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What is CAM ?

CAM typically uses software 
to translate drawings and 
data into detailed instructions 
that can drive some sort of 
automated tool.

Computer Aided Manufacturing (CAM) is the use of software and 
computer-controlled machinery to automate a manufacturing process.



Components for a CAM system to function

Software that tells a machine how to make a 
product by generating toolpaths

Machinery that can turn raw material into a 
finished product.

Post Processing converts toolpaths into a 
language machines can understand.



What is manufacturing?

Manufacturing is a set of correlated operations and activities which 
includes product design, material selection, planning, production 
inspection, management, and marketing of the products, for the 
manufacturing industries.

T.-Y. Wang, H.-C. Lina, K-B. Wu, An improved simulated annealing for facility layout 
problems in cellular manufacturing systems,  Computers & Industrial Engineering, V.34 
(2), 1998, pp.309-319



Classification of manufacturing processes



Four Centuries of Manufacturing

A person with an 
anvil and hammer
Poorly understood 
process
Craftspeople
Cottage industry

Steam-powered 
machinery
Improved 
understanding 
of process
Factory 
conditions in 
cities

Computer aided 
design, planning, 
and manufacturing
Limited process 
models using closed 
loop control
Increased factory 
automation

System wide 
networks and 
information
Robust processes 
and intelligent 
control
Global enterprises 
and virtual 
manufacturing 
corporation

Early 18th Century 19th Century 20th Century 21th Century



Manufacturing Processes Automated by CAM
• Milling
• Turning
• Waterjet, laser and plasma cutting
• Electrical discharge machines
• CNC routers
• 3D printing
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Production Cycle
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Increasing product certification

(Geometric and nongeometric information 
Engineering rules
Manufacturing constraints
Part definition

2-D Drafting

1960s                   1970s                   1980s                      1990s   

3-D Wireframe design

Surface and solid modeling

Assembly modeling

Parametric modeling

Knowledge-based 
engineering

Intelligent processes

Finite element modeling
Process simulation
Design for manufacturing
Design optimization

Geometry-
based

Rule -
based

Evaluation of CAD and CAM



CAM Hardware & Software



A brief history

In late 1940s : John Parsons devised a method for manufacture of 
smooth shapes for templates of aircrafts wing section using punched 
cards.
In 1949 : USAF commissioned MIT to develop the first "numerically 
controlled" machine 
In 1950s : Computer-aided manufacturing was also developed
1966-1968 : Pierre Bézier created the pioneering surface 3D CAD/CAM 
system, UNISURF.
In 1970 : Hanratty launched his own company ICS, with its own 
CAD/CAM drafting system.
1970-1972 :  Computer Numeric Control machines were developed



Anatomy of CAM
Tooling Model Analysis
Tooling model received from CAD
Surface integrity analysis
Draft analysis
Gouge analysis. 

Cutter Path Verification
Solid model vs. hard tool
Collision avoidance
Gouge detection
Testing of various machining techniques 

Transfer to CNC
Transfer data directly to CNC
Operator setup information
Clamp location 

Cutter Path Definition
Type of cut
Amount of stock required
Roughing or finishing requirements 

Cutter Path Generation
CL data visualization
Observation of retracts
Editing of data as necessary
Post-processing for specific control 



Material Removal
NC
CNC
DNC



Numerical Control Machines

Numerical control is defined as the 
form of programmable automation, 
in which the process is controlled by 
the number, letters, and symbols. 
In case of the machine tools this 
programmable automation is used 
for the operation of the machines.



A brief history

The birth of NC is largely credited 
to John T. Parsons.
Until 1949 when the US Air Force 
arranged funding for Parsons to build 
his own machine that would surpass 
the performance of current NC 
machines.
In 1949 the first NC prototype was 
developed.



Types of NC Machines & Applications

Milling machines

Lathes 
(rotational parts)

Flame cutting & Plasma 
arc machine

Laser cutting

EDM
(complex cutting)

Punches 
(plate, sheet metal)

NC insertion 
machine Industrial robots



Movement axis of machine

2-axis motion 3-axis motion 4-axis motion 5-axis motion



Schematic illustration of NC

NC is a method of controlling 
the movements of machine
tools (M/T) by directly 
inserting coded instructions 
in the form of numerical 
data (numbers and letters) 
into the system.



The main components of NC machines



Components of traditional NC system



NC Sytem elements



Basic Components of NC machine

There are three important components of the numerical control or NC 
system.

• Program of instructions
• Controller unit,  machine 

control unit (MCU)
• Machine tool or 

Processing equipment or 
other controlled processes



Program of  Instructions

The typical desktop program gives the instructions to the computers to 
perform certain functions. 
The program of instructions of the NC machine is the step-by-step set 
of instructions that tells the machines what it has to do.
The set of instructions are coded in numerical or symbolic form and 
written on certain medium that can be interpreted by the controller 
unit of the NC machine.



Types of media

The program instructions are written by the expert who has programming 
knowledge as well the machining knowledge.
There are 4 types of NC media :
• Punch cards
• Punch tape
• Magnetic tape
• Computer transmitted NC data



Punched tape

The punched tape is a standardized 
tape of a fixed width and infinite on 
which NC machine instructions can 
be coded in the form of holes and 
spaces following the binary code.
The panched tape used in NC is 1’’ 
wide. 
It is standardized in accordance with 
the Electronics Industries 
Association (EIA).



Punched tape

In NC, a punched tape must 
always be generated irrespective 
of whether the part program was 
done manually or with the 
assistance of a computer.



NC Punched tape format



Standard EIA tape coding 
for NC



Example

In an NC drilling operation, two holes must be drilled in sequence at 
the following coordinate locations :
Hole 1: x = 2.000 y = 2.500
Hole 2: x = 4.000 y = 2.500
No prepatory or miscellaneous words are required. 
Tooling is changed manually, so not-word is required. The holes are to 
be drilled to ½ -in. diameter at 573 rev/min and 2.87in./min. Write the 
two instruction blocks in each of the three tape formats.



Solution
There are live words to be coded on the NC tape for each hole :

Hole I Hole 2
n-word 001 002
x-word 2.000 4000
y-word 2.500 2.500
f-word 2.87 2.87
s-word 573 573
In the word address format, the two statements would read
n001 x2.000 y2.500 f2.87 s573 EOB
n002 x4.000 EOB
In the tab sequential format, the two blocks would be
001 TAB 2.00 TAB 2.50 TAB 2.87 TAB 573 EOB
002 TAB 4.00 TAB TAB TAB EOB
We are using TAB and EOB to denote the codes for the tab key and end-of-block 
(carriage return) on the Flexowriter. In the fixed block format, the two blocks 
would be
001 +02.000 +02.500 2.87 573 EOB
002 +04.000 +02.500 2.87 573 EOB



Punched tape

The hardware required to encode a 
program into a paper tape can range from 
an electromechanical Teletype terminal, 
with a built-in tape reader and a tape 
punch, to micro- and larger computers.
Each code is designed so that every 
character (array across the tape) in that 
code will have either an odd number of 
holes (EIA) or an even number of holes 
(ASCII).



Magnetic tapes

Instead of punching holes on the 
tapes, magnetic dots are used 
on magnetic tapes. The 
polarization of the tape 
indicates the bindary digit zero 
or 1. 
The magnetic tape reader 
consists of an electromagnetic. 
Each magnetized spot generates 
an electric impulse.



Magnetic tapes

Eight-channel EIA or ASCII 
characters are recorded as 
magnetic "spots" instead of 
holes. The array of spots is 
the same as the array of 
holes used on paper tape.
Magnetic tape consists of a 
plastic base coated with an 
iron oxide coating. Tape 
measuring 1/2ʺ wide is most 
common.



Punched card (Hollerith card / IBM Card)

The standard present day punched 
card is a piece of thin card board 
measuring 3/8 inches x 3 ¼ inches. 
It is divided horizontally into 12 
rows and vertically into 80 
columns.
A particular character is 
represented by a unique pattern of 
holes punched into one column.



Punched card (Hollerith card / IBM Card)

• Used in unit record machines 
• primary medium for input 
• offline data entry
• piece of stiff paper
• contains digital information 
• Presence / absence of holes



Controller Unit 
Machine Control Unit (MCU)
The controller unit is most vital parts 
part of the NC and CNC machines. The 
controller unit is made of the 
electronics components.
The controller unit forms an important 
link between the program and the 
machine tool.



Machine Control Unit
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The MCU is made up of a Data Processing Unit (DPU) and a 
Control-Loops Unit (CLU).

It includes electronics and 
hardware that read and 
interpret the program of 
instructions and convert it 
into mechanical functions 
of machine tools. 
This control unit controls 
the passage of equipment, 
feeds, tool-changes and 
other functions.



