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Personal CNC Design
Enabling Your Ideas

“The Soul of a New Machine”
That’s the title of Tracy Kidder’s 1981 Pulitzer Prizewinning book. It is about the engineers and ideas
behind an intense computer development project at
Data General in the late 1970s. While our project at
Tormach was not a multi-million dollar effort by a major
corporation, we did pour our souls into it. We had
expected the project to take a about a year in
development. It took more time, more effort, and more
money than we had originally planned, but after three
years, we met our goal: to develop a small CNC mill, a
precision machine that would represent a major step
forward in value. It was to be a cooperative venture
between Tormach and a high quality machine tool
manufacturer.
During those three years we designed five unique
machines working in cooperation with five different
manufacturers. The initial manufacturers were selected
after meetings and discussions with dozens of
interested companies.
After the first generation
prototypes were finished, we selected the best among
those five, focusing on one machine and building a
relationship with one company.
Then we began
another sequence of design, build, test cycles. Our
design evolved through four more machine builds
before we put the final design into production. What
follows is a short summary of our thinking and a bit of
the design evolution itself. We offer this in the hope
that it will provide some insight into the creation of the
PCNC 1100.
Personal CNC
The concept behind personal CNC is similar to that of a
personal computer. Above all, it must be affordable.
Expensive machines must be kept constantly in
production, their high cost demands it. Only when a
machine becomes truly affordable can it become a
personal tool. Second in importance after affordability
is ease of use. A personal CNC needs to be easy to
move, easy to learn, easy to use, and easy to maintain.
A Personal CNC provides immediate access to the
power of CNC machining. This enhances the work of
engineers, inventors, technicians, hobbyists, educators,
and anyone who needs to make things. When a
machine tool costs 1/5 of a standard small VMC
(vertical machining center) each student in a machining
class can run his own machine instead of waiting in
line. In R&D, turn around on prototype design takes

minutes instead of days when a machine is “at the
ready” and on site. In general engineering, the designs
sent to production are much improved because the
design engineer can be more directly involved in the
prototype creation.

General Machine Design
Open Architecture
The term “open architecture” has been so abused in
marketing hyperbole that it has been rendered
meaningless. Nevertheless, the design philosophy
behind the term has important implications. Rather
than laying claim to “a fully open architecture,” we offer
here the simple What, How, and Why of our machine
architecture.
What Open Architecture Means to Us
Open architecture means the use of a modular design
with industry standard interfaces between the modules.
Open architecture also means we give full disclosure of
the nature of the interfaces between internal modules.
How Open Architecture Concepts are Applied
• Industry standard control computer (PC &
Windows OS)
• Standard RS274 code language (G-codes and
M-codes)
• Standard drawing and image file support (DXF,
HPGL, BMP, JPG)
• Industry standard machine dimensions
o 5/8” T-slots
o R8 spindle taper
o 3.375” spindle nose
o NEMA 34 axis motor mounts
o IEC spindle motor mount
o ABEC bearings
• Industry standard internal electrical interfaces
o PC – Machine interface is PC printer
port
o Universal VFD motor driver interface
o Standard stepper motor driver interface
o Standard voltage transformers
o Industry standard switches and
controls
• Modular Mechanical Assemblies
o Base, Column, and Head sub-units
o Cartridge Style Spindle
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Why These Things are Important
• Machine uses commonly available tooling and
accessories.
• Machine is easy to maintain, no specially
trained service personal needed.
• Machine manufacturer cannot “hold you
hostage” on replacement parts.
• Obsolescence risk is eliminated.
• Flexible use; machine can be easily modified or
incorporated into a larger manufacturing
system.
Application Characteristics
Our goal in creating a personal CNC is to offer a CNC
mill that can meet the needs of short run applications at
the lowest possible cost. R&D, business startups,
education, and hobbyist users all require a machine
that can handle short runs easily and economically. In
order to understand the design implications of a short
run, let’s compare it to a more conventional application.
Machine setup for cutting a new design part is normally
several hours, yet the cutting process itself may take
only 10 minutes on a conventional machine.
A
conventional small CNC may have a 5 hp to 7.5 hp
spindle. If you reduce the spindle power to something
more like the classic Bridgeport mill (1 hp to 1.5 hp), the
run time will likely be more like 14 minutes. In addition,
a conventional mill will have rapids on the order of 200
inches per minute (IPM). If the rapids are reduced to
65 IPM, the run time might go up to 16 minutes. If
there is no automatic tool changer available, only a
quick-change manual system, the run time might go up
another 2 minutes. The final result is an 18 minute run
time instead of 10 minutes. This is an insignificant
difference in the context of the hours required for
design, setup, fixture, and code development. A 1.5 hp
CNC mill with 65 IPM rapids and no tool changer is
ludicrous in a production environment, where minutes
per piece are crucial.
However, in prototype
development, where run time is a tiny fraction of setup
time, those extra minutes are simply not relevant. What
is extremely relevant is the substantial cost saving
afforded by that design.
It’s clear that in a short run machine precision is as
important as in a production machine, but the need for
spindle power, motion speed, and automatic tool
change are not nearly as important in short runs.

Achieving Precision on a Lightweight Machine
In general practice, any milling machine under 5000 lbs
is considered lightweight. Precision is possible with a
lightweight
machine,
but
certain
necessary
characteristics must be kept in mind. One of the most
important considerations is dynamic stiffness.
Dynamic stiffness refers to the ability of a machine to
resist forces while it is moving. The degree of a
machine’s dynamic stiffness depends upon a number of
factors: speed, inertia, static stiffness, and damping.
As an example, imagine a ¼” diameter rod with a
rounded end; imagine trying to push that blunt rod
through an empty aluminum can. While you might get
through the can, the can gets crunched in the process.
Now take that same aluminum can, set it on a fence
post, and fire a 22-caliber bullet at it. You get a clean
hole with little deformation. The can is weak against
static forces, but very stiff against dynamic forces. The
cleaner cut is the result of dynamic stiffness.
Similar principles can be applied to machining. A
cutting tool cutting into the work piece is equivalent to
the bullet hitting the can. The inertia of the can and the
viscosity of the air are analogous to viscosity of oil film
slide ways, the damping properties of cast iron, and the
overall mass of the system. In these applications the
hydrodynamic damping of sliding ways is superior to
linear bearings and iron is superior to aluminum.
Mass and strength are important, but they must be in
the right place. Iron is best used within the chain of
components that lead from the end mill to the work
piece. If you only have 1000 lbs of iron to work with, it
simply does not make sense to put a lot of it in a
supporting base.
Operating parameters making use of dynamic stiffness
include cutting at the highest possible surface speeds
and using relatively light depth of cut. This means
smaller cutting tools and higher spindle speeds. One of
the design parameters indirectly affected is the need for
coolant. If you’re trying to maintain the highest possible
surface speed, coolant becomes essential. If you have
an 8000 lb mill it might make sense to use a 1” end mill
and chug away at 500 RPM. If you have lightweight
mill then you’re better off to make multiple passes with
a smaller end mill and keep the RPM high.
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KISS Principle (Keep it Simple, Stupid)
Simplicity and robust construction lead to low cost,
long-term value, and reduced maintenance. That is a
given. KISS has been a guiding concept for us
throughout the design process of the PCNC 1100.
Basic Parameters
Keeping in mind the necessity of dynamic stiffness and
considering the range of materials one might cut with
our CNC (plastics, aluminum, steel, iron, and stainless
steels), we concluded that the best speed range for the
PCNC 1100 was around 300 to 4500 RPM. Because
we were designing for short runs, prototype production,
and education, we decided that 1.5 hp was adequate
for spindle power, while 65 IPM was plenty of speed for
machine motion. Noting also that coolant would nearly
always be necessary, we decided to make coolant
control a standard feature of the machine.
Modularity – A la Carte Sales
CNC mills are used in a wide variety of applications.
While a basic machine tool can be designed to suit the
majority of needs, details such as coolant type and
enclosure style are much more variable.
Some
applications will require an open machine like a drill/mill
or Bridgeport, while others are more suited to an
enclosed machining center.
Another dimension of application variability is the
“make” versus “buy” decision. While it’s impractical for
the small shop owner to make his or her own machine
tool, it is fully practical for a user to build a stand or
enclosure for a small machine tool.
In order to satisfy the widest possible community, we
decided to offer the machine, stands and enclosures,
and other accessories as discrete items. Everything is
available à la carte: you buy only what you need.

Detailed Machine Design
Machine Frame
The most common machine designs for lightweight
vertical mills are the knee mill and the bed mill. Knee
mills are common as manual mills: the Bridgeport
design as a universal standard. Knee mills are not
nearly as common as CNC mills because the design
forces a difficult decision for Z motion. The designer
can either provide computer-controlled motion on the
knee or on the quill. If the knee moves, expense of the
control system increases greatly because of the mass

involved. It needs to move both X and Y motion
systems, the whole table, tool holding fixtures, and the
work piece itself. If the quill moves, the range of motion
is severely limited, often to 6” or less. If the quill is
designed to be longer, the system loses mechanical
stiffness.
Another disadvantage of a knee mill is the difficulty of
managing chips and coolant. Manual mill operations
are often limited to cleaning up a surface, drilling a hole
pattern, or cutting to a dimensional outline, operations
where a small chip brush is adequate. CNC operations
often end up turning the majority of the stock into chips;
cutting a shape out of a solid block of metal the way
Michelangelo would cut a sculpture from a block of
marble. Chips and coolant will be flying everywhere.
Containment is difficult with the open frame setup of a
Bridgeport style knee mill.
Bed mills are far more common in CNCs. Compared to
knee motion, it is relatively inexpensive to provide
significant Z motion when moving the entire head.
Compared to quill motion, moving head designs
maintain machine frame stiffness while still allowing a
good range of motion. The bed design with a moving
head eliminates the high forces of knee motion and
allows a greater range than quill-only motion.
As we designed the PCNC 1100, we interviewed as
many machinists as we could. A lot of bed mills under
10,000 lbs have computer controlled Z axis motion of
the entire head as well as manual Z axis motion on a
quill. The manual quill operation resembles a drill
press. Most users told us that they retracted the quill
(the stiffest position), locked it in place, and never
moved it.
Since use of a manual quill seems
uncommon, we deemed it unnecessary and decided
not to provide redundant Z axis motion. The detailed
design ramifications of this decision were enlightening:
fewer machined surfaces, no rack and pinion, and no
split head. The design of a spindle lock becomes much
simpler, the spindle itself is stiffer, and the machine
costs less. It was the KISS principle in action. The
PCNC 1100 only has one way to move in Z: the whole
head moves. If you really want to pull on a handle, buy
a drill press, or go to Vegas and play the slots.
Spindle & Drive System
The spindle & drive system is comprised of the spindle
motor, the transmission, and the spindle itself. The
design of these parts is all interrelated, so it’s best to
approach it as a system design.
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In deciding upon a motor, we considered induction
motors, servo motors, and DC brush motors. Servos
and their electronic drivers add considerable complexity
and cost. Brush motors have maintenance issues and
are not nearly as standardized at induction motors. In
terms of value, simplicity, and long life, the best solution
is definitely an induction motor.
Another important decision we faced was whether to
include infinitely variable speed. With the development
of inexpensive VFDs (Variable Frequency Drives), the
complexity of a mechanically variable speed
transmission is no longer a reasonable solution.
Mechanical drives worked great for Bridgeport
machines in the 1960s, but they were also a common
failure point. Solid state electronics are lower in cost
and higher in reliability than mechanical alternatives for
infinite resolution speed control
We had considered offering variable speed as an
optional upgrade. However, a cost effective upgrade
should be a simple addition that builds upon a
foundation, rather than requiring an elaborate
reconfiguration. If it were simply a matter of adding a
VFD for variable speed, this would be a good solution.
In reality, a machine designed for manual speed
change would incorporate a single phase motor and a
multiple speed transmission. An upgrade to variable
speed would involve replacing the single phase motor
with a three phase motor, as well as adding the VFD
driver. After that conversion, the machine is left with a
complex multiple speed transmission that is completely
unnecessary. We decided that rather than offering
variable speed as an upgrade, we should include it as
part of the basic machine design
The reduced cost of a three phase motor over a single
phase motor and the reduction of complexity in
avoiding a mechanical transmission saved us some
dollars that could be dedicated to the VFD. The
increase in cost was thus relatively small. The desired
speed range still requires a two speed transmission, but
it is a much simpler solution than the 6, 8, or 12 speed
transmissions common on most small milling machines
with single speed motors.
Geared transmissions offer a reasonable way to deliver
high torque at low speeds, but gears become much
more troublesome when the output shaft is required to
exceed 2500 RPM. At 3500 RPM a standard gearbox
will foam the oil bath and heat the oil above 250
degrees F. At 4000 RPM and above the oil viscosity

can absorb as much as 1.25 HP, leaving little power for
the cutting tool. Standard gearboxes are also very
noisy. Our gearbox evaluations here are not simply
conjecture. The development of the PCNC 1100
included two early prototypes designed with gear
transmissions.
Planetary gearboxes with specialized lubrication can
obviate some of the problems, but at a very high cost.
Perhaps the largest limitation with gearboxes is the
huge penalty when they fail. When something comes
loose in a high speed gearbox, it’s generally a
catastrophic failure: the complete gear set will need
replacement. A minor failure issue, more often simply a
nuisance, is the tendency of gearbox oil seals to leak
oil. This is not much of an issue for slow speed
gearboxes, but as the output shaft speed increases,
you either suffer high seal heating from the friction
around a spring loaded seal, or the risk of leaks by
switching to an oil seal with a very light pressure
against the rotating shaft.
Compared to gears, belt drives are the ultimate in
simplicity. V-belts offer efficient transmission at low
cost with a lot less noise. There is no gear oil to leak.
Modern designs such as the Gates Super HC® belts
can deliver 1.5 HP on a 3L (3/8”) belt. The narrow belt
makes speed changes easy. Nevertheless, shifting a
gear lever will always be quicker than changing V-belt
pulleys.
The final factor in our design decision between belt
drive versus gear drive arose from the VFD and
induction motor. A ratio change must be available
because the desired speed range of the machine (300
to 4500 RPM) is about 15:1. This exceeds the speed
range capable of a standard VFD and fan-cooled
motor. However, a speed range of 5.8:1 is easy to
achieve. This means not only that the desired speed
range can be attained by just two ratios, but also that
there will be considerable overlap between the ranges
of the two ratios. For example, where the low speed
range is 300 RPM to 1750 RPM (5.8:1), the upper
speed range will be 750 RPM to 4450 RPM (also
5.8:1). In practice, this overlap means that pulley ratio
changes will rarely be needed.
Most machining
operations of plastics or aluminum alloys can probably
be done in the high speed range, without the need to
change to the low speed ratio. Machining operations
involving steel, iron, or stainless will probably be done
in the low speed range.
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The need for quick speed ratio changes is considerably
reduced by the wide overlap of spindle speeds between
the high and low speed ranges. This makes the quick
ratio change of a gearbox design less significant. With
the superior reliability and efficiency, in combination
with quieter operation, the modern belt drive became
an easy choice for us.
After trying several
combinations, we developed a belt drive in which the
pulley ratio can be changed in 25 seconds, a small
compromise compared to the greater limitations of a
gearbox.
The final design element of the PCNC 1100 spindle and
drive is a 2 ratio V-belt transmission run by a standard
3 phase induction motor. The motor is powered by a
single phase VFD that can operate on either 230 or 115
VAC while putting out variable frequency 3-phase
power. Direction can be reversed under computer
control, thereby allowing tapping operations when using
a floating tap holder. It is infinitely variable through the
range of 300 RPM to 4500 RPM in two overlapping
pulley ratios. This spindle and drive system is simple,
robust, efficient, and quiet.

Update:
This document is a review of the
engineering that went into the original
PCNC 1100. In development from 2002
unitl 2005, the PCNC 1100 was released
for public sale in October of 2005.
While leaving this document intact, we do
need to note that in September of 2008 the
PCNC 1100 was replaced with the PCNC
1100 series II model. While other details of
the design remain essentially the same, the
series II model moved from a 1.5 hp analog
VFD to a 2 hp sensorless vector VFD. The
speed range is now 250 RPM to 5140 RPM
and offers significantly improved low speed
torque plus enhanced acceleration and
deceleration characteristics.

Mechanical Design Aspects
Basic Size
Our objective for the Personal CNC project was to
develop a machine that is more accessible, affordable,
and convenient than anything previously offered. Size
was a very important aspect. We began with a design
point of about 1000 lbs and a shipping crate that can be
moved with a pallet jack. This size allows for delivery
with a standard lift-gate truck; anything much larger
requires a flatbed truck and a forklift. This specification
allows the machine to be moved in a typical office
elevator—a special freight elevator is not necessary. In
our research we found that only a slight increase in
physical size of the machine would more than double
overseas shipping costs, triple local delivery costs, and
greatly complicate the owner’s logistics once the
machine is delivered. As the design cycle progressed,
our machine grew in weight from about 900 lbs to
1130lbs, but we kept the physical dimensions that we
started with.
When comparing different machines, you can get a
rough idea of rigidity by comparing the volume of the
working envelope (X, Y, and Z travel) and dividing by
the machine weight. The result is cubic inches per lb,
where a larger number indicates a less rigid machine.
This comparison cannot be fairly made between a
bench top machine and a floor standing machine,
where much of the weight is in the base does not
contribute to rigidity. A fair comparison also assumes
the machine designer has put the iron in the right place.
Frame Material
The machine frame is cast iron. Iron offers both high
mass and significant damping properties. The mass
and damping aid the dynamic stiffness of the machine,
improving accuracy and reducing vibration.
Cast
aluminum alloys, aluminum extrusions, plastic/stone
composites, and a variety of other materials have been
tried on small milling machines, but none offers the
value and performance of iron.
Frame modularity
While we would prefer that owners keep their machine
assembled, we also realized that there would be
situations requiring disassembly. Moving a machine up
or down a stairs can be difficult unless it’s partially
disassembled.
In those instances the precision
elements of ballscrews and slide ways should be left
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intact. The spindle head is made as a separate casting
from the Z axis saddle. The head can be removed at a
6 bolt flange, thus leaving the Z axis slide ways intact.
The column can be removed from the base by
removing 4 bolts (and a few wires). The column also
includes an eye bolt which can be used for crane lifting
the entire machine, or just the column when it’s
unbolted.
The base includes 4 through holes through which bars
may be slid, making the machine easy to lift using the
forks of a lift truck.
Spindle
The popularity of the Bridgeport manual milling
machine has lead to a plethora of low cost tooling and
accessories. One sub-category of this might be titled
“Things that clamp on the quill.” The 3-3/8” quill
diameter of the Bridgeport has become an industry
standard. Although the PCNC 1100 does not have an
independent motion quill, it does have a nice round end
(spindle nose) on the spindle cartridge that just
happens to be 3-3/8” in diameter. Most anything that
clamps onto the quill of a Bridgeport will clamp onto the
PCNC 1100.
The PCNC 1100 incorporates a cartridge style spindle.
Rather using a design that cuts the spindle bearing
mounts directly into the iron of the head, we chose
instead to mount the spindle bearings into a latheturned cartridge. The cartridge slides into a close-fitting
hole through the head and is attached via a 6-bolt
flange. There are several advantages to this
construction:
•
•
•
•
•

Lathe turned body allows for better concentricity of
bearing mounts.
Lathe turned body ensures concentricity to spindle
nose.
Cartridge can be removed for bearing replacement.
This allows replacement of bearings to be done on
a workbench instead of on the machine.
If you don’t want to replace bearings, the cartridge
can be shipped back to Tormach for rebuilding.
Cartridge mount allows for easy machine
modification. With the cartridge removed, the head
can easily be fitted with anything a manufacturing
engineer might dream up. The cartridge might be
replaced with an ultrasound plastic welder, a glue
applicator, a 40,000 RPM spindle motor, or EDM
system. What might you come up with?

Spindle Details
Nearly all small manual mills have an R8 taper. Most
CNC machines have a steeper 7/24 taper (3.5” per
foot), such as ISO, CAT, and BT tapers. The 7/24
tooling is stiffer than R8 and allows for higher forces.
This feature is important because CNC machining
centers often send 15 to 50 hp or more through the tool
holder. An R8 taper is simply not suitable for delivering
15 hp to an end mill.
The common 7/24 tooling only contacts the spindle
along the taper. Recent innovations have produced a
number of dual face tapers, in which both the taper and
flange of the tool holder contact the spindle. These
include the European HSK taper, the Japanese 1/10
Double Face, and the 7/24 Dual Face. Double contact,
or dual face systems. provide more rigid support and
better repeatability in height.
The wide use of the R8 taper has resulted in a very
competitive marketplace for R8 tooling. The cost
difference between R8 tooling and 7/24 tooling is
significant. A CAT spindle is in the family of 7/24 tapers.
One of the common mail order discount suppliers lists
the following:

3/8” end mill holder for R8 taper
3/8” end mill holder for CAT30
Jacobs 33 to R8 adaptor
Jacobs 33 to CAT30

$17
$73
$13
$122

R8 is commonly used on milling machines with 3 hp
spindles. While not as rigid as any of the 7/24 types,
R8 is certainly stiff enough to deliver the 1.5 hp of the
PCNC 1100. We selected the R8 taper for the PCNC
1100 because of its wide availability and low cost of the
tooling. For many people, the PCNC 1100 is an entrylevel CNC machine. The R8 taper will allow those
people to make use of the tooling they have collected
over time for their old manual mill.
Tooling System
We had reservations about using the R8 taper at first.
While stiff enough to deliver the spindle power we
wanted, R8 tooling is longer than the alternatives and
requires greater clearance. A full 4” clearance is
required to remove a standard tool holder, and it takes
time to unscrew the drawbar. While a short run
machine doesn’t need an automatic tool changer, it
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does get tedious when tool changes take a minute or
two. Quick changes are possible when using collets
instead of solid holders, as long as the next tool is the
same diameter. The problem with collets is that you
cannot repeat the Z height of the tool.
Another issue that troubled us was that it is difficult to
setup R8 tools offline. Offline setup allows the tools to
be measured and entered into the controller tool table,
eliminating the need for repeated Z referencing. What
was needed was a seemingly impossible combination
of factors:
•
•
•
•

Quick change: as quick as simply loosening a
collet, sliding the tool out, and retightening.
Low clearance: standard R8 tooling requires
too much clearance.
Easy offline Z height measurement, thus
eliminating in-machine touch off.
Absolute Z positioning, independent of
variability in drawbar tension.

After lots of thinking, discussing, and testing (that is,
R&D), we developed TTS, the Tormach Tooling
System. TTS tool holders utilize a standard R8 collet,
yet they provide all of the features listed above. TTS
makes use of the principle of dual face contact that is
incorporated in the most modern (and expensive) tool
holders such as HSK and Big+Plus, yet the prices
compare favorably with low cost R8 tooling. Details
can be found at www.tormach.com/tts_products.htm.
It’s not necessary to use TTS with the PCNC 1100
machine; any standard R8 tooling will work.
Nevertheless, with the development of TTS, we are
much more satisfied with our selection of an R8 taper.
The combination of TTS and R8 provides low cost,
ease of use, high precision, and simplicity. TTS makes
an R8 taper acceptable for CNC applications.
The finishing touch for our tool changing system is the
addition of a spindle lock. A standard design for a
manual drawbar requires two wrenches to loosen the
drawbar. Once loosened, the operator needs a third
hand to catch the tool before it falls onto the work piece
or vise. A simple spindle lock allows a tool change with
one hand on a wrench and the other hand on the tool.
An electrical interlock on the spindle cover prevents
inadvertent spindle motor operation while the cover is
open. A mechanical interlock prevents the spindle

cover from being closed while the spindle lock is in
place.
Table Design
Though it seemed a simple matter, there was
considerable design discussion on the table slots. If it
were not for the universal distribution of Bridgeport
machines (they have 5/8” slots), we would probably
have opted for something smaller, like 14 mm or 7/16”,
and put 5 slots on the table. In the real world, 5/8” slots
are so common that you will generally find a 5/8”
alignment key on the bottom of your Kurt vise (or Kurt
vise copy), your rotary table, and 5/8” T-nuts in the hold
down kit of your favorite discount mail order supply
house. If there is an industry standard, it’s 5/8”.
There should always be an odd number of T-slots so
there is always a center slot. A center slot allows
symmetry on the machine and provides greater
flexibility for fixtures. We tried using 5 slots on one of
the prototypes, but there was too much slot and not
enough flat space on the table. Three slots provide a
lot of extra flat space, so we dedicated that space to
two narrow outside slots. The outside slots are for
drainage or fixture alignment.
Axis Motors
There are three options for axis motion control:
1. Brushless AC servo motors
2. Brush type DC servo motors
3. Stepper motors
The industry standard for CNC machining centers is
brushless AC servo motors. This is an excellent design
because the motor coils (where the heat is generated)
are on the outside of the motor case. This allows for
rapid head dissipation. Commutation (coil switching) is
done electronically, and the rotor is little more than a
solid shaft with permanent magnets attached. The
motors provide a flat speed/torque curve, usually out to
several thousand RPM before they reach voltage limits.
There are several limitations to the AC servos.
•
•
•

They are expensive, adding significantly to the
machine cost
They are not standardized. You need to get
matched sets of motors and drivers. There is no
such thing as a universal replacement.
They require feedback encoders.
These are
normally glass disk optical encoders.
The
encoders are sensitive to electrical noise, shock,
heat, and corrosion.

Older CNC systems used brush type servo motors.
None of the mainstream servo manufacturers offers
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brush motors any more, but they are still available from
some sources. Brush motors have the advantage of
being less expensive, however, the brushes wear out
over time. The coils are on the rotor, so it becomes
more difficult to cool the motor. Much of the coil heat is
released through the rotor bearings. A commutation
bar that rotates under carbon brushes does
commutation. At higher speeds there is considerable
arcing between the brushes and the commutation bars.
Brush type servo motors use feedback similar to the AC
brushless motors, so care must be taken to isolate the
motor/encoder package against shock, coolant, and
electrical noise. One advantage of brush type servo
motors is that they are easier to replace.
The
complexity of commutation is done mechanically, not in
the driver. This means that you can often replace a
dead brush type motor with another brand as long as
the rotor mass, torque constant, voltage rating, and
encoder interface is identical.
Outside of the
mechanical mounting, there are no useful industry
standards for brush type motor specification.
Stepper motors are quite different from servo systems.
They are considered “open loop” position systems.
This means they can deliver precise position control
without the need for optical encoders. Stepper motor
systems had a variety of problems until about 10 years
ago. Older designs had problems with resonance and
position loss.
Developments in the areas of
microstepping, anti-resonance circuits, and high
performance motors have improved the situation
considerably.
Modern stepper motor designs are
widely
used
in
industrial
control,
medical
instrumentation, and other computer controlled
applications.
Similar to an AC servo motor, a stepper motor is
basically a solid rotor with permanent magnets. The
coils are on the outside (stator), so heat dissipation is
rarely a problem. Without the sensitive encoders or
motor brushes, stepper motors are normally lifetime
devices, as there is little to go wrong with permanent
magnets and a coil. They are also inexpensive. A
stepper motor motion control system can be assembled
at a fraction of the cost of a typical AC servo system.
One disadvantage of stepper motor systems is related
to their lack of feedback. If the operator suffers a
machine crash the motor can be forced off of position.
Operating without encoder feedback, stepper motor
systems have no way of reporting position error when
crashing into something. When a machine crash
occurs with a feedback based motor, the motor will also

be forced off position, but the machine will see the error
and stop with a fault. In either case, the real issue is to
avoid crashing into things.
While there are a variety of winding styles for stepper
motors, the industry seems to have settled on a basic
design. The standard is a high performance hybrid
motor using a bipolar winding. Stepper motors are
much more standardized than servo motors, generally
offered in NEMA sizes 17, 23, 34, and 42.
Stepper motors are high torque, low speed devices.
The low speed means that bearing failures are rare, far
less common than bearing failures on servo motors.
When taken into higher speeds stepper motors will
show very significant decay of torque. While a servo
motor may provide flat torque out to several thousand
RPM, a large stepper motor will show significant decay
in deliverable torque beyond a few hundred RPM.
They work very well at slow speeds, but at higher
speeds cannot approach the usable torque of a servo
motor.
High speed is essential for production machinery, and
that necessity makes AC servo motors an excellent
choice for that application, despite their high cost. The
PCNC 1100, however, has no need for high axis
speeds. Our design point of 65 IPM is well within the
performance envelope of a high performance stepper
motor. When we considered the excellent economy
and superior reliability of stepper motors, we decided to
use stepper motors for the PCNC 1100. We use 640
oz inch motors. This provides enough torque such that
a severely overloaded machine will normally break an
end mill long before it comes near the force levels
required to stall a motor.
We selected motors with a standard NEMA 34 face
mount, and worked closely with the motor manufacturer
to develop the MTM (Machine Tool Motor) series of
stepper motors. The design has sealant between the
laminations and the end housings, with an overall
powder coat primer to prevent intrusion by exposure to
cutting fluids. The motor’s high torque, low speed
characteristics provide further advantages in that they
allow a direct drive configuration. The motors are
directly mounted on the end of each ballscrew, thereby
eliminating the need for pulleys, belts, and tensioning
systems. The design is simple, accurate, robust, and
inexpensive.
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Brief History of Linear Motion – Axis design
Linear motion mechanics have evolved through many
stages. In the earliest days machine slides were
equipped with brass strips on hardwood ways. This
technique was used in the earliest woodworking
machines, but also in some metal working machines.
For many years machine ways were build of iron on
iron.
Irons on iron was improved with scraping
techniques that both improved geometric accuracy and
created patterns that maintained a better a
hydrodynamic oil film to reduce wear and chatter.
Degradation of the iron surface was also reduced with
various surface hardening techniques.
An improvement to iron on iron was the addition of
chrome. Chrome further reduces wear. Chrome ways
are still common today on some premium manual
milling machines.
The development of low friction plastic surfaces was a
major improvement. PTFE (polytetrafluoroethylene),
trademarked Teflon®, is the most renowned of the
fluorinated polymers. It has a very low coefficient of
friction. There is a problem with it, however. PTFE is
subject to a phenomenon known as cold flow. Under a
modest pressure it will flow like a highly viscous liquid,
losing whatever geometry the designer intended it to
maintain. When it is combined with stronger polymers,
such as an acetal homopolymer (trademark Delrin® as
an example), the cold flow is eliminated while its low
friction properties remain. A variety of proprietary
products have been developed, mainly variations of
PTFE filled acetal. These are sold under trademark
names such as Rulon®, Turcite®, Delrin® AF, and
others. These products reduce friction and wear to a
remarkable extent. Not only is the coefficient of friction
for these compounds exceptionally low, they also
exhibit another very important characteristic: their static
coefficient of friction is very similar to their dynamic
coefficient of friction.
Sliding surfaces generally have a static coefficient of
friction (friction force while sitting still) that is
significantly higher than their dynamic coefficient of
friction (friction force while moving).
Nothing is
perfectly stiff; everything has some spring action to it—
even a heavy iron machine frame. When a force is
applied to a slide to move it, the machine components
will deform a bit (like a spring) until there is enough
force to overcome the static friction. When static
friction is overcome, dynamic friction takes over and the
energy stored in compression turns into motion. The

result is a slip/stick phenomenon, some times called
stiction. Moving heavy loads with very slow motion can
result in intermittent motion; in the worst case in
machining, this manifests as chatter. Because the
static and dynamic coefficients of friction of PTFE filled
acetal are so similar to each other, there is virtually no
chatter. Overall machine accuracy is improved.
Polymer surfaced ways are created by gluing on a thin
layer of material, often about 0.031 inches. The
material is relatively cheap, but it’s a time consuming
process to apply it, requiring skilled labor.
Consequently, one of the disadvantages is that, like
chromed surfaced ways, polymer surfaced ways are
expensive
Most production machine tool designers have replaced
sliding ways with linear bearings. Like ball bearings,
linear bearings use rolling contact instead of slide ways.
While often more expensive than sliding ways, they
offer some unique advantages. First, they are easy to
install. There is not much skilled labor involved in
bolting down a linear bearing assembly. Perhaps the
most important property of linear bearings is the low
force required for high speed motion.
Sliding bearings, even those with plastic surfaces,
depend on a hydrodynamic oil film. Similar to an oil
filled shock absorber, the faster they move, the more
force is required to move them. As demands for
production speeds increase, CNC machining centers
must move faster and faster. A speed of 200 or 300
IPM (inches per minute) was once adequate; now high
end machining centers move at 1000 to 1500 IPM. At
those speeds, the forces that sliding bearings require
are too high; linear roller bearings are a must.
Linear bearings, however, are not without their
limitations. Like ball bearings and ballscrews, linear
bearings must always be protected against
contamination.
They also have low damping
characteristics. Without the damping effect provided by
the viscous oil of a hydrodynamic film, the use of linear
bearings can increase the tendency of a machine to
vibrate and decrease the overall machine damping.
It’s clear that linear bearings, with their low resistance
at high speeds, are a must on large high speed CNC
machines. They are an effective solution for small CNC
machines where the work is limited to low forces and
high speed cutting. This is the case for wood and
plastic routers where these same characteristics allow
routers to be constructed of aluminum, despite its low
damping properties. In our design considerations, we
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concluded that because the PCNC 1100 does not
require high speed linear motion, but must withstand
the high cutting forces of metalworking, that sliding
ways, with their higher damping characteristics, was the
best choice. For long life and high accuracy, we
decided to use PTFE filled acetal surfaces on all ways,
X, Y, and Z.
Ballscrews
Ballscrews are found on nearly all machine tools.
Alternatives such as acme screws with self-adjusting
nuts or plastic nuts simply cannot withstand the high
force world of metal cutting, and are best left to low
force applications.
For those new to the concept, a ballscrew is the
marriage of a ball bearing and a screw. Instead of balls
running in a circular track on one plane, as in a ball
bearing, the balls of a ballscrew run in the spiral track of
a screw.
The sliding, high friction motion of a
conventional screw is replaced with a rolling motion of
balls in a track. Conventional lead screws have
significant backlash and are about 60% efficient as a
transmission of rotary to linear motion. Ballscrews can
be built with zero backlash and 95% efficiency of
transmission.
The accuracy of ballscrews is paramount in machine
accuracy. Precise motion control begins in the motor.
The ballscrew translates the motion of the motor into
linear motion. Any errors in the screw or nut will
directly translate to errors in machine position.

