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ARTICLE INFO ABSTRACT

Article history: In this paper, effective and user friendly CAM software is presented that 

automatically generates any three dimensional complex toolpaths according to a 

CAD drawing. In advanced manufacturing, often it is essential to scan the sample 

following a complex trajectory which consists of short (few microns) and 

multidirectional moves. The reported CAM software offers constant velocity for 

all short trajectory elements and provides an efficient shift of tool path direction 

in sharp corners of a tool trajectory, which is vital for any laser, based precision 

machining. The software also provides fast modification of tool path, automatic 

and efficient sequencing of path elements in a complicated tool trajectory, 

location of reference point and automatic fixing of geometrical errors in imported 

drawing exchange files (DXF) or DWG format files.
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1. Introduction

Laser based machining is becoming increasingly popular 

because intense laser radiation can machine virtually any 

material with micron precision and high repeatability. The 

major advantages of laser materials processing include 

precision in machining, sharp cutting edge, localization of 

heat affected zone, and low crack
[1-3]

. Precision and advanced 

material fabrication is achievable when laser energy is 

deposited on the workpiece efficiently (No damage or 

heat-affected zone to adjacent material) and a sample stage is 

translated with a constant velocity even for a complex 

scanning trajectory. Therefore, developing an efficient laser 

processing computer aided design (CAD)/computer aided 

manufacturing (CAM) system is required to intelligently 

deliver laser energy to micro-machine a part. The CAD 

software packages are powerful design tools to create design 

drawings and geometrical modeling of product and 

component. CAM uses computer technologies to assist in all 

key phase of manufacturing such as process and production 

planning, machining final parts and quality control. The 

precision and repeatability in laser based material processing 

significantly depend on the capability of CAD/CAM to 

describe the tool path for various operations involved in 

complex parts manufacturing. Considerable work has been 

accomplished to develop CAM software and bring automation 

in micro-fabrication. 2D and 3D CAM tool have been 

demonstrated to generate tool paths according to a CAD 

drawing of microelectromechanical systems (MEMS) 

device
[4,5]

. Tool path generation of 2D profiles has also been 

reported that focuses in laser based contour machining
[6,7]

. 

Efficient tool path generation involves flexibility of importing 

drawing exchange format (DXF) files, arbitrary 3D tool path 

(2D, 3D contour, spiral, helix etc.) generation, offset 
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Fig. 1 Schematic of computer controlled laser machining system Fig. 2 Chain class diagram

generation of the path elements in a trajectory, maintaining 

constant feed for all trajectory elements, and 3D visualization 

to monitor laser machining process. In addition, typically the 

CAD/CAM software’s are either computer specific or 

controller specific.

In this work, effective and user friendly CAD/CAM 

software has been proposed that automatically generates any 

three dimensional complex tool paths according to a CAD 

drawing. In advanced manufacturing, often it is essential to 

scan the sample following a complex trajectory which consists 

of short (few microns) and multidirectional moves. The 

reported CAM software offers constant velocity for all short 

trajectory elements and provides efficient shift of tool path 

direction in sharp corners of a tool trajectory which is vital 

for any laser based precision micromachining.

2. CAD/CAM development for 

micro laser machining

Figure 1 shows the laser materials processing system which 

consists of a femtosecond laser unit, optical system to guide 

beam (mirrors, dichroic lens etc.) and control laser power 

density (neutral density filters, half-wave polarizers, focusing 

lens etc.), auxiliary equipment, and control system. The 

optical system delivers and focuses the laser beam generated 

by femtosecond laser unit into sample material for material 

ablation. A set of neutral density (ND) filters is used to tune 

the output laser power to a suitable value. A computer 

controlled electronic shutter is used to selectively turn on/off 

the laser beam. The sample is mount on a computer controlled 

3-axis stage and the CAM software is used to generate 

scanning path of the laser head and control beam shutter (on 

or off). The sample stage consists of three tables (X, Y and 

Z) and they are driven by linear motors. The features 

fabricated during focused irradiation of femtosecond pulses 

can be monitored using a CCD camera mounted above the 

dichroic mirror. 

2.1 CAM environment

The ability to import standard 2D and 3D format files, i.e. 

