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If your work or hobby correlates with CNC machines or 3D printers, then understanding what
G-code is and how it works is essential for you. So, in this tutorial we will learn the basics of
the G-code language, what are the most important or common G-code commands and we
will explain how they work.

What is G-code?

G-code is a programming language for CNC (Computer Numerical Control) machines. G-
code stands for "Geometric Code”. We use this language to tell a machine what to do or how
to do something. The G-code commands instruct the machine where to move, how fast to
move and what path to follow.

In case of a machine tool such as lathe or mill, the cutting tool is driven by these commands
to follow a specific toolpath, cutting away material in order to get the desired shape.

Similarly, in case of additive manufacturing or 3D printers, the G-code commands instruct the
machine to deposit material, layer upon layer, forming a precise geometric shape.
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How to read G-code Commands?

At first glance, when you see a G-code file, it might look a quite complicated but it is actually
not that hard to be understood.
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(Header)

(Generated by gcodetools from Inkscape.)

(Using default header. To add your own header create file
"header" in the output dir.)

M3

(Header end.)

G21 (All units in mm)

(Start cutting path id: path29%632)
(Change tool to Cyllindrical cutter)

GO0 Zz5.000000
GO0 X33.655106 Y11.8170€0

GOl 2-1.000000 F100.0 (Penetrate)

GOl X247.951560 Y11.817060 Z2-1.000000 F400.000000

GO1 X247.951560 Y30.935930 2-1.000000

GO0l X106.963450 Y30.935930 2-1.000000

G03 X106.587404 Y¥32.243414 2-1.000000 1I-7.576860 J-1.471361
G03 X105.974610 ¥33.458880 Z2-1.000000 I-6.445333 J-2.487300
G03 X104.697090 ¥35.083261 2-1.000000 I-7.601246 J-4.663564
GO03 X103.141830 Y36.435630 2-1.000000 I-10.087550 J-10.030472
GO03 X102.969400 ¥38.107779 2-1.000000 1-20.252028 J-1.243405
GO03 X102.369430 Y39.685740 Z2-1.000000 I-3.842423 J-0.557919
G033 X100.419761 Y41.664361 Z2-1.000000 I-6.181245 J-4.140917
G02 X98.333794 Y43.482560 Z2-1.000000 I17.045018 J10.188229

G02 X95.783544 Y47.017541 2-1.000000 19.647185 J9.647199

G02 X94.101654 ¥51.024620 Zz-1.000000 128.957871 J14.510988

GO03 X92.872672 Y¥54.561719 2-1.000000 I-340.631289 J-116.371936
” 1

ANANNN _TIIN _E£NANDN__TAL 1ENN01

120% (=) ' ()

M~ON WOl £ ANAD WIEO 1NETON

If we take a closer look at the code, we can notice that most of the lines have the same
structure. It seems that the “complicated” part of the G-code are all those numbers we see,
which are just Cartesian coordinates.

Let's take a look at a single line and explain how it works.
GO1 X247.951560 Y11.817060 Z-1.000000 F400.000000
The line has the following structure: G## X## Y## Z## F##

e Firstis the G-code command and in this case that's the GO1 which means “move in
straight line to a specific position”.

e We declare the position or the coordinates with the X, Y and Z values.

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



To wrap up, the line GO1 X247.951560 Y11.817060 Z-1.000000 F400 tells the CNC machine to
move in a straight line from its current position to the coordinates X247.951560, Y11.817060
and Z-1.000000 with speed of 400 mm/min. The unit is mm/min because if we take a look
back at the G-code example image, we can see that we have used the command G271 which
sets the units to millimiters. If we want the units in inches, we use the G20 command instead.

The most Important/ Common G-code Commands

So, now as we know how to read a line of G-code, we can take a look at the most important
or commonly used G-code commands. We will learn how each of them work through several
examples, and by the end of this tutorial we will be able to fully understand how G-code
works, how to read, how to modify and even how to write our own G-code.

GO0 — Rapid Positioning

The GO0 command moves the machine at maximum travel speed from a current position to a
specified point or the coordinates specified by the command. The machine will move all axis
at the same time so they complete the travel simultaneously. This results in a straight line
movement to the new position point.

GOO - Rapid Positioning
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The GOO is a non-cutting movement, and its purpose is to just quickly move the machine to
the desired position to begin some kind of job, like cutting or printing.

GO01 - Linear Interpolation



The GO1 G-code command instructs the machine to move in a straight line at a set feed rate
or speed. We specify the end position with the X, Y and Z values, and the speed with

the F value. The machine controller calculates (interpolates) the intermediate points to pass
through to get that straight line. Although these G-code commands are simple and quite
intuitive to understand, behind them, the machine controller performs thousands of
calculations per second in order to make these movements.

GO1 - Linear Interpolation
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Unlike the GOO command which is used just for positioning, the GO1 command is used when
the machine is performing its main job. In case of lathe or mill, cutting material in straight
line, and in case of a 3D printer, extruding material in straight line.