•
•

•

C3 allows 12 um error within any 300 mm (0.0004” per
foot). Cumulative error is not specified, thus allowing as
much as 36 um error at 900 mm.
P4 allows 16 um error within any 300 mm. In imperial
units, this is 0.0006” per foot. Cumulative error at 900
mm is limited to 22 um (0.0008” at 35”).
C7 allows 52 um error within any 300 mm (0.0020” per
foot). Cumulative error is not specified.

The C7 grade is relatively low in cost and often used in
retrofits or conversions of manual machines to CNC.
The low tolerance allows the screws to be
manufactured through a rolling rather than grinding
process.
The design rules we set for the PCNC allowed lower
speed and less spindle power than a conventional
machining center, but we felt it needed the same
precision. With this in mind, we selected the P4 grade
for the PCNC 1100.
The screw is only half of the ballscrew issue; the other
half is the ball nut. A standard ball nut will have free
movement of several thousandths of an inch, which will
produce considerable backlash on the screw. Antibacklash (preloaded) ball nuts are used to prevent this.
There are two techniques used to build an antibacklash ball nut:
•

Oversized balls. The ball nut can be made very tight by
using balls that are slightly bigger than normal. This is a
hand fitting process: someone puts in one ball at a time,
checks for rotating torque, then puts in the next ball. The
hand fitting process is required to set the preload.
Opposed nuts. This involves two complete nuts. The
nuts will have a precision ground spacer between them,
forcing an offset. The preload is determined by the
thickness of the spacer.

Ballscrews and the associated ball nuts are available in
a variety of precision levels. The screw portion is
offered in two basic dimensions: the grade and the
application. Applications are marked as P, T, or C:

•

•

While both techniques effectively provide preload, there
are important differences. The oversized ball technique
creates 4 pressure points on every ball, with each ball
loading against motion in both directions. The opposed
nut technique has one nut dedicated to each direction;
each ball then has only 2 pressure points. The
opposed nut technique of preload is more expensive
because it requires two ball nuts, but the balls last
longer. The oversized ball technique is slightly less
expensive, but the balls wear out sooner.

•

P grade is generally taken to mean position or precision.
P grades are intended for high precision work, such as
that of CNC machines.
T or C grades are referred as transport grades, designed
for utility applications such as lifting, pressing, or other
non-precision applications.

The grades refer to basic accuracy of motion. With P
applications, both incremental and cumulative accuracy
are important. With T/C applications, only incremental
accuracy is specified. As an examples:
•

P3 allows 12 um error within any 300 mm. In imperial
units, this is 0.0005” per foot. Cumulative error at 900
mm is limited to 21 um (0.0008” at 35”).

There is certain compressibility in ball nuts. Under
heavy cutting forces there will be some apparent
backlash even when ball nuts are preloaded. This is
more properly referred to as lost motion than backlash
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because there is really no open clearance in the nut; it’s
just getting compressed under the forces. With a light
preload the compression can be significant. A high
preload provides less lost motion, but it also increases
internal stresses. These stresses heat the screw,
reduce efficiency, and shorten the life of the screw. It’s
essentially the same compromise made when
determining the preload to put on spindle bearings.
For the PCNC 1100, we selected the opposed nut
configuration. The ball nuts have a medium preload for
long life and precision motion.
Lubrication, Protection & Way Covers
Ballscrews require both lubrication and protection from
debris. Wipers at each end of the ball nut are helpful
for keeping debris out of the ball nut; they are also
effective for wiping off oil. Oiling the screw is not an
effective means of getting oil into the nut. The inside of
the nut is the critical place for lubrication, and it should
be oiled directly. The PCNC 1100 has a one shot
lubrication system with an oil line directly plumbed into
each ball nut.
Overall, the lubrication system has 15 points. On each
axis there are 5 lubrication points. These include the
left slideway top and side, the right slideway top and
side, and the ball nut. On each slideway surface there
is a pattern milled the length of the saddle. The oil
point is drilled through to that pattern to allow the oil
pressure to be evenly distributed over the entire
slideway. All of the oil lines are manifold plumbed to a
single shot hand pump.
This may seem excessive to the machinist accustomed
to a manual machine. Conventional practice is to keep
a oil can or oil brush handy, occasionally putting a little
way oil on the exposed surfaces. This is fine for a
manual machine. Most manual machine operations are
limited to cutting an occasional flat surface, drilling a
few holes, and perhaps trimming an end or making a
pocket. You will generally find yourself removing a lot
more material with a CNC at your disposal. This
means chips everywhere and much more motion of the
axis, often 40 times more motion than a manual
machine. With all this motion, maintaining the oil film
becomes essential to long life of the machine. An oil
can is not enough.
Another reason for plumbed lubrication is for the
protection of slideways. The PCNC 1100 has no
convenient access to most way surfaces. Way wipers
can keep large chips from getting jammed under a slide

way, but they cannot remove microscopic abrasive
particles. Not only do exposed slideways tend to pick
up abrasive contamination, they also seem to have a
magnetic attraction to heavy work pieces, vises, cutting
tools, and anything else you just don’t want to drop on
them. We felt it was important to have complete way
covers to protect all ways and ballscrews.
Manual Operation: Hand wheels
It’s unusual to encounter a task that is easier to do on
an old fashion manual machine than on a CNC if the
CNC mill is designed properly for combined manual
and automated operations. Most buyers understand
that they will have a lot of little tasks to accomplish that
will not involve drawings, G-code programs, or
automated sequences. To that end, many people look
for hand wheels on the axis drives of a machine. Lots
of small mills include hand wheels.
Small mills from Haas, Milltronics, Milport, and many
other manufacturers have axis hand wheels. After
watching operations and talking with the operators, we
came to realize that the hand wheels were never used.
Any machine that has a decent operator interface is
easy to jog or increment position through the operator
interface. Slow speed, high speed, small distance or
large—it’s all easier on the operator interface than it is
on the hand wheels.
Operators whose previous
experience was mainly on manual mills predicted the
need for hand wheels, but once they understood the
machine operation and gained some facility, they
realized the hand wheels were just not useful.
Those operators’ experience parallels our own during
the development of the PCNC 1100. The first 3
prototype models included hand wheels. For safety
reasons we tried the folding handle hand wheels, the
clutch engagement hand wheels, and plain round hand
wheels. We found that we never used them when
running the machines, even for odd jobs without Gcodes. We found they were often in the way, and that
they may even be dangerous, despite the special
features.
One aspect of hand wheels most people don’t realize is
that hand wheels are pretty much limited to setup or
drilling operations. They really don’t work well when
milling if the machine is fitted with ballscrews. A
standard lead screw is self-locking. You can apply a
turning force to a hand wheel and make a table move,
but you cannot applying a force at the table and make
the hand wheel turn. Ballscrews are never self-locking.
When a force is applied to the table, the screw will turn
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unless it is locked down in some way. If you release
the CNC motor control and start turning the X hand
wheel, you will see the table move in Y as soon as the
cutter engages the material, unless you’re holding the Y
hand wheel in position. With conventional milling the
machine will tend to dive into the work. With climb
milling the cutter will push the table back, but pull in the
direction of the cut. In either case, hand wheel milling
with a ballscrew machine is difficult and generally
inaccurate.
The killer came in the cost analysis. The precise
position of the ballscrew shaft comes from a preloaded
bearing set at the driven end of the shaft. A bearing at
the other end does not add precision. As a matter of
fact, it needs to be a floating bearing or the system
becomes over constrained. The bearing at the other
end is necessary to 1) keep the shaft from whipping at
high speeds, or 2) support the hand wheel. When
ballscrews are turning at slow speed (remember we
don’t have 150 IPM rapids), they do not need a bearing
to eliminate whipping.
In a detailed design analysis, we found that as long as
linear speeds are below 120 IPM, when you remove the
hand wheel from the design, you also remove a
machined bearing mount, a bearing, and about 6” of
ballscrew shaft. This makes the net cost of the hand
wheels considerably more expensive than they would
first appear.
The bottom line is that hand wheels on combined use
manual/automatic machines appear to be little more
than a marketing tool. They’re eye candy. During the
purchase decision they probably provide a certain
comfort level for the machinist making his first entry into
the world of CNC machining. However, after he gets to
know the machine, he finds he never uses them. While
it is reasonable to include them solely from a marketing
perspective, this sort of thinking does not follow the
design philosophy of the PCNC 1100. The PCNC 1100
does not have hand wheels.
I’m certain that we will eventually get a letter from a
machinist who uses the manual hand wheels on his
CNC machine every day for some very good reason.
That’s fine—we look forward to hearing from him. We
just haven’t heard from him yet.

Control System
Our search for a manufacturing partner originally
spanned the globe. We discussed the project with
companies in Eastern Europe, India, Taiwan, and
China. It quickly became apparent that the best
cooperation and quality was coming from Chinese
companies. What also became clear was the inability
of those companies to provide low cost, high quality
industrial electronics. Early on in the project we
decided to provide all of the electronics for the
machine.
The decision to use PC control for the machine was
never really questioned. The lowest cost embedded
CNC controller would have approximately doubled the
cost of the machine, while also reducing features such
as program size, display, and connectivity.
There are a number of PC-platform CNC control
architectures that are based on a PC operator interface.
In many of those designs, the central control is in a
proprietary circuit board that fits inside the PC; it
requires proprietary control software. While some
companies claim this as an open architecture, it’s really
only open regarding the selection of the PC.
Conversely, in our control architecture we use a
standard PC without any special internal circuits. All
signals to the CNC are generated through the standard
PC parallel printer port.
Printer port control architecture has evolved over the
last 15 years through the efforts of a number of
companies, dedicated individuals, and even the United
States National Institute of Standards and Technology
(NIST). After reviewing a variety of alternative PC
based CNC programs, we selected a program that we
believe offers the best in features, performance, and
value. Nevertheless, the PCNC 1100 remains a fully
open architecture—there are several competitive
programs capable of running the machine. There is
even a free Linux program available, originally
developed through a NIST grant.
Manual Controls
The machine includes a 115 VAC outlet for coolant
power. As a convenience, there is a 3 way switch that
allows these variations:
1. Outlet is powered (coolant on manual)
2. Outlet is off (coolant definitely off)
3. Outlet is under computer control
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One of the advantages of this configuration is that the
outlet is not dedicated to coolant. You could use this to
plug in a Dremel® tool, an air valve for a pneumatic
vise, or even a vacuum pump for hold down of flat
stock.
The operator console also has controls to over ride the
computer for spindle control. When it is switched into
manual spindle mode, the console provides controls for
spindle speed and direction.
We offer a low cost CNC pendent that operates out of
the USB port on the computer. The pendent is not a
complete machine controller, but it is very handy for
setting up positions, as well as for manual operation.
The combination of a pendent for motion and the
manual controls for spindle and coolant make manual
operations easy to perform.

lines, getting into places it shouldn’t be. All of the
power and accessory wiring in the PCNC 1100 comes
out of the bottom of the control cabinet. Since the wires
are pointed down, a natural drip leg occurs, preventing
coolant from following the wires in.
The design
includes a shield that both protects the connection
points and forms a wire tray for the computer and
power cables.
Safety features include a spindle power circuit that is
enabled by both a key switch on the operator console,
and a spindle cover door switch. The key switch
lockout adds security in places where there are
students, children, or unauthorized users. There is also
a key entry to the control cabinet. Rotating the primary
fuses into the off position and then locking the cabinet
door can provide electrical lockout.

There are two additional outlets that are intended for
the control computer and monitor. These are switched
through the main operator console. By providing a
console-mounted switch for the PC, we have made it a
easy and practical to mount the computer in a
completely protected environment, such as in an
enclosed machine stand.

The machine can be rewired for 115 VAC power.
However, because it will draw at the limit of 115V
circuit’s capacity, some people might experience
problems with circuit tripping or brownouts.
Nevertheless, we recognized that 230 VAC is simply
not an option in many situations.

Other Controls
The basic control design includes a universal signal
input that is accessible through a DIN connector on the
front console. The input can be used for a variety of
purposes, such as

Summary: “I think it’s time to shoot the engineer”
Most engineering managers understand this phrase—it
could be something out of a Dilbert cartoon. The
engineer in charge of a new design always wants the
perfect product. A good engineer is never satisfied with
his own work. Through the design and development
process, new and better ideas continually percolate into
the mix. As these ideas evolve, there is always the
urge to delay product release in order to incorporate the
most current ideas. To “shoot the engineer” means that
the design is declared “finished”—no more
improvements accepted—and the product design
moves out of R&D and into production.

•
•
•
•

Probe input for digitizing
Touch off for automatic tool reference
Interface to 3rd party equipment
Home switch for 4th axis reference

The door to the control cabinet opens forward. This
allows the operator full access for maintenance even
when the machine is backed up against a wall.
The control system is pre-configured for easy addition
of a 4th axis. All of the power and signal connection
points are in place. The panel is pre-drilled for the 4th
axis driver and the cabinet is pre-drilled for the 4th axis
motor power connector.

While the future will likely bring changes to the PCNC
1100, we are very happy with the design now, and it
has been released to production. Rest assured, we
have not shot any engineers. They have just been put
to work developing more accessories for the PCNC
1100. The machine design is proven and stable.

Coolant seems to get everywhere in a machining
process and has a tendency to stream along electrical
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Overview:
The choice to power the spindle of the PCNC 1100 with an AC induction motor and VFD (Variable Speed Drive) was made in
2003. As time has progressed the cost of the VFD has increased and the technology has changed considerably, so a decision was
made to investigate the state of the art of VFD technology and take another look at competing drive vendors.
Objectives:
A laundry list of improved operation was created prior to the drive search including;
Faster stopping of the spindle for reduced downtime on tool changes
Elimination of potentiometers for drive adjustments
Higher output power for increased cutting capacity
Wider speed range for more flexibility
Technology:
When the PCNC 1100 was designed the selection of a VFD driver was a relatively easy decision1, but the choice of which brand
VFD driver was rather limited a few years back. We selected an analog volts/Hz driver because, at that time, the advanced
technology drivers were considerably more expensive than the basic models. In the case of reasonably priced VFD’s, the changing
of technology from analog control to digital control has brought increased performance and features. While VFD's have become
more expensive, the difference in price between a basic model and an advanced technology model has narrowed.
For anyone unfamiliar with induction motor technology, the first question might be "what constitutes advanced technology in a
VFD?" The answer to that question has its roots in the basic operating principles of a 3 phase induction motor. Any electric
motor has a rotating magnetic field. Induction motors are referred to as an asynchronous design because the rotor turns at a
lower speed than the rotating magnetic field. The difference between synchronous speed and actual speed is referred to as slip
and it varies as the motor is loaded. Slip is characteristic of an induction motor because it does not have permanent magnets in
the rotor, rather it has electric magnets. There are no brushes or slip rings to carry power the magnets of the rotor. The
electrical current necessary to create the magnetic (flux) field of the rotor is generated by the difference in speed between the
rotating magnetic field in the stator and the rotation of the rotor. Slip is what magnetizes the rotor. As the motor comes under
load the magnetic field in the rotor needs to increase in strength, so the motor slows down, slip increases, and the generating
effect of slip puts more current in the rotor. There are complex mathematical relationships between slip, torque, speed, current,
and voltage. The variations among VFDs lie largely in their ability to manage the necessary calculations. It's a complex problem
and the success of a VFD design is demonstrated by performance.
As various drive vendors were investigated, it became obvious that only digital drives would meet our needs. A number of digital
drives were brought in house to test on the spindle. During this testing, it became clear that those drives with an enhanced
operating algorithm outperformed the more standard drives.

1

http://www.tormach.com/document_library/TD30204_DesignAnalysis.pdf
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There are 3 basic types of VFD’s for Induction Motors:
Volts / Hz
Sensorless Vector
Closed Loop Vector
Volts / Hz drives have the simplest operating algorithms and are typically used for non-demanding applications such as conveyors
and fans. These drives provide an output whose frequency and voltage changes to vary the speed of the motor. The drives have
little knowledge of the motor characteristics or of the connected load. As load variations occur, the speed regulation suffers.
Slip is roughly approximated through motor current and adjusted by a Slip Compensation term. Volts/Hz drives have the
limitation of not being able to deliver significant torque at low speeds.
Sensorless Vector drives have significant computing power and have more knowledge of the motor and load than do Volts / Hz
drives. Motor parameters are entered into the drive memory during set-up and the drives have software that measures motor
characteristics. With this background knowledge the drives can make reasonably good judgments on what is happening with the
motor and load, and therefore react better to changes in load. These drives can produce significant torque at lower speeds that
Volts / Hz drives.
Closed Loop Vector drives have all the features of Sensorless Vector drives and in addition use a feedback device on the motor
so it knows exact motor speed. Because the drive controls the rotation of the magnetic field in the stator and knows the rotation
of the rotor, slip is known precisely, not estimated as in a Sensorless Vector. Closed Loop Vector drives have excellent speed
regulation due to the feedback device on the motor The Closed Loop Vector drive acts much like an AC servo drive and can
even be used in some servo applications. The big difference is in the motor. Servo motors have much less inertia than
comparably powered induction motors and can provide much better performance at low speeds. Vector Drives are more
expensive than Sensorless Vector drives, yet when used with standard induction motors the performance difference is minimal.
Vector drives really shine when they're used with a vector induction motor instead of a standard induction motor. The
combination of a vector drive and a vector motor is nearly as expensive as an AC servo but can also provide acceleration and
zero speed torque like an AC servo.
Sensorless Vector drives were found to provide all the features that Tormach desired for the spindle application. Low speed
capability was increased sufficiently to be useful for the machine. The Closed Loop Vector drive could have allowed the spindle to
be run even slower, however, that did not provide any significant capability to the machine. The speed regulation improvement
with a Closed Loop Vector drive would not add value to the PCNC1100. It was therefore decided that the extra complexity and
cost of a Closed Loop Vector drive was not in keeping with the Tormach philosophy of providing maximum utility at a reasonable
price and Tormach’s adherence to the KISS principal. Not only would the feedback device required on Closed Loop Vector
drives make the spindle drive sub-system more complex, it is well known in the industrial world that sensors (the feedback
device) are the most likely component to fail.
In an attempt to increase the high speed capability of the machine it was discovered that all drives in their standard configuration
would fault if a speed was commanded that was higher than the motor could attain. Typically the motor would accelerate as fast
as it could go and then the control would get confused and the speed would drop to 0. Interestingly, the drive would continue to
pump out current to the motor which could result in motor burnout. This phenomenon occurs because of the way the drives
must operate at the extended speeds we were demanding, over 2 times normal motor speed. All drives behave differently above
the motor’s base (normal) speed than they do below base speed. Below base speeds the motor provides constant torque but
above base speed the motor acts as a constant power device. That means as the speed increased, the torque decreases
proportionately. At twice base speed, the motor will only be able to provide half the torque it can at below base speed. Since
the drag in the spindle and the drag in the motor increase as the speed increases, a point is reached where there is simply not
enough torque to keep going faster. This is the point at which the drive gets confused.
One of the drives in the test group had some additional programmability beyond the typical parameter setting that is done on a
digital drive. This additional capability is used to sense that the drive is having trouble attaining commanded speed and effectively
backs off the speed to the level that can be attained. It is possible that more than normal friction in the spindle could prevent the
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top commanded speed. Now, the motor will just run at a speed as close as it can to the commanded speed and the drive will not
fault through. We refer to this as the speed command fold-back logic. This is a significant enhancement to spindle performance
and allows us to increase the top end speed of the machine. It was also the deciding factor in our choice of the Emerson Control
Techniques drive.
One of our goals was to provide faster spindle stopping and deceleration. At high speed the spindle and motor contain
considerable kinetic energy. During deceleration the motor acts as a generator and the problem of stopping is a question of what
to do with the energy. The original PCNC 1100 drive used a technique known as DC injection braking. The kinetic energy is
absorbed by the motor itself, through a slight heating. The deceleration rate is very limited, usually about 2X the normal coast
down rate. As a part of the drive upgrade we incorporated a braking resistor. With this method the kinetic energy of the spindle
is turned into heat in the braking resistor, thus allowing a high power deceleration.
Performance Increases on the PCNC1100 Drive Upgrade
1. The new drive provides much faster deceleration of the tooling. This is not the result of the advanced technology, but
rather the incorporation of a braking resistor. It takes the standard PCNC1100 about 9 seconds to slow from its top
speed of 4500 RPM to a stop. The upgraded machine will slow from 5000 RPM to a stop in less than 2 seconds. This is
helpful for tool changes. Importantly it also makes the machine very suitable to tapping using a floating tapping head. At
500 RPM the tap will stop in less than one revolution.
2. The new drive is digital and has no potentiometers to adjust to calibrate the drive. There is no chance of bumping a pot
or setting it incorrectly. The drive is programmed by Tormach with the specific configuration we developed for the
PCNC 1100. The configuration includes the speed fold-back logic and programmed support for the optional load meter
(see below).
3. Increased power output and speed range on the motor / drive improve its machining capability.
a. Cutting
i. 1.0” wide by 8.75” long mild steel bar was cut at a spindle speed 1200 RPM using high speed pulleys.
Depth of cut/pass was 0.050”. A TTS Multi Purpose Face Mill (30679) 1.5" Diameter with Octagon
Face Mill Inserts (30682) cutter was used.
1. X axis speed for standard PCNC1100:
21 ipm
2. X axis speed for upgraded PCNC1100:
40 ipm
b. Drilling
i. A 1.0” diameter hole was drilled through mild steel 1.5” thick using a spindle speed of 200 RPM with
the low speed pulleys. Maximum feed rate was 0.54 ipm (inches per minute).
ii. Since the original series machine could not be run as slow as 200 RPM, comparable data does not exist.
4. Speed range has been extended

Machine

Low Speed Pulley

High Speed Pulley

PCNC1100 original

350-1750 RPM

900-4500 RPM

PCNC1100 upgraded

100-2000 RPM

250-5140 RPM
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5.

Power capability has been extended:

Machine

Rating

Cont. Current

Peak Current

Original Drive

1.5 HP

5.0A

7.0A

Upgrade Drive

2.0 HP

7.0A

10.5A

New Available Option
Digital drives in general and the Emerson Control Techniques drives in particular, have programming options that allow several
useful and important pieces of information to be made available to the user. Tormach has programmed the drive to provide the
following information to be displayed on an optional Load Display Panel:
1.
2.
3.

Drive Fault Pilot Light. This light illuminates when there is a condition that makes the drive shut down to protect the
drive / motor system
Spindle On Pilot Light. This light illuminates when the spindle is on and is useful when monitoring the machine at a
distance in noisy environments.
Analog Power Meter. This is a meter with a swinging needle that displays the power being output by the motor / drive.
A primary use of the meter will be to indicate to the user that the tooling is in need of changing. It also gives some
indication of how hard the spindle system is being pushed.

Project Summary
The project required approximately 2 months during the drive selection phase and another month for optimization and tuning of
the selected drive. The drive upgrade design has met all goals for the project:
Faster stopping of the spindle
There is a 450% improvement in stopping time, moving from a maximum of 9 seconds down to less than 2 seconds for
complete stop. This reduces tool change time as well as introducing the potential for using the tension/compression
tapping method.
Elimination of potentiometers for drive adjustments
All potentiometers are gone. This eliminates the variability introduced by the setup technician at the factory and the
variation over time that can be seen with analog electronics.
Higher output power for increased cutting capacity
The original drive had capability of 150% overload to cover peak current conditions. The upgraded drive has a 230%
overload capability. This increase in peak current allows quicker starts and vastly improved carry through under tough
cutting conditions.
Wider speed range for more flexibility
The increased torque at low speed and the improved frequency control at high speed combine to provide a much higher
dynamic range. The original drive allowed a dynamic range of 5:1 between highest and lowest speed. The upgraded drive
offers a dynamic range of 20:1. This is a 400% improvement in dynamic range.
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Introduction
“Best is the enemy of good.” (Voltaire). Voltaire’s idea could be the analog to the more common idiom: "If it ain't
broke, don't fix it.”. Any way you look at it, the concept has a lot to do with the development of Tormach’s Series 3
mills. What started as a simple engineering test of some interesting motor technology evolved into an 8 month
investigation and resulted in an entirely new generation of machines. Despite the fact that our machine designs have
seen years of successful operation, with few maintenance or reliability issues, as engineers we couldn’t leave it alone.
Seeing the performance advancement that was possible, we felt we had to make the change.
The core of the change was a conversion from the more common bipolar stepper motor/drive technology to 3 phase
motor/drive technology. The new technology shows dramatic improvements in linearity, and noise, with reduced
susceptibly to resonance. The result of the design change is a mix of smoother and more accurate operation. The
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PCNC 1100 offers higher speeds, and both PCNC 1100 and 770 models have significant increases in reserve torque
capacity. Additional benefits include reduced motor temperature, drive over temperature protection, reverse power
protection, and short circuit protection. These major changes are complemented with a variety of small detail changes
like improved paint, simplified wiring, and an X axis motor protection shelf. This paper has two major sections, a
design theory chapter that describes how we approached the design decisions, and a summary of the motor/drive
testing which provided the raw data we used as input to our design approach.

Motion System Design Theory
Motion system design in fixed applications like packaging machines, printers, or similar machinery, involves detailed
analysis of machine dynamics with full consideration of friction, loads, and more. Motion system design for CNC
machinery is far different because the masses and application loads are highly variable; depending very much on how
any particular machinist decides to use the machine. When designing CNC machinery we perform a conventional
dynamics analysis, but in addition we like to employ a design approach we call Reserve Torque Analysis. The method is
simple but rarely used because it requires a full knowledge of a force/speed curve.
The value of Reserve Torque Analysis can best be understood when compared to the more common design method
typically used by designers of low cost machinery. For lack of a better term, we’ll call it a Speed Failure Analysis. With
Speed Failure Analysis the design approach is simple: The machine is tested to find the speed at which the machine
faults, and then the design speed is set to some slightly lower speed to avoid faulting. If the machine faults frequently
in use, the recommendation is to pull the speed limit back even further.

Speed Failure Analysis
The frequent use of a Speed Failure Analysis is largely responsible for the bad reputation commonly attributed to
stepper systems. This can easily be understood by looking at some typical speed/force curves. The graph below
shows a typical force curve for a stepper and a servo system. The available force of a stepper (green line) is enormous
at slow speeds, then drops off rapidly, but flattens out to a low force level at higher speeds. In contrast, a servo
system (blue line) has a very flat line for available force until it reaches a speed known as the back EMF1 limit. This
speed is typically higher than can be achieved with a stepper system.

1

EMF stands for Electromotive Force. This is the point where the self‐generated voltage of the motor begins to meet the DC level
of the drive bus, thus losing its capacity to take current.
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Now consider the servo system designer who, during test observes failures at about 280 inches per minute. This is the
point where the servo force (blue line) falls below the force needed by the application (dotted red line). As an
example in the chart, we’re assuming an application load of around 180 lbs of force. Using a Speed Failure Analysis,
the designer might guess that 15% reduction in maximum speed would be safe, thus setting the machine speed limit
to around 240 inches per minute. Looking back at the graph, we can see that due to the sharp decline in servo torque,
a mere 15% reduction in machine speed has created a significant margin in available force.

Now consider the same analysis approach on a stepper system. The system can be observed to fail under load at
around 220 inches per minute. A 15% reduction in maximum speed sets the maximum design speed to 187 inches per
minute. In this case, because we’re into the slow decline area of the stepper force level, the force margin is minimal
and the system remains at risk of failure.
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The net result is that, when using the same design rule, the resulting stepper system is more prone to failure as
compared to a servo system. Looking at the available force at slower speeds, it is clear that the stepper system has
plenty of force at lower speeds. The fault is not with stepper systems in general, but rather with the design
methodology. A Speed Failure Analysis is simply not a good design method when designing with stepper systems.
A better method is Reserve Force Analysis; unfortunately it requires a full detailed knowledge of the speed/force
profile, which is difficult to obtain. When working with stepper motors and drivers there are complex interactions
between motor induction, resistance, inertia, and the electrical characteristics of the stepper drivers. While motor
manufacturers frequently publish speed/torque curves for their motors, the speed torque curves are idealized under
test conditions using a driver selected by the manufacturer. Results are NOT the same when the motors are used in
application, with different mechanics and drivers. The only truly accurate data is that which is recorded in application,
using a machine dynamometer in combination with the actual machine. This is the approach Tormach uses for
collecting data to be used in a Reserve Force Analysis.