Machine Control Unit

Machine Control Unit performs two functions :
Data Processing Unit (DPU)
1. reads and decodes the part program 
2. processes the decoded information 
3. provides data to the CLU 
Control Loop Unit (CLU)
1. receives the data from DPU
2. converts it to control signal
3. sends the control signal to the hydraulic system that drives the 
motion of the tool axes.



Machine tool

It is the machine tool that performs the actual machining operations.
The machine tool is the controlled part of the NC system.
The NC machine also have the control panel or control console that 
contains the dials and switches using which the operator runs the NC 
machine.



Machine tool

Machine tools which are operated by Numerical Control must have the 
following special features.
• Structure
• Screw, Nuts and Guideways
• Spindle drives
• Tool changes
• Lubrication system



Drive Units (servo motors)

All axes of the machine driven by powerful DC servomotors mounted 
on preloaded ball bearings. The signals sent by the control unit actuate 
the servomotors, this cause different slide to move to give the desired 
length of travel and feed rate. The drive units usually have hydraulic DC 
motor or stepping motor.



Feedback Unit

This unit is also known as position feedback package. Feedback unit 
feeds back the information about the actual position of the movement 
to the control unit. The control unit compares the actual movements 
with the required movements. If there is a difference, the drive units 
are actuated to do the necessary correction.



Magnetic Box

The magnetic box receives electric signals from the control unit for all 
the other activities except for the servo motor drives. Spindle motor 
starting and stopping, selecting spindle speeds, making tool changes, 
control of coolant supply etc, are directed from the magnetic box.



Control Panel (Manual control)

Another element of the NC system, which may be actually part of the 
controller unit or machine tool, is the control panel. The control panel 
contains the dials and switches by which the machine operator runs 
the NC system.



Motion control systems

Point-to-point system 
(positioning system)

Continuous path system



CNC



Computerized Numerical Control

First apperance was in the 1970s.
CNC machines are computer based and
can be stored the program in the
internal memory and executed from
there.

Each machine with its own computer.
In CNC machine the program is 
stored in the memory of the 
computer.



Classification of CNC systems

CNC systems can be classified into: 
• CNC Systems for machining centres
• CNC Systems for lathes and turning Centres
• CNC Systems for special applications like Grinding Machines, EDM, 

Electron beam welding etc. 



Types of CNS machine

Lathe CNC machine Electric discharge CNC machine
Milling CNC machine Router CNC machine
Drilling CNC machine CNC machine with automatic tool changes
Grinding CNC machine 3-D printer
Laser cutting CNC machine 5-axis CNC machine
Plasma cutting CNC machine Pick and place machine



Traditional paradigm of CNC machining



Configuration of CNC System

CNC uses programmed instructions to drive the machine tool.

Program of
Instructions

Computer
Storage &
Processing

Computer
Hardware
Interface &
Servo-system

Machine



Component of modern CNC system



Block Diagram of CNC Machine



CNC Control Unit

CNC control unit is used to monitor, 
control, and regulate a machine's 
movements.
MCU or Machine Control Unit is the 
heart of a CNC system actually. It 
involves several actions to perform 
in a CNC machine.



CNC Machine Control Unit
The various functions performed by the MCU 
are
• It reads the coded instructions fed into it.
• It decodes the coded instruction.
• It implements interpolation ( linear, circular and helical 

) to generate axis motion commands.
• It feeds the axis motion commands to the amplifier 

circuits for driving the axis mechanisms.
• It receives the feedback signals of position and speed 

for each drive axis.
• It implements the auxiliary control functions such as 

coolant or spindle on/off and tool change.



CNC Machine Control Unit

Memory
ROM – operating system
RAM – Part programs

Central processing unit 
(CPU)

Input/output interface
Operator panel
Tape reader

Sequence controls
Coolant
Fixture clamping
Tool changer

Machine tool controls
Position control
Spindle speed control

System bus



Types of CNC Machines
Based on Motion Type Point-to-Point or Continuous path
Based on Control Loops Open loop or Closed loop
Based on Power Supply Electric or Hydraulic or Pneumatic
Based on Positioning System Incremental or Absolute



Main Parts of CNC Machine

• Input Devices
• Machine Control Unit (MCU)
• Machine Tool 
• Driving System
• Feedback System
• Display Unit



Input Devices

These are the devices which are used to input the part program in the 
CNC machine.  The program input device is the means for part program 
to be entered into the CNC control. Five used program input devices 
are floppy disk drive, USB flash drive, serial communication, ethernet 
communication and conversational programming.



Manual data input

One can also input the instructions directly into the controller unit 
manually, this method is called as manual data input (MDI).



Machine Tool

CNC controls are used to control various 
types of machine tools. A CNC machine 
tool always has a slide table and a 
spindle to control of the position and 
speed. 
The machine table is controlled in X and 
Y axis direction and the spindle is 
controlled in the Z axis direction.



Driving System

The driving system of a CNC machine 
consists of amplifier circuits, drive 
motors and ball lead screw. 
The MCU feeds the signals (i.e. of 
position and speed) of each axis to the 
amplifier circuits. 
The control signals are than augmented 
(increased) to actuate the drive motors. 
And the actuated drive motors rotate the 
ball lead screw to position the machine 
table.



Driving System

Four types of electrical motors are commonly used DC servo motor, AC 
servo motor, stepping motor and linear motor.

DC servo motor AC servo motor Stepping motor Linear motor



AC Servo Motor for CNC Machine Tool

Mechanical power unit refers to a 
device which transforms some 
form of energy to mechanical 
power which may be used for 
driving slides, saddles or gantries 
forming a part of machine tool. 
The input power may be of 
electrical, hydraulic or pneumatic.



Feedback System

This system consists of transducers that act as sensors. It is also called a 
measuring system. It contains position and speed transducers that 
continuously monitor the position and speed of the cutting tool located 
at any instant. 
The MCU receives the signals from these 
transducers and it uses the difference 
between the reference signals and 
feedback signals to generate the control 
signals for correcting the position and 
speed errors.



Open Loop Systems
The open -loop system is generally used in 
point-to-point systems where the accuracy 
requirements are not critical. 



Closed Loop Systems
The closed-loop system has a feedback 
subsystem to monitor the actual output and 
correct any discrepancy from the programmed 
input.



Display Unit

A monitor is used to display the programs, 
commands and other useful data of CNC 
machine.
In an advanced CNC machine, the Display 
Unit can show the graphics simulation of 
the tool path so that part programs can be 
verified before the actual machining. 



Schematic controller
Pr

oc
es

so
r

R
O

M

R
AM IN

T

D
AC

Power  
Amp Motor Table/ 

slide

Speed/ 
position 
measure

Feedback of speed & position

Operator’s
console

Interface

Controller

ROM ; contains the firmware and control of the machine tool
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CNC Software

The computer in CNC operates by means of software. There are three 
types of software programs used in CNC systems :
• Operating system software : the principle function is to interpret the 

NC part programs and generate the corresponding control signals to 
drive the machine tool axes.

• Machine interface software : is used to operate the communication 
link between the CPU and the machine tool to accomplish the CNC 
auxiliary functions.

• Application software : consists of the NC part programs that are 
written for machining applications in the user’s plant.



Direct Numerical Control (DNC)



Direct Numerical Control (DNC)

In a Direct Numerical Control 
system (DNC), a mainframe 
computer is used to 
coordinate the simultaneous 
operations of a number NC 
machines.
These machine tools may or
may not be of a similar nature.
Common manufacturing term 
for networking CNC machine 
tools. 



Direct Numerical Control (DNC)

Machine tool controllers have 
limited memory and a part 
program may contain few 
thousands of blocks.
So the program is stored in a 
separate computer and sent 
directly to the machine, one 
block at a time.



Distributed Numerical Control



Distributed Numerical Control

In Distributed Numerical
Control system, a host 
computer communicate with 
many CNC machine tools via 
networks and download or 
upload programs.
It is possible to monitor the 
activities in individual CNC 
machine tools on host 
computer. 



Distributed Numerical Control

DNC changed its form when 
CNC technology arrived in 
1970’s.
While all the machines are 
connected to a central Server 
(Main Computer), individual 
computers are attached to 
each machine.



Distributed Numerical Control

DNC defines a means of central storage and distribution of CNC part
programs rather than central control of the machines.

Machine 
Tool
CNC 

controller

CIM host database of 
prepocessed part program

Place in CIM

CNC 
controller

CNC 
controller

CNC 
controller

Local area network (LAN)



General configuration of a DNC system 

The configuration of DNC is very similar to that shown in figure except 
that the central computer is connected to MCUs, which are themselves 
computers; basically this is a distributed control system.

