and collision-free and selection of desired spindle 

speed, feed rate and depth of cut among the three 

sets, which results in optimized cycle time in the 

finishing operation and optimized surface 

roughness. The types of pocket cutting methods, 

time is taken, and collision detected for the bottom 

part, is illustrated in Table (8). Now regarding 

bottom part, as per the results from table (8), it can 

be noted that, the pocket method zigzag results in 

the cycle time of 39mins: 7.88secs and there is no 

collision but as per the results from table (11), it 

can be noted that, for the zigzag method, it results 

in the collision. So, the zigzag method cannot be 

considered for roughing operation of the bottom 

part. So, the next tool path constant over-lap spiral 

results in the cycle time of 42mins: 24.94secs and 

there is no collision and considering table (11) also, 

it can be noted that there is no collision. For 

parallel spiral, it takes 47mins: 16.91secs, having 

no collision and as per table (11), there is no 

collision. For parallel spiral and clean corners, it 

takes 53mins: 0.19secs, and no collision as per 

table (11) and table (8). For high speed, it takes, 

39mins: 34.89secs and no collision as per table (8) 

and there is the collision as per table (11). For true 

spiral, there is no collision as per table (8) and table 

(11). For one way, there is a collision as per table (8) 

and table (11). For morph spiral, there is no 

collision as per table (8) and table (11). Eight types 

of the pocket cutting method, time taken by each 

method, and the collision detected during pocket 

operation for the top part is illustrated in Table (9). 

Now, regarding top part, the zigzag method takes 

1hr: 34.73secs with no collision as per table 9 and 

there is a collision as per table (11) so this method 

cannot be used for roughing operation. Constant 

overlap spiral takes 1hr: 4mins: 32.25secs and no 

collision as per table (9) and table (11). Parallel 

spiral takes 1hr: 10mins: 47.17secs and no 

collision as per table (9) and table (11). Parallel 

spiral and clean corners take 1hr: 19mins: 

29.25secs and no collision as per table (9) and 

table (11). High speed takes 1hr: 13.53secs and 

there is a collision as per table (9) and there is no 

collision as per table (11). True spiral takes 2hr: 

38mins: 46.98sec and there is no collision as per 

table (9) and table (11). One way takes 1hr: 20min: 

49.28secs and collision as per table (9) and table 

(11). Morph spiral takes 3hr: 13mins: 0.49sec and 

no collision as per table (9) and table (11). The tool 

path that has no collision during both pockets and 

rests mill operations and has reduced cycle time 

during pocket operation can be considered as the 

best tool path for roughing operation for both the 

top and bottom part. Table (10) illustrates the time 

taken for machining cam –a cam–b, and the cam–c.  

 

 

Table 8. Pocket cutting method, time is taken, and 

collision detection on the bottom part. 

Pocket 

cutting 

method  

Pocket cycle 

time taken 

Collision 

during 

pocket 
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Bottom part 

Zigzag 39mins: 

7.88secs 

No collision 

Constant 

overlap spiral 

42mins: 

24.94secs 

No collision 

Parallel spiral 47mins : 

16.91secs  

No collision 

Parallel spiral 

and clean 

corners 

53mins: 

0.19secs 

No collision 

High speed  39mins: 

34.89secs  

No collision 

True spiral  1hr: 41mins: 

55.89secs  

No collision 

One way 54mins: 

41.36secs  

Collision 

Morph spiral             1hr: 57mins: 

29.48secs  

No collision 

 

 

 

Table 9. Pocket cutting method, time taken, and 

collision detection the top part. 

Pocket cutting 

method  

Pocket cycle 

time taken 

Collision 

during pocket 

Top part 

Zigzag 1hr: 34.73secs  No collision 

Constant 

overlap spiral 

1hr: 4min: 

32.25secs  

No collision 

Parallel spiral 1hr: 10mins: 

47.17secs  

No collision 

Parallel spiral 

and clean 

corners  

1hr: 19mins: 

29.25secs  

No collision 

High speed  1hr: 13.53secs  Collision 

True spiral  2hr: 38mins: 

46.98sec  

No collision 

One way 1hr: 20mins: 

49.28sec  

Collision 

Morph spiral               3hr: 13mins: 

0.49sec 

No collision 

 

Table 10. Time taken for machining cam – a, cam – 

b, and cam- c. 

Cam Cycle time (secs) 

Cam - a 722 

Cam - b 795 

Cam - c 740 

 

Table 11.Collision detected during rest mill 

operation. 

Cam Rest mill collision 

 Top side Bottom side 

Zigzag Yes Yes 

Constant overlap spiral No No 

Parallel spiral  No No 

Parallel, spiral and 

clean corners  

No No 

High speed  No Yes 

True spiral  No No 

One way  Yes Yes 

Morph spiral  No No 

After analyzing Table (10), Cam–a have reduced the 

cycle time of 722 sec, the cam– b has a higher cycle 

time of 795sec. Cam–c has a higher cycle time than 

cam-a. Cam – c has a lower cycle time than cam–b. 

The collision detected during rest mill operation on 

both top and bottom side when applying pocketing 

methods is illustrated in Table (11). Table (12) 

illustrates the results of the surface roughness of 

cams. 

Surface roughness is topography at a scale that 

might be considered "texture" on the surface. 

Surface roughness is a quantitative calculation of 

the relative roughness of a linear profile or area, 

expressed as a single numeric parameter (Ra). 

Among the three cams, cam - c have low surface 

roughness, that is, better surface finish compared 

to the other two cams. And, the cam - a have 

surface roughness slightly higher than cam - c. But 

cam - b is having more surface roughness 

compared to the other two cams. Because of the 

less amount of feed rate and depth of cut, cam - c 

have low surface roughness, that is, better surface 

finish compared to other cams. Altogether cam – c 

maintains the best surface finish compared to 

other cams. 