Reserve Force Analysis
With Reserve Force Analysis the maximum allowed machine speed is determined so it will maintain a specific level of
reserve force, above and beyond the expected application load. In the examples below we show a system with an
approximate 180 lbs of application load and a 200 lb reserve. On the left graph the servo system design results in 255
IPM limit while the stepper system on the right has a 105 IPM limit. These are the points where the available axis
force intersects the black line, the reserve+application load level. The blue line (servo) intersects at 255, while the
green line (stepper) intersects at 105.
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It should be apparent that this design method is not only more conservative, but it yields a design where the stepper
driven system has no more risk of motion faults than the servo system. In fact the stepper system excels in all aspects
except speed. Consider the case shown below, where the machine is running at 50 IPM. This is a typical speed for
heavy cutting involving large forces. Whereas our design reserve is 200 lbs, the stepper system available reserve force
is 500 lbs in the stepper system while the servo system is only 240 lbs, less than half of the overload reserve capacity.

When performing this sort of analysis it is important to use the continuous force/torque rating of a motor, not the
peak rating. CNC machinery is subject to long runs and experienced machinists regularly tweak their CNC codes to
push the machine continuously to the limit. Use of peak motor rating in a servo system is acceptable only if occasional
errors in machining are allowable.
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Application of Reserve Force Analysis on the Series 3 PCNC Mills
The previous plots used typical stepper and servo profiles. The design summary and analysis plots that follow utilize
the on‐machine data collected at Tormach in our recent motor/driver evaluations. The first chart below compares the
X and Y axis drive systems in the earlier Series 2 PCNC 1100 to the new X and Y drive system we selected for Series 3
PCNC 1100 mills. The 3 phase motor drive combination we found offers so much performance improvement that we
decided to simultaneously increase both our reserve force level and the machine speed. The Series 2 design assumed
a basic load level of 200 lbs and a safety reserve force level of 375 lbs. This resulted in a machine speed limit of 90
IPM.

With the Series 3, the safety reserve limit has been increased to 500 lbs, yet the improved performance of the new
motor/drive combination results in a machine speed increase to 110 IPM.2
The Z axis has a similar story. We assumed a 300 lb application load on Z because of the potential for a large
downward force when drilling. Using a 450 lb safety reserve in Series 2 allowed 65 IPM on the axis. Increasing the
safety reserve to 550 lbs on Series 3 allowed an axis speed increase to 90 IPM. As with the X and Y axis, the Series 3
evolution provides both increased speed and an increase in reserve cutting force for overload situations without risk
of motion faults. The Z axis change does offer reduced available force at slow speed, but remains far more that is ever
needed in applications and overload situations.

2

The curious observe might wonder why we didn’t stay with 375 lbs reserve and increase the machine speed even further. The
answer is that higher speeds, in the vicinity of 130 to 150 IPM, approach mid‐band resonance frequency. Mid‐band resonance is a
subject beyond the scope of this paper.
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The PCNC 770 reserve force graphs are not shown for the sake of brevity, but the results are changes in reserve force
only, the axis speeds have remained the same. The X and Y axis has seen an increase in reserve axial force of175 lbs,
from 225 lbf to 400 lbf. The Z axis has seen an increase in reserve force of 200 lbf, from 350 on the original PCNC 770
to 550 on the new Series 3 PCNC 770

Stepper Motion Technology

Overview of the Technology
Stepper motors are in use in a broad spectrum of motion control applications – annual stepper sales worldwide
approach one billion US dollars ‐ and the technology in stepper drivers has advanced significantly in the last decade.
Because of these technological advances we felt we might be able to improve upon our original motor/drive selection.
In the spring of 2010 we embarked on what turned into an 8 month‐long analysis of currently available stepper motors
and drives in an attempt to improve the performance and value of our product line. The result was a massive project
that absorbed two full‐time engineers for a matter of months. In all, we evaluated 21 drivers and almost 30 motors
from a range of manufacturers. The various combinations of motor and driver resulted in over 1,000 unique tests and
roughly one million data points collected.
What follows is an overview of the operating theory behind stepping
motors and drivers, a description of our testing regimen, a presentation
of a subset of the test data, and a summary of the results.
Stepper Motors
The PCNC 1100 and 770 mills use stepper motors to drive X, Y, Z, and A
axes. Stepper motors have the advantage of being more reliable, less
sensitive to electrical noise, and considerably less expensive than the
alternative, the AC brushless servo motor, while maintaining comparable

Page: 7 of 21 – File name: TD_Series 3 Whitepaper v4.0.docx – Date: 8/24/2011
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – © 2011 Tormach LLC® – Specifications are subject to change without notice

Figure 1

positional accuracy. Stepper motors are typically operated in open‐loop systems, meaning that the drive sends a
position and direction signal, but does not require positional feedback from an encoder. This reduces system
complexity, number of failure modes, and cost. While closed loop control of stepper motors is possible, it should be
realized that the choice of open or closed loop control has no impact on the torque‐producing capabilities of the
motor. A condition that may stall an open loop stepper system (mechanical binding, machine crash) will also stall a
closed loop servo system.
There are a wide variety of stepper motor types currently manufactured (single stack, multi‐stack, variable reluctance,
hybrid) but for precise motion control the industry standard is the hybrid stepper motor. These motors are able to
provide very high torque at low speeds, with positional accuracy typically approaching 1/5 of a degree, translating into
about one ten‐thousandth of an inch of travel on a 5 turn‐per‐inch ballscrew.
In hybrid stepper motors motion is achieved through the interaction of a magnetic field created by current in the
stator winding and the permanent magnet on the rotor. Both the stator poles and the rotor are toothed, typically
resulting in a motor with 200 ‘full’ steps per revolution. Advanced drives allow microstepping, a practice by which the
current in the stator coils is adjusted to achieve positions between full steps, yielding greatly improved positional
accuracy and smoothness of motion.
Alternating currents in the coils of the stepper motor’s stator result in shaft rotation whose velocity is proportional to
the frequency of the alternating current. At high step rates the ability of the stepper driver to deliver its rated current
is impeded by the inductance of the windings and the back EMF of the motor. Practically speaking, this means that at
higher velocities the motor will provide less torque. The high speed performance of a stepper can be extended by
increasing the bus voltage of the driver to a point ‐ drivers that will accept voltages higher than 80V are rare.
Hybrid stepper motors are manufactured with different numbers of phases in the stator. Most common are two and
three phase motors, but five phase and other polyphase motor configurations exist. Two phase motors dominate the
US market; three phase motors are more popular overseas. Three phase motors, while slightly more expensive, have
the advantages of inherently higher positional accuracy and smoother motion because of the added phase. The
number of phases in a stepper motor should not be confused with the power requirements of the motor; while a
three phase induction motor will operate only on three phase alternating current, stepper motor drivers almost
universally require a regulated DC supply.
Stepper Drivers
For a given type of stepper motor, performance is strongly dependent on the motor driver. In our testing we noted
significant differences in torque, positional accuracy, heating, vibration, and susceptibility to resonance between
drivers using an identical motor. In contrast, the motors we tested tended to differ mainly in terms of their mass
moment, induction, resistance, and torque/current ratio. Based on performance criteria alone, the stepper driver may
be the most critical component in the motion control equation. During testing we consistently confirmed the fact that
published motor speed/torque curves cannot be used to predict system performance. The only real performance test
is an on‐machine test using an integrated machine dynamometer.
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Reliability is another important factor in driver selection. In our nearly 10 years of machine manufacturing, we have
seen stepper motors fail only on a handful of occasions. Drivers, like many electronic components, are more
susceptible to the perils of a metalworking environment (coolant, chips, humidity, vibration, heat) than stepper
motors. They are also usually 2 to 3 times more expensive to replace than motors when they fail. As such, it was
important to us to evaluate the amount of abuse that a stepper driver could take before failing.
Stepper drivers take step and direction signals (0 to 5 volt pulses) from the control computer and translate them into
current levels in the windings of the stepper motor. The simplest implementation of such a driver is a circuit
employing an H‐bridge to turn current in a winding on or off:

Figure 2

A differential signal at the X and Y terminals allows current to flow through one of the motor’s windings. Changing the
polarity of the differential signal changes the direction of the current. This simple circuit would drive a stepper motor
in full step mode – current in the motor winding is either “full on” in one direction or the other.
Most drives manufactured within the last ten years have the ability to control the current levels in the motor windings
at increments finer than simply “on” or “off”. The ability to adjust the winding current levels allows the drive to stop
the motor at positions in between the 200 “natural” or “full” motor step positions. This technology is known as
microstepping. Figure three shows an oscilloscope trace of the current in one phase of a bipolar hybrid stepper motor
being driven at a 10 microstep resolution. The discrete current levels between 0 current and full current appear as
stair steps superimposed on the sinusoid:
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Figure 3.

Because the accuracy of most stepping motors diminishes beyond about 1/5 of a degree (about 1/10th of a step), many
microstepping drivers are designed with resolutions of 10 microsteps per step. Depending on the motor, microstep
resolutions beyond 10 may not increase the positional accuracy of the motor/drive combination, but higher microstep
resolution can reduce noise and vibration in the motor. Be aware that higher microstep resolutions are harder to
support from the control computer’s standpoint. A 100 inch/minute feed rate on the PCNC 1100 translates into a step
pulse stream of 16,700 Hz. Increasing the microstep resolution from 10 to 20 doubles the frequency of the pulse
stream (33,000 Hz) needed to drive the mill at 100 IPM. The practical limit for pulse frequency is dependent on the
computer, but frequencies above 30,000 Hz are hard for most personal computers to reliably deliver.
Driver Linearity
In an ideal motor, sinusoidal currents of opposite polarity in the two phases of a bipolar hybrid stepper motor would
result in rotary motion proportional to the changing current. In real life, position deviates from the expected position
by a small amount, as shown on this graph of commanded versus actual position (values from PCNC 1100 Series II X
axis motor/drive):

Observed position (in)

0.003

Linearity of two‐phase motor/driver

0.0025

Two‐phase driver
(PN 30737) and
PCNC 1100 X axis
motor (PN 30199)

0.002

0.0015

0.001
0.001

0.0015

0.002

0.0025

0.003

Commanded position (in)
Figure 4

Note the superposition of a sinusoid over the straight line. This deviation between commanded and actual position
shows the non‐linearity of the motor/driver combination. Sophisticated drivers attempt to reduce non‐linearity by
altering the shape of the current waveform. Others provide an offset adjustment via a trim pot on the drive to reduce
non‐linearity. Because of the presence and spatial orientation of the third phase, three phase stepper motors
inherently exhibit better linearity than two phase motors. The sinusoidal variation is a pattern that repeats every 4 full
steps. Three phase motors are also advantaged by the fact that the native full steps are 300 steps per revolution as
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opposed to the 200 steps per revolution in most bipolar motors. This increased step count yields finer granularity to
any linearity errors.
Noise and Vibration
Noise and vibration in stepping motor systems stem from two causes. At very slow step rates (feed rates under 1 inch
per minute) the stream of discrete pulses results in motor vibration because the rotor motion at these low speeds is
not continuous. At higher step rates vibration is mainly a result of resonance. A stepper motor’s energized stator and
rotor can be thought of as a mass‐spring system. Like any mass‐spring system, stepper motors have natural resonant
frequencies. The maximum motor vibration occurs when the commanded step rate matches the natural resonant
frequency of the motor. This frequency is dependent on motor design, but during our testing we found that two
phase motors resonate at around 50 RPM (corresponding to a feed rate of 10 IPM on the PCNC 1100) and three phase
motors resonate at around 125 RPM (25 IPM). The magnitude of the vibration is strongly dependant on three things:
1. Motor configuration ‐ three phase motors tend to vibrate less than two phase.
2. Motor current setting ‐ higher motor currents lead to more vibration and noise.
3. Drive design – some drives are better at damping resonance than others
The higher vibration peak due to resonance on a two phase stepper is clearly visible in Figure 5:

Vibration ‐ 2 and 3 Phase Stepper Motors
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Figure 5

High speed performance
As previously discussed, stepper motors’ high speed performance is limited by the coil inductance and bus voltage. At
higher speeds the current in the motor coils must alternate more frequently. You may recall that impedance increases
linearly with frequency (
2
). At some point, typically in the range of 400‐700 RPM, the drive is no
longer able to force the rated current through the motor coils, and torque starts to drop off. The drop in current is
accompanied by a drop in torque, and is visible as a “knee” on a speed‐torque curve:
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Speed vs. axial thrust
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Figure 6

The speed at which the drive becomes current‐limited by inductance is determined by (in order of importance):
1. The motor’s inductance (related to number of windings in the stator and the wire size used)
2. The drive’s supply voltage (most drives are limited to ~70VDC)
3. The drive’s ability to source current (dependant on drive design)
The dotted red line shown in Figure 6 corresponds to a motor with low inductance, and therefore very good high
speed performance. The tradeoff, which is apparent on this chart, is that to get high speed performance you must
sacrifice low speed torque. The motor that we have used for the Z axis on the PCNC 1100 Original and Series II
delivered nearly 1400 lbs of linear force to the Z axis at low speeds. At the rapid traverse rates of 65 IPM that same
motor barely transmits 800 lbs of force to the Z axis.
This exposes one of the ruses used by some CNC equipment manufacturers – because stepper motors are rated by
their holding (low‐speed) torque, some manufacturers quote a motor torque rating on their product datasheet
without publishing the drop off in torque that is accompanied by using that motor at any useful feedrate. Beware of
high torque‐rated stepper motors – they are high inductance motors that have considerable torque losses at higher
RPMs.
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Tormach Evaluations
Test regimen
In all, we evaluated 21 drivers and almost 30 motors from a range of manufacturers. The various combinations of
motor and driver resulted in over 1,000 unique tests and well over one million data points that were collected. The
tests performed included:







Positional accuracy (including linearity)
Torque
Noise
Vibration
Heating
Reliability

When possible, these tests were performed in‐situation on the machine itself. This resulted in ‘real world’ values that
can be used to directly quantify improvements as they relate to our machines. We ran tests on machines that were
both within normal spec and machines that had deliberately been put out of adjustment to evaluate the sensitivity of
the test results to variations in machine setup. We tested motor/driver combinations that were coupled to a machine
with over‐tight gibs, loose gibs, as well as motors coupled to just a ballscrew (no table attached). We tested motors at
twice their rated current, and when they failed to overheat at double the rated current we wrapped them in insulation
to heat them further. We tested motors to their breaking point, and we looked at the differences in performance
between motors we had abused and motors we had just taken out of the box. We tortured motors, placing 500 lbs on
the mill table and another 150 lbs on the spindle and then we commanded 150 IPM moves at extreme accelerations in
three axes simultaneously for hours on end. We learned many things during this process (one of which was that
President’s office should not share a wall with the R&D room where machines were tested non‐ stop under load for
months).
It quickly became apparent that the three phase motors had a number of advantages over the two phase motors.
With 300 natural steps per revolution, three phase motors universally displayed better positional accuracy than their
200 steps/rev two phase counterparts. Three phase motors seemed to be much less susceptible to vibration when
operated at their natural resonant step frequencies. Furthermore, the resonant frequencies of the three phase
motors occurred at higher feed rates which were more conducive to inertial damping. Many of the three phase
motors that we tested were able to provide good low speed torque even though their inductance was lower than
comparable two phase motors, meaning that their high speed performance was significantly better than that of two
phase motors. Lastly, we noted that three phase motors and drivers are inherently more reliable, in that there is no
way to cross the phases when wiring the motor to the driver. Crossing wires when wiring a two phase motor to a
driver will destroy the driver; with a three phase motor it causes the motor to run backwards.
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Test Results
Linearity and Positional Accuracy
We used a Fowler Mark IV dial indicator with a resolution of around 1 micron (.00005”) to measure commanded
versus actual position on a PCNC 1100 mill outfitted with a number of different stepper/driver combinations. When
the driver to be tested had a trim pot available for tuning (e.g. Gecko 201) the drives were first tuned according to the
manufacturer’s instructions.
The machine was jogged in increments of 0.0001” – the finest resolution available on a 2 phase 10 microstep motor
system. Three trials of 50 readings (corresponding to 0.005” of travel) were recorded for each motor/drive
combination. Positional error tended to follow a sinusoidal pattern; full step positions were quite accurate but non‐
linearity was evident in between full step positions:

1100 X axis positional accuracy
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0.0025
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Ideal Values

0.0015

Two phase (Series II driver and
X/Y motor)
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X/Y motor)

0.0005

Two phase (Gecko 201X driver
and Series II X/Y motor)

0
0

0.001

0.002

0.003

Commanded position (in)

Figure 7 Positional accuracy results from three motor/driver trials

Absolute values of the positional errors were averaged and a small sample of the results is presented in Figure 8. Note
the greater accuracy associated with the three phase motor/driver combinations – likely attributable to the inherently
greater step resolution (1.2° for three phase motors as opposed to 1.8° for two phase motors). After differences
related to motor type (two versus three phase), the driver had the second greatest influence on the results. The two
phase motor/driver combinations displayed in Figure 8 used the same motor with 6 different drivers, yet the data
show a wide range of positional accuracy values.
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Torque
We used axial thrust as a proxy for measuring stepper motor torque. This thrust force was measured in‐situation on a
PCNC 1100 mill as the load required to stall the X axis over a range of feed rates. The stalling force, measured by a
Crane digital scale, reached values as high as 1600 lbs in some conditions. An initial round of tests was conducted
taking 3 measurements each at 10% increments of feed rates between 0 and 265 IPM. After narrowing down the
field to a handful of prospective motors and drivers, tests were repeated with finer resolution. Three measurements
for each motor/driver combination were taken every 10 IPM between 10 and 200 IPM. Abbreviated results from the
initial round of testing can be seen in Figure 8:
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As mentioned previously, stepper motors tend to generate their maximum (rated) torque at low speeds. We were
particularly interested in finding a motor/driver combination that gave us a flat torque/speed curve that extended into
higher speed operation (feed rates above 100 IPM.) This was another area where three phase systems seemed to
have an inherent advantage over two phase systems. The following chart shows the near absence of the knee in the
torque/speed curve of some of the better‐performing three phase motors that we tested:
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Noise/Vibration
Vibration testing was carried out using a digital vibration meter (CEMA VM6360), with the transducer mounted to the
vertical surface at the right end of the X axis. The machine executed a G code program that moved the x axis for 10
second intervals at each integer feedrate from 1 IPM to 90 IPM. The data correlated so well with decibel readings
taken with a hand help dB meter that vibration data was used as the sole source of noise measurement.
In all cases, three phase motors were significantly quieter than two phase motors. Peak vibrations readings for two
phase motors, occurring at feed rates of around 10 IPM, were on average two to 4 times larger than the resonant peak
on three phase motors. Throughout the range of feed rates, three phase motor noise was inaudible with the spindle
on.
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Reduced vibration directly translates into lower noise. The Series 3 PCNC 1100 and 770s are significantly quieter
because of the change to 3 phase stepper motors. In theory, a machine with reduced vibration will produce a part
with a better surface finish as well, but this was impossible to demonstrate empirically. Differences in surface finish
are difficult to measure, and the effects of tooling, cutting parameters, and fixturing dwarf any influence that the
motors may have.

Heating
Several components contribute to heating in stepper motors. Resistance losses (due to resistive heating in the stator
windings), and iron losses (due to induced currents and hysteresis) are the main sources of stepper motor heating
followed distantly by mechanical losses (friction). When the motor is stopped, only resistive loss contributes to motor
heating. Iron losses contribute more and more to motor heating as the speed of operation increases due to the
alternating magnetic fields in the stator that induce motion. During normal motor operation iron losses dwarf
resistive losses; it has been estimated that iron losses account for ~90% of total motor loss at higher operating speeds.
Most stepper motors are rated for operation up to 200° F. In our testing we found that, while some drivers tended to
heat a motor more than others, it was nearly impossible to get a motor past the range of safe operation. The stepper
motors on Tormach machines are mounted to a substantial mass of cast iron that acts as a very efficient heat sink, and
generally kept the motors within 130°‐150° F. Nevertheless, cooler is better. The heat of a motor can add a small
amount of thermal distortion to the machine and lifespan of any motor may be increased by keeping the operating
temperature low. In consideration of this we took motor temperature data when used with different drivers. When
possible we used the same motor for all measurements – obviously three phase drivers necessitated the use of a
different motor than the two phase drivers.
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All readings were taken using a non‐contact IR thermometer after 1 hour of continuous operation at 50 IPM.
Interestingly, the motor temperature did not correlate well with motor current:
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Figure 12
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The data shows that the three phase driver/motor combinations were able to maintain lower temperatures with
phase currents that were consistently 1 ‐ 2.5 A higher than the two phase driver/motor combinations. It should be
noted that the phase resistance (directly related to the amount of resistive heating) of the two‐phase motor was equal
to that of the three phase motors tested (0.7 Ohms).
Vendor Considerations
Early in the research it became apparent that Leadshine manufactured stepper drivers with superior performance. As
the axis drivers are a critical element in our machinery, we wanted to understand more about Leadshine and how they
did things. In 2010 three engineers from Tormach visited the factory in Shenzhen China where we met the president
as well as several managers and engineers. In the last 25 years I have walked the production floors of many servo,
stepper, and VFD factories. I’ve seen everything in drive manufacturing, from the high end facilities of USA based
Rockwell/Allen Bradley, to backroom circuit board sweatshops in China. I have never seen better facility than
Leadshine. With hundreds of people working in the assembly rooms and thousands of drives in test & assembly, it
was clear that we were not given a prepared “dog and pony show”. Instead we were seeing how things were actually
done. All workstations had top notch test equipment, with Fluke meters and Tektronix scopes everywhere.
Everything was “best in class” from the anti‐static procedures with wrist straps, booties in production areas, through
the environmental controls in the storage area, where reels of electronic components where stored.
Our testing of the digital bipolar stepper drive initially pointed out some software errors in the drive. We worked
closely with their engineers to identify the issues and became involved in developing improvements in that driver. In
the final decision we didn’t use that model drive, but out experience has taught us that the Leadshine engineering
team is responsive, competent, and dedicated to getting it right. We think a lot alike.

Difficult Decisions
After all the data was analyzed, the two leading solutions were 1) Leadshine fully digital bipolar driver 2) Leadshine
analog 3 phase driver. While 3 phase motors are naturally smoother operating than bipolar motors, the Leadshine
digital bipolar drive incorporates smoothing and anti‐resonance algorithms which make a bipolar drive almost
vibration‐free at very low speed. At speeds below 10 inches per minute it appeared to be a superior solution. The
problem was that the fall‐off of torque at higher speeds was far more dramatic on the digital drive than it was on an
analog drive. Our machine designs intentionally limit top speed to something below the point where torque
approaches the necessary levels, leaving a safety zone of surplus torque capacity. If we used the digital driver, that
safety zone would be smaller than we like to see. This is important because, once the surplus torque goes to zero, the
machine runs the risk of actually losing step positions. Understanding that a quiet running motor is nice, but any risk
of losing positing is a machining failure, we decided the 3 phase driver would be a superior solution.
This preference for 3 phase led us to another difficult decision. Tormach has always had a strong dedication to legacy
customers. Every time we’ve developed a major advancement we have been able to offer a retrofit kit that would
bring our earlier machines up the latest technology. If we upgraded the new machine design to a better bipolar
driver, the upgrade kit for older machines would require three new bipolar drivers, expensive but probably affordable.
If we upgraded new machine design to the 3 phase technology then any upgrade kit would have to include three new
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motors as well as three new drivers. It would be a complete change out of axis motion. This would make any upgrade
kit considerably more expensive. It could be difficult for customers with older machines to afford. This came down to
an engineering meeting that focused on this issue. There were 8 engineers and technicians in the room, embroiled in
a 2 hour debate. The turning point came when someone suggested that we simply sell the upgrade kits far below
market value. It was something like “Upgrade kits aren’t a profit center for us, they’re just our way of taking care of
loyal customers, so why don’t we just sell the upgrade kit really cheap?” Perfect solution, end of meeting. The
decision was to use 3 phase stepper technology in all new machines, and heavily discount a 3 phase upgrade kit to
previous machine customers.

Summary
We feel the Series 3 release of the PCNC mills represents a significant step forward in the evolution of the PCNC
product line. We’re also happy that we can provide Series 3 axis upgrade kits for all previous machine customers,
from the recent Series II machines all the way back to serial number 1 of the original PCNC 1100.
In the six years since the introduction of the PCNC 1100 mill, our machines have seen many thousands of hours in
service. Some mills end up as weekend warriors in hobby shops while others are used three shifts in harsh production
environments. The decision to change something that has been proven over years of reliable operation was not taken
lightly, and we needed to fully explore our options before making any changes to the motors/drives of the mill. We
went into this investigation feeling fairly knowledgeable about stepping motor systems, but in hindsight we had a lot
to learn. Given the scope of the testing, we are confident that the Series 3 machines will not only represent an
improvement over the previous models, but will deliver the best performance, reliability, and value of any machine in
their class.

Page: 21 of 21 – File name: TD_Series 3 Whitepaper v4.0.docx – Date: 8/24/2011
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – © 2011 Tormach LLC® – Specifications are subject to change without notice

♦

Verso Filler Page

♦

Automatic Tool Changer for Tormach Tooling
System®
Bob Yellin, President, Z-Bot LLC
Greg Jackson, President, Tormach LLC

Background
The success of the Tormach PCNC series of CNC milling machines has
resulted in a significant number of light production, engineering R&D,
and educational installations. These customers, as well as serious
hobbyists and machining enthusiasts, have requested an Automatic
Tool Changer (ATC) for the PCNC product line. The Tormach Tooling
System ATC required a large research and development effort
culminating in a product consistent with Tormach’s mission to
provide exceptionally engineered products so our customers can
manifest their ideas. Tormach and Z-Bot, a mechatronics company
based in Austin, TX, worked closely together over a two year period,
ATC mounted on a PCNC1100
(From
ATC Patent Application)
through hundreds of hours of testing and dozens of design iterations,
to develop this product. This white paper is one of a series of similar
documents1 reviewing the history and engineering analyses of Tormach products.
Design Criteria
The following sections detail some of the dozens of design choices that were made during the development of the
Tormach ATC to meet the following criteria:





Robust and dependable operation.
Simplicity of operation and ease of maintenance. The PCNC series of mills was designed so that installation,
operation, and maintenance can be done without highly trained field service technicians. Like other
Tormach accessories, the ATC had to be consistent with that approach.
Compatibility with legacy machines and pre-existing G-code. Tormach has an established record of
supporting prior customers with a modular design approach. We felt it was important to continue this with
the ATC. It must work with both older and new Tormach machines.

1

Our customers are usually technically oriented and interested in engineering topics. We publish these Design White Papers to
provide insight into our products to help customers decide whether our product designs are suitable to their needs.
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Affordability. Cost was considered in the context of the other criteria since a low cost ATC that was not
rugged, dependable, or easy maintain would have been a poor value at any price.

What follows is a summary of the major design decisions:
R8 Spindles and ATCs
Tormach developed the Tormach Tooling System (TTS) as a solution to the need for quick change, low cost, low
profile tool holders for small milling machines. As an R8-compatible quick change tooling system the design was
rapidly adopted by R8 spindle users.
There is a conspicuous lack of ATCs for R8 spindles. This is the result of several
factors. The screw type draw bar systems and long tool shanks traditionally
used in R8 spindles do not lend themselves to automated operation. R8
tooling lacks many of the standard features (holding slots, pull studs, locating
mechanisms) found on other forms of CNC tooling systems. Many commercial
CNC machines employ CAT or BT/ISO style tooling, characterized by 7:24
tapers (“7:24” refers to the slope in the taper of the tool holder). Power draw
bars for 7:24 tooling systems are typically actuated via hydraulic or air
operated “fingers” designed as an integral part of the spindle.
These systems often employ costly and complex bearings and other
mechanisms to position and retain the tool during machining. Taper tooling
systems also use drive lugs, which greatly complicate the development of a
compatible machine spindle. Drive lugs are necessary when a tool is driven
with high horsepower and large torque. Any spindle using a lug-driven tool
needs to have spindle orientation features in order to make certain that the
drive lugs do not interfere with the drive dog. The R8 spindle design is
intended for lower horsepower applications and, as such, requires neither
drive lugs nor the complications that come with them. The result is a simpler
spindle design.
TTS is an innovative, collet-based, R8-compatible system. It requires only a
very short vertical movement of the draw bar to secure and release the tool
from the spindle. In particular, these advantages enabled the development of
a cost effective power draw bar, an essential component of any ATC.

Cross section of R-8 spindle,
drawbar, collet, TTS tool holder
and tool changer forks.
(From ATC Patent Application)
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Power Draw Bar
Traditional power draw bars for R8 spindles are essentially automatic wrenches driven by electric motors which
tighten and loosen the draw bar, imitating manual operation. Designed to work as a manual assist, the automatic
wrench-type draw bar has no fixed stopping point. The screw is actuated until the tool is released into the
operator’s hand which is dutifully waiting under the spindle. While it would have been easy to adapt such a
mechanism to the Tormach mill, it is not suitable for an ATC.
A faster, simpler and more reliable design closely resembles a pneumatic collet closer. In this design, a stack of
compressed spring washers (Belleville-type) retains the tool. Further compression by an air cylinder releases the
tool, This design also has the advantage of reducing wear on the collet and drawbar threads.
Our power drawbar is designed to avoid adding load to the spindle bearings. A free body diagram analysis, in
combination with FEA (finite element analysis) was used to identify the path of forces on the spindle flange, cylinder
stack, and other parts. The TTS draw bar operates without additional bearings and can be completely disengaged
from the spindle when inactive so it can be swiveled away from the spindle allowing full access to the draw bar to
change collets or insert conventional R8 tooling.
The draw bar control system was designed with safety interlocks to prevent undesirable operations such as releasing
the tool while the spindle is rotating. Spindle status is communicated to both the ATC and draw bar controllers to
ensure that spindle operations are synchronized with the actions of the ATC and draw bar. For example, the tool
tray moves in to pick up a tool during a change immediately after the spindle stops. Intelligent interaction with the
spindle enables the ATC to more rapidly change tools than if it had fixed time delays.
Tool Holder, Tool Fork, and Spindle Interface
Because the Tormach Tooling System uses straight shank tooling, it has the potential to bind when the shank is not
coaxial with the collet bore. Conventional ATC systems use “V”-shaped slots around the perimeter of the tool
holder to interface with tool forks. The “V” profile allows the tool to skew within the holder, OK for a tapered-shank
tool holder but not for TTS.
To maintain the proper coaxial orientation between the spindle and the tool, the slot in the tool holder was
specifically adapted to provide a flat horizontal surface at the top of the slot mated to a flat surface at the top of the
steel portion of the tool fork. A two-part tool fork consisting of a low friction “spring” atop a rigid steel fork retains
the tool in the holder as the tray rotates and also allows the tool to self-align. A rigorous materials selection process
went into selecting the plastic for the tool spring, one with a high degree of elasticity, and extreme durability.
In our design the tool is allowed to self-adjust along the plane perpendicular to the spindle to accommodate small
variations in position. This was done by designing the inner and outer diameters of the fork, slot, and spring to allow
the required movement. An additional degree of freedom is provided by the backlash in the tool tray gear head
itself. When the bevel at the top of the shank enters the collet bore, the holder/tray design assembly self-aligns for
reliable changes.