BTR : behind the tape reader, 
MCU : machine control unit. 



Part Programming



Steps of a part program

Step 1 : prepare the process plan
Step 2 : identify the machine tool
Step 3 : select the drive axes
Step 4 : choose tools
Step 5 : determine machining parameters 
such as feed rate, depth og cut, spindle 
speed.
Step 6 : make job and tool set-up plans
Step 7 : decide the tool path
Step 8 : write the part program
Step 9 : test the program
Step 10: document the program



Methods of NC Part Programming

The part programming methods include a variety 
of procedures ranging from highly manual to 
highly automated :

1. Manual part programming
2. Computer assisted part programming
3. Manual data input
4. NC programming using CAD/CAM
5. Computer automated part programming



Structure of Part programming

A part program is simply an NC program used to manufacture a part. 
Part programming for NC maybe performed 
Ømanually (manual part programming) or 
Øby the aid of a computer (Computer aided part programming).



Sample Block
• Restrictions on CNC blocks
• Each  may contain only one tool move
• Each may contain any number of non-tool move G-codes
• Each may contain only one feed rate
• Each may contain only one specified tool or spindle speed
• The block numbers should be sequential
• Both the program start flag and the program number must be
independent of all other commands (on separate lines)
• The data within a block should follow the sequence shown
in the above sample block

Block Format
N135 G01 X1.0 Y1.0 Z0.125 F5

Rules for programming



O - Program number (Used for program identification)
N - Sequence number (Used for line identification)
G - Preparatory function
X - X axis designation
Y - Y axis designation
Z - Z axis designation
R - Radius designation
F – Feed rate designation
S - Spindle speed designation
H - Tool length offset designation
D - Tool radius offset designation
T - Tool Designation
M - Miscellaneous function

Programming Key Letters



Codes used in part programming

Generic code (also RS-274) is the most widely used computer 
numerical control (CNC) programming language. CNC machines are
programmed using a simple language with words. CNC machines follow 
their supplied G codes and M codes to machine a workpiece.
Once the G-code is loaded into the machine, and an operator hits start, 
our job is done. Now it’s time to let the machine do the job of 
executing G-code to transform a raw material block into a finished 
product.
MIT develop the first universal programming language for CNC 
machines: G-code.



Codes used in part programming

Using a program written in a notation 
conforming to the EIA-274-D standard and 
commonly called G-Code.
The most common codes used when 
programming CNC machine tools are G-
codes (preperatory functions) and M-
codes (miscellaneous functions). 
Other codes such as F, S, D and T are for 
machine functions such as feed, speed, 
cutter diameter offset, tool number etc.



Codes used in part programming

A “G” letter specifies certain machine preparations such as inch or metric 
modes, or absolutes versus incremental modes. It was developed by the 
Electronic Industries Alliance in the early 1960s.

A “M” letter specifies miscellaneous machine functions and work like 
on/off switches for coolant flow, tool changing, or spindle rotation. Other 
letter addresses are used to direct a wide variety of other machine 
commands.



Codes used in part programming

The line has the following structure:

G## X## Y## Z## F##

First is the G-code 
command and in this case 
that’s the G01 which means 
“move in straight line to a 
specific position”.

We declare the 
position or the 
coordinates with 
the X, Y and Z val
ues.

Lastly, with 
the F value we set 
the feed rate, or 
the speed at which 
the move will be 
executed.

,



The most Important/ Common G-code 
Commands



The most Important/ Common G-code 
Commands



Basically,
1. Part geometry is entered in 2D or 3D. 
2. Tool geometry and machine tool type are entered. 
3. Speeds and feeds are entered or calculated based on tool and 
work material. 
4. Inside/outside of geometry, and initial stock sizes are selected. 
5. Cutter paths are generated. 
6. Cutter paths are converted to a machine specific language (eg, G-
codes). 

Standard Part programming language: RS 274-
D (Gerber, GN-code)

Graphical Part Programming



The RS274-D is a word address format
Each line of program == 1 block
Each block is composed of several instructions, or (words) 

Sequence and format of words:

N3    G2    X+1.4    Y+1.4    Z+1.4    I1.4    J1.4    K1.4    F3.2    S4    T4    M2

sequence no

preparatory function

destination coordinates dist to center of circle

feed rate spindle speed

tool

Other function

Codes used in part programming



A typical block of program 



Example:
N015 G00 X200 Y-
348 M03

Binary codes for
1 – 0110001
2 – 0110010
3 – 0110011
A – 1000001
B – 1000010  etc.

Typical Part-Program 
Instruction Block Punched tape 

representation

Holes 
shown in 
Black



Manual part programming

In manual part programming, the processing instructions are 
documented on a form called a part program manuscript. Manuscripts 
come in various forms, depending on the machine tool and tape format 
to be used.
This technique is widely used for workpieces of relatively simple 
geometry. 



Manual part programming

The listing may also include other commands such as speeds, feeds, 
tooling, and so on. A punched tape is then prepared directly from the 
manuscript.
Manual Part programming is the easiest for point to point (as drilling) 
manual. 



Manual part programming

In manual part programming, the programmer prepares the NC code 
using a low- level machine language. The coding system is based on 
binary numbers. This coding is the low-level machine language that can 
be understood by the MCU. 
NC uses a combination of the binary and decimal number systems, 
called the binary-coded decimal (BCD) system. 
Eight binary digits are used to represent all of the characters required 
for NC part programming. 



Example : Convert the decimal value 1,258 to binary coded decimal

Solution : The conversion of the four digits is shown in the following 
table :



Methods of manual part programming

NC information is passed to MCU in the blok format/statements.
Each block of NC data may be arranged differently, depends upon the 
control system requirements of the system configuration.
Basic tape format used for NC input are :
• Fixed sequential format
• Tab sequential format
• Block address format
• Word address format



Fixed sequential tape format

In each NC block same length and to contain the same number of 
characters are used.

0050 00 +0024500 +0012500 +0000000 0000 00
0060 01 +0024500 +0012500 -0010000 0500 08
0070 00 +0024500 +0012500 +0000000 0000 09



Block address tape format

In subsequent NC blocks through the specification of a change code. 
The change code follows the blocks and the block, sequential number, 
and indicates which values are to be changed relative to the preceding 
blocks.



Tab sequential tape format

This uses special symbol called the tab to separate data values within a 
block.

0050 TAB 00 TAB +0025400 TAB +0012500 TAB +0000000 TAB
0060 TAB 01 TAB TAB TAB – 001000 TAB 0500 TAB 08
0070 TAB 00 TAB TAB TAB – 000000 TAB 0500 TAB 09



Word address tape format

It uses alphanumeric data specification. Each data value is preceded by 
a letter which indicates the type of data. This format is used by most of 
the NC machines, also called variable block format.

N20 G00 X1.200 Y.100 F325 S1000 T03 M09



Elements of part programming

• Tool selection, feeds and speeds
• Cutter path specification

• interpolation
• tool offset calculations
• tool interference (gouge avoidance)

• Generation of NC instructions



Linear interpolation

Means cutting a straight line between two 
points.
The axis the spindle moves with basic 
orthogonal movements from the beginning to 
the end of the path.
Machines capable of linear interpolation have 
a constinuous-path control system – meaning 
that the drive motors on the various axes can 
operate at varying rates of speed.



Linear Interpolation

Absoulte programming A to B
N010 G90 G01 X160.0 Y40.0 F200

Incremental programming A to B
N020 G91 G01 X130.0 Y-110.0 F200



Example : linear interpolation

N0010 G90; PUT IN ABSOLUTE MODE          
N0011 G01 X1 Y2; MOVE TO (1,2)                  
N0012 G01 X2 Y2; MOVE TO (2,2)                
N0013 G91; PUT IN INCREMENTAL MODE 
N0014 G01 X1 ; MOVE TO (3,2)                         
N0015 G92 X2 Y2; SET NEW ORIGIN                       
N0016 G01 X1 Y1; MOVE TO (3,3) 
N0017 G92 X0 Y0 Z0; RESET THE ZERO



Circular interpolation

Circular interpolation is the term used to describe generating a move 
consisting of a series of straight line chord segments by the MSU in two 
axes to simulate circular motion.

Circular interpolation is the ability to cut 
arcs or arc segements. Arcs are cut by 
means of a series of choral segements 
generated by the MCU to approximate 
the arc curvature.



Circular interpolation

Circular interpolation can be accomplished in one of two directions: 
clockwise or counterclockwise.