G02 — Circular Interpolation Clockwise

The G02 command tells the machine to move clockwise in a circular pattern. It's the same
concept as the GO1 command and it's used when performing the appropriate machining
process. In addition to the end point parameters, here we also need to define the center of
rotation, or the distance of the arc start point from the center point of the arc. The start point
is actually the end point from the previous command or the current point.

For better understanding, we will add the G02 command after the GO1 command from the
previous example.



GO02 - Clockwise Circular Interpolation
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So, in the example first we have the GO1 command which moves the machine to the X5, Y12
point. Now this will be the starting point for the G02 command. With the X and Y parameters
of the G02 command we set the end point. Now in order to get to this end point using a
circular motion or using an arc, we need to define its center point. We do that using the | and
J parameters. The values of the | and J are relative to the starting point, or the end point of
the previous command. So, to get the center point to the X5 and Y7, we need to make an
offset of 0 along the X axis, and offset of -5 along the Y axis.

Of course, we can set the center point anywhere else, thus we will get a different arc which
ends at the same end point. Here's an example of that:

GO02 - Clockwise Circular Interpolation
J4 (5,12)
Example: End of GO1
Y+ Starting Point for G02
> GO1 X5Y12 F200 |
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"' Initial Position




So, here we still have the same end point as the previous example (X10, Y7), but the center
point is now at different position (X0, Y2). With this we got wider arc compared to the
previous one.

See also: How to Setup GRBL & Control CNC Machine with Arduino

G00, G01, G02 Example — Manual G-code Programming

Let's take a look at a simple CNC milling example using these three main G-code commands,
GO0, GO1 and GO02.

C(5,25) GO1 D(25,25)

E(35,15)

To get the toolpath for the shape shown in the image above we need to following G-code
commands:

G00 X5 Y5 ; point B
G01 X0 Y20 F200 ; point C
G01 X20 YO ; point D

G02 X10 Y-1010J-10 ; point E
G02 X-4Y-81-10J0 ; point F
GO01 X-26 Y-2 ; point
BCode language: Arduino (arduino)

With the first GO0 command, we quickly bring the machine from its home or initial position
to the point B(5,5). From here we start with “cutting” at a feed rate of 200 using

the GO1 command. We can note here that for getting from point B(5,5) to the point C(5,25)
we use values for the X and Y relative to the starting B point. So, +20 units in Y direction will
get us to point C(5,25). Actually, this depends whether we have selected the machine to
interpret the coordinates as absolute or relative. We will explain this in later section.
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Once we reach the point C(5,25), we have another GO1 command to reach the point D(25,25).
Then we use the G02 command, a circular motion, to get to point E(35,15), with a center
point (25,15). We actually have the same center point (25,15) for the next GO2 command, to
get to point F(31,7). However, we should note that the | and J parameters are different from
the previous command, because we offset the center from the last end point or the point E.
We finish the toolpath with another GO1 command which gets us from point F(31,7) back to
point B(5,5).

So, that's how we can manually program the G-code for making this shape. Though, we need
to note that this is not a complete G-code, because we are missing few more basic
commands. We will make the complete G-code in a later example as we first need to explain
those G-code commands.

GO03 — Circular Interpolation Counterclockwise

Just like the GO2, the GO3 G-code command defines the machine to move in circular pattern.
The only difference here is that the motion is counterclockwise. All other features and rules
are the same as the G02 command.

GO3 - Counterclockwise Circular Interpolation

(5,12)
End of GO1
Starting Point for G02

Example:
» GO1 X5Y12 F200

> G03 X0Y7/10J-5
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So, with these three main G-code commands, GO1, GO2 and GO3 we can generate a toolpath
for, literally, any shape we want. You might be wondering now how is that possible, but that's
actually an easy task for a computer and a CAM software. Yes, it's true we can sometimes
manually make a G-code program, but most of the time we do that with appropriate
software which far more easier and safer.

Nevertheless, now explain few more important and commonly used commands and at the
end make a real G-code example.



G20/ G21 — Units Selection

The G20 and G21 commands define the G-code units, either inches or millimters.

e G20 = inches

e G271 = millimiters
We need to note that the units must be set at the beginning of the program. If we don't
specify the units the machine will consider the default set by the previous program.

G17/ G18/ G18 — G-code Plane Selection

With these G-code commands we select the working plane of the machine.

e G17 - XY plane
e G18-XZplane
e G19-YZplane

A e
X ke Ay

The G17 is default for most CNC machines, but the other two can be also used for achieving
specific movements.

G28 — Return Home

The G28 command tells the machine to move the tool to its reference point or home
position. In order to avoid collision, we can include an intermediate point with X, Y and Z



parameters. The tool will pass through that point before going to the reference point. 628 x##
YH## Z##

Reference point Intermediate point

\V\ Possible

~o  Collision

Current point

The home position can be defined with the command G28.1 x## v## zs##.