Page: 3 of 7 TD10111_Automatic_Tool_Changer_for_TTS_Whitepaper_0212A
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – © 2012 Tormach LLC® – Specifications are subject to change without notice

A relaxed R8 collet has a straight or slightly inward taper (smaller at bottom) to prevent the tool from dropping out
of the spindle when the draw bar is loosened during manual operation. By contrast, the ATC collet is slightly flared
when relaxed, reducing insertion friction and the tendency to bind.
Reliable tool insertion relies on mount rigidity. Minor binding can be overcome by assuring that the tool remains
aligned and does not skew under insertion forces. Although cast iron offers good rigidity as well as damping and
stability, its weight is prohibitive to user installation. We chose
instead a thick-walled steel weldment which gives the right
combination of properties to control the tool change forces.
While the design appears simple, it actually incorporates a mix
of rigidity and flexibility, of precision and compliance, all
directed toward creating a highly reliable and repeatable tool
change. During field testing, hundreds of thousands of tool
changes validated the integrity of this design.
The Tool Carousel
Tool storage in an ATC can be accomplished with a wine rack, carousel, or chain drive. A wine rack mounted on the
milling machine table is inexpensive but offers limited storage, consumes valuable machining envelope and is
difficult to keep chip and coolant free. A chain drive offers potentially larger tool storage, but usually requires a
great deal of adjustment and the complexity of an intermediate tool transfer arm. The carousel approach is simple,
cheap, tough, and if it needs alignment, the geometry issues are usually self apparent.
We’ve continued with the theme of simple, economical, and robust by driving the carousel with a high torque NEMA
34 stepper motor and a helical gearbox. This is a dependable drive system devoid of drive belts, locking
mechanisms, encoders, timing pulleys, or tension adjusters inherent in many carousel designs. Similarly, the chip
door is operated by a simple lever mechanism anchored to the tool change mount.
The ATC has its own CPU which automatically references the system using a proximity sensor at startup. Carousel
position, acceleration, deceleration, speed control, and all other aspects of motor control are relegated to the ATC
control board as part of the embedded ATC control systems which is discussed later in this paper.
The carousel mechanics and control have been designed to meet various tool loads. This is not a minor issue when
you realize that the rotational inertia of the carousel with a full load of large tools can be 100 times greater than that
of a lightly loaded carousel. The bearing and support mechanisms are also able to handle imbalanced conditions,
with heavy tools only on one side.
Robustness and Forgiveness in Design
ATCs are complex mechanisms and as such will inevitably experience failure at some point. Successful designs are
judged as much by how they fail as by how they work. The term “graceful failure” may sound like an oxymoron, but
experience shows that a blown fuse is better than burnt wire, a broken shear pin is superior to a bent shaft, and a
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fault message is preferable to a tool crash. Graceful failure and systematic approaches toward failure analysis are
indicative of maturity in design and of products intended for long life.
Potentials for failures during tool changes exist. Low air pressure or tool tray collisions with table mounted fixtures
are only a couple of classic sources of failures in ATCs. However unlikely or rare such failures may be, a properly
designed ATC will gracefully recover without permanent damage. The ATC control software monitors an optional
pressure sensor at critical times to ensure the pressure in the system is adequate for reliable operation. When low
pressure would hinder operations, the user is prompted to take corrective action. Many small compressors have
slow regulators which require a certain latency time to gate air into the output lines. The pressure sensor waits for
the compressor to “catch up” before resuming the operation.
The carousel is monitored with limit sensors at either end of travel. If the carousel does not arrive at its designated
station, the control program will stop and prompt the user for intervention. Because there is a pinch point between
the mill head and the tool carousel , failure to arrive at the inbound location triggers an automatic retraction. If
software-instituted collision avoidance (see below) does not prevent a crash, nylon sheer pins release the tool and
the holder from the tray thereby preventing permanent damage to the ATC mechanism or the mill.
Our engineering model has intentionally (and unintentionally) undergone every crash possible several times over
and we have yet to replace a single part other than the occasional sheer pin.
Collision Avoidance System
While we do everything possible to mitigate the consequences of a collision, the best solution is avoidance. The
software, in combination with sensors and feedback, prevents the majority of ATC collisions and provides a simple
and reliable automatic restart mechanism to recover incomplete changes.
Z axis location is validated on a continuous basis to ensure that the tray is not actuated at inappropriate times. The
mill head is constrained from diving below the tool tray plane when the ATC is actuated in. Homing the Z axis while
the ATC is at the spindle will result in automatic ejection of any tool that might potentially drag the tool tray up with
it. Finally, the Z axis is automatically moved to a safe position before manual rotation or indexing of the tool tray.
Failed or incomplete tool changes are flagged for automatic recovery at resumption of the part program.
Operators are provided clear warnings when inconsistent operations are attempted through the manual operation
buttons. Every ATC invocation, whether from the MIDI line, part program, or user interface command is preceded
by an automatic machine position integrity check to ensure that nothing is in an unstable intermediate state before
proceeding with execution.
System Control Architecture and Integration
The Windows-based control system has a wide range of options, from classic parallel port (used for primary machine
control), serial communications port (RS232 type), modbus, industrial ethernet, USB, and firewire. We opted for an
industrial USB implementation, which requires no modifications to the host computer and makes use of ubiquitous
hardware. The Tormach ATC is essentially a “plug and play” USB device. It is auto-discovered at startup and
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configured automatically. The USB cable may be unplugged at any point, even in mid tool change, and the system
will wait and resume normal operation as soon as communications are re-established. The hardware is not quite
conventional USB. It incorporates ground isolation techniques and circuit design, providing a “hardened” USB path,
ensuring industrial levels of reliability.
The other end of the USB channel terminates in an embedded control system. Traditional choices for machine
control are PLC’s with ladder logic, antiquated relay based systems, or embedded procedural micro-controller based
solutions. The PLC, developed originally to replace electronic relay based control systems, is a common choice for
one-off machines or retrofit CNC projects. Their advantage is mainly in that they are simple to program for
technicians without special training. The disadvantage is that PLCs are very limited in their logical abilities, and
relatively primitive ladder logic (the language of PLCs) is ill-equipped to deal with a high degree of conditional
execution. They are also expensive.
Our goal was to encapsulate logical ATC functions, while at the same time insulating the overall machine design
from as much hardware complexity as possible. After investigation of alternatives, and given the advances made in
embedded processing power over the last several years, we elected to develop our own control board employing an
onboard ARM microprocessor, embedded firmware, and isolated industrial USB communications.
The paragraphs above are just a brief summary of what was truely a significant automation development project.
For those unaccustomed to control engineering theory and practice, the net result is simple to understand: the ATC
control is based on a microcontroller built into the ATC package. Integration is little more than installing the ATC
software and plugging in a USB cable. It’s simple, clean, cheap, easily added by the user, and exceptionally reliable.

The User Interface
Few customers consider the graphical user interface (GUI) before buying an ATC, but a poor user interface quickly
becomes a sore point and source of frustration. Compatibility with pre-existing machines and pre-existing G-code
programs was a key design goal. In the context of an
ATC, this means respecting the pre-existing tool
numbers and preserving standard M6 commands.
Rather than require tools in the 1-10 range for the ATC,
as is done on many older carousel changers, we elected
to map and store any valid tool number into any
available slot in the tool tray. The user need not be
concerned with the slot a tool resides in. All commands
to the ATC are by the tool number alone.
Instead of the traditional tabular view of the tool
tray/slot assignments, a rotary graphic representation
of the tray is presented as tools appear in the changer

Screen shot showing tool numbers stored in tool carousel.
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at any point in time. Rotating the tray one position, will rotate the graphic to correspond. Tools can be added or
deleted at any time, with manual or automatic insertion or deletion.
Automatic tool height touch-off, traditionally found only on very expensive VMCs, is possible with the Tormach ATC.
Using the optional toolsetter, every tool in the tray is automatically touched off and tool heights are recorded in the
tool table.
Conclusion
No design is perfect and every design decision involves some sort of compromise, weighing the advantages against
disadvantages every step of the way. At the end of the day, the success of any design is really nothing more than a
measure of how well the final product meets the initial objectives. The testing and evaluation process we went
through convinces us that we’ve hit the mark.
We strive to enable people to reach their goals, and for those customers who need an ATC this product is a great
leap forward. It allows them to do far more with their CNC mill with a minimal investment. While the product costs
a bit more than we had hoped, we feel that the simplicity, robustness, and dependability are 100% on target,
resulting in the best possible value.
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Preventing Collet Slip
Best practices and proper maintenance with R8, ER, Morse and other collet systems can
greatly improve tool holding
Background
The widespread acceptance of Tormach Tooling System (TTS) has provided Tormach engineers substantial perspective
on the variety of applications where TTS is used. One aspect of customer feedback regarding the use of TTS had been
troubling. While there were occasional reports of tools pulling out during heavy cutting, there appeared to be no
consistency to the issue. While some customers were frustrated by occasional tool slips, other customers running
similar tooling under more severe conditions never experienced any problems. It became clear that there were
variables involved that went beyond the basic feed, speed, tool, and material issues.
Research revealed no definitive answers, but it did show that the problem was widespread across machining
applications. Collet slip is not unique to TTS. A number of popular tool collets and machine tapers are also prone to
the same issues: R8, ER (DIN 6499), 5C, Morse (DIN 228-1), Brown & Sharpe, Jarno, and others. The problem occurs
with both metalworking mills and woodworking routers. We also found a variety of opinions on techniques to remedy
the problem, some of which seemed reasonable while others seemed questionable. None of the techniques were
backed up by evidence other than anecdotal observations. No real data could be found. We even found variability in
opinion among the machinists and engineers at Tormach.
All of this led to a decision to initiate a test program that could identify the basic variables involved, the impact of
those variables, and the effectiveness of alternative techniques. Results of the test
program were dramatically dependent on technique. Proper technique or poor
technique can result in tool pull-out forces as high as 3750 lbs or as low as 600 lbs.
Doing it right isn’t difficult and makes a tremendous difference.

Understanding the TTS and R8 Collets
TTS is a quick-change dual contact toolholder design that uses an adaptor slightly
modified from the venerable R8 collet system. There are three precision areas on
an R8 collet or TTS adapter. The inside diameter of the collet (Zone A) is ground to
a precise diameter. The length of this section will vary, but it’s always longer than
the taper. The outside taper section (Zone B) is ground to meet the taper of the R8
spindle. The top diameter (Zone C) is a pilot which centers the collet. The outside
of the collet, between B and C is not precision and will be ground smaller than the
spindle, allowing no contact with the spindle.
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A collet with drawbar is shown to the right. The collet is closed by
screwing the drawbar into the collet. Looking at the cross section, it
becomes obvious that there are multiple sliding surfaces where force
applied at the drawbar wrench can be lost due to friction. The only
place you want to have friction is between the tool and the inside of
the collet. There should be anti-seize lubricant used on the outside of
the collet, the threads in the collet, and both sides of the drawbar
thrust washer. Friction in any one of those areas will diminish the
necessary force between the collet and the tool, making the tool more
likely to slip.
As long as we’re looking at R8 geometry, this is a good time to point
out that the keyway in an R8 taper is for alignment only. It’s there to
keep the collet from spinning when the drawbar turns. It is not
designed to take any significant torque. The internal alignment pin
can be sheared off by either not tightening the drawbar enough or by
overloading the taper on torque.

Testing
The test procedures focused on static force pullout of a TTS tool using a hydraulic press. Two variables were
considered:
1. Surface preparation where the inside of the collet meets the outside of a tool, where high friction is necessary.
2. Surface preparation where low friction is necessary. This is the outside of the collet, the threads, and the
thrust washer area at the top of the drawbar.
The complete test report is attached as an appendix to this report. The data provides clear evidence that
demonstrates how differences in the way tools are cleaned or the way the drawbar/collet/spindle system is
maintained can yield dramatic differences in resistance to tool pull-out. Improper surface preparation of the inside of
the collet can reduce tool holding force by 66%. Improper maintenance of the drawbar and lack of lubrication can
reduce tool holding force by 70%.
We found the testing program to be insightful. While we were aware that there was considerable variation in how
people used TTS and drawbar/collet combinations, we were not aware how dramatically those variations in practice
could impact their results. We believe that the conclusions from the test and the operating/maintenance
recommendations below will allow everyone to find greater success with TTS as well as collet based tool holding
systems.

Page: 2 of 16 – File name: TD31090_ToolHolding.docx – Date: 10/26/2010
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – Copyright Tormach® – Specifications are subject to change without notice

Technical Document
Recommendations
The following recommendations are a direct result of the test outcomes.
General Recommendations:
1. Keep the shanks of collet mounted tools clean and dry. Tools must be cleaned when they arrive. The oil used
to prevent rust during shipment is very detrimental to tool holding ability. Tools should be cleaned on
occasion as they can accumulate way oil and oil from coolant emulsions.
2. Keep the inside of the collet clean and dry. Similar to the tools, collets must be cleaned of preservative oil
when first received.
3. Lubricate the outside of the collet and the inside of the spindle taper with anti-seize lubricant. These are
sliding surfaces and are best kept lightly lubricated. You can use Tormach PN 31273 or any other good quality
anti-seize type lubricant. Lubricate sparingly to avoid risk of the lubricant migrating to the inside of the collet.
Only the first inch of the spindle taper needs to be lubricated.
4. Lubricate the threaded section of the drawbar, the thrust shoulder, and the thrust washer with anti-seize
lubricant.
5. Drawbar torque generally needs not exceed 30 ft lb unless extreme machining conditions are expected.
Practical experience guides most machinists. It’s a lot of work to always tighten to 30 ft lbs and light
machining, drilling, or use of small cutters simply does not require that much force. In addition, tightening
more than needed reduces the life of the collet and drawbar. For extreme conditions you can use 40 ft lb of
torque.
6. Inspect and replace the drawbar and collet as needed. A little lathe work can usually clean up a galled surface
on the drawbar thrust shoulder, but noticeable wear at the threads suggests it’s time for a new drawbar. Both
the drawbar and collet are wear items and should be replaced as necessary. If you need a new drawbar, it’s a
good idea to replace the collet at the same time.
Exceptions to Recommendations
If your shop environment leads to problems with rust on clean and dry tools, you can use oil based lapping compound
between the tool and the inside of the collet. The oil base prevents rust while the abrasive creates a high friction
interface. A typical compound would be LOCTITE® Clover® Silicon Carbide Grease Mix at 1200 grit. Use sparingly and
avoid particle sizes larger than 1200 to avoid risk of damage to the spindle taper or other machine parts.

Milling Considerations
We know that there are a variety of factors, including insert geometry, vibrations, shock loading, and other issues
come into play during machining operations. As an example, the high helix angle found on some aluminum cutting
end mills acts likes a fine pitch thread and is more effective than a conventional geometry at translating rotating
torque into downward force, increasing the propensity for pull-out. Nevertheless, if the recommendations above are
followed, we have not found any consistent set of machining factors that will invariably cause tool pull-out. As far as
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we know, there is no need to avoid any particular tool geometry, material, or tool path strategy. We believe that the
recommended procedures above are all that is necessary to avoid tool pull-out.

Appendix
The complete test report is attached.

Credits
The testing was performed at the facilities of SDM Fabricating in Medina Ohio. Analysis of the data and the resulting
test report were co-authored by Scott Mulkerin of SDM and Greg Jackson of Tormach.

About Tormach
The people at Tormach are dedicated to delivering tools, accessories, and components of unprecedented value in the
world of CNC and motion control. Whether you are involved in R&D, education, short-run production, or simply
entrepreneurs with new ideas, Tormach products allow you to make what you need easier, quicker, and more
affordable. Tormach is the inventor and manufacturer of the Tormach Tooling System (TTS) as well as a pneumatic
power drawbar system designed specifically for TTS.
Tormach is headquartered in Waunakee, Wisconsin. For more information about ‘personal CNC’ mills and accessories,
please visit www.tormach.com or contact Tormach directly at info@tormach.com

About SDM Fabricating
SDM Fabricating is a custom machine shop. The shop is lead by Scott Mulkerin, a member of the American
Pistolsmith’s Guild, and specializing in Smith & Wesson revolvers and 1911 style automatics. Scott has developed a
lever operated drawbar for TTS that allows quick tool change without the need for an air compressor. Scott sells the
plans and can also provide machine components necessary for the conversion. The plans and videos can be seen on
his web site at http://www.sdmfabricating.com/LOD.html
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Scope
This testing was done to determine what effect torque,
cleanliness, lubricants and abrasive grits have on the
tendency for the TTS tool holder to “pull out” of the
collet. Keep in mind that all of these tests were done with
a static load and do not account for the harmonic
vibrations induced by tool chatter in unfavorable cutting
conditions.

Testing Methodology and Tools
Load was applied with a 12 ton HF hydraulic press. Load
was measured with a Dillon force gauge. The testing
fixture was built to reach around the spindle and apply
load directly to the TTS tool holder. The TTS blank has a
5/8” hole bored through for a short length of 5/8” rod to
be fitted in. The bottom of the long arms of the fixture are
radiused to match.

Figure 1 - Hydraulic press with test fixture and spindle
under load

Page: 5 of 16 – File name: TD31090_ToolHolding.docx – Date: 10/26/2010
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – Copyright Tormach® – Specifications are subject to change without notice

Appendix: Test Report

Figure 2 - TTS blank loaded in spindle with push bar inserted.

Figure 3 - Long arm just over contact point.

Figure 4 - Long arm in contact position.
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Tools and materials used:






Klean Strip Lacquer thinner
All abrasives were Clover Brand
Snap-On 0-75 ft. lb. click type toque
wrench
Ungar brand Anti-Seize compound
Not shown: WD-40 and way oil

Figure 5 - Tools and Materials

Spindle was held in a pipe vise for “tool
changes”. Good torque wrench etiquette
was followed. If a clean “click” was not
achieved it was loosened and re-tightened.

Figure 6 - Setting Drawbar Torque
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Testing Alternative Friction Surfaces
While the conventional recommendation is to keep both the tool and the inside of the collet clean and dry, this
practice is not always followed. In the first sequence of tests, the Clean and Dry condition is compared to a variety of
reported practices. All tests were repeated 3 times or more if results were outside of the statistical norm. The
variation here is only on the friction surface of the inside of the collet. Treatment of the other areas followed
recommended procedures. This means there was anti-seize compound applied on the thrust surfaces of the drawbar
and outside of the collet, collet threads, and drawbar washer. In cases where the results showed significantly less
resistance to pullout compared to Clean and Dry, testing was not continued.
Fine

Torque

Clean and
dry

Oiled ( as
received )

600
grit
Clover

400
grit
Clover

Polished

sandblast

Light oil

WD40

20 ft lb

1850 lb

700 lb

2000 lb

2100 lb

1650 lb

1750 lb

1500 lb

1450 lb

30 ft lb

2450 lb

900 lb

2750 lb

3000 lb

2800 lb

2100 lb

40 ft lb

3600 lb

1300 lb

3700 lb

3750 lb

3750 lb

1

Observations:
The As Received condition of new tooling has the tool coated with heavy oil, necessary for protection against rust
during shipment. It is very clear that this oil should be removed. Cleaning with WD40 can remove the heavy oil and
provides some protection against rust, but the holding power remains below that of the clean and dry condition. Use
of a fine abrasive suspended in oil, such as Clover lapping compound, has been recommended by some people as a
method of preventing rust while at the same time improving collet/tool interface friction due to the abrasive.

Testing Alternative Drawbar Preparations
We are aware that not everyone will bother to apply anti-seize lubricant to the drawbar, threads, or collet taper.
This set of tests reveals the impact of lubricant, or lack of lubricant, on those surfaces. This testing was done with a
new drawbar, new drawbar thrust washer, new collet, and new TTS blank.

1

Note: The sand blasted finish wore off very quickly, reapplication not worth yield.
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Torque

20 ft lb

Clean and Dry

Galled and lubed

Clean and Dry

Galled and lubed

Machined Surfaces and lubed

TEST 1A

TEST 1B **

TEST 2A

TEST 2B ***

TEST 2C

650 lb

900 lb

900 lb

1650 lb

2050 lb

650 lb

1150 lb

550 lb

1700 lb

2100 lb

600 lb

1000 lb

550 lb

1600 lb

2000 lb

2150 lb

2450 lb

2250 lb

2450 lb

2300 lb

2500 lb

800 lb
30 ft lb

750 lb
750 lb

40 ft lb

1400 lb
1950 lb
2150 lb
2300 lb

750 lb
550 lb
650 lb

750 lb

2900 lb

950 lb

750 lb

2800 lb

950 lb

800 lb

2800 lb

825 lb

2450 lb
2650 lb
2700 lb
2500 lb
2250 lb

3375 lb
3425 lb
3425 lb

** This data should be read from top to bottom. Results improved as the drawbar wore in.
*** This data should be read from bottom to top. Testing Started at 40 foot pounds and worked down, wearing the galled surface in.

Clean and Dry means the drawbar, thrust washer, collet and spindle were degreased and washed with lacquer thinner.
The first column (Clean and Dry TEST 1A) produced the parts for the second column since the washer and drawbar
became galled during the clean and dry test. In the second column, Galled and Lubed, the galled parts from the Clean
and Dry test that were then lubed with anti-seize compound. It was applied liberally to the thrust washer and top of
drawbar and drawbar threads and sparingly applied to the outside tapered surface and top of the R8 collet.
Machined Surfaces and lubed means the parts from Galled and lubed Test 2 were re-machined for a good mating surface.
Two sides of the thrust washer, the shank and head of the drawbar were machined, and the top of the spindle was
dressed with a diamond lap.
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It became apparent in Test 1 that it was wearing in as the torque went up. The test was repeated with a new drawbar
and thrust washer ( Test 2 ) and first torqued it to 40 foot lb and worked it back and forth a few times with a wrench
and then started collecting data and worked down. ( See *** )

Observations
Let us review the table and describe the
results in more explicit terms. Clean and
dry on the drawbar bearing surfaces is
clearly a bad situation. This is 1A and 2A.
The sliding surface at the thrust washer
and drawbar were immediately damaged.
In 1B and 2B, we didn’t bother to repair
the damaged surface, we simply added
lubrication. Sometimes it worked OK
(2B), sometimes it didn’t (1B). We only
restored to proper force levels when we
not only lubricated, but also repaired the
surface by machining (2C).
Figure 7 - Galled Thrust Washer and Drawbar

Figure 8 - Close View of Galled Washer

Page: 10 of 16 – File name: TD31090_ToolHolding.docx – Date: 10/26/2010
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – Copyright Tormach® – Specifications are subject to change without notice

Appendix: Test Report

Figure 10 - Re-Machined Parts

Figure 11 - Anti-seize applied to thrust washer and drawbar
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Additional Testing of Alternative Friction Surface
The initial round of testing included the use of oil based abrasive
lapping compound as a way to protect against rust with the oil
of the compound, while counteracting the lubricant with the
abrasive. It’s clear from the tests that there is increased friction
due to the abrasive, but the practice of putting an abrasive
material in a precision ground collet is questionable. There
should be no wear if the collet did not slip, but there remains
risk that abrasive grit will migrate to the outside of the collet,
where it slides against the spindle taper. Conservative use and
proper procedures can mitigate the risk, but the issue remains.
The question came up of just how fine a grit could remain
effective for increasing friction. While any abrasive will remove
metal, in practice it becomes apparent that grit finer than 1000
is more of a polishing compound than a metal removal agent. If
small amounts of very fine grit were to migrate from the inside
of the collet to the outside of the collet, it would be unlikely to
result in any significant change in spindle taper geometry. It
would be more likely to polish the inside of the spindle and
thereby reduce friction, which is what is desired between the
collet and the spindle taper. This lead to the tests that
compared 1200 grit to 600 grit lapping compound.

Figure 12 - Anti-seize applied between thrust
washer and spindle.

Torque

1200 Grit (lbf)

600 grit (lbf)

20 ft lb

1900 / 1950 / 1950

2150 / 2150 / 2200

30 ft lb

2650 / 2650 / 2450

2750 / 2650 / 2650

40 ft lb

2900 /3175 / 3175 / 3175

3700 / 3300 / 3300

Clean and Dry (lbf)

3650 / 3450 / 3250 / 3350

3750 / 3450 / 3350 2

The testing was done with the collet and drawbar from Test 2 with machined thrust surfaces. The abrasive paste was
applied to the TTS shank only, and the 1200 grit was done first. For comparison, the 600 grit test was repeated with

2

600 grit re-applied
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these same parts. The shank and collet were cleaned with lacquer thinner before applying the coarser grit. At 40 foot
pounds of torque, we noticed that after the first test the force required to “pop” the collet decreased. This resulted
in the 40 ft. lb. test being repeated with a fresh
application of abrasive paste. With similar results, we
concluded that the “pop” or failure of the grip broke
down the abrasive grit, and is unlikely to be a
problem unless it fails. Essentially, the majority of the
large abrasive particles were probably broken with
the instant of the first slip.
After the 600 grit test, we cleaned the shank and
collet and retested Clean and Dry to see what, if any,
affect the abrasive had on the parts. As before, after
the “pop”, results were reduced with each failure as
it burnished the surface. Without the failure it does
not appear that burnishing would occur.

Figure 13 - Compound spread around with finger

Observations
Use of 1200 grit lapping compound shows some
reduction in gripping power relative to the 600 grit,
however the difference in gripping power is
insignificant. The different in observable wear on the
parts is significant.
.

Figure 14 - Effect of 1200 grit compound on shank after about
10 torque / failure cycles
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Figure 15 - Effect of 600 grit compound on shank after about 10 torque /
failure cycles. New TTS blank on left for comparison

Figure 16 - Thrust surfaces after about 50 tests with anti-seize. Looks
great and feels smooth.
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Figure 17 - Effect of 1200 grit compound on collet

Figure 18 - Effect of 600 grit compound on collet

Conclusions
The motivation for these tests was the observation that some operators occasionally experience pullout while others
never experience the problem, yet those who never have the problem are often running similar tooling, cutting
tougher materials, or driving the machining process harder. The tests were done as an effort to identify what might
be the variables between techniques that have problems and techniques that do not.
The first set of tests confirms the conventional recommendation for clean and dry inside the collet and outside the
tool. It also showed the dramatic reduction in holding power if the tool was left with heavy oil on the surface.
The second set of tests confirms the importance of using anti-seize lubricant on the threads, drawbar, and the outside
of the collet. If the draw bar and collet thrust surfaces are not properly lubricated with an appropriate anti-seize
compound then applied torque will not be transmitted to the collet and holding power will be drastically reduced.
Tests also show that, while the addition of lubricant can improve a damaged drawbar, resurfacing the drawbar is
necessary to restore full holding power. Recognize that both drawbar and collet are wear items and should be
replaced as necessary.
What was not tested was the combination of doing things wrong. The first set of tests showed an oiled tool has only
33% of the holding power of clean and dry. The second set of tests showed a dry drawbar yields only 25% of the
holding power of a lubricated one. We did not combine to test an oiled tool with a dry drawbar, but the data clearly
leads to the conclusion that holding power would be exceptionally poor.
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A clean and dry TTS shank and collet interior seems to be pretty hard to beat. If you have a rust problem in your
shop and you must have some lubrication on your tools to keep them from rusting, then the 1200 grit compound can
probably be used without causing any damage. In extreme cutting conditions you can get improvement using the 600
grit compound. Never the less, our overall recommendation is for clean and dry tools on the inside of the collet, and
anti-seize lubricant for all sliding, threaded, and thrust surfaces. Our recommendation for drawbar torque is to not
exceed 30 ft lb unless extreme machining conditions are expected. Practical experience guides most machinists. It’s a
lot of work to always tighten to 30 ft lb and light machining, drilling, or use of small cutters simply does not require
that much force. As our tests show, proper practice in other areas does more to hold the tool than excessive force
at the wrench.
Finally, we would like to make it clear that we do not presume that simple static pullout testing in any way reproduces
the full spectrum of complex factors that affect tool slip. Additional forces, vibrations, shock loading, and other
factors come into play during machining operations. Nevertheless, it should be apparent that resistance to pullout on
a static load test has a strong bearing on resistance to pullout during machining operations.
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CAD/CAM for Tormach PCNC Mills
Suggestions for success to CAD/CAM Novices
Background
Choosing the right design software to work with the PCNC, or any CNC system, can be
confusing, especially if you‟re new these types of systems.
There are lots of options out there. Are some better than others? Undoubtedly. But
determining which is right for your needs depends on a number of factors – the type of
machining that you want to do, your budget, your patience, etc.
Here are a few thoughts to help you make an informed decision.

CNC Software 101
To understand CAD and CAM, it helps to understand the roles they play in the CNC
process.
CNC mills like the Tormach PCNCs use a controller to translate G-code into the tool
path motion that ultimately makes your machined part. The standard controller option
with Tormach PCNCs is Mach3, a PC-based control program developed by ArtSoft.
Another option available is EMC2, an open-source Ubuntu Linux –
based control program.
G-code is relatively simple to understand with a
little bit of practice, and many times a few simple
lines of G-code hand-typed in to the Control
Software interface is enough to get a small job
done. This is called MDI, or Manual Data Input.
Mach3 also comes with wizards – little programs
that can help you easily generate code for more
advanced movements right at the machine.
Wizards are available for pocketing, text engraving,
thread milling, and many other simple jobs.
However, it should be apparent that many
machined parts – even those that look relatively
simple – require 1000s of lines of code to machine. It‟s an impractical,
and not to mention error-prone task to hand-code these parts. To program these
parts, CAD (Computer-Aided Design) and CAM (Computer-Aided Manufacturing)
systems are needed.
CAD is the software tool used to design your part. Whether you draft a simple line
drawing or build a complex 3D solid model, CAD is where virtual pen is put to virtual
paper and serves as the platform for animation, simulation, or in our case, CAM.

CAM generates machining tool-paths based on your instructions. For example: “cut this pocket with a ½” end
mill,” or, “drill this hole with a 5/16 drill”. You tell it A) what to cut, B) what tool to use, and C) how to cut it, and
it does the math for you.
CAM assembles a series of these commands into a single set of machining instructions, called a part program. It
then converts the part program to G-code
that the machine controller can understand
with a postprocessor – basically a translator that
A Brief Word on Postprocessors
A postprocessor is the „translator‟ that converts the language of
allows the CAM program to speak to your
your CAM software to G-code that your CNC machine can
specific machine in a meaningful way. Most
understand. CAM systems will often come preloaded with a
CAM packages come pre-loaded with a library
library of postprocessors for common CNC machines. If your
of post processors. Sometimes, you‟ll have to
CAM doesn‟t have the postprocessor that you need, you will
write your own, but almost all CAM programs
either need to create it or find a suitable substitute.
have a utility to do this with.
Once you have loaded G-code on the
controller, you‟re ready to cut.

