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Foreword by Stepcraft 

Dear Reader, 
The invention of Numerical Control (NC) technology in the 1950s and the 
Computer Numerical Control (CNC) technology that followed in the 1970s 
have made it increasingly simple for industrial companies to quickly produce 
runs of identical, high-quality, complex parts. Today, the availability of CNC 
technology to small firms and private users opens up a whole new world of 
technical and creative possibilities. 

In spite of improvements in technology, the knowledge required to produce 
CAD/CAM models and transform them into components using software 
commands often appears too much to master, especially for beginners. 

In this book, Christian Rattat gives you all the help you need purchasing 
your own machine, setting it up, and creating your own objects. He combines 
firm background knowledge with a wealth of tips and tricks on machines and 
machining, creating the ideal jumping-off point for your own CNC exploits. His 
enthusiasm is infectious and proves that CNC technology isn’t rocket science. 
Above all, alongside the countless possibilities CNC machining provides, the 
thing it offers more than anything else is fun! 

Have a great time discovering CNC for yourself.

Markus Wedel and Peter Urban

Stepcraft GmbH & Co. KG
An der Beile 2
58708 Menden
Germany
Phone: +49 (0) 23 73 – 179 1160
info@stepcraft-systems.com
www.stepcraft-systems.com
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Author‘s Foreword

Milling and lathing are the cream of the techniques available to today’s model 
makers and hobbyists. They make it possible to produce metal, wood, plastic, 
and composite components of sufficient strength and precision for today’s 
demanding projects. Combined with computer-based control and 2D or 3D 
models, they provide an almost limitless world of creative possibilities. 

CNC technology has shifted the knowledge required to work milling machines 
toward the use of preprogrammed applications and other computer-based skills. 
Increasingly powerful software and hardware have shifted the emphasis from 
the “how” of machining to the “what.” Once you have produced a working 
model of a component, producing the finished part is often a trivial final step. 
Milling a part takes only a few minutes and components can be duplicated as 
often as you like at a constant level of quality. 

The two greatest hurdles that prevent many people from acquiring their own 
CNC machine are the cost and fear of the complex technology involved: 

 Q Do I have the right skills? 

 Q Where do I start? 

 Q Which programs do I need? 

 Q What gear do I need?

 Q How does the process of turning an idea into a finished part work?

 Q How much does all this cost?

 Q Which tools and settings do I need for which materials? 

If you can’t answer these questions, it can be hard to know where to start. 
Websites and online forums only really help if you have a good idea of which 
answers you are looking for. The huge range of information and opinions 
available makes it virtually impossible for beginners to filter out the input they 
need and, the deeper you delve into the subject, the more expensive it appears 
to become. You are sure to find people who claim it’s impossible to even start 
milling without linear guides, a high-frequency spindle, a ball screw, and a whole 
bunch of other things too, and you might just end up thinking you’d be better 
off using a nail file. This kind of hocus-pocus is great for people who make and 
sell milling machines but is based on a flawed approach. Anyone with a little 



xiii

Foreword

experience will select such a sophisticated tool based not on its specifications, 
but rather on what it is actually required to do. 

These are the challenges I faced as a model maker, so I began with the part 
of the process that costs little or nothing: creating models. Using SketchUp, 
Blender, and other similar programs is a quick and relatively easy way to learn 
how to create 3D models, and it is essential to become really skilled at modeling 
if you want to progress from extruding or cutting basic samples to creating top-
notch components. 

You will only be able to produce adequate models if you properly understand 
complex geometry, sizing techniques, and other design aids. I gained further 
insight into the processes involved by getting a friend to create parts from my 
models using his machine. I quickly learned the principles involved and decided 
to purchase my own machine. This is a great way to get started, and online 
forums are full of people who are happy to mill a couple of models for you, 
usually for a small fee.

It took me a total of about two months to get up and running, and I can now 
model and mill a lot of the parts I need within an hour or two. Duplicating parts 
that I have already made often takes just a few minutes. 

My experiences have taught me a systematic approach to CNC machining 
from the ground up. This book addresses all the essential elements of the process 
and, with a little effort on your part, will help you to quickly start making your 
own CNC machined parts.

The Book Website
The website that accompanies this book can be found at http://cncbuch.de/en/. 
It includes notes and corrections to the text and, as an appendix to chapter 2,  
videos explaining how to set up a Stepcraft Series 2 machine.

I will continue to update the site with tips and useful additions, so make sure 
you check in from time to time. 

Thanks
First and foremost, I would like to thank my editor Ursula Zimpfer; Peter 
Griwatsch, Maik Schmidt, and Wolfgang Lindner for their reviews; and Anke 
Eltermann, Markus Wedel, and Peter Urban at Stepcraft for their professional 
and technical support. Thanks also go to Susan Grey for her moral support; to 
Michael, Miriam, Sabrina, Vanessa, and all the other staff at dpunkt, who made 
this book possible. And, last but not least, thanks to Alfred for the best schnitzels 
in the world. 
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Upcut and Synchronous Milling
Milling processes also differ according to whether the rotational direction of the 
tool is the same as or opposed to the feed direction. During upcut milling, the 
workpiece is fed toward the tool, whereas synchronous (or “downcut”) milling 
feeds the material away from the tool during the cut. 