G02 : circular interpolation clockwise (CLW)
G03 : circular interpolation counterclockwise (CCLW)



Circular interpolation

There are two methods used to specify the arc center-points to the 
MCU: 
• the arc vector method 
• the radius method.
When using the arc vector to specify center-points, some controls 
require the center-points to be given in absolute coordinates, some in 
incremental coordinates from the cutter center to the circle center, and 
other in incremental coordinates from the circle center to the cutter 
center.



Example : Circular interpolation

N10 G01 X6 Y1; MOVE TO (6,1)

N11 G03 X2 Y5 I2 J1; CUT CIRCULAR PATH



Canned cycle

A canned cycle is a way of conveniently 
performing repetitive CNC machine 
operations. Canned cycles automate 
certain machining functions such 
as drilling, boring, threading, 
pocketing, etc.
This cycle simplifies the program by 
using a single block with a G-code to 
specify the machining operations 
usually specified in several blocks. This 
cycle is also called as fixed cycle. 



Canned cycle

Canned cycles are traditionally 
used in making the holes on the 
complex parts of air crafts and 
aerospace component 
manufacturing, electronics 
instruments, optical or mold 
making industry.



Commonly used canned cycles
Code Function Down feed At bottom Retraction
G81 Drilling Continuous feed No action Rapid
G82 Spot face, counterbore Continuous feed Dwell Rapid
G83 Deep hole dirlling Peck No action Rapid
G84 Tapping Continuous feed Revese spindle Feed rate
G85 Through boring (in and out) Continuous feed No action Feed rate
G86 Through boring (in only) Continuous feed Stop spindle Rapid
G87 Chip breaker drilling Intermittent No action Rapid
G88 Chip breaker drilling Intermittent Dwell Rapid
G89 Through boring with dwell Continuous feed Dwell Feed rate



Program Features
Single and Nested Loops :To minimize laborious programming steps (e.g. for a 
number of identical drill holes at an equal incremental distance
Macros or Subroutines : This may be called repeatedly in a part program, possibly 
with variable parameters to provide variable numerical data to the program. 
Macros may be system type (integral with system software) or user defined

Single Loop Machined components using macrosNested Loop

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...

N...  ...  ...  ...
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X

Z Y

(0,0,0)

NC CODE 
(Word Address Format)

N50 G00 X15 Y12.5 Z0
N55 M03
N60 G01 Z-2.5 F500 M08
N65 G01 X50
N70 G01 Y45
N75 G01 X15
N80 G01 Y12.5
N85 G00 Z0 M09
N90 G79 M04

SPINDLE 
STARTED !

SPINDLE 
STOP !

Example: A Milling Operation



Example: Part program for Slot-Milling 
Operation (speeds & feeds omitted)



Cutter path

120

80 R10

Programmed 
path

Cla
mp

Cutter 
Ø20 mm

Dept of cut = 20 mm      
Top surface : Z0

N0010 G00 M06 T01 X0. Y80. Z-20. 
N0020 M03 M05 S1500 
N0030 G01 G41 F010 X100 Y40. 
N0040 X50 
N0050 G02 X60. Y30. I0. J10. 
N0060 G01 Y-30 
N0070 G02 X50. Y-40. I10. J10.
N0070 G01 X-50.         
N0080 G02 X-60. Y-30. I0. J10.
N0090 G01 Y30.          
N0100 G02 X-50. Y40. I10. J0.
N0110 G01 X0. 
N0120 G00 G40 Y80. Z0 
N0130 M05 M09            
N0140 M02

Sample part programming



Computer Assisted Part Programming

In CAPP, much of the tedious computational work required in manual 
programming is performed by the computer.

When computer assisted part 
programming is used, the 
programmer prepares the set 
of processing instructions in a 
high-level computer 
language.



Computer Assisted Part Programming



Computer Assisted Part Programming

In CAPP, the machining instructions are written in English-like 
statements that are subsequently translated by the computer into the 
low-level machine code that can be interpreted and executed by the 
machine tool controller. 
The two main tasks of the programmer are 
(1) defining the geometry of the part 
(2) specifying the tool path and operation sequence. 



Computer Assisted Part Programming

The various tasks in computer-assisted part programming are divided 
between; 
• The human part programmer 
• The computer. 



Computer Tasks in CAPP

1. Input translation : converts the coded instructions in the part 
program into computer- usable form 
2. Arithmetic and cutter offset computations : performs the 
mathematical computations to define the part surface and generate 
the tool path, including cutter offset compensation (CLFILE) 
3. Editing : provides readable data on cutter locations and machine tool 
operating commands (CLDATA) 
4. Postprocessing : converts CLDATA into low-level code that can be 
interpreted by the MCU 



Computer Assisted Part Programming

Sample part with geometry elements (points, lines, and circle) labeled 
for computer- assisted part programming. 



Computer Assisted Part Programming



Computer Assisted Part Programming

APT 
source 

file
CL fileAPT 

processor
Post

processor
NC 

code file

Written by user Checks the source
file for errors in 
defined geometry, 
errors in required
tool motions.

Converts CL 
data into final 
NC codes



Alternative Routes for Part Programming



CL Data file

Cutter Location (CL) data files are generated 
from the cutter paths specified within the 
NC sequences. 
Each NC sequence generates a separate CL 
file . 
They can be merged together to produce a 
single file for the whole operation. 
The CL data can be used to display the tool 
path. This feature will help to locate errors 
in the program. The CL data can be edited 
and modified by rotation, translation, 
mirroring and scaling. 

$$* xxx/CLfile Version 2.1
$$->MFGno/T
PARTNO CASING
$$->FEA TNO/21
MACHIN/HMTMILL,600
$$->UNITS/MM
LOADTL/16
COOLNT/ON
FROM/0.00000000, 0.00000000, 0.00000000 
SETSTART/0.00000000, 0.00000000, 
25.00000000 RAPID 
GOTO/150.00000000,120.00000000, 
120.00000000 SPINDL/RPM,600 
FEDRA T/100.000000000,MMPM 
CYCLE/DRILL, -75.0, 100.000000000, MMPM 
RAPID
GOTO/0.00000000, 0.00000000, 0.00000000 
CYCLE/OFF
SPINDL/OFF
$$->END/
FINI 



CL Data File

CL data is the output from the CAM system. Cutter Location (CL) data 
files are generated from the cutter paths specified within NC 
sequences.
The CL data file consists 
of information about tool 
changes, feed-rate value, 
spindle speed value and 
sense of rotation, desired 
cooling, type of 
interpolation, etc.



CL Data File

The CL data in ISO format produced by every CAMs can be transformed 
and translated into G-codes files for controlling CNC machines.
The CL data is standardized in ASCII format, so the first function of the 
postprocessing program is quite simple to implement. This output is 
based on the ISO-4343 1978 standard.



The difference between CL data and NC 
program



NC part programming using CAD/CAM

NC part programming using 
CAD/CAM is an advanced form of 
computer-assisted part programming 
in which an interactive graphics 
system equipped with NC 
programming software is used to 
facilitate the part programming task.



NC part programming using CAD/CAM

ØContains all geometric, dimensional and material specifications
ØGenerate tool path for machining
ØTool Path Libraries (profile milling; milling a pocket; surface 

contouring; point-to-operations)
ØDynamic manufacturing databases
ØStandard Libraries



Part geometry CAD data

Tool paths Feeds, speeds, tools,
paths, etc.

Cutter Location Data Neutral file (APT)

G-code
Machine-specific
G-code

NC Part Programming Process



Steps Involved in NC Program Creation 

The block diagram illustrates the steps 
involved in creating a NC program using 
a CAM software package. 
The starting point of CAM is the CAD file. 
A common approach is the program 
creation carried out using solid models 
or surface models. 
Data for program creation can also be 
obtained from SAT (ACIS solids), IGES, 
VDA, DXF, CADL, STL and ASCII file using 
suitable translators. 



Computer-automated part programming

Computer-automated part programming 
extends the notion of automating certain 
portions of the. NC part programming 
procedure to its logical conclusion. It 
automates the complete part 
programming task using software that is 
capable of making logical and even quasi 
intelligent decisions about how the part 
should be machined.



CNC programming method using STEP-NC

S.Zivanovic, G.Vasillic, A new CNC programming method using STEP-NC protocol, FME Transactions 45(1) (2017):149-158

Current G-code programming CNC programming method using STEP-NC



Automatically Programmed Tools 
(APT)



Automatically Programmed Tools

The first that used English like statements and one of the most popular 
languages is called APT (for Automatically Programmed Tools). 

This language allows tools to be programmed using geometrical 
shapes. APT vocabulary words consist of six or fewer characters. The 
characters are almost always letters of the alphabet. This puts less 
burden on the programmer to do calculations in their heads. APT 
basically produce the Cutter Location (CL) data. 

APT programs must be converted into low level programs, such as G-
codes.