Choosing a CAD/CAM System
The following are some suggestions for
comparing different CAD/CAM systems to
help you get started choosing which one is
best for you.
Ease of Use: Some CAD and CAM systems are
easy to use. Some others are not. Almost all
CAD/CAM companies offer free trial versions
of the software to demo. Make sure to take
them up on this. It‟s a great way to find out A)
if the software can do what you want it to do,
and B) if you‟ll still have any hair left after using
it. And remember - while there are plenty of
free demos, there are usually no refunds. Due
diligence applies.

The Tormach PCNC will work with many generic 3-axis vertical
mill postprocessors. For 4th axis support, it‟s likely you will need a
postprocessor specific to the PCNC. The Duality Lathe will work
on many generic Lathe XY post processors. However - always
verify an untested postprocessor for function before trusting it
with expensive tooling or workpieces. Run your program in air
before you cut to make sure it behaves like it should and debug if
necessary.
A specific postprocessor for the PCNC mills is included in many
popular CAM packages. For CAM systems that don‟t have a
preloaded PCNC postprocessor, check the internet. Somebody
may have already created one they are willing to share.
Otherwise, you‟ll need to make your own – most CAM will come
with a utility that allows you to do this.
For information on G-code commands understood by the PCNC
Control Software, refer to Chapter 7 of the Users‟ manual. You‟ll
need this information if you need to create your own
postprocessor.

Support: Lots of CAD/CAM software companies sell an optional support and maintenance contract at additional
pricing. Details differ between companies, but these contracts generally last one year and can be renewed for each
year after. Most offer some form of individualized consultation and troubleshooting, exclusive members-only
tutorials and content, and bug-patches or version upgrades for the life of the contract.
It‟s worth pointing out that working machine shops almost always buy the support contract. If timely production is
important to you, it‟s worth considering.
Audience: Different CAD/CAM is marketed to different audiences and may have unique features that make certain
tasks easier. Take a minute to learn who the software is for. The same CAM that works great for mold making
may not be the best choice for engraving jewelry. Ask around, and do a few web searches and find out what others
in your interest group use.

User Community: Most CAD/CAM companies now sponsor forums – message boards where users can meet and
discuss issues with the software. These can be an incredibly useful resource when learning new software as well as
a place to discuss problems, software bugs, etc. Chances are good that you might already find an answer to your
questions in the forum discussion archives. Websites like www.cnczone.com also have independently run forums
on many of the popular CAD/CAM software. We highly recommend visiting some of the forums before making a
major software purchase as well as continuing to use them as a troubleshooting resource.
Online Resources: Some CAD/CAM companies have free training videos, tutorials, etc. published online. Some
require an optional membership to access these resources. Most fall somewhere in-between, with a combination
of free and exclusive content.
Extras: Many CAD programs will have part libraries that have premade models of common components like
screws, nuts, bolts, etc. These can be helpful if you plan to do mechanical design. They may not be that useful if
you are only using CAD to design parts for your CAM. Others offer different modules or plug-ins – Sheet metal
design, Finite Element Analysis, Graphic Renderer, etc. While a lot of this isn‟t helpful for CNC work, it might be
valuable to you if plan to use your system for more than just machining.
Product Levels: Many CAD/CAM systems offer different levels of the same system – basic, professional, expert,
etc. Understand what the differences are between the levels. You may not need all the options and extras. A lot of
systems also let you pick and choose options or plug-ins.
Education Discounts: Are you an educator? You‟re in luck. Lots of CAD/CAM companies offer education versions
of the software at significant discounts. It‟s a great way to get top quality software for your school shop class or
robotics team.
Price: The old adage, “You get what you pay for,” generally holds true, but there are exceptions. You‟ll be able to
sniff these out pretty quickly by visiting some of the independent internet forums like www.cnczone.com.
Finally…also realize that for every top –end software, there is a more budget-friendly competitor that may make
more sense for hobby or small-business. While everyone would love to have state-of-the-art software, the cost of
ownership can be prohibitive and the complexity and scope of features can take a long time to master. Take a
step back and think about the your CAD/CAM goals before making a big purchase.

A Very Brief Overview of CAD
CAD is ubiquitous in the design world today. Long gone
are the days of AutoCAD being the sole choice for PCs.
There are now lots of affordable options available that are
more powerful than state-of-the-art systems from just a
few years back. All of these can do 2D drafting, most can
do some 3D modeling, and quite a few can produce very
complex 3D models and assemblies.
There are 2 types of CAD technology in wide use today:
Parametric CAD and Free-Form 3D CAD
Parametric CAD: A Parametric CAD program is most
often the first choice for serious mechanical design. This is
what the majority of working machine shops use. It‟s a
concept that can be hard to explain, but once you
understand it, it seems like common sense.
Say, for example, that you‟re designing a part with a
pattern of bolt holes. Consider one hole, and you‟ll find it
is defined geometrically with a set of parameters diameter, depth, thread depth, thread pitch, etc. With
parametric CAD, you can easily make a change to a
parameter and your model will update to reflect the
change. Parametric CAD can also recognize that all the
holes in the pattern are the really just copies of the same
feature and update them all at the same time. It
recognizes design intent. This makes it very effective
when designing families of parts or when doing quick
modifications or design edits. Examples include Alibre
Design, Solid Edge, Solidworks, CATIA, Pro/ENGINEER, and
many others

Parametric CAD modelers like Alibre are widely
used for mechanical design.

A 3D free-form Surface modeler like Rhino can
excel at art and aesthetic-driven design

Free-Form 3D CAD: If you plan to design art, jewelry,
etc., a CAD program with advanced Free-Form design
options might be more appropriate. You‟ll be able to produce complex organic surfaces, although you‟ll probably
sacrifice some of ease-of-use and speed that makes a parametric system so good at mechanical part design.
Examples: Rhino, Autodesk Maya

There are also loads of other “basic” CAD programs available. These aren‟t going to have many of the advanced
modeling features that professional software have, but you‟ll still be able to do quite a bit. Just make sure adjust
your ambitions accordingly. Examples: TurboCAD, AutoSketch, DoubleCAD, and many others.

When choosing a CAD system, keep in
mind what your design goals are. There are
lots of options out there if you only plan to
use CAD occasionally for simple design
work. More serious mechanical design will
benefit greatly from a Parametric CAD
program, and a 3D free-form modeler might
be the best choice for aesthetic-driven
design. Take a minute to see what others in
your area of interest are using – a couple
quick internet searches should really help to
narrow down the field.

A Very Brief Overview of CAM

A simple 2.5D CAM tool path moves the tool in 2 axes. This Tool
path was created with Vectric Cut2D.

As far as the CNC user is concerned, the
differences between CAM systems are much
more significant than they are with CAD.
Not every CAM system can generate
commands for every type of machine
movement. CAM is often classified as 2D,
2.5D, or 3D systems. Before choosing, make
sure you understand
A) The capabilities of your CNC
system
B) The capabilities of the CAM
system
2D CAM can command X and Y moves. It
cannot command Z movement. The machine
3D CAM can make contoured surfaces. This contoured finishing
operator manually sets Z position. While
tool path is from SprutCAM7.
you can still find specialized 2D CAM
available, nowadays most general purpose
CAM is at least 2.5D. Uses are routing, plate cutting, Engraving.
2.5D CAM can command X and Y moves. It can command Z moves, but not at the same time (simultaneously).
It‟s suitable for producing terraced parts. Most 2.5D CAM can also do drilling. Uses are Fixtures and Jigs, Simple
structural components, Face milling.
3D CAM can command X, Y, and Z movement simultaneously. It‟s capable of producing contoured surfaces. Uses
are Complex 3D surface contouring, Mold making.
3D CAM systems, in particular, can vary widely in features and function. More advanced 3D CAM features include:

4th Axis: Some 3D CAM doesn‟t support 4th Axis motion. Some 3D CAM only supports 4th Axis indexing – that is
the 4th axis cannot move simultaneously with XYZ movement. Simultaneous 4th axis movement can command
rotation on the turntable at the
same time as XYZ movement.
Lathe Module: Not all CAM can do
Lathe programming. If you plan to do
CNC lathe work, make sure your
CAM has a lathe module. Sometimes
this is included. More often, it is sold
as an upgrade option. There are also
standalone CAM packages for lathe.
Integrated CAD/CAM: Integrated
CAD/CAM functionality makes it
easy to move between design and
manufacturing design. There is no
need to import and export .IGES,
.STP, or other industry standard
formats from CAD to CAM. The
advantages are increased
productivity and a one-stop spot for
software support. The disadvantage
is it forces you to commit to one
provider for all your software.

4th-axis CAM generated tool path from SprutCAM 7 Pro with complete
machine tool simulation

Integrated CAD/CAM makes a lot of
sense if you plan to do both design
and manufacture – prototyping,
fixture design, etc. It makes it easy to
move back and forth between CAD
and CAM as you implement design
changes. You won‟t need to start
from anew in CAM for every minor
design tweak.

So why not consider Integrated
CAD/CAM? For one, they tend to
offer less CAM functionality than a
dedicated CAM package at the same
price. If you plan to do less design
work or choose only to work with
stable designs, you‟ll get more for
your money with dedicated CAM.

Different CAM machining strategies are available at different product
levels. SprutCAM7 Pro has over 40 unique strategies

Machining Strategies: One key way
that CAM packages differentiate themselves is by the number and complexity of the machining methods included in
the software. A simple CAM program may offer only a few methods- Roughing and Finishing, for example. More

sophisticated CAM programs have much larger libraries. SprutCAM, for example, has over 40 different strategies:
Waterline, Plane, Drive, 5D Contouring, and many more.
Simulation and Visualization: Some systems have only basic simulation screens that display only the workpiece.
Others have sophisticated environments that let you visualize not only the workpiece, but the cutting tools, tool
holders, vise, fixturing clamps, and even the entire machine tool. These capabilities can be quite useful, especially
for more complicated jobs.

More Information on CAD and CAM Solutions available from Tormach
SprutCAM Pro for Tormach
SprutCAM Pro is a full-featured CAM
system with over 40 unique
programming strategies for 2D, 2.5D,
and 3D machining. It also includes
modules for lathe and continuous 4th axis
programming, making it an ideal CAM
solution for integrating the Tormach 4thaxis or Duality Lathe on a PCNC mill
system.
SprutCAM features an advanced
simulation environment that allows
complete system modeling. Tool paths
can be simulated with not only cutting
tools and workpieces, but also fixturing,
toolholders, and, not to mention,
complete machine tools.

SprutCAM Pro can be used for multi-sided complex machining.

SprutCAM can import 3D models from a
variety of neutral CAD formats, including
DXF, IGS, and STL. It can also integrate
with several popular CAD systems as a
direct exporter plug-in to SolidWorks
and Alibre.
Tormach provides end-user support for
SprutCAM products via onsite technical
staff. This service is available M-F from
8AM to 5PM Central time via phone and
email. Tormach also has a library of
tutorials and other self-teaching
resources available. In addition, periodic
instructional workshops are held at
Tormach’s training center in Wisconsin,
USA.

Complete Machine Tool simulation is available in SprutCAM Pro

Tormach PCNC owners are eligible for special, OEM negotiated SprutCAM Pro pricing that is equal to
more than 50% off list price. This Tormach version includes only postprocessor support for PCNC mills.
An “All-Post” version that has all other postprocessors unlocked is also available at a discounted, albeit

slightly higher price for owners that would like to use SprutCAM to program other CNC machines
besides those made by Tormach. Purchase of either of these options includes a 1-year support contract
from Tormach.

Vectric CAM
Vectric CAM products are affordable,
innovative software solutions for your CNC
machine. Vectric's products win high marks
for usability. With easy-to-use interfaces and
simple presentation, Vectric's CAM solutions
are great choices for both beginning and
experienced CAM users. Vectric produces a
family of CAM products. Of these, the most
popular with Tormach owners are Cut2D and
Cut3D.
Cut2D is a simple to use 2D and 2.5D CAM
package with programming strategies for
profiling, pocketing, and hole-making
(drilling). Cut2D is an excellent choice for
simple jobs and for those with no previous
CAD/CAM experience.

Cut 2D can quickly create tool paths for simple 2D parts
such as this filter plate.

Cut2D has a limited selection of drawing
tools available. It can import popular 2D
neutral CAD formats such as DXF and DWG,
as well as Adobe Illustrator and several other
vector drawing formats. The Cut2D
postprocessor is limits each part program to
a single tool.
Cut3D is a specialty CAM package for carving Cut 3D uses simple programming techniques to carve out
and rapid prototyping of complex 3D shapes. complex 3D models
Cut3D is very easy to use, but limited to
simple roughing and finishing strategies using a raster tool path strategy. This make it best suited for
plastic, wood, and other easy-to-cut materials. It cannot be used to program drilling or pocketing,
among other common machine strategies Cut3D can import many popular 3D solid model formats,
including IGS, STP, and STL. It also can be used for multi-sided machining by incorporating a 4th axis or
indexing head.

Other products from Vectric include VCarve Pro and Aspire, professional quality CAM systems for 2D
and 3D relief carving, and Photo VCarve, a specialty CAM system for converting photographs in to Zlevel carved images.
Tormach is a Vectric reseller. We offer limited support of Vectric products. Vectric has a very large
installed user base and maintains an active User forum

Alibre® CAD/CAM
Alibre makes powerful, affordable,
and easy-to-learn parametric
CAD/CAM software that's within
anyone's budget and integrates
easily with Tormach PCNC Mills
Alibre Design PE is the entry-level
version and suited well for as 3D
modeling tool for creating part
models to be used with SprutCAM
or any other 3D CAM system. The
Tormach Special Edition of this
product is available to PCNC
owners and includes neutral CAD
format exporting options that are
not available in the regular
version of Alibre Design PE.
Integrated CAD/CAM such as Alibre Design Expert +AlibreCAM

Alibre is also available in two
automatically updates tool paths when a small change in desing is
made.
higher product levels: Alibre
Design Professional and Alibre
Design Expert. These versions additional feature modules, including Sheet Metal Design, FEA, Printmaking, Direct model editing, and more.
Alibre Design Expert also includes a very basic integrated CAM package, Alibre CAM, with several 2.5D
and 3D strategies. This CAM package is developed by MecSoft, the uses the same software engine as
MecSoft’s standalone CAM package, Visual Mill. Additional AlibreCAM levels are available as well as
add-ons to Alibre Design Expert.
Tormach provides limited support of Alibre Products. Optional support contracts and training materials
are available from Alibre at additional cost. Alibre also maintains an active user forum.

Technical Document
Mach3 CNC Control Program and Desktop
Computers
Overview, May 2009

Recent developments in CPU technology, operating
systems, and desktop computers have created
problems with the use of Mach3 control software for
CNC applications. This document reviews the causes
of those problems, the effect they have on machine
performance, and the route that Tormach has taken to
eliminate the problems and ensure optimum machine
performance.
The problem with Windows and Mach3
Mach3 operates as a real time controller for complex
multiple axis motion control. Motion control is
dominated by differential equations that involve
position, velocity, acceleration, and time. Time is the
central theme in motion equations and the primary
problem of real-time control. Errors in the timing of
signals between controller and machine introduce
machine vibration and waste motor torque. In extreme
cases timing errors will overheat servo motors or
create step loss in stepper motors. Whether using
servos or steppers, the net result is the same: a failure
to deliver accurate motion.
Computers complete much of their work through a
system of interrupts. Imagine a computer CPU in the
midst of a conversation with someone. Suddenly, the
conversation is interrupted by a cell phone call to the
CPU. The CPU notes that it's an important caller so it
answers and has a quick discussion, and then hangs up
and goes back to the original conversation. This is
essentially how the motion control works in Mach3 - a
series of short interrupts where Mach3 grabs the
attention of the CPU for a short time, interrupting
whatever the CPU was occupied with at the time. One
of the differences from the cell phone analogy is that
the calls can come in at a frequency of 45,000 calls per
second and the conversations usually last less than
0.00001 seconds.

The delivery of smooth motion control requires very
consistent timing, which can be delivered only if the
CPU responds to the interrupts on a timely manner.
Consider the cell phone analogy again, except this time
imagine that someone else is calling the CPU at the
same time as the first caller- someone who claims to
be more important than that first caller. The answer
to the original caller will be delayed until the CPU can
get off the phone with the second caller. For a Mach3
controlled system (the original caller), this creates a
delay in the motion command generation and an upset
in the smoothness of motion.
The Mach3 manual has always included a section on
computer optimization. While there are a number of
optimization recommendations, both simple and
complex, they can all be summed up in the context of
the analogies above. It comes down to configuring the
computer so 1) interrupts that aren’t associated with
Mach3 are reduced to as few occurrences as possible
and 2) Mach3 is treated as the most important
interrupt. In the past this had been pretty simple.
However, we began noticing performance issues that
could not be resolved in the normal ways beginning in
mid 2008.
Recently both Intel and AMD have shifted toward
advanced CPU architectures with complex threading
algorithms.
Intel Hyperthreading was an early
threading algorithm, but there have been many new
schemes developed since then. In some cases, the
routing of computational tasks within a multicore
processor is the root of the problem. In other cases,
the unwanted interrupts may be generated by device
drivers, such as the software programs that control
keyboards, Ethernet ports, or hard disk drives. Many
of the issues are related to the continuing efforts for
energy efficiency, where the computer seeks to slow
down, or even turn off when activity is low. In extreme
cases the Mach3 authors recommend the user
configure the computer for Standard PC mode, as
opposed ACPI (Advanced Configuration and Power
Interface mode). Recently, however, Microsoft Vista
and individual device drivers have abandoned support
for Standard PC mode.
The result of these
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developments has been a new generation of
computers which are difficult or often impossible to
configure as a proper Mach3 platform. Our own
experience is indicative of the issue. Tormach had
been using Dell brand computers. In early 2008 there
were several models that worked well. In late 2008
there were only a couple of models we found suitable.
By March of 2009 we have found that not one of the
Dell models (Optiplex, Vostro, Inspiron, et cetera)
would work. We tried multiple HP models and none
worked. There was one model from Lenovo that could
be configured properly. The problem was getting
serious.
How Does This Affect Machine Performance?
First, let's acknowledge that while the solution to the
problem can be difficult, identification of the problem
is easy. Mach3 includes a diagnostic tool called
DRIVERTEST.EXE.
This program clearly identifies
variations in interrupt timing, both though graphic
display and accumulated statistics. In our experience,
the diagnostic is an effective and accurate tool. When
we hook up a high bandwidth oscilloscope to the
control signals the numbers are confirmed. If you run
the diagnostic program and get a flat line on the
graphic display, your computer is capable of acting as
an effective machine control platform. If not, you have
a problem with timing variations.
To understand the effect of timing variation, let's look
at a typical example. A computer running at an
interrupt frequency of 35 kHz has about 29 uS
between interrupts and a basic time resolution of 15
uS, or 0.000015 seconds (1/2 the period). If a machine
using that computer has a typical electromechanical
configuration of 10,000 signal pulses per inch of
motion, then running at 90 IPM requires a stream of
signal pulses with 100 uS between signals, essentially a
pulse about every 3 interrupts.
Now let's add in the additional variation created by
unwanted interrupts.
If the DRIVERTEST.EXE
diagnostic has recognized that the largest time
variation is 27 uS between interrupts, then the
variation can be +/- 27 uS in addition to the +/- 15 uS,

potentially as much as 42 uS in timing error. From the
human perspective this may not seem like much, it's
less that a thirty thousandth's of a second. From the
perspective of the motor, this is a disaster. While the
basic variation of 15 uS represents a 15% variation in
step timing, the additional variation more than doubles
the error, at 42% timing variation.
What this means in physics is a useless waste of
torque. The time between motion step commands is
consistent with velocity. Consistent timing means a
constant velocity.
Variation in timing means a
variation in velocity, in other words, acceleration.
When one step is delayed, but the following step is on
schedule you end up with a very large deceleration
occurring over a very short time period, followed by a
very large acceleration. From Newton's laws of motion
(force = mass x acceleration) the result is a pointless
consumption of torque, torque which would otherwise
be available to run the machine.
Empirical results match the theory. In recent tests a
stepper driven machine would fail on upward Z
motion, lifting a spindle head, when operating in
excess of 185 inches per minute when controlled by a
Dell Optiplex 330 with a 2.2Ghz Pentium Dual E2160.
The Dell model exhibited an interrupt variation of 14
uS.
14 uS was a typical observed number.
Substituting for a computer which exhibited 2 uS
variation allowed the same machine to lift the Z head
at a speed in excess of 245 inches per minute. The
difference between the 185 IPM and 245 IPM
performance limit was entirely attributed to the
change in computers. One computer showed timing
variations and the other did not. The computer with
better results was a much slower computer, an older
Celeron model with a slower processor. A variety of
tests of this nature consistently confirmed that raw
computing power has no effect on machine
performance, but the consistency of interrupt
frequency has a dramatic effect on performance.
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Technical Document
Resolving the Issue: MachOS The Tormach
Machine Controller
Fundamentally, this is not an issue that can be wholly
attributed to Windows, Intel processors, or any
particular brand of computer. The heart of the issue is
the fact that a consumer electronic, in the form of a
desktop computer, is being used for an industrial
machine controller. Like all consumer electronics,
branded computers are in a constant flux and subject
to the criteria of standards, such as those that the
Energy Star 5.0 Specification 1 imposes. These
standards guide the design of the desktop computers
in a far different direction than that which is needed
for real-time control of an industrial machine tool.
Desktop PCs are general purpose computers. The
combination of a dedicated purpose computer and
associated hardware, as in the case of a dedicated CNC
controller, is known as an embedded system.
Microsoft supports the development of embedded
systems using Windows technology through their
Embedded Systems Group and products like the
Windows Embedded Standard operating system.
Windows Embedded Standard is derived from
Windows XP Pro. Microsoft has divided the Windows
XP Pro operating system into more than 12,000
individual components. Developers qualifying for the
Windows Embedded Partner program can use a
database driven build system to create customized
operating systems, each designed to a specific
purpose. The task is not trivial, since the correct
components must be selected and configured
properly. Applications are integrated through the
creation of additional components.
While each
product created with this system is based on the same
database, each product is unique and built to a specific
task.

1

http://www.energystar.gov/index.cfm?c=revisions.compute
r_spec

Tormach has used this system to create a version of
the Windows operating system that is designed
specifically to support Mach3. We call it MachOS. We
worked closely with the authors of Mach3 in its
development. The system has been tested by Artsoft,
developer of Mach3, and is approved by them for use
withMach3.
One of the more important differences between
Windows operating systems like XP or Vista and
embedded systems like Windows Embedded Standard
is the life cycle expectations. There are no guarantees
with desktop computers. Vista seems like the new kid
on the block, pushing out XP, but Windows 7 is already
waiting in the wings to replace Vista. Microsoft does
not make guarantees on that class of operating
system. It's an entirely different story with embedded
systems.
Microsoft has guaranteed support for
Windows Embedded Standard for at least 10 years.
Of course, an operating system is not an embedded
system. It needs hardware to complete the appliance.
In our case the appliance is the Tormach Machine
Controller. The CPU is from the new Atom series by
Intel. The motherboard for the controller is designed
to support both new and old CNC equipment. It
supports older mice and keyboards with PS/2 style
connectors, and also offers 6 USB ports, a serial port,
Ethernet, and the necessary parallel port. It includes
one PCI slot for expansion. This allows compatibility
with standard Mach3 printer port applications, while
also supporting extensions such as serial driven
Modbus I/O or Smooth Stepper via USB. The result is
an embedded system, built with low cost conventional
hardware, yet without the problems associated with
consumer electronics. It's a system that can be
delivered today and supported years into the future
without risk of obsolescence. The Tormach Machine
Controller provides a platform which allows Mach3 to
perform its tasks without interference and ensure
repeatable and dependable motion control for CNC
applications
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Technical Document
Application Recommendations: Do you need
the Tormach Machine Controller?
Every CNC machine has a variety of factors that
combine to create the general performance envelope.
With the machinery we design and test, we have no
doubt that signal timing issues can reduce
performance in terms of ultimate axis speed. If you
have an earlier Tormach CNC machine running with a
Tormach supplied computer, we would not expect the
Machine Controller to increase your performance. If
you have a computer from any other source we
recommend running DRIVERTEST.EXE and reviewing
the results. If the pulse timing variation is less than 5
uS, then it is unlikely that replacing your computer will
alter the effective performance. If your pulse timing
variation exceeds 5 uS then it is likely that pulse timing
variation is a critical factor in ultimate machine
performance. Given the problems with the newer
desktop computers, Tormach does not guarantee
PCNC machine performance unless the machine is
used with the Tormach Machine Controller.
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Tormach CNC
Scanner™
An affordable optical measuring and 2D reverse
engineering system for CNC mills

Introduction
Over the last few years, we became aware of several
interesting marriages of low cost USB cameras (aka
webcams) and CNC mills, mostly for use as optical
centering devices.1 The CNC Scanner project began in
earnest when our colleague John Prentice mentioned
that he had just acquired a USB microscope for his own
workshop and was pleasantly surprised at the
capability.
A quick investigation showed that
affordable USB microscopes were already in common
use in medicine, biology, and other fields.
Direct measurement from optical images is typically
accomplished using a reticule - a dimensioned grid that
can be placed in the field of view for estimating
measurements. Depending on the grid size of the
reticule and how much care is taken, an observer can
make fairly accurate linear measurements. Of course,
the size of the measurement is restricted to what is
possible within the field of view. This isn’t a problem
when you want to measure the width of fly’s wing;
however, in manufacturing, we often need to measure
much larger dimensions with the same, if not better
precision. A typical manufacturing drawing for a
machined part will commonly call for toleranced
dimensions of ±0.001” for key features.

1

Accurate Optical Positioning and Measuring: A New Use for
a Web Camera, Minear, Arnie, Vol. 2 No. 4 Winter 2007,

The USB microscope by itself is handy for a CNC
machinist: not only for making small measurements,
but also for other uses. We’ve used it for observing
the edges of small cutting tools for worn or chipped
edges, or for qualitative metrology of finished surfaces
– looking at tool marks, chatter, etc. But we also
wondered if something else was possible. With a CNC
machine, we already had a platform for precision
positioning of a spindle mounted camera. It seemed
possible that we could command the mill to take a
series of pictures at regularly spaced intervals and
build a much larger composite photo from the images similar, in a way, to the stitched-together satellite
images in popular internet mapping programs like
MapQuest and Google Maps. This photomosaic would
have both the size and resolution needed to make
precision measurements of many commonly machined
parts.
The goal for the CNC Scanner project was to combine
affordable USB microscope technology with a simple
2D CAD system and a set of innovative plug-in
applications for a Mach3 controlled CNC mill or router.
With this system, we can produce scaled scans of 2D
geometries, accurately measure dimensions, and
recreate geometries for export into CAD/CAM systems.
We also investigated the use of the system as an
optical centering device. In this capacity, it is useful
but also limited in application.

Design Criteria
CNC Scanner was designed with several goals in mind:
Innovative Measurement Capability - While there is no
shortage of measurement tools available, none are
perfect solutions for measuring difficult shapes.
Recreating these shapes can prove to be a tedious or
impossible task if the original dimensioned prints are
unavailable. Examples are numerous and include
watch mechanisms, engravings, and complex curves.
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Even with the advancements in affordable 3D
scanning, accuracy is often limited to ±0.005”2. This
simply isn’t good enough for many toleranced
mechanical fits.
Affordable - Industrial metrology systems use
expensive optics with a price point that is out of reach
for small shops that only require occasional use of the
technology. The engineering challenge with CNC
Scanner was to develop a tool that had both the
accuracy needed to be useful for measuring CNC parts
and still remain affordable.
Versatile – The control plugins for the CNC Scanner are
generic and will support most USB cameras in addition
the standard CNC Scanner software. It was important
to
adhere
to
Tormach’s
Open-Architecture
philosophy3, especially when taking into consideration
the ever-changing landscape of consumer electronics.
Capable of 2D Reverse Engineering – Our goal was not
to develop a standalone CAD program. There are
many outstanding companies that already do this
cheaper and better than anything we would have been
able to provide. Our requirement was simply to create
a CAD environment with simple measurement and
drawing tools that could import a photomosaic and
provide enough functionality to measure and recreate
features. This can be exported in an industry standard
.DXF format and then be further processed in
CAD/CAM of the user’s choice if necessary.

2

NextEngine FAQ, www.nextengine.com, accessed Dec 15,
2009.
3

Personal
CNC
Design
Whitepaper,
www.tormach.com/document_library/TD30204_DesignAnal
ysis.pdf

Easy-to-Use – CNC Scanner is designed with the
occasional user in mind. This means that operation
must be easy to learn and simple to use.

Basic Description of Operation
CNC Scanner assembles a dimensionally scaled
photomosaic from a series of photographs that are
stitched together build a larger image. It uses a spindle
mounted adjustable focus USB microscope camera
that features our Tormach Tooling System™ quick
change mounting system.
Prior to taking each photograph, the camera is
precisely positioned by CNC motion of the mill. This is
done via a software plugin to the PC-based Mach3
motion control program. The exact position and
number of photographs depends on the desired size
and resolution of the photomosaic and is determined
by the CNC Scanner software algorithm.
The scale of the picture is determined by one of two
methods. The first, traditional method, uses a known
dimension placed in the field of view to establish the
scale- this is in essence, the reticule method that has
already been discussed. The second method is unique
to CNC Scanner. It uses the controlled motion of the
mill itself to establish scale by calibrating the change of
position in a particular point in the field of view to the
actual distance that the mill traveled.
After the photomosaic is assembled, it can be opened
in Tormach CNC Scan CAD, a simple 2D CAD program
with basic functionality for measuring distances and
tracing shapes. This information can be exported as an
industry standard .DXF file to other CAD/CAM
programs for further work.
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APPLICATION EXAMPLES
Tool Making: EDM Electrodes for Jet
Turbines
In this example, CNC Scanner was used to recreate the
profile of a turbine vane, as shown in Figure 1. The
exact profile of the vane is needed to make an EDM
electrode that is used for reworking a stator for jet
engine repair. Previously, this work was done by
using an electronic touch probe to collect a 2D point
cloud, which was time consuming and labor intensive.
Example Courtesy Joe Gore, Carbon Tools

Reverse Engineering: Mechanical Clock
Movement
Mechanical Clock Movements often feature shapes
that are difficult to measure. Using CNC Scanner,
these shapes can be reverse engineered by tracing the
outline as shown in Figure 2. This technique can also
be applied to cam mechanisms and other complex
mechanical shapes.

Figure 1. The perimeter of a Turbine Cross Section was
accurately recreated by tracing over a CNC Scanner
photomosaic.