G90/ G91 - Positioning G-code commands

With the G90 and G91 commands we tell the machine how to interpret the
coordinates. G90 is for absolute mode and G91 is for relative mode.

In absolute mode the positioning of the tool is always from the absolute point or zero. So the
command Ge1 x1e Y5 will take the tool to that exact point (10,5), no matter the previous
position.

On the other hand, in relative mode, the positioning of the tool is relative to the last point.
So if the machine is currently at point(10,10), the command Ge1 x1e vs will take the tool to
point (20,15). This mode is also called “incremental mode”.



More Commands and Rules

So, the G-code commands we explained above are the most common ones but there are
many more. There are commands like cutter compensation, scaling, work coordinate systems,
dwell etc.

In addition to the G-code, there also M-code commands which are used when generating a
real full-fledged G-code program. Here are few common M-code commands:

e MOO - Program stop
e MO02 - End of program
e MO03 - Spindle ON - clockwise
e MO04 - Spindle ON - counterclockwise
e MO5 - Spindle stop
e MO06 - Tool change
e MO8 - Flood colant ON
e M09 - Flood colant OFF
e M30 - End of program
In case of a 3D printer:

e M104 - Start extruder heating

e M109 — Wait until extruder reaches TO

e M140 - Start bed heating

e M190 - Wait until bed reaches TO

e M106 - Set fan speed
Some of these commands need appropriate parameters. For example, when turning on the
spindle with M03, we can set the spindle speed using the S parameter. So, the line m3e
s1eee will turn on the spindle at speed of 1000 RPM.

We can also note that many codes are modal, which means they remain in effect until
cancelled or replaced by another code. For example, say we have a code for linear cutting
movement Ge1 x5 Y7 F2ee. If the next movement is again a linear cutting, we can just type the
X and Y coordinates, without the writing GO1 at the front.

G01 X5 Y7 F200

X10 Y15

X12 Y20

G02 X5Y510J-5

X3 Y6 I-2 J0Code language: Arduino (arduino)

The same applies for the feed rate parameter F. We don’t have to include it in every line
unless we want to change its value.

In some G-code file you can also see "N##" in front of the commands. The N word is simple
to number the line or block of code. That can be helpful for identifying a specific line in case
of an error in a huge program.



Simple G-code Program Example

Nevertheless, after reading all of this, now we are able to manually make a real, actual code.
Here's an example:

Y+ A
I
|
' D(9,19) GO1 E(23,19)
I —
| i\
|
I R4
1 C(515) @ (9,15)
|
: J(13,10) 1(19,10)
1 GO1 G053 > GO3
: K(11,8) ~d H21,8)
| (13,8) (19,8 TGO1
I &) F(32,5)
', 7B(55) GO1  L(11,5) G(21,5) GO1
[ F
& s
 A00) X4
|
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G21 G17 G90 F100
MO03 S1000
G00 X5 Y5 ; point B
G01 X5Y5Z-1 ; point B
G01 X5Y15z-1 ; point C
G02 X9Y19Z-114J0 ;pointD
G01 X23Y19Z-1 ; point E
G01 X32Y5Z-1 ; point F
G01 X21Y52z-1 ; point G
G01 X21Y82Z-1 ; point H
G03 X19Y10Z-11-2J0 ;pointl
G01 X13 Y10 Z-1 ; point J
G03 X11Y82-110J-2 ;point K
G01 X11Y52Z-1 ; point L
G01 X5Y5Z-1 ; point B
G01 X5 Y5 Z0
G28 X0 Y0
MO05
M30

%Code language: Arduino (arduino)

Description of the G-code program:

1. Code initialization. This character (%) is always present at the beginning and at the
end of the program.

2. Safety line: Set programming in metric system (all dimensions in mm), XY plane,
absolute positioning and feed rate of 100 inches/min.

3. Spindle on clockwise at speed of 1000 RPM.



4. Rapid positioning to B(5,5).

5. Controlled motion on the same position, but lowering the tool to -1.

6. Linear cutting movement to position C(5,15).

7. Clockwise circular motion to point D(9,19), with center point at (9,15).

8. Linear cutting to point E(23,19).

9. Linear cutting to point F(32,5).

10. Same straight cutting to point G(21,5).

11. One more straight cutting to point H(21,8).

12. Counterclockwise circular interpolation to position 1(19,10), with a center point at
(19,8).

13. Linear cutting to point J(13,10).

14. Counterclockwise circular cutting to position K(11,8), with a center point at (13,8).

15. Linear cutting to position L(11,5).

16. Final linear cutting movement to position B(5,5).

17. Rise up the tool.

18. Go to home position.

19. Spindle off.

20. Main program end.

Conclusion

So, we covered the basics of G-code, explained the most important and common G-code
commands and manually made our own actual G-code. After all, | think understanding G-
code is not that hard. Of course, there are so many other commands and features used in
CNC machining or 3D printing that we should be aware of, but more on that in some other
tutorials.

If you found this article useful, share it other CNC and 3D printing enthusiasts. Also feel free
to ask any question in the comments section below.
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