DWG, DXF, IGES and STEP, is an extremely important 

feature for all CAM software packages. Laser machining 

mostly deals with 2D geometries; therefore, the software 

developed for this research can import DWG and DXF 

formats that satisfies the user’s routine tasks. Developing the 

ability to read and parse 2D formats from CAD software 

packages is a time-consuming process. Therefore, introduced 

eyeshot framework (www.devdept.com) is employed to add 

CAD capabilities to the software. For importing DXF, DWG 

and STL format files, the ReadAutodesk class in the eyeshot 

library is used. For initializing this class, a string containing 

the file location is required and executing the “DoWork” 

function in this class returns an array of entities (line, arc and 

etc.). The c# code below describes the implementation and 

initialization of the import procedure.

In most CAM software packages, inputting entities to the 

toolpath generator function is done manually. This process 
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Fig. 3 Entity A class diagram

can be complicated and laborious for parts with various 

features. An automatic chain detection algorithm is developed 

that can find closed and open chains, which accelerates the 

toolpath generation process. In order to detect and store 

chains, chain and Entity A classes are created. As shown in 

Fig. 2, the chain class entities, associated information can be 

stored that facilitates further analysis with detected chains. 

Entity A class provides easy access to Entity’s properties 

without casting to its inherited classes (Line, Circle and etc.). 

Additionally as depicted in Fig. 3, the Entity A class stores 

some parameters (Feed, Cutting and Fast move) for the 

motion program generator module. 

An automatic chain detection algorithm was developed that 

can find closed and open chains, which accelerates the 

toolpath generation process. The automatic chain detection 

function analyses all of the imported entities by comparing 

start and end points of each entity with created chains 

recursively. It means that the first chain is created and a new 

entity is added to the created chain. Thereafter, all start and 

end entities are compared with start and end chain and if one 

point equals the start or end point of the chain, the 

corresponded entity will be added to the chain and by calling 

the Sort function, the chain parameters will be updated. 

Continuing this procedure recursively, all chains can be found 

automatically. The chain detection flowchart in Fig. 4 and the 

chain sort flowchart in Fig. 5 describe the chain detection 

algorithm. For more details about the function please look at 

the source code 2 and source code 3.

2.2 Tool path generation

The developed toolpath generator core was equipped with 

the ability to create the following types of toolpaths for laser 

machining:

∙ 2D contour
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Fig. 4 Chain detection flowchart

∙ Spiral (Archimedean and square)

∙Helix

∙Zigzag (in different plane)

∙Cone

∙ Planar section

Contour toolpath, Helix toolpath, Spiral toolpath, Cone 

toolpath, Zig-zag toolpath and Planar section toolpath classes 

were created and inherited from the all toolpath class as 

shown in Fig. 6(A). All toolpath class provides an easy way 

for modification and calculation for other toolpath types. As 

shown in Fig. 6(B), all toolpath class contains parameters and 

functions to generate different types of toolpaths.

2.2.1 Contour toolpath

One of the requirements in laser micromachining is to keep 

the feed rate at a constant value along the entire toolpath. To 

reach the desired feed rate, controllers implement different 

types of velocity profiles that have an acceleration time (Ta) 

and deceleration time (Td) as shown in Fig. 7. In order to start 

machining from a certain point with a feedrate of V, a 3-axis 

stage should start accelerating from a distance of at least 1/2 

VTa, and start decelerating at a distance of at least 1/2 VTd 

to stop at a desired point. This will be a challenge when 

dealing with start points, end points, and corner points of 

non-tangent segments of intersection points. At these points 

the feed rate will not be constant as mentioned previously.
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Fig. 5 Chain sort flowchart

To overcome this challenge, tangent circles and lines were 

introduced to create a continuous toolpath that will keep the 

feedrate constant at all times. Note that the laser will be turned 

off on tangent circles and lines and will be turned on again 

when toolpath reaches the toolpath segment.

For every non-tangent intersection point when the angle 

between the intersected segments is less than 45° as depicted 

in Fig. 8(A), the toolpath is stretched from both incoming and 

ongoing toolpaths (L1 and L2) and an arc is defined tangent 

to these extensions (C1). It’s worth noting that L1, L2 and 

C1 should be adjusted in a way that provides constant feedrate 

along the entire segments as well as minimizing the toolpath 

length. The minimum L1 length is found to minimize the total 

looping time.