Figure 2. CNC Scanner was used to recreate the clock movement as a .dxf
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Recreating a Damaged Part: AR-15 Rifle
Gas Block
On an AR-15 Rifle, the gas block is fitted
around the outside diameter of the rifle barrel
and supports a gas tube that diverts some of
the gas that travels through the barrel after
firing to reset the firing bolt mechanism. CNC
Scanner was used to accurately recreate both
the hole diameters and center-to-center
spacing. The dimensioned drawing can then
be exported in to CAD/CAM to design the
remanufacturing sequences (Figure 3).
Example Courtesy Ryan Kennedy

Figure 3. With CNC Scanner, both size and position of the
holes of this AR-15 Rifle Gas Block can be recreated and
exported into a Solid Modeling CAD system for further design
work.
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Verifying Manufactured
Tolerances: Small Run / Custom
Production
A small run of parts were manufactured for a
customer. Using CNC Scanner, each part can
be measured to verify that it meets
customer requirements for dimensional
tolerance (Figure 4).
Example Courtesy Rick Zrostlik
Figure 4. CNC Scanner was used to verify that key dimensions of a
part fall within tolerance.

Restoration: Norton Commando Rocker
Arm
Hard-to-find vintage components, such as the
motorcycle rocker arm shown in Figure 5, can be
difficult to recreate. CNC Scanner can be used to
capture information about key geometries, such as the
length and angles between the center of the rocker
shaft and the CAM and valve connections. This
information can then be used to recreate a mold to
reproduce the original part or machine a new
replacement part that preserves function.
Figure 5. Determining key geometric relationships
of the rocker arm casting from a Vintage Norton
Commando.
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ENGINEERING DISCUSSION
An understanding of the following discussion is not
necessary for operation of CNC Scanner, although it is
informative for understanding its performance
characteristics and developing realistic expectations.

Digital Cameras and the Limits of
Resolution
Anybody who has purchased a digital camera has
experience issues with resolution. Digital camera
resolution is expressed in megapixels – a camera that
can produce an image 1280x1024 pixels in size has a
resolution of about 1.3 megapixels. Ultimately, the
resolution is a function of the image sensor. Our USB
microscope uses a CMOS image sensor. The CMOS
captures light which is then converted into a digital
signal that is interpreted by the camera’s CPU to form
an image. The number of discrete points that the
image sensor captures to produce an image
fundamentally determines the camera resolution.

However, this definition of resolution says nothing
about scale. The actual dimension that the width of a
pixel in any image represents also depends on the
working distance of the camera – the actual distance
between the lens and the object.
In application, however, it takes more than a single
pixel to determine a feature, such as where the
location of an edge occurs. How many pixels does it
take? The answer to this question has fundamental
limits in the camera and lens, but it is also strongly
affected by the accuracy of your focus and the flatness
of the image. Lighting issues and surface finish also
come into play. This is perhaps best understood
looking at the example in Figure 6.
The subject under the camera is a grid, but
unfortunately it's impossible to focus uniformly over
the entire object because of lens imperfections. In the
first example we look closely at crossed lines in the
central area of the grid. The image to the right of the
top photo shows the crossed lines close enough to see
individual pixels. Looking at the close up, it seems that
we can determine where the center of a line is by
considering 2 or 3 pixels.
Now let's look over in the lower right hand corner,
where the grid is more out of focus. In this case the
lines are less distinct. Looking at the image, you can
still make an estimation of where the center of a line
is, but you would do so by considering many more of
the individual pixels. You might want to consider 5 or
6 pixels as the correct amount for making a decision as
to where the center of the line is.

Figure 6.
The quality of the image can vary
throughout the field of view. This can affect both
scan quality and ultimately the accuracy of the
measurements made from the scan.

Keep in mind, you cannot re-focus or adjust an image
after a scan is complete. The scanning system will take
this into account by guiding you to put the camera
closer to the work so that it can achieve your desired
resolution in the amount of pixels specified. In this
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case it will also take more individual pictures to create
the composite mosaic image.
The camera provided with the Tormach system has a
fundamental limit of about 2 or 3 pixels for finding an
edge. This can only get worse if you do not take care
in focusing the camera, if the subject is not flat, or if
there are lighting problems. We suggest going with
the default value for picture quality of 2.5, but then
increasing the number if you want the scan to show
more detail.

Lenses focus rays from all angles of incidence.

Emulating a Telecentric Lens System
with a Low Cost USB Camera
Telecentric Lenses are the basis of many industrial
metrology and measurement systems. A telecentric
lens (more appropriately, a system of lens) has the
unusual property that it can produce an image whose
size and shape is independent of the distance of the
object from the lens or its position in the field of view.
This is because the special telecentric objective lens
only focuses rays that are parallel to the optic axis.

A Telecentric lens is built in such a way that it
only focuses rays parallel to the optic axis. This
results in the image being the same size,
regardless of its distance from the lens.

In practice, telecentric lenses:
Reduce image distortion
Eliminate the effect of perspective
Negate magnification changes due to change in
object position
Telecentric lenses are both large and expensive, but
we can approach a telecentric system with CNC
Scanner. This is done by restricting the useful field of
view to a small percentage around the center of each
image when constructing the photomosaic scan. This
area of the image is produced by rays that are nearly
parallel to the optic axis, thus emulating a telecentric
system as shown in Figure 7

CNC Scanner can emulate a telecentric lens by
limiting the field of view to the center of the
image. The rays that produce this portion of
the image are the nearly parallel to the optic
axis.
Figure 7. CNC Scanner emulates a telecentric
system by limiting the useable Field of View.
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Backlash Compensation

scratch on the surface of the object.

Backlash is inherent in machine tools. It results from
stiction, friction, and elasticity as well as the space
present in rotating mechanical connections, such as
the ball screw. With CNC Scanner, we have
compensated for backlash by incorporating a
consistent approach direction in both X and Y axes
(Figure 8). The capture algorithm for CNC Scanner
assembles a mosaic by always approaching each photo
with a positive X and/or Y axes motion, effectively
isolating the effect of machine backlash from the
photomosaic.
7

8

9
100% FOV, 6 images

4
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Figure 8. Backlash compensation algorithm

Calibrating the Image Scale with CNC
Motion
Typically, an image is calibrated to by placing a scale of
reference in the image field (Figure 10).
However, CNC Scanner is unique in that you can also
scale an image by the motion of the CNC mill (Figure
11). This method is both simpler in execution and more
accurate, as the measurement resolution is equal to
resolution of the mill.
Scaling by motion is especially convenient when
scanning objects where a reference scale cannot be
conveniently placed. In fact, all that is needed is to
identify a point feature. This could be a corner, the
center of a hole, or even a speck of corrosion or

10% FOV, 374 images
Figure 9. By reducing the Field of View, CNC
Scanner emulates a telecentric lens system and
the orthographic nature of the image
photomosaic is improved. This can be seen from
the improved stitching, especially with features
slightly above or below the focal plane.
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Scaling by motion also detects angular
error and automatically corrects for this
effect in each image.

Figure 10. Calibrating Image Scale with a known linear dimension
(Scale by Image)

Figure 11. Calibrating Image Scale by precise machine motion. (Scale by Motion). A recognizable point is moved
within the field of view of the microscope by a known distance ΔX and ΔY. CNC Scanner determines scale by
calibrating the of position change observed in the images with the actual motion of the machine .

Page: 9 of 14 – File name: TD31454_Tormach CNC Scanner_Design_Analysis – Date: 1/13/2010
204 Moravian Valley Rd, Suite N, Waunakee, WI 53597 – phone 608.849.8381 – fax 209.885.4534
www.tormach.com – © 2010 Tormach LLC® – Specifications are subject to change without notice

PERFORMANCE EXPECTATIONS
LIMITATIONS AS AN OPTICAL
CENTERING DEVICE
One phenomenon that is frustrating to users of
microscopes is the apparent “wandering” of the optical
center as the focal plane is moved to a different level
(Figure 13). Our experience identified 2 distinct
causes:

The first is backlash inherent to the mechanical
focusing mechanism of these scopes (Figure 14). The
microscopes use an internal thread to move the lens.
This thread is either molded or machined. While a
machined thread somewhat reduced the severity of
the wandering problem, our testing showed that some
wandering was always present, and this makes it
impossible to refocus to the same focal plane by
returning the focusing dial to the same location. While
this problem can be fixed with higher end camera
technology, the thousands of dollars in added cost was
just not realistic.

Optic

Spindle Axis

Axis

Focal Plane @ 50x

Figure 12.
These two images
demonstrate the inability of a variable
focus scope to maintain center at
different focal planes. In this example,
the scope was aligned to the center of
the hole at 200x (Top Image). When the
working distance is increased and the
image is refocus at 60x (Bottom Image),
the center has wandered.
Courtesy Wilfried Bittner, WB Design

Focal Plane @ 20x
Centering Error @ 20x
Figure 13. The Optic and Centering Axes are coincident at the focal plane at 50x magnification,
but a change in magnification to 20x will induce a
centering error unless the camera is re-aligned to
make them coincident again.
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The second is a more subtle point, but equally
interesting. Absolute alignment of the optic axis of the
microscope to the mill axis is not necessary for
accurate scanning, but it does have implications with
optical centering. The alignment procedure does not
imply that the optical axis is parallel to the spindle axis.
After alignment, we only know that the optic axis and
spindle axis are coincident at the focal plane. It just
isn’t practical to align the scope with the spindle axis –
typical consumer electronics have CMOS sensors that
are offset to the optical axis as well, introducing a third
stack up of error that cannot easily be overcome. The
costs involved to correct these problems and produce
an aligned system are not realistic if the CNC Scanner
system was to remain affordable.

Figure 14. Measurement of a Gauge Block in Tormach
CNC Scanner CAD.

What does this mean? Optical Centering can be done,
but its accuracy is limited to the focal plane and the
scope must be realigned each time the focus changes.
Although we originally had ambitions for a robust
optical centering device, over the course of the CNC
Scanner project it became clear that while it is possible
to use the system as an optical centering device, there
are limitations with consumer grade optical
components that reduce the practicality of the device
for this application.
This is especially true when considering it in the
context of other time-proven methods – for many
situations we found that we could use a dial indicator
to find center quicker and more accurately. Because
of the setup time involved with the optical centering
procedure, we believe most will find it simpler to use
another centering method for the majority of everyday
work. We are offering the optical centering function as
a specialty tool, which may be useful in some
situations.

Figure 15. In the first image, the Focal Plane is
the same as the measurement plane. In the
Second Image, the camera was refocused so
that the Focal plane is below the measurement
plane and on the surface that the part is resting
on.
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Validation
0.0045

0.0040

Measured Error (inches)

As with any measuring
tool, the ultimate accuracy
that can be achieved is a
combination of both the
resolution of the tool and
the technique and skill in
how it is used. With that
said, validation data is
presented to demonstrate
the accuracy of CNC
Scanner in a carefully
controlled
series
of
measurements.

0.0035
0.0030
0.0025
0.0020
0.0015
0.0010

Accuracy
A series of scans were
0.0005
taken of a precision
ground 1” gauge block,
0.0000
shown in Figure 14. Image
1000
1500
2000
2500
3000
3500
4000
resolution was increased
by decreasing the working
Image Resolution (DPI)
distance of the CNC
Scanner. The gauge block Figure 16. CNC Scanner Accuracy Validation Data
was then measured using
the same round feature was measured. Figure 17
the dimensioning tools in CNC Scanner CAD. Figure 16
shows the relationship between the observed
shows the error in measurement as a function of
diameter measurement and the distance of the focal
image resolution (expressed as a pixel density).
plane from the measurement plane.
Interpretation: Unsurprisingly, increasing pixel density
Interpretation: With a small field of view, CNC
improves accuracy, although at the expense of both
Scanner performs fairly robustly as a telecentric lens
larger data file sizes and longer scan times. In a
emulation, showing in this case less than 0.002”
carefully
design
experiment,
CNC
Scanner
variation in observed measurement over a 0.300”
demonstrated the ability to accurately measure
change in focal plane depth.
dimensions to better than ±0.001”.
The Effect of Depth of Field
Using a 10% Field Of View for image collection, a series
of scans where collected from a 2.5D geometry (Figure
15). The camera was refocused after each scan to a
new focal plane. Then, in each resulting photomosaic,
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Sources of Error
There are several sources of error to acknowledge in
these measurements, including

precision, friction, wind up, etc.), positioning
repeatability will be 0.001” or better, depending
on the individual machine

Observational Error introduced during the
selection of the distance that is to be measured in
Scanner CAD. It is still the responsibility of the
user to interpret the exact location of an edge
based on the contrast of the pixels.

Systemic Error introduced from the optics in CNC
Scanner. Like any microscope, the optics used in
CNC Scanner will have some image distortion
introduced by lens aberrations, and curvature of
field effects.

Diameter of Feature of Interest (inches)

Systemic Error introduced from the inherent limits
of positioning repeatability of the PCNC. The PCNC
1100 has a minimum discrete positioning move of
0.0001”; however, when considering the effect of
other factors in the axes drive systems (ballscrew

0.351
0.3508

0.3505
Below

Above

0.35

0.3495
0.349

0.349

0.3485

0.3485

0.3482

0.348
-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

Distance between Focal Plane and Measurement Plane (inches)
Figure 17. The effect of distance from the focal plane on observed measurement. Scans utilized a
10% field of view.
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Project Summary
We initiated beta testing of the first CNC Scanner
systems in September 2009 at a group of external
customer sites.
Reception was overwhelmingly
positive. While several small changes were made to
the initial design, we have been very pleased with its
performance and released the product for general sale
in January 2010.
CNC Scanner was demonstrated to be a useful tool for
direct optical measurement and 2D reverse
engineering of 2D parts. With care in technique, it can
exceed accuracy of ±.001”.
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Engineering the Duality Lathe

Enabling Your Ideas

Foreword
The Duality Lathe is a unique accessory for Tormach’s PCNC 1100 CNC mill. This document is an engineering overview
of the development of the product and is presented to help potential customers determine whether the product is
suitable to their needs.
As a design document, this is parallel to the mill engineering review1 but differs in that this is somewhat less of a static
engineering analysis and a bit more of a chronological development story. It’s offered more like an extended blog.
The purpose remains the same; we want to present some of the background and the thinking that lies behind the
development of this unique product.

Early Stages
Evolution of an Idea
The evolution of the Duality Lathe concept began with thinking about the needs of an R&D workshop. A lathe and a
mill are two of the most common tools in an inventor or entrepreneur’s workshop. These are basic tools, largely due
to the fundamental nature of machinery. Whether it’s the world’s smallest wrist watch, or a 1600 horsepower diesel
engine, machinery generally includes a framework and, contained within, a series of rotating components. A mill is
needed to cut the framework, while a lathe is needed to cut the rotating elements. This simple observation has a lot
to say about the working relationship between a lathe and a mill. Because the rotating elements of a machine are
generally held within the framework, the necessary lathe is smaller than the mill. While large machines are built with
large tools, and small machines are built with small tools, the size relationship between the mill and lathe remains
basically the same; the lathe is typically smaller than the mill.
This simple observation also sheds light on some of the frustration with
the design compromise of a 3‐in‐1 machine, a common hobby grade
machine tool. With a 3‐in‐1 machine, the tool carriage of a lathe serves
double duty as the table of a mill. Essentially, it’s a mill contained
within a lathe. The nature of the design leads to a mill which is
considerably smaller in capacity than the lathe, the opposite of the
relationship naturally required.
Another important observation is the impact of CNC capability upon the
utility of a machine tool. Creation of contoured edges and 3
Figure 1 ‐ 3 in 1 machine
dimensional shapes on a milling machine is only practical with CNC. The
geometry is not simply a matter of making parts look nice, it is often essential to fluid flow, strength/weight ratios,
stress management, and other critical factors of design performance. This makes the difference between a manual
mill and a CNC mill dramatic. For a mill, CNC opens a world of design capability that a manual mill simply cannot
deliver. CNC on the lathe is very different. Small radius corners are created by the radius of the tool. Large radius
corners, tapered shanks, or contours on outside dimensions are rarely needed. When looking to make a few parts for
a prototype design the machinist will rarely go to a CNC lathe, a manual lathe works just fine. For lathe work, CNC
becomes an enabling technology not for prototypes but when it comes to quantity production.

1
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Quantity does not have to be large to be important. Consider a typical small device; it might have a milled case, a
cover, a couple rotating shafts, and then a dozen specialized screws. It’s not hard to cut a screw, but nobody wants to
make a dozen of them. The conclusion here is that CNC is pivotal to a mill; fundamental to what can be done with the
tool, but CNC is only a convenient time saving addition to a lathe.
Musing on the ideas above resulted in the Duality Lathe idea; why not turn the 3‐in‐1 concept inside out? Instead of
putting a mill inside of a lathe, put a lathe inside of a mill. By making the lathe an accessory device that fits within the
envelope of the mill, the expensive motion control capability of the mill serves double duty. By making the lathe
dismountable, the mill suffers no compromise in design as there is nothing left behind to get in the way. If the lathe
frame has its own tool carriage then it also serves a dual function, as both CNC lathe when working within the
framework of the mill and manual lathe when outside the mill. With the 3‐in‐1 machine concept the lathe spindle
centerline cannot move relative to the milling spindle. With the Duality Lathe concept, the entire lathe moves relative
to the mill spindle. This allows the lathe to act as a fixture for the turned work piece when the system is used as a mill.
The fundamental idea is the embodiment of the phrase “The whole is more than the sum of the parts”. The parts were
only two: a small manual lathe and a CNC mill. The whole was the availability of three machines, a small lathe, a CNC
mill, and a CNC lathe with active tooling & integral mill. The big question was whether or not the CNC lathe
functionality really worked, or if it was too gimmicky to be effective. Some preliminary testing was in order.
Prototype testing
The initial testing involved a commonly available bench top lathe, often called a mini‐lathe. We planned for several
basic tests:
Cut Off
Turning
Ball End Turning

Facing
Taper
Threading

The initial tests surprised everyone. We had expected some things to work, but we also expected a few problems.
Instead, every function worked perfectly on the first run. One of the aspects we had expected was an improved cut
and a dramatically lower tendency for lathe chatter. It’s pretty well understood the primary source for lathe chatter is
the stiffness of the lathe tool post and carriage. The small lathe we used had a total weight of about 85 lbs and the
tool post and carriage assembly weighed just a few ounces. In the CNC configuration, the lathe tools were solidly
mounted to the PCNC 1100 spindle cartridge. The spindle head itself weighs more than 200 lbs. With the lathe tool
solidly attached to 200 lbs of iron lathe chatter can still happen, but it will never happen at the tool post and it will
only occur under the most severe conditions.
The lathe ran under its own spindle with a manual speed control. Threading requires synchronization between the
axis motion and the spindle rotation. This was accomplished by using a once per revolution sensor on the lathe
spindle. The revolution sensor was input to the accessory input of the mill, and the mill was programmed to act as a
slave to spindle speed. The system worked so well that we were able to do a restart on the thread cutting. After
finishing a threading routine we found we had not programmed quite deep enough and the nut wouldn’t fit. We
modified the program a bit and it restarted, dropping perfectly into the original thread. Prototype testing went so
well, it was clear that we had to develop the concept further.
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One interesting aspect was the utility of simultaneous CNC and manual
operations. We had thought of it as two modes: CNC when mounted on the
mill and manual when sitting on the workbench. The fact of the matter is
the manual tool carriage is autonomous to the CNC tool post and is still
available when the lathe is in CNC mode, mounted on the mill. When buying
their first CNC lathe people are often concerned about the ability to use it in
manual mode. With the Duality Lathe concept this is not only true, it’s
available in two flavors. There are manual operations of the CNC system in
the form of an electronic hand wheel or keyboard controls, and then there is
the conventional manual controls, operating a different tool, a different tool
post, and with independent mechanical hand wheels.
One of the first things we did after initial testing was to proceed with a
patent application. The patent search revealed someone had tried using
lathe components on a CNC mill (US Patent 4057893), but their approach
incorporated a very flimsy tool post concept and totally missed the dual
purpose idea, where the lathe could be kept intact and used as a manual
lathe when off the mill.

Figure 2 ‐ Patent Application Sketch

Continuing Development
Original versus Derivative
At this point, we had a proven concept, but we were still a ways from a final design. The next logical question was
whether the final product should be a derivative of an existing small lathe or a totally original design, optimized to the
task. The other question is, of course, what is the optimized design? For a start, we considered what we might want
in a dual purpose lathe:
• High Precision
• Rigidity
• Low Cost
• Full integration with mill, including spindle speed integration
• Threading capability
• Ability to use the lathe spindle as a 4th axis when running mill software
• Ease of use. Particularly it should be lightweight for easy removal or from the mill table and offer quick
change over.
• Lathe tools should be interchangeable between manual and CNC tool posts
In contrast, we listed the inescapable compromises were inherent to the Duality Lathe concept. These are the issues
that are really linked to the Duality Lathe concept and would exist no matter whether the end product was original or
derivative:
• Size imbalance remains: In the 3‐in‐1 concept you end up with mill that is much smaller than the lathe. In the
Duality Lathe concept, you end up with a lathe that is much smaller than the mill. This is better, but not
optimum. The optimum situation, at least the situation that most workshops end up with, is a lathe only
slightly smaller than the mill.
• Precision limitations: A general purpose mill is fine with precision on the order of 0.001”. Higher precision is
much more expensive and not commonly needed. Lathes are often involved with the creation of pieces that
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are subject to a precision fit, such as a press fit on a bearing. It’s common to call upon a lathe to deliver
0.0002” in diameter precision. The length axis of a lathe is much less demanding. Because the radius axis of
the Duality Lathe would be provided by the Z axis of a mill, there is a fundamental mismatch in precision
requirements between the lathe and the mill. While 0.001” is OK, it’s not the spec that we would design a
stand‐alone lathe to.
Swiss Army Knife Syndrome: While prototype tests showed the idea to be very effective, it would still require
a couple minutes to convert between lathe and mill. There are always application limitations of multiple
purpose tools (Swiss Army Knife) and this might not be the ultimate solution for someone who needed a CNC
lathe on a daily basis.

With the list of features and compromises in hand we considered the question of a fully original design versus a
derivative design. One of the major differences would be the integration of the electronics. A fully integrated system
would have the lathe spindle speed under computer control. A lesser integration, and much less expensive, would
have the spindle speed monitored, but not controlled. This would allow axis synchronization, as needed for thread
cutting, but it would require manually setting the spindle speed.
Skimming over the details of that analysis, the conclusion was that the cost difference between an original design with
full integration and a derivative design with partial integration would be a factor of 2x to 3x in cost. If we could
manage to deliver a derivative design for something like $1000, a fully optimized original design would probably end
up at near to $3000. In comparison, we felt that a ballpark cost for a conventional small CNC lathe would be
something like $4000 to $4500. If you compare a conventional $4500 CNC lathe to a $3000 Duality Lathe, and then
consider the compromises that are inherent to the Duality Lathe idea, it doesn’t seem like such a great idea.
On the other hand, if you compare a $4500 CNC lathe to a $1000 Duality Lathe, the idea looks like a real winner,
particularly for someone who only has an occasional need for a CNC lathe. The compromises inherent to the concept
remain, but the capability offered would still be exceptional given the expected cost. The primary limitations would
be manual speed control on the lathe spindle and the inability to work to .0002” accuracy.
Design Details
Base Model Selection: There are literally hundreds of manufactures of small lathes to choose from. The smaller
models, those less than 60 lbs, were considered too flexible to be of much use. The larger models, those over 100 lbs,
would be exceptionally difficult for most people to move around. The lathe had to be mobile to fit the Duality Lathe
concept. This limited our available selection to a few dozen manufacturers, mainly from Germany, India, and China.
One particular model, known as the Mini‐Lathe, has become very popular with hobbyists in the USA and Europe. This
is a small Chinese manufactured product, the same model we used for the early prototype testing. The generic model
is sold under private label by a variety of discount tool importers. We purchased two more, each from a different
discount tool importer, in order to check precision and consistency of manufacturing.
We found the fit and finish were generally acceptable. The critical tolerance for us was on the lathe spindle itself since
that’s the primary component that is shared between CNC and manual modes of operation. We used a Starrett Last
Word indicator with 0.0001” graduations. What we found was a TIR (total indicated runout) of two of the lathes was
not detectable, and the third was only 0.0001”. This was surprising for a low cost hobby lathe.
We contacted the manufacturer directly and discussed the possibility of a custom variation of their little lathe. They
were interested in working with Tormach and agreed to our stipulation of 100% on site quality control audit of the
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final QC inspection. It’s common for the major discount tool distributors to perform inspections, but their inspections
are typically limited to making sure the color is right, the labels are on straight, and machines mostly turn on without
smoke being involved. Tormach has followed the policy of having an auditor on site, monitoring the final QC, and co‐
signing the inspection document that goes with each machine. As this would be a new supplier for us we wanted to
be careful on the QC and continue with the policy we had been using on the mill itself.
Tool Post Position: The position of the CNC lathe tool post was an important issue. It had
implications on accuracy, tool design, and software interactions. The image to the right
shows a tool post, tool, and work from the viewpoint of the tailstock. Since we wanted the
CNC tool post to be able to co‐exist with the manual tool post there were two reasonable
positions, at 90 degrees and 180 degrees to the conventional manual tool post.
The image here shows the 180 degree position with a reverse direction of the lathe spindle
as ‘A’. The 90 degree position is either ‘B’ or ‘C’, depending on the rotation. Any of these
three positions could have been selected for our design.

Figure 4 ‐ CNC Tool Post Alternatives

Figure 3 ‐ Standard Tool
Post

In analyzing the alternatives we found that the
introduced some difficulty for users in
visualization in the A and B positions. Every
CNC cut would be a mirror image of a manual
cut, the operator would have to think
backwards. The tools would also be reversed.
What requires a left cutting tool in a manual
operation will need a right cutting tool for CNC
in the A or B positions.

Perhaps the most important consideration is the overall machine
stiffness. Looking at the image to the right, testing stiffness in the
vertical position showed a K value of 13,500 lbs/inch, while testing in
the horizontal position showed 3200 lbs/inch. The increased stiffness
against vertical forces comes largely from the fact that vertical forces
put the mill’s dovetails under compression, simply adding to the
normal force from the weight of the table and lathe. The horizontal
force is more difficult to resist because it puts a twisting force
(moment) on the mill’s dovetail slide. In terms of tool post position
Figure 5 ‐ Force Directions
the A position tool post sees cutting diameter, the critical dimension,
as subject to the lesser stiffness of horizontal forces and tool height.
In the B and C positions, cutting diameter will be more accurate because it relies on the improved stiffness of the
vertical forces.
Combining these factors it becomes clear that the C position is superior. It offers the greatest accuracy on cutting
diameter, simple visualization, same turning direction, and allows tools to be interchanged with the conventional
manual tool position.
Quick Change: Interchangeable tooling and the tool table in a CNC controller are cornerstone assets of CNC. We knew
from the start that we would want the ability to quickly change tools without the need to re‐reference the machine.
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There are two basic styles of tool posts, the piston lock and the wedge lock. The piston lock has a pin that forces
against the tool holder, jamming it against the dovetail and locking it into position. It works well, but it locks it into
whatever position it happens to have, whether right or wrong. The wedge style has one side of the dovetail moving
out and down at the same time. It also locks the tool holder in place, but the sliding wedge will pull down the tool
holder at the same time it locks. This ensures positive placement against the limit stop providing both a more
repeatable and more rigid tool mount. The wedge style is significantly more expensive, but also more accurate, than
the piston style.
Another alternative in design is aluminum versus steel. Despite the higher cost of material, aluminum is lower in cost
due to the ease of machining. The lower rigidity of aluminum is not really significant in a very small tool holder, but
the lower yield point makes it less durable. It’s easy to get dings & dents in the precision sliding surfaces.
Tormach has a long relationship with Chris Wood of Little Machine Shop Inc; LMS was one of the early distributors for
the Tormach Tooling System. Chris has built a business on supporting desktop machine tools and is very familiar with
all variations of the mini lathe. Since Little Machine Shop offers 6 different brands of quick change tool holders that fit
the mini lathe, we gave him a call and asked for his opinions on their relative merits. While each of the brands has a
lot to offer, Chris felt that none of them represented the ultimate design. Furthermore, Chris had some well
developed ideas on what the design should be. After comparing his ideas to our own and passing back and forth a few
drawings, we came up with what we agreed would be the ultimate mini lathe quick change tool post. After
manufacturing some prototypes and making a few adjustments in the design, we had the design we wanted. The final
design had a steel body with precision ground surfaces and a sliding wedge style design. We found an independent
manufacturer for the quick change tooling system, confirming the quality with a prototype run.
Spindle Position Control: One of the unique attributes of the Duality Lathe is the ability to use the lathe spindle to hold
a work piece while cutting with the mill, essentially acting as a mill 4th axis. It would be convenient if we could use the
lathe drive mechanism, designed for 2500 RPM, to also hold the spindle position against the high forces of milling, but
that simply is not practical. Any mechanism to accomplish both high speed rotation for lathe turning and precision
position control for milling would be larger, complex, and expensive. The alternative is an independent drive
mechanism that can be clutched out, allowing the standard lathe spindle drive to be used in lathe mode, and the
secondary drive mechanism to be used in 4th axis mode. This approach allows the control system of the mill, designed
for a conventional 4th axis, to serve double duty as the lathe positional axis control.
Of course, the addition of precision positional control comes at a price, in weight, size, and just plain dollars. Dynamic
position control allows the A axis rotation to be synchronized with X, Y, and Z motion while milling. This is required for
things like engraving text over the surface of a cylinder or spiral fluting. More common tasks, like cutting a keyway
slot or drilling through a turned work piece only require the spindle to be fixed in position. A simple spindle clamp will
allow those functions, without the costly addition of a motorized drive system. If the spindle clamp were fitted with
index divisions then simple indexing operations that didn’t need high precision could also be accomplished, such as
milling a hex head on the end of a turning.
With the simplicity of an indexable spindle clamp covering the majority of applications, and considering the
complexity, cost, and weight of a motorized A axis drive, the conclusion was to have an indexable spindle clamp as a
standard feature on every Duality Lathe. A motorized C axis drive for the lathe would be a dismountable accessory.
Spindle Speed Sense & Display: The design decision to use manual speed control instead of computer controlled
speed control does not make for any serious limitation as long as the spindle has a sensor that can pick up a position
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sense once per revolution. The CNC control system can pick up the signal and derive both instantaneous position and
velocity of the spindle. Spindle speed is important because the surface speed of any cutting operation strongly affects
surface finish and tool life. Most CAM programs will assist by specifying the desired spindle speed for an operation.
It’s stated in the G code program as the S word. The problem is that, for the sake of economy and simplicity, we
decided that our controller would not be setting spindle speed. In order to minimize the impact of this we added a
screen graphic to facilitate manual speed matching.
The graphic for speed matching has two sections, numbers and colors. The programmed spindle speed is displayed
directly adjacent to the actual speed determined by the spindle sensor. When there is a large difference between the
programmed spindle speed and the actual speed the colored graphic turns red. When they are close, they turn
yellow. When the speed is very close it turns green.
With this information the system can operate the X and Z axis2 in a slave mode where precise synchronization is
required between X, Z and spindle rotation. This is what happens during thread cutting.
In order to run multiple passes on a thread cutting operation the control system needs to bring the tool into the
spinning work multiple times. With each pass it must hit the work at exactly the right angle of rotation. Is this really
possible with a once per revolution sensor? Let’s look at the numbers. The computer can be set to 35,000hz for a
motion update rate. This means it has the capability to act on position and velocity 35,000 times per second. If we try
to do threading at a spindle speed of 600 RPM, we have 10 revolutions per second. With the update rate at 35,000
per second and the spindle at 10 per second, we have 3500 updates per revolution. In theory this means that the
position of the spindle can be estimated at 1/3500th of a revolution, approximately 0.1 degrees.
While 0.1 degrees is certainly good enough to do threading, there is one limitation. The estimate of position of the
spindle based on time assumes a constant spindle speed. If the spindle is decelerating as it is rotating there will be a
small error involved and the thread will not be as accurate as we might like. Over any distance the thread will have
the right pitch, but the quality of the thread can suffer. This can happen if the depth of cut per pass in threading is set
too deep. If the load makes the spindle slow down as it enters the cut then the quality suffers. Our testing showed
that this problem could occur, but we quickly learned to watch depth of cut and monitor spindle speed. As an aid to
operation we developed a pseudo load sensing algorithm based on the only information available, the rotation sense.
We created an on‐screen display that showed real time variation between a filtered (long term average) spindle speed
and the instantaneous spindle speed. Whenever the cutting tool dips into the work there will be some variation in
spindle speed. During normal operations the variation is insignificant. If the cutting depth is too deep or the tool is
dull, the speed variation will show up in the display, thus providing warning of potential synchronization issues and
thread cutting quality.
Software support
We have seen how the lathe can be used in a spectrum of modes ranging from it being a manual lathe, freestanding
on the bench, to cutting a complex CAM generated part with multiple tools. There are two important modes in the
middle of this spectrum. The first is manual operation using the mill CNC jogging controls in place of the lathe

2

In a CNC lathe the left/right motion of the tool is referred to as Z axis motion, while in and out motion relative to the
spindle centerline is referred to as X motion.
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handwheels. The second is semi‐automatic operation where one might wish to turn a bar down from say 1” to 7/8”
with several passes.
Both these operations are useful when setting up a job to be turned by a CAM generated part program. It is standard
practice to set the Z=0.0 position by a light facing cut on the end of the stock. In an R&D situation it is common to
need to start with stock bigger that that actually required, but which is available in the stores, and to turn it down to
the size expected by the part‐program.
As the axes of the machine can be jogged and the positions are displayed by the DROs on the computer screen, then
accurate jog machining can easily be performed on the lathe.
The semi‐automatic operation, for example turning a length of stock down to size, is a sequence of standard steps and
rather like the “Canned Cycles” available in G‐code programming. The Duality software provides a selection of these
cycles where the operation required is defined by filling in boxes on the computer screen. This combination of a visual
data form and canned cycles gives the name VisiCycles.
The standard VisiCycles were designed to cover: facing, turning to size, chamfering and threading. Because an
important use of them is in preparation for running a G‐code program, they can be used without interfering with the
program which stay loaded throughout.
The full power of the VisiCycle feature is easier to grasp by using it than by description but if you imagine it as
offering intelligent cutting with digital stops for the carriage and cross‐slide you will understand the semi‐automatic
operation that is available.
Emergency Stop Integration: When the Duality Lathe operates as a CNC lathe it’s really a case of two machines acting
as one. Just as the tool is about dive into the metal, that’s usually the instant when you realize that you missed the
decimal point, entering 1” instead of 0.001”. This is not the time when you want to be thinking “Hmmm. Should I hit
the red button on the lathe to stop the spindle, or should I hit the red button on the mill to stop the axis motion?”
Incidents that call upon use of the E‐stop button are sudden and sometimes unexpected, not when one should have to
consider which red button to be reaching for.
The Duality Lathe has been designed for full integration of E‐stop. This requires a minor conversion of the PCNC 1100
in order to conjoin the lathe E‐stop with the mill. There is a cable between the mill and the lathe to integrate the E‐
stop systems when acting as a single unified machine. When the machines are run independently a special cap is
placed over the integrated E‐stop cable receptacles. This cap has an internal E‐stop feedback jumper which allows
independent operation.