Fig. 1.13     Upcut and synchronous (downcut) milling

Upcut milling forces the workpiece toward the cutting edge, producing increased 
load and exerting lateral force on the cutter. These forces reach their maximum 
levels just before the cutting edge exits the workpiece surface. If the chip breaks 
at this point, the forces involved dissipate immediately, producing excessive 
compression of the material and an uneven cut. This quick alternation of load 
often causes vibrations in the tool, resulting in so-called chatter marks. 

During downcut milling, the tool and workpiece move in the same direction. 
The force exerted by the cutter is greatest at the moment it hits the surface and  
decreases in the course of the cut. Lateral force is produced when the cutter 
enters the workpiece—i.e., the moment when the cutting edge is more or less 
perpendicular to the direction of feed. The cutter is under less load when it exits 
the cut. This reduces vibration but requires the lead screw to be virtually play-
free. If this is not the case, the tool will drag the workpiece during the cut until 

For Reference
Visit https://www.hoffmann-group.com/US/en/hus/service/downloads 
to download the excellent Machining Handbook PDF, which includes  
descriptions of a huge range of machining tools. The section on milling  
tools begins on page 242.

https://www.hoffmann-group.com/DE/de/hom
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the play is exhausted and the tool once again enters the workpiece with a jolt. 
This negates the potential advantages of the downcut process.

Types of Milling Bits
Milling bits (or “cutters”) are generally classed as “roughing” or “finishing.” 
Finishing bits remove less material and provide a higher-quality finish, while 
roughing bits are used to quickly remove large quantities of material. These 
processes are equivalent to the results produced by the rough and fine files used 
in industrial manufacturing. 

Fig. 1.14     1 mm, 2 mm, and 3 mm solid carbide fishtail bits 
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Alongside the spindle speed, we also have to calculate the appropriate feed 
rate and cut depth per pass and tool overlap (the cut width per pass). Feed rate 
denotes the distance covered by the tool per unit time (for example, millimeters 
per second). For example, if each pass removes 0.5 mm of material, the cut depth 
per pass is also 0.5 mm. Table 3.2 lists typical manufacturer tool values based on 
the 3 mm tool we used for our sample calculations. 

d z vc fz ae ap

min max

3 3 250 350 0.05 1.0 · d 1.0 · d

Tab. 3.2      The basic parameters for our sample 3 mm tool

The cut-width value ae denotes the maximum depth to which the tool can  engage 
with the material during a single face-milling pass, and is often given as a factor 
of the diameter of the end mill. These values vary for different raw materials. 
The tool table 3.2 is based on has a maximum value of 3 mm. The cutting-depth 
value ap denotes the maximum depth the mill can cut during a single pass—in 
this case, also a maximum of 3 mm. In other words, this particular tool can 
remove material with a maximum square area of 3 =�3 mm per pass.

Fig. 3.4     Cut width and depth
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The feed rate is based on the feed-per-tooth value fz. This denotes the cut depth 
produced by a single tooth during one revolution—in this case 0.05 mm. If you 
are using a three-tooth mill, this value has to be multiplied by three to account 
for the three cuts it makes per revolution. 

As we already know the speed range from our previous calculation, the feed 
rate can be derived from the feed-per-tooth value using the following formula:

f n f zz= ⋅ ⋅
mm
min

Our example gives us the following values:

fmin = ⋅ ⋅ =26000 0 05 3 3900, min min
mm mm

fmax = ⋅ ⋅ =37000 0 05 3 5550, min min
mm mm

We now have all the basic values we need. At minimum spindle speed, you can 
remove 3 =�3 mm of material at a feed rate of 3,900 mm/min, which increases to 
5,550 mm/min at maximum spindle speed. 

If the resulting spindle speed range exerts too much load on the machine, 
select a smaller cut-per-pass value in both directions. If that doesn’t have the 
desired effect, you can select a lower feed-per-tooth value. This means that the 
mill cuts less deeply into the material and operates outside of the range specified 
by the manufacturer. Further reducing the feed-per-tooth setting utilizes less of 
the cutting edge, which in turn means the tool has to cut more often to cover the 
same distance and blunts much faster as a result. The force exerted on the tool is 
also distributed over a smaller area, which contributes to faster wear.

Figure 3.5 shows how the forces aggregate at the tip of the cutting edge when 
you apply the same load to a smaller area. This means that more force is applied 
to less of the tool’s surface.
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3.1.5 Cooling and Lubrication
The forces involved in milling produce a lot of heat. If you exceed the 
recommended cutting speed or continue using a blunt or clogged cutter, you run 
the risk of overheating or breaking the tool. It is essential to ensure that cutting 
tools generate as little heat as possible. 