For every non-tangent intersection point, when the angle 

between the intersected segments was more than 45° as 

illustrated in Fig. 8(B), toolpath segments S1 and S2 were 

stretched from the intersected point Int1. Circle C1 was 

created from point Int1 and a radius of r1. The value of r1 

was found from Eq. (1):

r1 = (Max [Ta, Td] × Feed) / 1000 (1)

Points P1 and P2 were found by intersection of C1 and 

extended segments S1 and S2 as shown in Fig. 9. By 

connecting Int1 to P1, and P1 to P2, and P2 to Int1, lines L1, 
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Fig. 6 All toolpath class diagrams

L2 and L3 were formed, respectively. For creating a smooth 

trajectory during machining, sharp corners between L1-L3 and 

L3-L2 were filleted by a radius of L1/5.

Adding loops at sharp corners kept the feedrate constant and 

resulted in better surface quality and machining uniformity. 

Other useful feature for 2D contouring was contour offsetting. 

Nowadays, most advanced controllers support radius toolpath 

compensation (G41 and G42) but using controller radius 

compensation (CRC) in laser machining would be very 

complicated because the laser shutter also must be controlled 

and for complicated geometries, using CRC may cause errors. 

Therefore, the toolpath offsetting feature was developed to do 

contour offsetting in the CAM environment. As shown in Fig. 

9, the contour offset can be outside of inside. A new chain 
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Fig. 7 Trapezoidal velocity profiles

Fig. 8 Segment looping methods

Fig. 9 Entity inside and outside offsetting

Fig. 10 Chain order based on minimum traveling distance

offsetting method was developed that handles any kind of 

geometries.

Additionally, the 2D contour strategy is capable of finding 

optimum feature orders to minimize machining time. Fig. 10 

shows an example of an optimum chain order based on 

minimum distance.

The contour toolpath class was created to store necessary 

parameters including a list of chains, offset length, offset type 

and multi layers configuration (Fig. 11). 

2.2.2 Helical toolpath

A helical toolpath in laser machining is an important feature 

that is used for making holes. Helical movement provides a 

smooth trajectory and keeps the feed rate constant during 

machining. Mathematically, a helix is a three-dimensional 

curve that can be described as: 

r(t) = [x(t), y(t), z(t)] = [acos(t), asin(t), bt] (2)

where, a is radius of a circular helix, 2πb is pitch.

2.2.3 Spiral toolpath

A spiral toolpath can be used to form circular shapes, square 

shapes, and surface scanning for laser machining. A spiral 

toolpath class was developed that is capable of generating two 

types of spirals: (i) Square spiral and (ii) Archimedean spiral.

The developed algorithm automatically generates a square 

shape spiral based on step size and length values which 

provide a constant feed rate on the entire toolpath, non-cutting 

loops are added at sharp edges as depicted in Fig 12(A).

In polar coordinates, the Archimedean spiral can be 

described by the equation:

r = a + bθ (3) 

As illustrated in Fig. 12(B), the Archimedean spiral toolpath 

is a combination of the Archimedean spiral and a full circle 

to form a closed, circular shape. Source code 8 gives more 

details about the developed Archimedean spiral toolpath 

generator.

As shown in Fig. 13, the spiral toolpath class stores 
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Fig. 11 Contour toolpath class diagram

Fig. 12 (A) Square spiral toolpath, (B) Archimedean spiral toolpath

parameters for both Square and Archimedean spiral toolpaths 

and, based on spiral type, this class calculates the needed 

function for generating the toolpath. 

2.2.4 Zig-zag toolpath

The Zig-zag toolpath is used for face machining. The class 

Zig-zag toolpath that was developed is capable of generating 

different types of zigzag toolpaths. The Zig-zag toolpath can 

be along the X (Fig. 14(A)) and Y (Fig. 14(B)) axes and on 

different planes XY and XZ with variable parameters. 