Project Completion
Beta Prototype: With the majority of the detailed design decisions completed, we transferred drawings to the
factory and arranged for a beta prototype to be made. The early testing was conceptual only. We didn’t have the
spindle clamp, the tool post was improvised. We wanted to see the complete design. About 2 months later we visited
the factory to inspect production facilities, review the beta prototype, and finalize details with the factory engineers.
We found the spindle clamp mechanism worked well, but the alignment mechanism needed some changes. This is a
system that allows for adjustment of the alignment of the lathe to the mill table. Once adjusted, it can be locked in
WWW.TORMACH.COM - Email: info@tormach.com
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place, allowing the lathe to removed and replaced while preserving the
alignment. We also reviewed the quality control tests with the
engineering staff. The Duality Lathe concept required an additional test
procedure beyond what is normal for a lathe: checking the alignment of
the lathe bed to the lathe feet. A conventional lathe only requires
precision between various internal surfaces. Because the Duality Lathe is
really a subcomponent of a larger system, it needs to be precisely aligned
relative to the mill. Our testing process would check alignment relative
to a large surface plate.

Figure 6 – Parallelism of surface plate to
longitudinal motion of carriage

Preproduction Model: With the mechanical and electrical details
confirmed, we arranged for a preproduction model to be built. This would be the final test. We would be looking for
confirming the packaging, color, label, and all details of the production model to be confirmed. The preproduction
model was air freighted to our USA office late in 2007. Everything looked good and the design moved into production.
Conclusion: We’re excited about the value of the Duality Lathe, offering all the function of a small CNC lathe and
more. It will be usable with whatever combination of manual and CNC programming is required yet is available at a
fraction of the cost of a conventional CNC lathe. We have spent months working with the prototypes, thinking about
the details, and considering the inevitable compromises that design decisions must resolve. Never the less, with
something as unique and original as the Duality Lathe, engineering does not stop once the product begins shipping.
We have done our best, but we’re expecting that the people who start using the product will come back to us with
additional ideas. At this point it’s a double edged sword for design engineers. As a new product goes to market and
feedback begins, any designer is optimistically thinking “I hope they like what we’ve done”, and at the same time there
is trepidation, worrying that one of those user feedbacks which result in “Damn, I should have thought of that myself”.
It’s all part of the process.
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1 Product Specification
1.1 Product Scope
The Tormach PCNC Injection Molder is a plastic injection molding head that is designed to be used as an
accessory to the PCNC series of milling machines for developing small prototype molds. The PCNC
Injection Molder can be used to mold plastics up to 900 deg F and has a 1 oz shot capacity.
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2 Safety
This product is an accessory for Tormach PCNC mills. Review and be comfortable with the safety
guidelines and operating procedures of the PCNC mill prior to using the Injection Molder.
In addition to safety hazards associated with operating a CNC milling machine, there are several specific
safety concerns to be aware of when operating the Injection Molder:
•

•
•

Burn Hazards. Several areas of the Injection Molder, and in particular the heater box, can
become quite hot during operation. Do not touch hot areas and wear gloves to protect from
inadvertent burns. Allow proper time for the Injection Molder to cool prior to removing it for
storage
Vapors for Melting Plastic. Make sure to provide adequate ventilation. Many plastics will burn
if heated beyond its melting temperature.
Pinch Hazards. Be aware of the machine environment. Keep fingers away from springs and
other pinch hazards.
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3 Basic Operation
3.1 Installing the Proximity Switch
Prior to first use, it is necessary to install the proximity
switch to the Ram unit. To install the proximity switch,
carefully thread it on to the bracket as shown. Adjust
the position to maintain approximately .050” clearance
between the sensor and target collar.

Figure 1. Insert the Proximity Sensor and
hand tighten the retention nuts

Figure 2. Attach the Sensor Bracket the Ram
as shown.

Figure 3. Adjust Sensor position; use feeler
gauge or similar as reference
UM10158_ 0213A
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3.2 Mounting the Injection Molder on
your PCNC
First, fasten the spindle Clamp to the outside diameter
of your PCNC Spindle:
1. Slip the collar over the nose of the spindle. If
the fit is tight, use a large screw driver to pry
open the collar slightly.
2. Push the collar up firmly against the head
casting
3. Secure the Clamp by tightening the M10 bolt to
tighten the clamp
Figure 4. Position Injection Molder so rods
enter spindle cavity as shown.

Figure 5. Use a screw driver to pry apart
collar if fit is too tight.

Figure 6. Tighten Hex nut to secure position
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3.3 Installing the Ram
The Ram has a ¾” straight shank designed for use with
the Tormach Tooling System™ (TTS). To install:
1. Insert the ram into the spindle. To do this first
loosen the drawbar and then insert the ram
shank into the spindle. Position the ram so
that the sensor does not interfere with the
collar and tighten the drawbar to secure the
ram in the spindle.
2. Plug the DIN connector into the Accessory port
on the PCNC operator panel.
3. Place the Funnel on the Heater Box
4. Plug the controller into the 115VAC power
source. Do not plug the controller into the
accessory (coolant) outlet on the PCNC.

Figure 7. Insert Ram as shown. Adjust sensor
position to avoid interference.

Figure 8. Tighten drawbaw to secure the
ram.
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3.4 Checking for Ram/Receiver
Interference
Your Injection Molder is designed with a chamfered ram
and receiver so absolute alignment between the ram
and receiver is not crucial; however, you should verify
relative alignment each time prior to use. To check
relative alignment, slowly jog the ram down manually
and take care to observe that the ram is able to pass
into the receiver without issue. It is normal for the
receiver to move slightly as the ram enters the receiver.
If you notice severe alignment issues:

Figure 9. Position nozzle above mold sprue.

1. Re-adjust the heater box position in the XYplane by loosening and rotating the collar
2. Re-adjust the heater box position in the YZ –
plane by loosening the bolts holding the heater
box

3.5 Adjusting Maximum Heater Box
Position
Occasionally, it may be necessary to shorten the
maximum Heater Box Z position if the Injection Molder
will not fit between the mold and spindle head. This is
especially true if a tall mold or vise is used, or if the
molder is used on a smaller machine, like the PCNC 770.

Figure 10. To check for interference, slowly
jog ram into receiver.

To adjust, carefully loosen the set screw on the
clamping collar. Compress the spring to push the heater
box closer to the Clamping collar and retighten the
clamping collar, being carefully as stabilize the unit as
the spring force increases. This will allow you to shorten
the maximum heater box position by up to 3 inches.
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Figure 11. Ram should pass without issue. If
sever interference exists, adjust ram position
and/or heater box alignment.

Basic Operation

3.6 Setting Ram Pressure
Your Injection Molder uses a compliant ram. This
design, when properly adjusted, allows for consistent
pressure to be applied to the mold through the entire
injection time. Ram pressure is set by positioning the
ramp on the collar relative to the proximity sensor. For
a high injection pressure, set the collar to HIGH. For a
low injection pressure, set the collar to LOW. After
setting the position, tighten the set screws to secure the
target collar.
During the initial part of the injection stage, the die
springs are compressed when the ram comes into
contact with the plastic in the cylinder; this creates
pressure inside the cylinder. This pressure forces plastic
out through the nozzle and into the mold cavity. As this
happens, the die springs relax, which helps to maintain
a consistent back pressure inside the cylinder.
If the die springs are allowed to completely relax,
pressure inside the cylinder will decrease towards the
end of the injection stage. This may result in an
incomplete shot. Too much pressure, on the other
hand, will require additional clamping to avoid mold
separation during injection and also make it difficult to
release the mold and eject the part. By adjusting the
Ram pressure in combination with dwell time and ram
speed, you should be able to find correct conditions for
most applications using trial and error.

Figure 12. Loosen Collar set screw

Figure 13. HIGH position

Figure 14. LOW position
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3.7 Operating the Temperature Controller
The temperature control system consist of a PID, Band Heater, and Thermocouple
3.7.1 Basic Heater Operation (Autotune)
Your Injection Molder uses Closed Loop PID with a K-type Thermocouple and 500W Heater to control
the temperature of the heater box. This PID features an autotune mode that is suitable for most
applications. When in Autotune mode, only the SET POINT needs to be adjusted. The controller will
monitor and switch the band heater on/off to maintain temperature at or near the setpoint target.
3.7.2 Disabling Autotune
To disable Autotune mode and enter programming mode, press and hold the ↑ or ↓ key for 5
seconds. Once in programming mode, you may press and hold the ↑ or ↓ key for 5 seconds at any
time to exit. With Autotune disabled, the following parameters can be adjusted using the ↑ or ↓ keys.
To advance to the next parameter, press SET.
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Parameter
Lower Temperature Limit

Display
Setting
LSP

Factory
Default
0.00

Upper Temperature Limit
AL1 (Alarm 1) Hysteresis
AL2 (Alarm 2) Hysteresis

USP
HY1
HY2

1200
1.00
1.00

Decimal Point Setting

dP

0

Password Setting
AL1 (Alarm 1) Set Range
AL1 (Alarm 1) Mode
AL2 (Alarm 2) Set Range
AL2 (Alarm 2) Mode

ScY
AL1
A01
AL2
A02

015

Modification Value
Input Signal Selection

PVF
InP

0.00
K

Proportional Term

P

3.00

Integral Term

I

240.0

Derivative Term
Control Direction
Control Hysteresis
Output Control Time
interval
Cooling Output Gap

d
oUd
HYS
CtL
Pc
Cdb

oFF
HEAt
1.00
020
5.00
0.00

Cooling Output Control Mode C_t
Temperature Unit
c-F
Parameter Lock Code Setting LcK

UM10158_ 0213A

Notes
0C is maximum value for K-type Thermocouple
1200C is maximum value for K-Type Thermocouple.
Adjust the upper limit may be necessary, especially
if large system oscillations occur. Think off this as
"Coarse" Adjustment. Adjust Limit so it is
approximately 20% above desired temperature
Not Used
Not Used
Should not be a need for finer measurement in
Application
When LcK parameter is set to 010, User must enter
this value in ScY parameter to operate PID
Alarm Mode 1 / Not Used
Alarm Mode 1 / Not Used
Alarm Mode 2 / Not Used
Alarm Mode 2 / Not Used
Display Value = Measured Value-Modification
Value. Changing this parameter will adjust the
value displayed; however, it will not have any effect
on temperature control. Range is ±100
Input Signal is K-type Thermocouple
Range is .01 - 3600. If P=OFF, then controller is
operating in simple on/off mode; no temperature
feedback is being used. "Fine Adjustment"
OFF = Cancel Integral Time. This setting may be
adjusted. Temperature Oscillates around setpoint,
then increase this term. If the Temperature is stable
but never reaches set point, decrease this term
OFF = Cancel Derivative Time. Derivative term is not
required in typical use.
Sets PID as Heater Control
Does not generally need adjustment
Does not generally need adjustment
Not Used
Not Used

20 Not Used
Choose F for "Farenheit" or C for Celsius
0 000 = Unlocked. 010 = Locked

F

12

Tormach Injection Molder

Working with the Injection Molder Software

4 Working with the Injection Molder Software
The Injection Molder software installs as a plugin the PCNC Control software and uses a subset of the
available PCNC control functions. Review the PCNC Operators Manual for general controller operation.

4.1 Installing the Injection Molder Software
To install the software, place the installation DVD in the controller and follow the instructions on the
screen.

4.2 Accessing the Injection Molder Software
Once installed, the Injection Molder screenset can be accessed by selecting it from the Wizards menu.
Highlight the Tormach Injection Molder Wizard and click the Run button to load the screen.

Figure 15. Accessing the Injection Molder Wizard
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4.3 Overview of the Injection Molder Screen Set
The Injection Molder screenset contains a select subset of Mach3 commands.

Figure 16. Injection Molder Screen Set

4.4 Position DRO
The current location of the Injection Molder is indicated in the XYZ DROs.

Figure 17. Position DROs
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Setting the Feedrate
To set the feed rate, enter it into the Injection Feedrate DRO. Press “Enter” to confirm

4.5 Setting the Dwell
To set the dwell time, enter it into the Dwell DRO. Press “Enter” to confirm

Figure 18. Feedrate and Dwell Settings

4.6 Testing the Proximity Sensor
It’s important to test the proximity sensor each time that you use the Injection Molder. To do this,
simply take a thin steel object, such as the blade of a flathead screwdriver, and place it near the sensor
face. You should see the sensor LED light on the control screen.

4.7 Start/Stop Injection
To start an Injection, click inject
To abort or prematurely stop an injection, click stop. Alternatively, you can also press “RESET” or hit the
E-Stop button to immediately stop an injection.

Figure 19. Start/Stop Buttons

Click the “Exit” button to leave the injection screen set and return to the default mill screens.
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4.8 Advanced Functions
The following functions are optional convenience features.
4.8.1 MDI (Manual Data Input)
Use the MDI input to input G-Code commands not supported by the main screen set. Use this feature
with care to so as to not crash the Injection Molder attachment.

Figure 20. MDI Line

4.8.2 Work Offsets
Use the Arrow keys to cycle through work offsets G54-G59. When using multiple molds, you may find it
useful to use a separate work offset to store the location of each mold. Click the “GOTO X0Y0” button
move to position X0Y0 for the work offset of the position selected.

Figure 21. Multiple Work Offset Sections
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5 Making your own Mold Blanks
Making your own mold blanks is not difficult, but does
require attention to detail to achieve good results. The
following procedure is one example of how to produce
your own Aluminum Mold Blanks. This design uses
.250” pins that are press fit into one half of the mold;
the methods presented can be adapted to produce
other designs as well.

5.1 Sample Procedure for Making Mold
Blanks
1. Set up in the vise
Small molds can be held comfortably in a
machinist’s vise. It is important to
support the work from underneath. Step
Jaws are an excellent choice, but parallels
can also be used as well. This will leave
an approximately .100” shelf that can be
removed after the part is flipped over
during Operation 2.

Materials Required:
•

•

2 Aluminum Blocks for Mold Halves
(slightly oversize from final
dimensions)
.250” Dowel Pins

Recommended Tooling:
•
•
•
•
•
•

Spot Drill / Chamfer Tool
Fly Cutter
.375” Carbide End Mill
Screw Machine Drill “Size D”
.249 Reamer
.251 Reamer

Workholding:
•
•
•

Machinists Vise
Parallels or Step Jaws
Workstop

Using a workstop is advantageous since
you’ll be repeating each procedure twice,
once for each mold half, and the
workstop will helpful in quickly position work during the second iteration.
2. Square each block to uniform size
Take care to square each block to a uniform size. This is critical for properly aligning mold
halves
3. Spot the pin hole location in 2 corners
This design uses two pins to align the mold halves. The pins are positioned at opposite
corners. Use a spot drill to mark the location of each hole, referring to the drawing for
exact location.
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4. Drill the Holes
Once the holes have been spotted, the next step is to drill them out. Using a stubby drill
such as a Screw Machine Drill with an ER toolholder or similar will minimize deflection
and tool run-out and produce straight holes.
5. Ream the Press fit holes
For best results, use a reamer to finish the holes so they are slightly undersize. Using a
.249” reamer will result in a slight interference fit between the hole and the .250” pin.
6. Profile the Setup (Rough/Finish)
With an End Mill, profile the perimeter to size. This is best done first with a roughing
operation that leaves the perimeter approximately .005” oversize, which can be removed
with a final finishing step.
7. Face the top (mating) surface
Use a flycutter (or similar) to skim cut the surface until it is flat. You may need to repeat
this several times to achieve a completely flat surface.
8. Chamfer Pin Holes / Edge Break Hole Perimeter
Using the chamfer drill, break the edges of the holes. This is important as it allows the
pins to be easily pressed into the mold half. Alternatively, you could also use a hand
chamfer tool to break the edges.
9. Flip the part and remove the remaining material from the back side
Turn the part over in the vise. Use a roughing mil to remove the majority of the
remaining material before using a flycutter to finish the final surface.
10. Use the endmill to create a small notch on the edge of the mold.
This is very helpful in providing leverage to separate the mold halves with light pressure
from a screwdriver after they are assembled.
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Make the second half in a similar manner.

At this point, it is appropriate to repeat steps 1-8 to create the second half, this time
substituting the Slip fit Reamer for the Press Fit reamer in Step 4. Remember, the top
(mating) surface of this mold half the opposite face from the first half.
11. Press fit the dowel pins into the appropriate holes.
You can do this with an arbor press, but you can use the vise to accomplish this: Place the
dowel pins in the slip fit holes, then position the press fit mold half so it is aligned with the
pins. Place both halves carefully in the vise, and close the vise until pins are forced into
the press fit half of the mold. Using this method will allow you to avoid pushing the pins
in crookedly.
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6 Making your First Mold: Poker Chip
This first mold project is designed to demonstrate the basic steps to make a simple mold. A mold needs
3 parts:
1. Cavity – basically the negative of the part that you wish to make
2. Vents - A vent is a shallow passage that provide a way for air to escape from the mold.
3. Sprues – This is the passage through which liquid plastic is introduced into the cavity
Molds may also have optional components. There include cores and inserts. Please see the appendix
for some examples of these applications.

6.1 Cavity
Once you have a suitable mold blank, the first step is to make the cavity. For our poker chip mold, the
cavity is a simple circular pocket, 1” in diameter and .050” deep.
Because the mold cavity must be split between both sides of the mold, an important challenge in mold
making is ensuring that the mold halves correctly line up. Care must be taken to make sure the
programming reference point (i.e. work offset) of one mold half can be related to its partner half.
The most reliable way to do this is by establishing work offset at the center of the dowel pin hole
location. To do this, you’ll need to center the spindle over the center line of the dowel hole. There are
several techniques to do this:
1. With a touch probe – use the hole center function as described in the PCNC Operator’s manual
2. With a dial test indicator – Use a spindle mounted dial test indicator to swing indicate the center
of the hole.
3. With a drill bit sized to the hole diameter – Carefully position a drill bit so that it can pass into
the hole unobstructed.
Once the spindle is centered, set your work offset as described in the PCNC Operators manual.

6.2 Vents
For simple mold design, a basic simple venting strategy is as follows:
.001” deep x .050” wide perimeter channel
Plus
(11) .001” deep x .050” wide vents radiating towards the mold edges and equally spaced.
More sophisticated mold designs require other venting strategies.
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6.3 Sprue
The final step in making a mold is to create the sprue. This is best done in the following manner
1. Fit the mold halves together and securely hold the mold in the vise
2. Center the spindle over the parting line of the mold
3. Use a 90 deg countersink or spot drill to create a shallow tapered hole to receive the Injection
Molder nozzle (approximately .300-.400” in depth is adequate).
4. Use a twist drill to complete the sprue passage into the cavity. A sprue of diameter between
.100 and .200” is generally adequate.
5. Remove the molds for the vise and separate them. Clean out any chips, etc that have fallen into
the cavity

6.4 Polishing the Mold
Polishing the mold is optional, but recommended for best results. A typical polishing sequence for an
aluminum mold is as follows
1.

Remove tool marks with a 120 grit ultra soft stone. Use stoning oil. Thoroughly clean the
surface when complete to remove the any loose grit before proceeding to the next step.
2. Repeat step one, this time with a 320 grit ultra soft stone until all the scratched from the 120
grit stone have been removed.
3. Repeat twice more, this time with 400 grit. Followed with a final polish of 600 grit aluminum
oxide wet dry sandpaper.
4. Use a diamond polishing paste to finish, such a 15 micron blue compound. Use a diamond
lapping oil. You can also use a brush fitted to an electric rotary tool for this step. You can
continue to step down to by using finer pastes is a better finish is required.
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7 Your First Shot
1. Fill the heater box cylinder with pellets
2. Set the appropriate temperature on the Temperature Controller. For LDPE, choose 450°F
3. Wait for the plastic to melt. Watch for drool from the nozzle; this is an indication that the
plastic is ready. Monitor so the plastic doesn’t burn
4. Set the injection collar midway between LOW and HIGH
5. Set the RAM SPEED to 20 IPM
6. Set the DWELL to 20 sec
After the first shot, remove the mold and assess part quality. Adjust molding parameters as necessary.
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Troubleshooting Part Quality Issues:

Short Shots or Surface Wrinkles Increase ram speed
Increase injection pressure
Increase mold temperature
Increase ram pressure time
Increase runners or gate size
Increase mold venting
Increase time between shots

Warping of Parts Reduce mold temperature
Increase ram pressure time
Increase time between shots
Reduce material temperature
Check part design for section
variations
Part too Small Increase injection time
Increase injection pressure
Reduce material temperature
Enlarge gate

Sinks Increase ram pressure time
Increase ram speed
Enlarge gate
Reduce material temperature
Increase mold venting

Part too Large Reduce injection pressure
Decrease injection time

Discoloring Decrease material temperature
Reduce time between shots
Thoroughly dry material
Thoroughly preheat material

Dimension Variation Shot to Shot Establish and maintain cycle time
Keep mold temperature constant
Maintain constant material temperature
Maintain constant injection pressure
Increase mold venting

Gassing Decrease material temperature
Thoroughly dry material
Preheat material thoroughly

Surface Streaking Raise mold temperature
Thoroughly preheat material
Thoroughly dry material
Reduce injection rate

Weld Marks Increase mold venting
Increase material temperature
Increase gate size
Move gate or use multiple gate
Increase injection speed and pressure
Add overflow puddle
UM10158_ 0213A
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8 Troubleshooting
No Heat
Possible Cause
Temperature Controller
is not Plugged in

Probability
High

Action to Identify Cause
Make sure that power
cord is plugged in a
power is

Fuse is Blown

Medium

Check fuse

Band Heater is bad

Low

Check Continuity across
heater leads

Controller is bad

Low

Proximity Sensor does not Work
Possible Cause
Probability
Sensor is too far from
High
target

Sensor is damaged

Low

Temperature Controller is not Functioning Correctly
Possible Cause
Probability
Temperature Controller High
is configured wrong
Thermocouple is
Low
damaged or loose

Thermocouple is miswired.

UM10158_ 0213A
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Action to Identify Cause
Wave the tip of a steel
screwdriver in front of
the proximity sensor
and confirm that “Test
Indicator Before Move”
LED can be indicated.
Wave the tip of a steel
screwdriver in front of
the proximity sensor
and confirm that “Test
Indicator Before Move”
LED can be indicated

Discussion
Use a feeler gauge or
similar to adjust the
position of the sensor
to within .50” (1.2mm)
of target collar.

Action to Identify Cause
Review Section 2.5

Discussion

Inspect thermocouple
wiring and location

Welded tip of
Thermocouple should
be located next to band
heater for best results.
Thermocouples must be
wired with correct
polarity

Reverse thermocouple
connections

24

Discussion
Unit requires 120VAC
power. Do Not plug
unit into mill accessory
port.
Disconnect power
before checking or
replacing fuses

If no indication, sensor
is damaged and needs
replacement.

Tormach Injection Molder

Troubleshooting

Computer Communication cannot be Established
Possible Cause
Probability
Mill Communication
High
Issues
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Action to Identify Cause
Machine LED on Mill
cannot be turned on

Discussion
Review PCNC operators
Manual, Table 3.1
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8.1 Electrical Schematic
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8.2 Parts List
Spare Parts
31921
31937
32040
32038
32061
32059
32065
30171
30258
30182
32277
30191
32049
32050
32044

Proximity Sensor Assembly
Band Heater
Nozzle
Funnel
Control Box Subassembly
Thermocouple, K-type
Ram Subassembly
Rocker Switch
AC Power Inlet
5x20mm Fuse, 6.3A Fast Blow
Temperature Controller
Cord with NEMA 5-15P Plug
Set Screw Collar
Poly Urethane Bumper
Return Spring

Accessories
32374
32075
32076
32077
32066
32708

LDPE Plastic Pellets, 1lbs.
Mold Blank with Dowel Pins
Cleaning Rod, Nozzle
Ram Scrapper Tool
Purge Block Tool
Manual
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9 APPENDIX: EXAMPLE APPLICATIONS
The following sections are republished with permission from:
Cutting Costs in Short-Run Plastics Injection Molding
Written by Morgan Industries, Inc.
3311 East 59th Street
Long Beach CA, 90805
Copyright April 1998
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INTRODUCTION
The plastics industry is one of the fastest growing major industries in the world. Every
year there is an increase in the amount of plastics used in all types of products. A good example
of this is the percent of plastics used in today's automobiles compared to 15 years ago.
The continued rate of growth in the industry hinges on the development of improved and
new thermoplastics with greater physical properties. This has opened the door to applications
never thought possible before. These are emerging both as product innovations and as existing
products converted from materials such as metal, glass, wood, or paper to plastics for
competitive and economic advantage.
The plastics injection molding field, at large, is volume oriented. Vendor sources,
particularly mold makers and custom molders, are geared to long tool life and high volume
production. Plastics equipment manufacturers, likewise, have concentrated almost exclusively
on fully automatic, sophisticated injection molding machines whose economics lie in single runs
of 100,000 parts or more and in multi-shift operations.
Definition of Short-Run Plastics
In order to prevent any misconception, we are defining short-run as production in which
annual requirements for a particular part range between one and 25,000 parts. Typical of these
are nonstandard or engineered plastic parts whose piece cost is presently above $.25.
Recognizing the wide substitution possible between metals and plastics, it is not necessary to
limit applications to parts which are presently in plastic. As your experience grows, you will
want to analyze the merits of converting a number of non-plastic parts or components to this
material.