Automatically Programmed Tools

The APT language was the product of the MIT developmental work on 
NC programming systems. 
In 1956 : APT I was developed at MIT.
In 1958 : APT II was developed, sponsored by Aerospace Industries 
Association.
In 1961 : APT III came out.
Although first intended as a contouring language, modern versions of 
APT can be used for both positioning and continuous path 
programming and continuous-path programming in up to five axes.



Automatically Programmed Tools

Many variations of APT have been developed, including 
AUTOSPOT (Automatic System For Positionning Tools)
SPLIT (Sundstrand Processing Language Internally Translated)
COMPACT II
Cintrun
Chips
ADAPT (ADaptation of APT), 
EXAPT(a European flavor of APT), 
UNIAPT (APT controller for smaller computer systems) 



Statement types in APT

Geometry statements, also called definition statements; are used to 
define the geometry elements that comprise the part. 
Motion commands; are used to specify the tool path. 
Postprocessor statements; control the machine tool operation, for 
example, to specify speeds and feeds, set tolerance values for circular 
interpolation, and actuate other capabilities of the machine tool. 
Auxiliary statements; a group of miscellaneous statements used to 
name the part program, insert comments in the program and 
accomplish similar functions. 



Geometry statements 

The points, lines, and surfaces must be defined in the program prior to 
specifying the motion statements. The general form of an APT 
geometry statement is the following: 

SYMBOL = GEOMETRY TYPE/descriptive data 
A symbol can be nay combination of six or fewer alphabetical and 
numerical characters, at least one of which must be alphabetical. 



Geometry statements 

POINTS : The simplest geometrical construction in APT is a point

• Designating its x-, y-, and z-coordinates; 
P1 = POINT/15.0, 10.0, 25.0 

• As the intersection of two intersecting lines;
P2 = POINT/INTOF, L1, L2 



Geometry statements 

p=POINT/x,y,z - a cartesian point 
p=POINT/l1,l2 - intersection of two lines 
p=POINT/c - the center of a circle 
p=POINT/YLARGE,INTOF,l,c - the largest y intersection of a line and a 

circle 

*Note: we can use YSMALL,XLARGE,XSMALL in place of YLARGE 



Geometry statements 

LINES: A line in APT is considered to be of infinite length in both 
directions. Specification of a line can be accomplished by the following:
• Two points through which it passes : 

L1 = LINE/P3, P4 
• Passes through point (P5) and parallel to another line (L3) that has 

been previously defined;
L2 = LINE/P5, PARLEL, L3 



Geometry statements 

l=LINE/x1,y1,z1,x2,y2,z2 - endpoint cartesian components
l=LINE/p1,p2 - endpoints 
l=LINE/p,PARLEL,l - a line through a point and parallel to another line
l=LINE/p,PERPTO,l - a line through a point and perpendicular to a line
l=LINE/p,LEFT,TANTO,c - a line from a point, to a left tangency point on a 

circle
l=LINE/p,RIGHT,TANTO,c - a line from a point, to a right tangency point on 

a circle
l=LINE/LEFT,TANTO,c1,LEFT,TANTO,c2 - defined by tangents to two circles 
l=LINE/LEFT,TANTO,c1,RIGHT,TANTO,c2 - defined by tangents to two circles 
l=LINE/RIGHT,TANTO,c1,LEFT,TANTO,c2 - defined by tangents to two circles 
l=LINE/RIGHT,TANTO,c1,RIGHT,TANTO,c2 - defined by tangents to two circles 



Geometry statements 

CIRCLES: In APT, a circle is considered to be a cylindrical surface that is 
perpendicular to the x-y plane and extends to infinity in the z-direction. 
A circle can be defined by the following: 
• Its center and radius; 

C1 = CIRCLE/CENTER, P1, RADIUS, 25.0 
• Three points through which it passes;

C2 = CIRCLE/P4, P5, P6 



Geometry statements 

c=CIRCLE/x,y,z,r - a center and radius 
c=CIRCLE/CENTER,p,RADIUS,r - a center point and a radius 
c=CIRCLE/CENTER,p,TANTO,l - a center and a tangency to an outside 

line 
c=CIRCLE/p1,p2,p3 - defined by three points on the circumference
c=CIRCLE/YLARGE,l1,YLARGE,l2,RADIUS,r - tangency to two lines and 

radius 
*Note: we can use YSMALL,XLARGE,XSMALL in place of YLARGE 



Geometry statements 

PLANES: In APT, a plane extends indefinitely. A plane can be defined by 
the following: 
• Three points through which it passes; 

PL1 = PLANE/P1, P2, P3 
• Passes through point (P2) and parallel to another plane (PL1) that has 

been previously defined; 
PL2 = PLANE/P2, PARLEL, PL1



More complex geometry statements

QUADRIC/a,b,c,d,e,f,g,h,i,j - define a polynomial using values 
GCONIC/a,b,c,d,e,f - define a conic by equation coefficients 
LCONIC/p1,p2,... - defines a conic by lofting (splining) points 
RLDSRF/ - a ruled surface made of two splines 
POLCON/ - define a surface using cross sections 
PATERN/ - will repeat a motion in a linear or circular array 



Example : APT Geometry Statement

P3 = POINT/55,5,0
P6 = POINT/-55,5,0
L1 = LINE/P3, P6
C1 = CIRCLE/0,0,15
P4 = POINT/XLARGE, INTOF, L1, C1
P5 = POINT/XSMALL, INTOF, L1, C1

● ●
L1

C1

P5 P4



Motion Commands 

Motion Commands : All APT motion statements follow a common 
format, just as geometry statements have their own format. The 
general form of an APT motion command is: 

MOTION COMMAND/descriptive data 



Motion Commands 

FROM/p - specify a start point 
FROM/x,y,z - specify a start point 
GOTO/p - move to a final point 
GOTO/x,y,z - move to a final point 
GOTO/TO,p - move until the tool touches a point 
GOTO/TO,l - move until the tool touches a line 
GOTO/TO,c - move until the tool touches a circle 
GOLFT/l1,TO,l2 - go on the left of l1 until the tool touches l2 
GORGT/l1,TO,l2 - go on the right of l1 until the tool touches l2 
GOBACK/l1,TO,l2 - reverses direction along l1 to l2 
GOBACK/l1,TO,c1 - reverses direction along l1 to c1 
GOUP/l1,TO,l2 - goes up along l1 to l2 
GODOWN/1l,TO,l2 - goes down along l1 to l2 
GODLTA/x,y,z - does a relative move 



Complex motion commands

POCKET/ - will cut a pocket 
PSIS/ - will call for the part surface

As would be expected, we need to be able to issue commands to 
control the machine.



Postprocessor and Auxiliary statements 

Postprocessor statements control the operation of the machine tool 
and play a supporting role in generating the tool path. 
Such statements are used to define cutter size, specify speeds and 
feeds, turn coolant flow on and off, and control other features of the 
m/c tool. The general form of the postprocessor statement is: 

POSTPROCESSOR COMMAND/descriptive data 



Postprocessor statements 

UNITS/MM : indicates that the specified units – INCHES or MM
INTOL/0.02 : specifies inward tolerance for circular interpolation
OUTTOL/0.02 : specifies outward tolerance for circular interpolation
CUTTER/20.0 : defines cutter diameter for tool path offcet calculation
SPINDL/1000, CLW : specified spindle rotation speed in rev. per min.
SPINDL/OFF : stops spindle rotation
FEDRAT/40, IPM : specifies feed rate in mm per min. or inches per min.
RAPID : engages rapid traverse for next move
COOLNT/FLOOD : turns cutting fluid on.
LOADTL/01 : used with automatic toolchangers to identify.
DELAY/30 : temporarily stops the machine tool for a period specified in seconds.



Auxiliary statements

PARTNO : is the first statement in an APT, to identify the program
MACHINE/ : permits the part programmer to sprecify the postprocessor
CLPRNT : stands for cutter location point
REMARK : used to insert explanatory comments into the program
FINI : indicates the end od an APT program.



Example : An APT program for the profiling of the part is to be 
generated.  The processing parameters are:  (a) feed rate is 5.39 inches 
per minute; (b) spindle speed is 573 revolutions per minute; (c) a 
coolant is to be used to flush the chips; (d) the cutter diameter is to be 
0.5 inches, and (e) the tool home position is (0, -1, 0). 

APT Program Workpiece APT Geometry and Tool Path for Workpiece



Solution



CAM softwares

G-code files are output by CAM software such as Smartcam, Gibbscam, 
Featurecam, Edgecam, Mastercam etc.



SurfCAM

SurfCAM is a CAM software which allows to create, manage and modify 
tool paths for CAD part. The software requires a CAD model, or 
requires that you create some geometry with SurfCAM with some 
rudimentary tools provided. 