Heat generation can be reduced passively by using coated tools, or actively by 
applying suitable coolants or lubricants while you work. The processes described 

Impossible Settings 
In some cases, it is simply impossible to make optimum settings—for example, if 
the spindle cannot rotate fast or slow enough, or if the machine isn’t rigid enough 
to support the required feed rate. In such cases, the only alternative is to use a 
different tool or carry on with the tools you have using less-than-ideal settings. 

Even if you have to work out of range, it is useful to know the optimum parameters 
so you can at least tweak things in the appropriate direction. Always record the 
settings for combinations of tools and materials that work well together, but 
make a note of poor tools, tricky materials, and settings that produce poor results 
too. Keeping a record will help you to avoid repeating your mistakes, and makes 
purchasing suitable materials and tools easier as you progress. 

Fig. 3.5     An FEA simulation based on different feed-per-tooth values

However, you cannot simply continue to reduce feed rate or spindle speed. If the 
load is still too great at too low a setting, you can reduce the cut width or the cut 
depth per pass to compensate. This means you have to make more passes, but 
the cutting speed remains the same. 
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This chapter explains in detail how to 
use a gantry router to perform:

Q PCB Isolation milling

Q Underwater milling 

Q 2.5D milling using CAM software
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6.1 Isolation Milling

Most hobbyists who make their own printed circuit boards (PCBs) create them 
using etching techniques. The simplest way to do this is to take a copper-plated 
board, mask the areas you don’t want to etch, and place the board in an etching 
solution of ferric chloride or sodium persulfate. The chemical then etches away 
the unwanted parts of the copper plating. Both of these chemicals represent a 
health and environmental risk, and usually have to be disposed of professionally 
by a toxic waste specialist. 

If you don’t require the high-precision results that the etching process offers, 
you can use your CNC router to cut and drill PCBs. This approach also enables 
you to produce two-sided PCBs. A great place to start is using the Eagle software 
package (www.autodesk.com/products/eagle/overview), which is free for private 
use. If you need to create larger PCBs (the free version only works for designs 
up to 80�=�100 mm), you can upgrade to the fully featured subscription-based 
Standard or Premium versions, or simply switch to a different application. With 
a couple of simple tweaks, Eagle can be used to produce output that you can mill 
directly using WinPC-NC.

Fig. 6.1     One of the challenges involved in milling a circuit board
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The real challenge involved in milling PCBs is getting your router to produce 
sufficiently fine structures. Integrated circuits often require traces that run 
between two pins, and standard PCB layouts leave just 2.54 mm (or sometimes 
1.27 mm) between pins. Unfortunately, this doesn’t mean you have 2.54 mm of 
space to play with. Soldering pins to the circuit board requires 0.8 mm holes with 
an additional copper surround, 
which leaves an effective distance 
of just 1.5 mm between pins, which 
in turn has to be milled to produce 
a trace and two isolating surfaces. 
In other words, you have to set up 
your machine to effectively remove 
copper strips that are a maximum 
of 0.1–0.2 mm wide. 

It is obvious you can’t use a 
conventional end mill to cut such 
narrow traces. Furthermore, a 
0.1 mm mill used at 20,000 rpm 
provides a cutting speed of just 
6 m/min, whereas copper requires a cutting speed closer to 100 m/min. Even at 
100,000 rpm, you would only reach a cutting speed of 31 m/min, which is simply 
not enough. 

To get going, we need to make a compromise or two. The copper layer on a 
standard PCB is 0.035 mm thick, and the carrier layer beneath should remain 
unharmed if possible. If the board flexes due to uneven clamping, you won’t 
be able to cut at a consistent depth, and setting the workpiece Z zero point is 
critical, as you will be cutting to a maximum final depth of between 0.1 mm and 
0.3 mm.

The tool of choice for milling PCBs is an engraving bit or “graver.” Gravers 
have V-shaped tips and are available with tip angles of 10 degrees upward and 
thicknesses of 0.1 mm and more. The width of the tip dictates the minimum 
width of the traces you can cut, while the angle of the tip determines how much 
wider the cut becomes the deeper you plunge into the material.

Fig. 6.2     A 60° 0.2 mm graver
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Fig. 6.3     The geometry of the tip of an engraving bit

To calculate the width of the cut, you need to know the opposite side, X, of the 
right-angled triangle formed by half the included angle of the tool tip, _ (in this 
case, 60 degrees), and the adjacent side H. The cut width is then equal to 2=�X 
plus the width of the tip.

B B HFräsbahn Spitze= + ⋅ ⋅2 2tan α

A 60-degree graver with a 0.1 mm tip used at a cut depth of 0.15 mm will produce 
the following cut width:

BFräsbahn = + ⋅ ⋅

° ⋅
=0 1 2 0 15

60
2
180 0 27, , tan , mm  mm  mm

π

To work out the tan, the angle usually has to be converted from degrees to 
radians by multiplying it by //180, as these are the units used by most spreadsheets 
and pocket calculators.

The resulting value equates to the width of the cut at the surface of the board. 
If the copper layer is 0.035 mm thick, the surface width of the cut will be reduced 
to just 0.23 mm.
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