Table12.Surfaceroughnessresults 

Cam Average roughness, Ra(μm)  

Cam - a 0.85775 

Cam - b 2.39872 

Cam - c 0.85387 

Ra is calculated as the roughness average of a 

surface measured microscopic peaks and valleys. 

Ra is the arithmetic average of surface heights 

measured across a surface.  

A. Surface Roughness Graphs for Cam – A 

Fig. 23 indicates the graph for the roughness curve 

which shows the average roughness, Ra as 0.79 

μm. This graph shows the roughness curve taken 

for the first time for cam – a.  
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Fig. 24 shows the roughness curve taken for a second (trial) time for cam - a and it shows the average 

roughness, Ra = 0.9790 μm. 

Figure 23: Roughness curve for Ra = 0.79 μm 

Fig. 25 shows the roughness curve taken for third (trial) time for cam – a. The graph shows the average 

roughness, Ra = 0.7287μm

Figure 24: Roughness curve for Ra = 0.9790 μm 

 

 

.

Figure 25: Roughness curve for Ra = 0.7287 μm 

Fig. 26 shows the roughness curve analyzed for fourth (trial) time for cam – a. The average roughness 

shown by the graph is Ra=0.9333 μm 

 
Figure 26: Roughness curve for Ra = 0.9333 μm 

The average or the mean of all the average roughness, Ra, analyzed from the above graph can be finalized to 

be 0.85775 μm. So, cam – a has the average roughness, Ra = 0.85775 μm. 
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B. Surface Roughness Graphs for Cam – B 
 

Fig. 27 shows the roughness curve analyzed for first (trial) time for cam – b. The average roughness shown 

by the graph for cam - b is Ra = 2.6286 μm. 

 
Figure 27: Roughness curve for Ra = 2.6286 μm 

 

Fig. 28 shows the roughness curve analyzed for second (trial) time for cam – b. The average roughness 

shown by the graph for cam – b is Ra = 1.8684 μm. 

 
Figure 28: Roughness curve for Ra = 1.8684 μm 

Fig. 29 shows the roughness curve analyzed for third (trial) time for cam – b. The average roughness shown 

by the graph for cam – b is Ra = 2.4827μm. 

 
Figure 29: Roughness curve for Ra = 2.4827μm 

Fig. 30 shows the roughness curve analyzed for fourth (trial) time for cam – b. The average roughness 

shown by the graph for cam–b is Ra = 2.6152μm.

 
Figure 30: Roughness curve for Ra = 2.6152μm 
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The average or the mean of all the average roughness, Ra, analyzed from the above graph can be finalized to 

be 2.39872μm. So, cam – b has the average roughness, Ra = 2.39872μm. 

C. Surface Roughness Graphs for Cam – C 

Fig. 31 shows the roughness curve analyzed for first (trial) time for cam – c. The average roughness shown 

by thegraph for cam – c is Ra = 0.8902μm. 

Figure31:RoughnesscurveforRa= 0.8902μm 

Fig. 32 shows the roughness curve analyzed for second (trial) time for cam – c. The average roughness 

shown by the graph for cam – c is Ra = 0.4742μm. 

Figure 32: Roughness curve for Ra = 0.4742μm 

Fig. 33 shows the roughness curve analyzed for third (trial) time for cam – c. The average roughness shown 

by the graph for cam – c is Ra = 0.9960μm. 

Figure 33: Roughness curve for Ra = 0.9960μm 

Fig. 34 shows the roughness curve analyzed for fourth (trial) time for cam – c. The average roughness 

shown by the graph for cam – c is Ra = 1.0551μm. 

Figure 34: Roughness curve for Ra = 1.0551μm 
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The average or the mean of all the average 

roughness, Ra, analyzed from the above graph can 

be finalized to be 0.85387μm. So, cam – c has the 

average roughness, Ra = 0.85387μm. 

Among the three cams, cam - c have low surface 

roughness, that is, better surface finish compared 

to the other two cams. And, the cam - a have 

surface roughness slightly higher than cam - c. But 

cam - b is having more surface roughness 

compared to the other two cams. Because of the 

less amount of feed rate and depth of cut, cam - c 

have low surface roughness, that is, better surface 

finish compared to other cams. 

IX. CONCLUSION 

In early days, manufacturing of mechanical 

components was difficult using conventional 

methods resulting in poor productivity, human 

fatigue, higher cost, lack of surface finish, higher 

tool wear and multiple setups. The emergence of of 

multi-axis CNC machining technology has 

introduced a positive twist to manufacture complex 

mechanical components, kicking off the negative 

impacts introduced by olden conventional 

methods. Virtual simulation using Mastercam 

software has been carried out prior to real-time 

machining in order to avoid collisions between 

machine parts due to input of wrong numerical 

control programs generated using human brain, to 

input the parameters as per the research work 

initiated and to avoid accident to the machine  

operator, if incase machine parts collides due to 

wrong numerical control programming and also to 

generate multi-axis numerical control program. As 

per the virtual simulation results, constant overlap 

spiral method is concluded to be the best tool path 

for both side roughing operation as the tool path 

results in optimized cycle time and collision-free 

compared to other tool paths. The finishing of three 

cams was done as per the parameters mentioned 

and using the mentioned tools. After analyzing the 

surface roughness results and graphs, it can be 

concluded that the parameters used for cam – c 

obtains the better surface finish, that is, less 

surface roughness and the parameters for cam–a 

can be considered for getting optimized cycle time 

in the finishing operation. 
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