The tool paths are created or stored 
internally SurfCAM in a generic 
programming language called APT. Once 
the tool paths are created, the APT paths 
are translated using a post processor 
into typical machien G-code.



CAD/CAM Software



Reverse Engineering



Reverse Engineering

Reverse engineering generally 
refers to the development of a 3D 
CAD model from an existing part.
Reverse engineering is the 
process of discovering the 
technological principles of a 
device, object, or system through 
analysis of its structure, function, 
and operation.



Reverse Engineering



Reverse engineering 

The generic process of reverse 
engineering is a three-phase process. 
The three phases are scanning, point 
processing, and application- specific 
geometric model development. 



Computer-aided Reverse Engineering

CARE creates a computer model of an object through measurements of 
the object, as it exists in the real world. 



Reverse engineering design procedure

Disassemble stage: 
If the old product which is subject to 
reverse engineering, is a complex system 
with many components, this system can 
always be separated to less complex 
components for ease of analysis. 
In such a case each component has to be 
modelled separately. 
In this study, the object can be modelled 
as a single part and the disassembly step 
is skipped. 

Product

Disassembly

3-D digitizing

Modeling

Dimension & 
Tolerance analysis

Prototype & Testing

Manufacturing



Reverse engineering design procedure

Three dimensional digitizing: 
It is possible to gather  the point data 
belong to model one by one or without 
interruption automatically with the use of  
digital imaging techniques.

Product

Disassembly

3-D digitizing

Modeling

Dimension & 
Tolerance analysis

Prototype & Testing

Manufacturing



Reverse engineering design procedure

Modeling & Design optimization: 
Design optimization is the remodelling 
procedure for the point cloud data 
introduced to reverse engineering 
software. 

Product

Disassembly

3-D digitizing

Modeling

Dimension & 
Tolerance analysis

Prototype & Testing

Manufacturing



Reverse engineering design procedure

Prototype and test: 
This stage includes producing a prototype 
which is very similar to final product used 
to verify the design.
In this stage, the possible flows in design 

can be corrected with necessary 
adjustment prior to manufacturing. 
(The verified design is ready for 
manufacturing).

Product

Disassembly

3-D digitizing

Modeling

Dimension & 
Tolerance analysis

Prototype & Testing

Manufacturing



RE approaches for NURBS construction 

There are three approaches for creating 
NURBS surfaces: 
(i) manual creation of NURBS from basic 
CAD entities; 
(ii) manual creation of NURBS from 
patches; and 
(iii) automatic creation of NURBS from 
polygon models. 
Finally, constructed NURBS surfaces can 
be imported into CAD/CAM systems to 
build NURB CAD solid models. 



RE hardware classification–noncontact 
methods 



Digitizing methods

Active methods
Optical triangulation
Light section technique  
Fringe projection technique

Passive methods
Stereometri
Fotogrametri



Optical triangulation

A laser pointer and optical 
detector are arranged in a 
triangular structure.
The distance of the point 
marked with laser, called 
triangular reference point, is 
determined by the detector.



Light section technique

It is an improved version of the 
optical triangulate.
In this technique with help 
one line on the object and 
optical detector can obtain 
three dimensional profile in 
plane.



Fringe projection technique

It is an improved version of the 
light section technique. 
Can be obtain three 
dimensional surface 
information by reflect multiple 
light section (white and black 
strips) pattern surface of the 
object with the aid of one or 
more high resolution cameras.



Stereometri

On the object of measurement 
to be made, doesn’t reflect 
any light section.
Instead of objects three 
dimensional surface to obtain 
overlap images taken from two 
cameras.



Fotogrametri

In this method scanned object 
imaging different angle with a 
camera with the aid of the 
indexmarks on the object, 
obtaining three dimensional 
point clouds in computer 
environment.



Software used for RE



Example : hubcap

A damaged hubcap has been taken up as 
procedure of reverse engineering 
application.
First of all this damaged hubcap will be 
digitizing then described reverse engineering 
steps will be followed.
In the first operation as shown broken 
hubcap being brought into the appropriate 
format, point cloud data have been obtained 
with three dimensional scanning device. 



Example : hubcap

In the second stage, point 
cloud which taken from three 
dimensional scanning device 
open in RapidForm as STL 
format. 
In 3-D scanning device, point 
cloud data may be 
inappropriate, incomplete or 
more. In these cases, can be 
done desired changes by 
using mesh module. 



Example : hubcap

In the third stage, obtained 
point cloud, automatically 
separate regions in “Region 
Group” module to help solid 
modelling. 
This module given 
opportunity separate the 
model geometrical shape or 
freeform. 



Example : hubcap

After separate region begin 
modelling process, firstly 
surface is defined, then to 
create solid model with 
command of solid modelling.



Example : hubcap

In the final operation stage, 
the software does tolerances 
analysis within tolerance 
limits of the point cloud 
automatically using different 
colours.



Example : hubcap

Admitted ±0.1 tolerance limits to the example of in this study and 
zones of valid this tolerance are shown in green. Deviation of tolerance 
limits are represented different colors.
Damaged hubcapʼs missing parts are seen as if non-tolerance. Missing 
parts on the STL data file are represented non-tolerance. This regions 
meaning doesnʼt incorrect data, indicates missing data. 
Thus solid model is completed and existing part transferred digital 
media. Saved the file in the format XRL can be used to CAE and 
structural analysis and other CAM.



Rapid Prototyping



Definition of a Prototype 

A prototype is an important and 
vital part of the product 
development process. In any 
design practice, the word 
“prototype” is often not far from 
the things that the designers will 
be involved in. 



Additive manufacturing

Additive manufacturing (AM) or additive 
layer manufacturing (ALM) is the 
industrial production name for 3D 
printing, a computer controlled process 
that creates three dimensional objects 
by depositing materials, usually in 
layers.
Additive Manufacturing (AM) refers to a 
process by which digital 3D design data 
is used to build up a component in 
layers by depositing material.



Definition

“Process of joining materials to  make objects from 
3D model data, usually layer upon layer,
as opposed to subtractive manufacturing 
methodologies, such as traditional machining” 

“Manufacturing processes which employ an additive 
technique whereby successive layers or units are 
built up to form a model.”



Timeline
1988 – 1994 Rapid protoyping
1994 Rapid casting
1995 Rapid tooling
2001 Additive manufacturing  for automotive
2004 Aerospace (polymers)
2005 Medical (polymer jigs and guides)
2009 Medical implants (metals)
2011 Aerospace (metals)
2013-2016 Nano-manufacturing
2013-2017 Architecture
2013-2018 Biomedical implants
2013-2022 In situ bio-manufacturing
2013-2032 Full body organs



Key inventions in additive manufacturing



Pros and Cons

Advantages
• Freedom to desing and innovate 

without penalties
• Rapid iteration through design 

permutations
• Excellent for mass customization
• Elimination of tooling
• Green manufacturing
• Minimal material waste
• Energy efficient
• Enables personalized manufacturing

Disadvantages
• Unexpected pre- and post-processing 

requirements
• High process cost
• Lack of industry standards
• Low speed, not suitable for mass 

production
• Inconsistent materials
• Limited number of materials
• High equipment cost for high-end 

manufacturing



5 Steps
Material System Software Application 

design Production

Mainly: Creation of 
metal powder
> Powder with high 
purity and a very 
narrow distribution 
of the granular size 
(usually 30µm)
> Hard to get from 
large providers due 
to small orders
>Usually sold by 
AM system 
providers

Players:
> Höganäs
> TLS Technik
> San
> etc.

>Usually stand-
alone powder bed 
fusion systems
> System providers 
with low levels of 
vertical integration, 
standard 
components 
usually made by 
contract 
manufacturers
> Providers 
integrate 
components 
system & software

Players:
> EOS
> SLM Solutions
> Concept Laser
> etc.

>Differentiation
between process 
control and 
enhancement 
software
> Process control 
from system prov.
> Add-on software 
such as automatic 
support 
generation, design 
optimization
By specialized 
companies

Players:
> Materialise
> netfabb
> With
> etc.

> Support for end 
customers
> Can be complex 
and demanding
> Done by system 
providers, software 
developers and/or 
service providers
> Not every service
provider is able to
design applications

Players:
> 3T PRD
> Concept Laser
> EOS
> etc.

>Different produc-
tion scenarios:
- Large OEM
- Contract manu-
facturer/service 
provider
- Specialized part 
manufacturer
> Production is 
normally not done
by AM System 
providers

Players:
> 3T PRD
> Janke Engin. 
> Layer Wise
> etc.