As shown in Fig. 15, the Zig-zag toolpath class stores 

parameters for different types of zigzag toolpaths. Based on 

Zig-zag direction and Zig-zag plane this class generates the 

required toolpath. Source code 10 describes how to generate 

variable toolpaths from a function.
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Fig. 13 Spiral toolpath class diagram

Fig. 14 Zig-zag toolpath along (A) X, (B) Y

2.2.5 Cone toolpath

The cone toolpath provides a simple and automatic way to 

generate a toolpath for making cone shapes without drawing 

additional geometries. The cone toolpath is a combination of 

several spiral toolpaths with different diameters on different 

offset planes along the Z axis. The cone toolpath class 

requires some parameters as shown in Fig. 16(A). These 

parameters are: cone lower diameter (d1), cone upper diameter 

(d2), cone height (H), laser beam diameter (BeamD), number 

of passes (Zlevel), start point and toolpath tolerance. A cone 

can be created by d1, d2, and H values and thereafter, the cone 

angle (α) would be found based on class defined parameters 

by the equation below:

α= arctan((d1 - d2)/2H) (4)

A cone is a conic section based on pass number Pn and pass 

height value HPn:

HPn =H - (PnH/Zlevel) (5)

Depending on the Zlevel value, the cone must be sectioned 
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Fig. 15 Zig-zag toolpath class diagram

Fig. 16 (A) Cone toolpath class diagram, (B) Cone toolpath

such that it forms circles with different diameters and height 

positions. For defining intersected circle diameters rc the 

equation below is implemented: 

rc = d2 + 2HPn tan(α) (6)

Finally for each intersected circle a spiral toolpath based on 

the rc value is created as shown in Fig. 16(B).

2.2.6 Planar section toolpath

The Planar section toolpath is used for 3D laser machining 

and 3D rapid prototyping. As shown in Fig. 17(A), the Planar 

section toolpath class that was developed requires a 3D model 



Abdoleza Bayesteh et al.

384

Fig. 17 (A) Planar section toolpath class diagram, (B) Planar section toolpath

Fig. 18 Functional model of the developed software

(Model), a step down size (ZOffset), a Laser beam radius, (R) 

and a maximum allowed angle between segments (MaxDeg). 

Initially, the 3D model is sectioned based on section type and 

ZOffset value. By using Pocket function of the Region class 

from the eyeshot library, each created section area machining 

toolpath is generated based on the laser beam radius (R). 

Finally, all of the separate toolpaths connect together to form 

a planar section toolpath. Fig. 17(B) shows an example of a 

planar section toolpath for an imported STL model. 

3. Implementation

The software was developed in C# programing language by 

using Microsoft Visual studio. Fig. 18 describes existing main 

functions and relation between them in the program. Eyeshot 

CAD component was used for importing CAD drawings and 

also for 3D visualization. Developed software had CAM and 

control environments which functioned separately. In the 

CAM environment window 2D drawing files can be imported 

by using Eyeshot framework and the reference point are 

selected by the user. Chains were found and stored from 

imported entities and were sent to viewport for visualization. 

Toolpath generation function can create different type of 

toolpaths as mentioned before. In control environment, 

G-code generator converts toolpaths into a CNC program 

based on the controller model. Based on the toolpath segment 

cutting status (on or OFF) and by considering the 

corresponding digital output variable, G- code generator 

added a proper value to control the laser shutter. Finally, 

depending on the available memory of the controller, 

generated program was either entirely uploaded or was sent 

partially to the controller.

4. Conclusion

A computer-aided manufacturing (CAM) software package 
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was proposed to control the motion of sample stage efficiently 

for precision laser micromachining. The developed CAM 

software offers flexibility in tool-path generation and 

modification to meet required machining accuracy. It also 

provides automated and efficient sequencing of path elements 

in a complicated tool trajectory, location of reference point 

and automatic fixing of geometrical errors in imported DXF 

or DWG format files. To maintain a constant velocity along 

each segment of a tool trajectory, this CAM software connects 

two intersecting trajectory elements with a rotational link and 

accommodates acceleration and deceleration within the link to 

provide constant velocity in the trajectory elements. The shape 

of the rotational link depends on the angle between trajectory 

segments while its length depends on the set values of feed 

and required acceleration and deceleration time of the 

controller. An optimization algorithm was used for effectively 

sequencing the elements of a trajectory to minimize total 

trajectory length and machining time. Reported CAM 

software can be adapted to communicate with different types 

of CNC controllers and was capable of splitting a large 

G-code program into smaller subprograms depending on 

controller memory size.
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