Classifications

AM Processes 

Liquid Based 

Powder Based 

Solid Based

• Stereolithography
• Jetting Systems
• Direct Light Processing

• Selective Laser Sintering
• Three-Dimensional Printing
• Fused Metal Deposite Systems 
• Electron Beam Melting
• Selective Laser Melting
• Selective Masking Sintering
• Selective Inhibition Sintering
• Electro photographic Layered Manufacturing
• High Speed Sintering 

• Fused Deposition Modelling
• Sheet Stacking Technologies



Types of Additive manufacturing

• Binder Jetting
• Directed Energy Deposition
• Material Extrusion
• Powder Bed Fusion
• Sheet Lamination
• Vat Polymerisation
• Wire Arc Additive Manufacturing

(Directed Energy Deposition-Arc (DED-arc))



Additive manufacturing timeline



Subtractive manufacturing

Subtractive manufacturing is an umbrella term for various controlled 
machining and material removal processes that start with solid blocks, 
bars, rods of plastic, metal, or other materials that are shaped by 
removing material through cutting, boring, drilling, and grinding.
Subtractive manufacturing processes are typically used to create parts 
in plastics or metals for prototyping, manufacturing tooling, and end-
use parts. They’re ideal for applications that require tight tolerances 
and geometries that are difficult to mold, cast, or produce with other 
traditional manufacturing methods.



Rapid Prototyping

Rapid prototyping has the ability to convert a computer-generated
model into a prototype model or final component more quickly and at 
a much lower cost than conventional production methods.



Rapid Prototyping

Several rapid prototyping technologies are available through the CAE 
team. 
CAD models can be directly converted from the computer screen to
physical models in a variety of materials including plastic, investment
casting wax, and wood. 



A brief history

1984 : Charles Hull  developed the technology for printing physical 3D 
objects from digital data.
1986 : Charles Hull named the technique stereolithography and 
obtained a patent for the technique.



Rapid Prototyping
INPUT

Physical objects
CAD models
STL Files 
Sliced Model Files

MATERIAL
Paper, resins, nylon, ABS

Wax, metals, ceramics
Liquid

Powder
Solid

METHOD
Photocuring
Cutting & Gluing
Melting & Solidfying
Binding

APPLICATION
Design Engineering
Analysis & Planning

Manufacturing & Tooling

Rapid 
Prototyping



Basic steps
Computed 

tomography scan
Create a CAD model 

of the design

Convert the CAD 
model to STL format

Slice the STL file into 
layers

Construct the physical 
model layer by layer

Clean and finish the 
model



The Rapid Prototyping Wheel 

The development of RP can be 
seen in four primary areas. The 
Rapid Prototyping Wheel depicts 
these four key aspects of Rapid 
Prototyping. They are: Input, 
Method, Material and 
Applications. 



Pros and cons

Advantages
• Reduced design & development time
• Reduced overall product development 

cost
• Elimination or reduction of risk
• Allows functionality testing
• Improved and increased user involvement
• Ability to evaluate human factors and 

ergonomics

Disadvantages
• Lack of accuracy
• Added initial costs
• Some rapid prototyping processes are still 

expensive and not economical
• Material properties like surface finish and 

strength cannot be matched
• Requires skilled labour
• The range of materials that can be used is 

limited
• Overlooking some key features because it 

cannot be prototyped
• End user confusion, customers mistaking it 

for the finished project/developer 
misunderstanding of user objectives



Classification of Rapid prototyping



Rapid Prototyping

Prototyping technologies Base materials
Selective laser sintering (SLS) Thermoplastics, metals powders
Direct metal laser sintering (DMLS) Almost any alloy metal
Fused deposition modeling (FDM) Thermoplastics, eutectic metals
Stereolithography (SLA) Photopolymer
Laminated object manufacturing (LOM) Paper
Electron beam melting (EBM) Titanium alloys
3D printing (3DP) Various materials
Solid Ground Curing (SGC) Photopolymer
Shape Deposition Manufacturing (SDM) Metal, ceramic, or plastic.



Preliminary Work
Solid Model

*.STL file

Preprocessing
Support struts

Cut Slices
View/Count Slices

Build Model
Scan Laser

Decrement Platform
Repeat Process

Postprocessing
Cure

Remove Struts
Surface Finish

The Rapid Prototyping Process



Automated processes

There are three fundamental fabrication processes :
Subtractive process: one starts with a single block of solid material 
larger than the final size of the desired object and material is removed 
until the desired shape is reached. 
An additive process: is the exact reverse in that the end product is 
much larger than the material when it started. A material is 
manipulated so that successive portions of it combine to form the 
desired object. 
The formative process: is one where mechanical forces or restricting 
forms are applied on a material so as to form it into the desired shape. 



STL file 

The solid or surface model to be built is next converted into a format 
dubbed the STL file format. This format originates from 3D Systems 
which pioneers the STereoLithography system. 
An STL file consists of a list of facet data. Each facet is uniquely 
identified by a unit normal and three vertices.
The normal and each vertex are specified by three coordinates each, so 
there is a total of 12 numbers stored for each facet.



STL file 

STL is a file format native to the stereolithography CAD software 
created by 3D Systems.
STL was invented by the Albert Consulting Group for 3D Systems in 
1987. This format was originated by 3D Systems in 1989.



STL file 

STL files describe only the surface 
geometry of a three-dimensional 
object without any representation 
of color, texture or other common 
CAD model attributes. 



STL file 

It is widely used for rapid prototyping, 3D printing and computer-aided 
manufacturing.

This format approximates 
the surfaces of a solid 
model with triangles.



Pros and Cons

Advantages
• Provides a simple method of 

representing 3D CAD data 
• A de facto standard and has 

been used by most CAD systems 
and RP systems 

• It can provide small and accurate 
files for data transfer for certain 
shapes

Disadvantages
• The STL file is many times larger 

than the original CAD data file
• The geometry flaws exist in the 

STL file
• The subsequent slicing of large 

STL files can take many hours 



STL file format

This file consists of an unordered list of triangular facets representing 
the outside skin of an object.
There are two formats to the STL file. One is the ASCII format and the 
other is the binary format. The size of the ASCII STL file is larger than 
that of the binary format but is human readable. 



A sample STL file 



STL file 

STL ASCII format STL binary format



CAD model to STL file

STL uses triangles to describe the surfaces to be built. Each triangle is 
described as three points and a facet normal vector indicating the 
outward side of triangle, in a manner similar to the following:



STL file problems

Several problems plague STL files and they are due to the very nature 
of STL files as they contain no topological data. 
Types of errors: 
• Gaps (cracks, holes, punctures) that is, missing facets. 
• Degenerate facets (where all its edges are collinear). 
• Overlapping facets.
• Non-manifold topology conditions. 



Missing Facets or Gaps 

Tessellation of surfaces with large 
curvature can result in errors at 
the intersections between such 
surfaces, leaving gaps or holes 
along edges of the part model.



Degenerate Facets 

A geometrical degeneracy of a facet 
occurs when all of the facets’ edges 
are collinear even though all its 
vertices are distinct. 
This might be caused by stitching 
algorithms that attempt to avoid 
shell punctures.
The resulting facets generated, 
eliminate the shell punctures. 



Overlapping facets

Overlapping facets may be 
generated due to numerical 
round-off errors occurring during 
tessellation. 
The vertices are represented in 
3D space as floating point 
numbers instead of integers. 



Non-manifold Conditions 

These may be generated because tessellation of the fine features are 
susceptible to round-off errors. 

A non-manifold edge. A non-manifold point. A non-manifold face. 



A Valid Model 

A tessellated model is said to be valid if there are no missing facets, 
degenerate facets, overlapping facets or any other abnormalities. 
When a valid tessellated model is used as an input, it will first be sliced 
into 2D layers. Each layer would then be converted into unidirectional 
(or 1D) scan lines for the laser or other RP techniques to commence 
building the model.

Valid model Sliced into 2D layers 1D scan lines 



Stereolithography (SLA)
RAPID PROTOTYPING



Stereolithography (SLA)

Stereolithography is one of the oldest and most 
popular commercial 3D printing methods in the 
industry.
The term was coined by Charles Hull in 1984 when he 
applied for a patent on the process, which was 
granted in 1987.

Charles W. Hull



Stereolithography (SLA)

This process dramatically redefined previous efforts, from the 
"photosculpture" method of François Willème (1830–1905) in 1860 
through the photopolymerization of Mitsubishi's Matsubara in 1974.



Stereolithography (SLA)

Stereolithography is a process for creating 3-D objects using a 
computer-controlled laser to build the required structure, layer by 
layer.

Stereolithography is the building of 
three dimensional (stereo) 
components by using a series of 
material layers (lithography). 



Stereolithography (SLA)

Stereolithography is an additive manufacturing process that, in its most 
common form, works by focusing an ultraviolet (UV) laser on to a vat 
of photopolymer resin. 

Ultra-Violet (UV) light. 
The UV light is provided
by a laser, which, by
varying its power output
can control the
thickness of each layer.



Example : A prototype of a tube with a square cross-section is to be fabricated 
using stereolithography. The outside dimension of the square = 100 mm and 
the inside dimension = 90 mm (wall thickness = 5 mm except at corners). The 
height of the tube (z-direction) = 80 mm. Layer thickness = 0.10 mm. The 
diameter diameter of the laser beam (“spot size”) = 0.25 mm, and the beam is 
moved across the surface of the photopolymer at a velocity of 500 mm/s. 
Compute an estimate for the time required to build the part, if 10 s are lost 
each layer to lower the height of the platform that holds the part. Neglect the 
time for postcuring.
Solution : Layer area is same for all layers

𝐴! = 100" − 90" = 1900 𝑚𝑚"

Time to complete one layer is same for all layers

𝑇! =
1900

0.25 × 500
+ 10 = 25.2 𝑠

Number of layers : 𝑛! =
#$
$,&$

= 800 𝑙𝑎𝑦𝑒𝑟𝑠
𝑇' = 800 × 25.2 = 20.160 𝑠 ≈ 5.6 ℎ𝑟



Selective Laser Melting (SLM)
RAPID PROTOTYPING



Selective Laser Melting (SLM)

SLM technology enables low-volume production components, 
especially during the initial design deployments.
Selective laser melting (SLM), also referred to as laser powder bed 
fusion (LPBF) or direct metal laser melting (DMLM), is an AM technique 
developed to melt and fuse metallic powders via a high power-density 
laser.
The SLM process is able to fabricate metallic parts from different 
material powders, such as titanium alloys, nickel-based superalloys, 
aluminum alloys and stainless steels



Selective Laser Melting (SLM)

The principle of the SLM process starts with a building platform applied 
with very thin layers of metallic powders, which are completely melted 
later by the thermal energy induced by one or several laser beams.



Selective Laser Melting (SLM)

Selective Laser Melting uses a laser to 
melt powdered metal in chamber of inert 
gas. 
When a layer is finished, the powder bed 
moves down, and an automated roller 
adds a new layer of material which is 
melted to form the next cross section of 
the model. 



Selective Laser Sintering (SLS)
RAPID PROTOTYPING



Selective Laser Sintering (SLS)

Patented in the 1980s by Carl Deckard, SLS is an additive manufacturing 
method that uses a high-power laser to fuse powder thermoplastics 
into parts. 

A similar process was 
patented without being 
commercialized by R. F. 
Housholder in 1979.



Selective Laser Sintering (SLS)

This is an additive manufacturing technique that uses a high power 
laser to fuse small particles of plastic, metal, ceramic or glass powder 
into the desired 3-D shape.

SLS uses lasers to sinter 
powdered material, binding it 
together to create a solid 
structure. 



Direct metal laser sintering
(DMLS)
RAPID PROTOTYPING



Direct metal laser sintering (DMLS)

DMLS is an additive 
manufacturing technique that 
uses a laser as the power source 
to sinter powdered material 
(typically metal), aiming the 
laser automatically at points in 
space defined by a 3D model, 
binding the material together to 
create a solid structure.



Electron beam melting (EBM)
RAPID PROTOTYPING



Electron beam melting (EBM)

This solid freeform fabrication 
method produces fully dense meta, 
parts directly from metal powder. 
The EMB machine reads data from a 
3-D CAD model and lays down 
successive layers of powdered 
material.



Fused deposition modeling
(FDM)
RAPID PROTOTYPING



Fused deposition modeling (FDM)

Developed by Scott Crump, FDM is 
popular in industries ranging from 
automotive to consumer goods 
manufacturing.
In fused deposition modeling the 
model or part is produced by extruding 
small beads of material which harden 
immediately to form layers. 



Fused deposition modeling (FDM)

FDM works on an 
"additive" principle by 
laying down material in 
layers.
FDM printing 
is clean, inexpensive, easy-
to-use and can 
accommodate different 
types and colors of plastic 
combined in a single build.



Laminated object manufacturing
(LOM)
RAPID PROTOTYPING



Laminated object manufacturing (LOM)

LOM is a rapid prototyping system 
developed by Helisys Inc. 
In it, layers of adhesive-coated 
paper, plastic, or metal laminates 
are successively glued together 
and cut to shape with a knife or 
laser cutter. 



Laminated object manufacturing (LOM)

LOM allows for additively building 
parts by stacking subsequent 
layers of a material sheets on top 
of each other. 
Each layer is cut to its shape by a 
knife or laser beam, according to 
the 3D CAD data, before it is 
laminated by 
a thermoplastic adhesive on top of 
the previous layer. 1 Foil supply. 5 Laser unit. 

2 Heated roller. 6 Layers. 
3 Laser beam. 7 Moving platform.
4. Scanning prism. 8 Waste.



Solid ground curing (SGC)
RAPID PROTOTYPING



Solid Ground Curing

Solid Ground Curing (SGC) processes are suitable for building multiple 
parts with different geometry and dimensions in batch production of 
rapid prototypes.
Liu and Bhatia (2002) describe the development of a photopatterning 
technique that allows localized photoencapsulation of live mammalian 
cells to control the tissue architecture.
The Solid Ground Curing (SGC) System is produced by Cubital Ltd. 



Solid Ground Curing

Solid ground curing (SGC) is a photo-
polymer-based additive 
manufacturing (or 3D printing) technology 
used for producing models, prototypes, 
patterns, and production parts, in which 
the production of the layer geometry is 
carried out by means of a high-powered UV 
lamp through a mask.



Solid Ground Curing process 

After data are received, the 
mask plate is charged through 
an “image- wise” ionographic
process. 
The charged image is then 
developed with electrostatic 
toner. 



Shape Deposition Manufacturing 
(SDM)
RAPID PROTOTYPING



Shape Deposition Manufacturing

Shape Deposition Manufacturing (SDM) 
is a solid freeform fabrication process 
which means it is built from start to 
finish rather than by removing excess 
materials from a given object. It does 
this by layering support material and the 
desired finished material.



Shape Deposition Manufacturing

The SDM process creates 
parts from three-
dimensionally shaped slices. 
The three dimensional 
geometry of the “side-band” 
of each slice has an 
important influence on the 
process sequence for 
manufacturing the layer.



Inkjet 3D Printing
RAPID PROTOTYPING



Inkjet 3D Printing

Inkjet three-dimensional (3D) Printing is a fast, flexible and cost 
effective technology. Inkjet 3D Printing belongs to a broader family of 
manufacturing technologies known as Solid Freeform Fabrication (SFF).
There are several methods that fall into this category.
• MIT Method
• Thermal Phase Change
• PolyJet



Inkjet 3D Printing

The 3D inkjet printing process is similar to other 3D printing processes 
in that it proceeds through layer-by-layer deposition.



Comparison
TECHNOLOGY SLA SLS FDM INKJET 3D PRINTER LOM

Max Part Size (cm) 30x30x50 34x34x60 30x30x50 30x15x21 30x30x40 65x55x40

Speed average average to fair poor poor excellent good

Accuracy very good good fair excellent fair fair

Surface Finish very good fair fair excellent fair fair to poor

Strengths

market leader,
large part size,

accuracy,
wide product 

line

market leader,
accuracy,
materials,

large part size.

office okay,
price,

materials

accuracy,
finish,

office okay

speed,
office okay,

price,
color,
price

large part size,
good for large 

castings,
material cost

Weaknesses
post 

processing, 
messy liquids

size and weight,
system price,
surface finish

speed

speed,
limited 

materials,
part size

limited 
materials,

fragile parts,
finish

part stability,
smoke,

finish and 
accuracy



Abrrivations
AM Additive Manufacturing 
API Application programming interface
APT Automatically Programmed Tools
ASCII American Standard Code for 

Information Interchange
CAD Computer aided design
CAM Computer aided manufacturing
CC Cutter contact
CL Cutter location
CNC Computerized Numerical Control
DMLS Direct metal laser sintering
DNC Distributed Numerical Control
DNC Direct Numerical Control 

EBM Electron beam melting 
FDM Fused deposition modeling
GUI Graphical user interface
LOM Laminated object manufacturing
MCU Machine Control Unit 
NC Numerical Control 
SCALM Single contolled axis lathe mill
SDM Shape Deposition Manufacturing
SGC Solid ground curing
SLA Stereolithography
SLM Selective Laser Melting
SLS Selective Laser Sintering 
STL Standard tessellation language
TPG Tool path generation 