Economics of Short-Run
Chapter V sets forth a wide number of examples of simple tools designed for various
plastic parts. Cost savings are in an impressive range of 44 to 94 percent and the reduction of
lead times is equally significant.
These examples have been analyzed on a total cost basis amortizing the tool over a single
year's production. At the same time, we should point out that the tool life is assumed to meet
three to five years of production.
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The cost savings over alternate production methods are realized through the following
features:
− Tools designed and built as Class B or C tooling (see Chapter II, page 10). All areas
which do not require finish or tolerances are completed in the rough; heavy cost
cutting is concentrated on the tool base, ejector systems, use of inserts and the
reduction or elimination of heating and cooling systems.
− These tools are meant to operate according to predetermined quantity requirements.
For example, if 50-100 large parts per set-up are intended, the tool plates might be
bolted together rather than be built to withstand high clamp pressures.
− Likewise, the tools are designed to last the life of a short-run tool rather than several
million parts. The life factor is geared to anticipate 2-5 year production requirements
as well as to anticipate part or product obsolescence.
− Very often, as an added means of maintaining the total economics of a year's
production run, a tool will be designed to complete about 80 percent of the part detail.
Limited machining of the parts on simple jigs is then required to complete them. This
approach is also used to achieve extremely tight or critical tolerances.
On balance, the economics of the proposed short-run tools lie in flexible design to meet
intended production requirements in terms of quantity, quality, product obsolescence and labor
input.
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CHAPTER ONE
INJECTION MOLDING PROCESS
THEORY OF INJECTION MOLDING
The theory of injection molding can be reduced to four simple individual steps:
Plasticizing, Injection, Chilling, and Ejection. Each of those steps is distinct from the others and
correct control of each is essential to the success of the total process.
Plasticizing describes the conversion of the polymer material from its normal hard
granular
form at room temperatures, to the liquid consistency necessary for injection at its
correct melt temperature.
Injection is the stage during which this melt is introduced into a mold to completely fill a
cavity or cavities.
Chilling is the action of removing heat from the melt to convert it from a liquid
consistency back to its original rigid state. As the material cools, it also shrinks.
Ejection is the removal of the cooled, molded part from the mold cavity and from any
cores or
inserts.
Repetition of these basic steps in sequence is the process of injection molding.
THE PRACTICE OF INJECTION MOLDING
The practice of injection molding varies from the theory, only in as much as process
limitations and available equipment affect it.
Step by step the process as practiced is as follows:
Material Preparation
Before the thermoplastic material is plasticized, it may be necessary to do some simple
yet essential preparation.
Drying
Many materials are hygroscopic and will absorb moisture from the atmosphere. This
moisture may be absorbed into the granules, it may adhere to the outer surface of the material, or
both. It is absolutely essential that this moisture be driven off before plasticizing is attempted.
The heat of plasticizing, usually from 350°F to 700°F, will cause any moisture present to
vaporize. The steam and pressure generated will cause the plasticized material to foam or blister
and will seriously affect the quality of parts as well as hamper processing it in the equipment.
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The drying of granules is an easy, low-cost process. For short-run production the
material is spread in one inch layers in trays and placed in a small heated oven with generous
venting to the atmosphere. A typical drying period may call for two hours at 200°F.
Do not attempt to plasticize a material until the correct drying conditions have been met.
The Plastic Properties Chart (Appendix III) contains drying recommendations.
Dry Coloring
Many plastic parts today are made in color. However, it is impossible to stock all
available materials in a wide range of colors. Even the material manufacturers themselves
usually stock in natural color: that is, the color which the processed granules have before any
pigments are added. Many standard color pigments are available commercially. To obtain
small quantities of special or custom colored material, a small percentage of color pigment,
usually in powder granular form, is mixed with the natural granules. A typical situation might
call for 2% by weight of pigment to be thoroughly mixed with granules. Any sealable container
will do as a mixing chamber. A few minutes of active shaking will produce a good color blend.
Pre-Heating
In the rare event that the plasticizing capacity of the molding machine constrains the rate
of molding production, pre-heating may be useful. Since most thermoplastics are extremely
sensitive to excessive or prolonged high heat, the material integrity can be protected by preheating the granules from room temperature to a point below that at which the granules become
soft, before feeding the material into the plasticizing chamber of the machine. In this way, the
amount of heat needed to complete the plasticizing is considerably reduced.
Plasticizing
The rate of plasticizing is an important consideration in a high-speed molding process. It
becomes less significant and a minor problem in short-run applications; nevertheless, the method
of evaluating the plasticizing rate can be helpful.
Plasticizing typically depends on the size and temperature of the melt cylinder, the type
and grade of material being used, the starting temperature of the material, and the rate at which
material is fed into the melt cylinder.
Molding equipment is rated in its plasticizing capacity by the ability to melt styrene
measured in pounds/hour. The mathematics of plasticizing in a production cycle are
straightforward. For example, assume that the time required to plasticize polypropylene in a
melt cylinder at 550°F is three minutes. If the melt cylinder capacity is four ounces, then the
plasticizing rate of the equipment would be 1 1/3 ounces per minute. Production is then limited
in continuous cycles to a rate not to exceed one shot of 1.3 ounce weight each minute, or .65
ounce every 30 seconds. Exceeding this rate will cause improperly plasticized material to be fed
into the tool, and incomplete parts - or short shots - will result. By pre-heating the granules as
previously mentioned the plasticizing rate can be increased.
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Another variable condition which can change the rate of plasticizing is the melt cylinder
temperature. For example, if a material has an ideal melt temperature of 400°F, the production
rate can be increased by raising the cylinder temperature to 450°F. This change in melt cylinder
temperature, to compensate for or to aid production rate increases, is normal in regular
production cycles. It can also be a high risk venture. If, for example, the production rate was
reduced and the melt cylinder temperature was not, the material in the cylinder would rapidly
burn. Physical properties would be drastically reduced, colors would change, and in many cases,
fumes or toxic gasses would be generated. Some materials would pass through the range of
normal melt and "best flow" conditions and tend to re-solidify. It can be difficult to purge this
degraded material from the equipment.
Every thermoplastic material has a temperature range outside of which it will not process
as desired. Low temperatures will result in short-shots and require excessive injection pressures.
Higher than ideal temperatures will produce gassing, discoloration, and impair physical
properties.
For continuous good results, there is no better combination than an "average" melt
cylinder temperature, properly dried and pre-heated granules, and a steady non-fluctuating
production rate. Establishing the values for these variables is a simple yet critical task. The first
step must be to obtain constant extrusion.
Extrusion
The material granules fed into the top of the heated melt cylinder are compacted by the
ram piston. As they move downwards towards the nozzle, they become plasticized. Ideally, the
melt cylinder should be refilled after each shot, granules being fed into the top as the heated
material leaves the nozzle. The small diameter ribbon of plasticized material leaving the nozzle
is known as extrusion.
In order that the extrusion be in a condition ideal for injection, it must be correctly
heated, free of blisters or gassing, free of lumps which would indicate unmelted granules, and
have a smooth glossy exterior. Use caution and wear protective gear when creating an extrusion.
This molten material is under pressure and trapped air or gas may cause the material to pop and
splatter when exiting the nozzle.
Before injecting a part of about one-half ounce, it is recommended practice to extrude a
ribbon of this weight (or volume) from the nozzle. The extrusion gives immediate, visual
evidence of the condition of the material prior to injection into a mold.
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Injection
The act of injecting the heated material into a tool cavity usually requires considerable
pressure. This pressure will vary dependent on the ease with which the material will flow, the
size of the orifice through which it must pass, and the size or complexity of the cavity.
The variables to be considered in injection are the pressure and the rate of injection.
Since correctly plasticized materials act typically as hydraulic fluids, for any given injection
pressure the rate of flow will vary with the size of the orifice - or gate - between the nozzle and
the cavity. If the gate area is doubled, the rate of flow will double. The cavity should be filled
with material before the temperature drop caused by contact with the relatively cooler mold
changes the material's flow characteristics. Material flowing into a tool will flow around both
sides of any obstruction to meet on the reverse side of it. If the material temperature has dropped
sufficiently, then the two fronts of material will not bond into each other and a weld-line
develops in the part. Listed on page 101 are steps that can be followed to reduce or eliminate
weak weld points (weld marks).
Naturally, each of these alternatives has both advantages and disadvantages. The
material temperature can only be raised to the upper limit of the ideal range. A substantial
increase in the mold temperature will reduce the rate of chilling and consequently slow down the
production rate. Increases in injection pressure above that required to fill the mold will require
additional clamping and part ejection pressure. An increase in gate size will leave a larger mark
on the finished part. If the gate witness is not objectionable on the part, a gate correction should
be the only necessary change to solve this problem.
Venting
As the material is injected under pressure into the tool, the air in the cavity must be
allowed to escape to atmosphere. Any restriction to this escape of air will generate a backpressure against injection causing a reduction in the rate of material flow and encouraging air
entrapment within a part. It can also contribute to incomplete or short shots in the cavity.
It is customary to vent the mold at the parting line. That is, cut air vents from the cavity
to the outside of the mold. A typica1 vent would be .003 inches deep and 1/4 inch wide. The
vents should be located at the extreme corners of the cavity farthest from the gate. If during
sampling one or more areas of a cavity tend to underfill -as indicated by short-shots or knit-lines
- these areas should be vented. If a vent is too deep, a small amount of flash will tend to appear
on the finished part. Over-venting is always preferable to under-venting since the flash is easily
removed in a secondary operation. An unvented mold is an incomplete mold.
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Sprue, Runner and Gate
After leaving the nozzle and before entering the cavity, the material must flow through
one or more passages in the tool. The first of these, which leads directly from the nozzle is a
tapered passage running in line with the melt cylinder towards the center of the mold. This is the
sprue. Its function is to guide the material directly to the mold parting line. In low-cost tooling
designed and built for prototyping or short-runs, the sprue may run directly from the nozzle to
the cavity (see page 44). It may be tapered in either direction, so that the large end is open to the
cavity, or so that the large end is adjacent to the nozzle and the small end connects to the cavity
via a gate (see page 36). It is always tapered so that the material, once chilled, can be easily
removed.
When the large end of the sprue is adjacent to the nozzle, it is normal to place a nozzle
adapter between the mold top surface and the nozzle. The adapter has a conventional ball seat
and a tapered and serrated short sprue. After chilling, the sprue may be removed from the mold
by simply rotating the adapter which breaks off the sprue at the gate. A light tap on the bench
top will eject the sprue from the adapter. Naturally, the hardened steel adapter also protects the
top surface of the tool from damage or wear.
In tools where more than one cavity exists, or in some three plate tools, the material must
be guided by runners from the lower end of the sprue to the cavities. It flows along, or parallel
to, the tool parting line at right angles to the sprue. The runners should be as short as possible
with a minimum of turns or corners. A good runner has a circular cross-section since this gives
the lowest area of exposure to the cooling effects of the mold. A half-circle or flat, ribbon type
runner is bad practice.
A gate is located between the runner and the cavity. This gate is a small orifice through
which the material must flow to enter the cavity. The gate may be round or rectangular.
Typically it will be as large as aesthetic considerations will allow. If the part to be molded has a
wall thickness of .06 inches, the gate should be at least .06 x .06 inches square or an equivalent
area if round (approximately .09 inches diameter). The gate should be as short as possible and
never longer than its diameter or square size. Once again, half-circle or flat, rectangular gates
are not desirable.
Chilling and Tool Temperature
The temperature at which a tool is maintained is always a compromise. A cool mold
allows fast chilling of the material and higher production rates. However, if the material is
cooled too quickly, poor surface finishes are obtained. Often a "rippled" finish or "orange-peel"
effect will result on the part. Premature freezing of the gate can cause short-shots, knit-lines, and
excessive sink. Material temperatures must be higher than ideal and higher injection pressures
are often required to give an injection rate fast enough to fill the mold before the material chills.
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An over-heated mold will cause extended chill times and resultant long cycles. The part
when finally removed from the tool will still be hot: subsequent cooling outside of the cavity
will cause distortion and reduce dimensional stability.
A fluctuating mold temperature will cause variations in part quality and size. Within the
closed mold, shrinkage is restricted, and so parts leaving the mold at different temperatures will
have different amounts of shrinkage.
As a cool mold is run, it tends to increase in temperature. However, with each successive
shot, the rate of temperature rise is reduced until, after some period of time, the mold
temperature will stabilize. Heat loss to atmosphere will balance heat gain from the material
injected. With short-run tooling (usually aluminum) the temperature will stabilize well below
that which will cause part distortion. Parts made on the tool before the stabilized temperature is
reached will all be subject to size and quality variation.
To eliminate this problem, a pre-heat plate is recommended. This heater will quickly
raise the mold to correct working temperature and will maintain this temperature throughout the
day. (See the Plastics Properties Chart for recommended tool temperatures.)
Cycle Time
All thermoplastic materials are sensitive to heat. Because of this, the rate at which they
can be plasticized is limited. Once plasticized, they may be maintained at this temperature for
relatively short periods of time. Improperly plasticized materials cannot be successfully shot;
over-heated materials will degrade and discolor.
As a result, the material should be kept moving through the machine at a relatively
constant rate. It is therefore essential to establish a regular cycle of operation. The time interval
between shots must allow for a thorough melt, and yet prevent burning. Naturally, the melt
cylinder temperature can affect this time, as can the type of material. Typically for prototype and
short-run molding, cycle times will vary from 30 seconds to 10 minutes, depending on the shot
size, the amount of material to be plasticized between each shot, the material heat tolerance, and
mold handling requirements. It is most important that, once established, the time interval
between shots is held fairly constant. Use a clock or a timer to regulate the cycle.
Establish a cycle time which will allow a good shot each time and will maintain a desired
mold temperature. If testing indicates that a material will plasticize at a rate of 4 ounces each 5
minutes in the machine, it is far better to set a production pace which will use only 3 ounces in 5
minutes. This way the material will always be thoroughly prepared. This is consistent with the
principle of designing only up to about 80% of rated capacity. The apparent loss in capacity will
actually pay off in reduction in scrap parts, and production of parts with consistently good
dimensions and surface finish.
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Ejection
When chilled - usually about 10 seconds after injection is complete - the part should be
removed from the tool in such a way as to avoid any damage. A number of mechanical methods
are used and each method has one factor in common. When the material cools, it shrinks away
from the outer cavity and on to any internal insert or core. Hence, when the tool opens, it is
possible to accurately predict on which side of the tool the part will be found. The ejector
system must be designed to push the part off the core (see pages 38 & 84).
In conventional production tools, ejection is performed by a pattern of ejector pins in the
mold base. These are attached to a moving plate which is forced upwards after the mold is
opened (see page 96). In prototype or short-run tooling, a threaded core is often left loose and
can be removed from the tool with the part molded around it, the part is then unscrewed from the
core (see page 44). An ejection slip ring (see page 38) that is lever activated is another prototype
technique for loosening or "stripping" parts off of a core.
Another well-proven method is to leave the sprue attached to the part and use this to pull
the part from the mold (see page 66). If a reverse tapered sprue has been used, it is often
possible to open the mold with the sprue still attached to the part and thus ensure that the part is
withdrawn from the mold (see page 36).
To avoid any damage to the core or cavity in aluminum tooling, always use a plastic or
wooden device to pry the part loose. When the sprue is attached to the part, the sprue can be
pulled with pliers since it will be discarded.
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CHAPTER TWO
TOOL DESIGN AND BUILDING
There are three distinct types of tooling in everyday use. They are identified by their
method of usage, their intended life, and their cost.
HAND MOLDS
The hand mold is usually a low cost, simple tool which is placed in the injection press,
clamped, filled, and then removed by hand to be opened on the work bench for removal of the
molded part. Typically, production rates run to a maximum of 80 parts per hour. The tool
consists of a few simple aluminum parts, each a functional part of the core or cavity. Tool life is
usually measured in the hundreds of parts. The hand mold is used when part quantity
requirements are low, and tool cost is more important than part running cost. In correctly made
aluminum hand molds, the part quality and finish can be as good as from more expensive steel
tooling.
SEMI-AUTOMATIC MOLDS
In this type of tooling, the upper or hot side of the mold is attached to the molding
machine so that the nozzle and nozzle seat are adjacent. The sprue must be conventional in that
it tapers to increase as it moves away from the nozzle. The base or core side of the mold is
bolted directly to the machine table. Either a hand-operated or semi-automatic ejection system
will aid in removing the part from its cavity. As the molding machine operates, the mold is
clamped, filled, and opened. An operator is required to remove the parts and cycle the
equipment. This type of tooling is used when part quantities tend toward the low thousands.
The production rates would typically be 100 to 180 parts per hour depending upon the part size
and the material being used. Once the equipment is set up, semi-skilled labor can be used to
operate it. Tool materials would normally be aluminum with beryllium copper or steel inserts.
Tool life is typically in the 10,000 shot range; this can be significantly extended by use of
finishes such as hard anodizing or chrome plating, or use of steel cavities and cores.
This type of tooling is extensively used for short-run applications. Part costs are often a
small fraction of the costs of fabricating by other methods and quality can be every bit as good as
from full production tooling.
AUTOMATIC MOLDS
Since this type of tooling is used when production quantities are large and piece price is
of supreme importance, discussion here will be limited. Tools are usually of heat treated steel,
ejector systems are automatic, and mold heating and water chilling systems are added.
The cost of set-up and production of a few thousand parts can sometimes be less than the normal
"set-up" charges for automatic production equipment.
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TOOL QUALITY DESIGNATIONS
Tool quality can also vary, depending on the need for parts. The requirements for
quantity, quality, dimensional accuracy, surface finish, and materials to be molded can
drastically affect the required quality of the tooling to be built. In order to define tool quality
simply, it is designated Class C, B, or A. These classifications are not intended strictly as an
evaluation of the workmanship involved in tool building, but rather as an indication of expected
tool life.
Most hand molds would be designated Class C. The design, use of materials in the tool,
and total tool building time would reflect the need for economy due to small part quantity
requirements. Rather than complicate the tool to develop very fine tolerances or intricate detail
in the molded parts, the parts might be subjected to secondary machining operations after
molding. It would obviously be better to drill and tap a #10-32 cross-hole in 50 parts, an hour's
work at most, than to spend four hours making and fitting a rather delicate core to the tool.
Every tooling decision must be made with economics in mind. The objective becomes to
achieve the lowest possible total cost of producing the tool and the required molded parts. Since
the hourly labor cost for operating the molding equipment will be less than the hourly costs of a
machinist or toolmaker, the decision will usually be to reduce tool building time and to increase
molding and post-mold finishing time.
A Class B tool would typically have more informal detail, be made from more expensive
or harder-to-work materials, and be intended for semi-automatic use. The increased mold
making labor would be justified by higher parts production, faster production rates and fewer
secondary finishing operations. Tool cost is, however, still a significant consideration. Crossholes in the part are produced by hand-pulled cores or loose inserts. Internal and external
threaded cores or inserts would be hand-rotated. Tools may contain engraving, surface texturing,
polished and plated sections. The mold may have more than one cavity. One Class B mold is an
excellent, low cost short run production tool.
Class A tooling is produced with extended life, speed of operation, and part costs as
prime considerations. It is used in short-run situations only as a stop-gap measure, usually for
pilot or sample production. There is no such thing as low cost Class A tooling. To produce
Class A tooling requires the services of experienced designers and toolmakers using the finest
materials. There are many fine tool-making shops ready and willing to quote and build Class A
tooling to your needs.
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The object of this book is to help you to become proficient in the design and building of
Class B and C tooling, using limited resources and knowledge. With proper engineering help
and encouragement, anyone with a knowledge of drafting or machining can produce perfectly
acceptable Class C tools. These tools will produce valuable and competitively priced molded
parts in short-run quantities. Many companies have found that in an extremely short period of
time, they were producing good Class B tooling. The examples illustrated in Chapter V are
typical of the tooling produced by machinists previously inexperienced in toolmaking.
MAKING THE TOOLING DECISIONS
By using a simple format to notate the information relative to a part, it is possible to make
a quick, accurate judgment of the required tooling. When in doubt, make a single cavity Class C
tool and gain experience. If necessary later, upgrade the tool to Class B or make a multi-cavity
Class B mold.

TOOL
PART
Part design firm and proven
Part material firm and proven
Post finishing required or acceptable
Quantity requirements - Total
Finish requirements - as molded
Part cost allowance
Toolmaking skill available

Class C

Class B

Multi-Cavity
Class B

No
No
Yes
Too 500
Open
Over 50Γ

Yes
Yes
Slight
To 5,000
Good
Over 25Γ

Yes
Yes
Minimal
To 25,000
Good
Under 25Γ

Slight

Moderate

Moderate

MOLD DESIGN
Having decided on the type of mold required, the next step is to prepare a design for the
shop.
On the part drawing, mark any details which can be produced by secondary operations.
Next, trace the part outline on paper to determine the location of a parting line for the tool. The
main parting line is generally located at the part's largest cross-section. With a cup-shaped part,
for example, the parting line would be at the rim of the open end. The cavity side of the mold the hot side - which houses the sprue would have in it a recess the size and shape of the outer
contour of the cup.
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The core side - the base - would have a protrusion on it the shape and size of the inside of
the cup adjusted for anticipated material shrinkage. When placed together, the mold halves
would be in contact all around the parting line and have a gap between the core and cavity equal
to the wall thickness of the cup.
Refer to the illustrated examples of mold design in Chapter V. It is most probable that an
idea illustrated, or a combination of ideas from one or more of these examples will provide you
with a basic design to follow. The mold should be drawn so that each part is rendered to a
simple machined block, manufacturable by an available machinist. To eliminate the necessity
for many tight tolerance dimensions, show also an assembly picture, indicating only the basic
outside sizes of the mold and the required fits (e.g. drive fit dowel or .001" oversize ream for a
slip-fit or .005" clearance for a free fit).
Whenever possible, use standard sizes for the materials from which the mold is to be
made. Quick reference to a material stock list will provide a wide assortment of materials and
sizes. A mold must be designed so as to withstand pressure from clamping action of the machine
and also pressure from within during injection. These pressures can be quite high. When
designing aluminum molds, it is essential that a wall of at least 1 inch of metal remain outside
the cavity. For a 1 inch diameter cavity, use at least a 3 inch diameter block. When milled
cavities are of 1 inch depth, use at least a 2 inch plate. When semi-automatic tooling is to be
built, use much larger material sizes so that the extra heat involved can be absorbed more evenly
and be dissipated from the enlarged area. Additionally, the material has to be large enough to
mount in the machine as well as accommodate ejector systems that may be built into the tool.
GATING
Two main factors influence gating: gate location and gate size. For symmetrically
shaped parts such as, gears, discs, cams, and plates, the gate should be as near the center as
possible. With a gear, for example, gate into the center hole or disc gate as shown on page 46.
For sections which are cup-shaped, sprue gate as shown on page 12, or reverse sprue gate as on
page 36. Avoid gating into a thin wall section. Gates should always allow material to flow into
the heaviest section of a part. If necessary, make a heavy section on the part to gate into the
machine away the excess material later. The function of a gate is to allow material as quickly as
possible into the mold and produce even filling of the cavity with moderate injection pressure.
The material to be used can influence gating significantly. For vinyl, which flows freely
when plasticized, a half-ounce part might typically require a .09" diameter gate. The same part
from Noryl would need approximately twice the gate size.
* * *
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To summarize the subject of tooling design, it is strongly recommended that these
decisions be carefully planned around the following factors:
♦ Anticipated life of tool; quantity of parts required
♦ Selection of tool material
♦ Aesthetic requirements of part affecting selection of gating and parting line
♦ Critical dimensions of part; its relation to other parts in an assembly
♦ Material selection for part
TOOL BUILDING
There are a number of methods in use for manufacturing the parts of a mold. Besides
various techniques for making the cores and cavities, there is a need to create gates, vents,
sprues, and establish the proper fits, clearances, and drafts in the tool.
The core or insert, being a male form, is usually turned on a lathe or milled from plate or
bar-stock material - or a combination of both. The cavity, however, being basically a recess, can
present some problems. A round cavity is simple, and a rectangular cavity, providing it can have
radiused corners, is easy to mill. However, a rectangular cavity with sharp corners all around is
impossible to mill.
One method of producing a cavity with sharp corners is to machine mold inserts as
shown on pages 42 and 90. Alternate, often more desirable methods of producing these sharp
corners, as well as other complex configurations, include EDM'ing, hobbing and casting.
EDM (Electrical Discharge Machining)
EDM (Electrical Discharge Machining) operates on the principle of removing metal with
electrical energy. An electrode having either a male or female shape designed to produce a
corresponding cavity or core is positioned into the EDM machine. The electrode is then lowered
into a work tank filled with dielectric fluid and to within a few thousandths of an inch of the
work piece (mold plate). Electric arcs traveling across the gap then "cut" away the cavity
material.
The electrodes are commonly made of EDM graphite, brass, or other conductive alloys
such as copper, silver, and tungsten. The electrodes must be dimensioned to compensate for the
overburn (spark gap) which occurs during the EDM process and also to allow for the plastic
shrink factor. For very complex mold cavities or where several of the same electrode are
required, electrodes can be purchased from companies which specialize in producing molded
electrodes (usually copper tungsten) from models of the finished parts.
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Any conductive material or metal - tough, hard, soft, brittle - can be EDM'd. Many
conventional machining applications are now being replaced by EDM because it is more
accurate, more reliable, or more economical. Also configurations that were thought to be
impossible or very difficult to machine a few years ago are now being produced by EDM. Micro
slots, burr-free holes, intricate dies, and contours make excellent EDM projects. The recessed
contours and square corners as the example in page 96 is an ideal EDM application. For difficult
shapes in carbide, exotic metals, hard or soft tool steel, aluminum, or other conductive materials,
nothing matches the economics of electrical discharge machining.
Hobbing
To produce this cavity, it is necessary to produce a male form in steel with the shape of
the desired cavity (see page 36). The hob was lathe turned to the required diameter, then milled
to produce the external ribbing. The hob of oil hardening drill rod was then hardened by heating
and quenching in oil. Next the cavity was prepared for hobbing by being lathe turned to the size
of the hob at the bottom of the ribs. Finally, after being generously coated with white lead - an
effective non-galling lubricant - the hob was forced into the cavity in a hydraulic press. It could
equally well have been impacted into the cavity. It is possible to hob cavities in aluminum,
kirksite, and soft low-carbon steel.
It is normal practice to hob a cavity to an over-depth condition. If a cavity must be
finished to .500" depth, the hob should be forced into a depth of .530" and then the parting line
of the cavity should be machined or surface ground down .030".
Casting
This same over-depth requirement exists when a cavity is to be cast. First, a model is
made of the required part with the dimensions suitably increased to allow for shrinkage. From
the model, a pair of epoxy or silicone rubber molds are cast. From these molds, plasters are cast
and thoroughly dried by baking at 250°F for some hours. Finally, aluminum or kirksite is poured
into the plasters and the resulting cores and cavities will be a fine detailed reproduction - in
reverse - of the original model. This method of producing molds is used when the article to be
reproduced is difficult to duplicate by machining as for example a sculpture or carving.
Please refer to the chapter on Epoxy Tooling for a complete and detailed description of
low-cost casting techniques.
Fits and Clearances
When plastic is forced into a mold, considerable pressure is involved. The material will
flow into all fine corners, edges, and cracks. Any space of .003" and greater will tend to become
filled. If a clearance of .005" is allowed between a recess and the insert in it, the space will fill
with material.
It is essential in producing a good mold to carefully size and fit all internal parts. For
slide-fit dowels or ejector pins, use a reamer that is size plus .001" or .002".
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Draft
When machining a cavity or core, always use a tapered mill cutter or lathe turn with the
compound slide set at an angle. The cavity must decrease in size as it moves away from the
parting line. A core must decrease in size from its base toward its highest point. The draft in a
cavity must be at least 1/2° per side; the core should be drafted a minimum of 1° per side.
Remember, the part will shrink away from the cavity and onto a core or insert (see Appendix I
for Draft Angle factors).
Location of Mold Sections
In order that the desired accuracy be maintained in a part, it is necessary to locate the
mold sections relative to each other. In lathe turned molds, location diameters can be machined
during the making of the tool (see page 54). Molds made from square or rectangular plates are
aligned by doweling the two matching pieces. See page 90 for an example of Leader Pins that
locate the 'A' plate with the 'B' plate. The drilled and reamed holes should be a close fit to assure
proper alignment and prevent any binding. Next, finish the side walls of the blocks to establish
good edges that can be used for marking out the cavity. This preparation is a necessary step and
will subsequently result in more accurate cavities and finished parts.
Any of the following operations will aid in relocating the mold halves: use different size
dowel pins, stamp alignment marks, or mill flat one corner (see example on page 66).
Gates
The gate should be cut only after the cavity and core are completed. Start small and
increase the size until no signs of knit-lines remain in the molded part. A large gate will produce
a better quality part than a gate which is too small. Refer to page 12 for examples of various gate
designs for different molding purposes.
Sprue
The size of the sprue at the nozzle end must be larger than the size of the nozzle orifice.
Typically for a 3/16" diameter orifice nozzle (B size) the sprue orifice would be 7/32". The next
most important item is the finish of the sprue hole itself. It must be smooth, free of chatter or
scratches. Practice has shown that it is best to finish the hole with a straight flute hand reamer.
Most local industrial tool suppliers offer tapered reamers in various sizes suitable for sprues.
Vents
One of the most important features of a tool is the vent system. Air must be allowed to
escape as the material enters the cavity. Vents should be cut at the parting line in various
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locations around the cavity. See page 12 example 'A' and page 90 for vent design and
dimensions. Occasionally it is necessary to vent a large cavity at locations other than the parting
line. Core pins and inserts can be designed to provide this added venting.
If during sampling, it is found necessary to increase the gate size, it should also follow
that the venting may have to be increased. The width and number of vents is determined by the
size of the cavity and the rate of fill. Over-venting is rarely a problem since the resulting flash
on the molded part can easily be trimmed; underventing is a common fault.
Tool Size
The size of the part will regulate to some extent the size of the finished tool. The mold
surface at the parting line should be at least one inch larger all around than the part size. The
plate thickness should be no less than one inch greater than the maximum cavity depth.
When mold halves are to be bolted together, use 1/2"-13 bolts. Small bolts tend to shear
or have the threads strip. Bolts should be positioned symmetrically around the sprue, three for a
round mold, four for a rectangular mold.
TOOLMAKING MATERIAL
Aluminum
The most widely used material for prototyping and short-run tooling is aluminum. It is
readily available, lighter to handle than most other metals, and machines easily. It will take and
hold a high polish, and the harder grades wear well. It is resistant to corrosion by most molding
materials and the fumes that they may generate. Aluminum is not highly resistant to erosive or
abrasive effects; however, it will easily take hard chrome plating or hard anodizing as surface
finishes. These finishes are necessary when parts are needed in such materials as glass-filled
nylons which are abrasive. Aluminum grades typically used for tooling are 2024T4 or 7075T6.
Beryllium
This is a copper-based alloy with a hard, low-friction surface. It will machine and polish
well and is highly resistant to abrasion. Because of its high cost, it is used mainly for inserts or
cores where aluminum does not have sufficient strength. It requires no heat treatment. Some
molding compounds, especially those with chlorine content such as vinyl, may cause rapid
corrosion to beryllium. Beryllium may also require special handling during machining due to
fumes emissions.
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Kirksite
This is a low-melting point, non-porous alloy, rather soft and free cutting. It will cast
easily, capturing fine detail and so is usually used to produce molds of sculptured or detailed
parts. It may be cast into well-dried plaster molds. The resulting castings are used as molds for
plastic molding. Mold life may be extremely short, often well below 100 pieces; however, the
mold can be easily made without intricate machining.
Steel
When strength, resistance to wear, and resistance to accidental damage are factors, steel
is an obvious choice of mold making material. Tool steel is easy to machine, readily available,
inexpensive, and can be moderately case-hardened at a minimal cost. Sprue bushings, cores,
inserts, and thread forms can be made easily in tool steel and then case-hardened if necessary.
To avoid the problems of heat treatment, tool steels or drill rod are highly recommended. These
materials, although partially hardened, can be machined and polished and are favorites for
sliding cores and loose inserts. Large hand operated molds should not be made out of steel due
to the weight. A steel plate that is 5" x 6" x 2 1/4" weighs 20 pounds. A piece of aluminum the
same size is only 7 pounds. In many applications it is better to have an aluminum mold base
with steel inserts for ease of handling.
Other often used materials come in the form of ready-made components. They include
hardened steel dowels used for location pins and cores, and ejector pins, which are available in
many sizes, may be used as core pins.
MOLD FINISHING
Every mold, core, or cavity requires some finishing. First and foremost among the
finishing operations is polishing. The idea here is to have a smooth surface as well as high lustre
on the mold working surfaces. First, all machining marks must be rubbed away, and all
undulations or ripples in the metal surface removed. Only then will polishing be effective. The
tools used are as follows:
For removing rough machining marks, lightly sand with emery or carborundum cloth.
Next, rub with a rough polishing compound (approximately 280 grit) on balsa or hard
wood sticks. Felt pads used in motorized hand tools can also be used with compound.
For a finer finish, use a 600 grit compound finishing with a metal polish on cloth.
Remember the molded part appearance will be no better than the surface finish of the
mold cavity and core. Polishing may account for 10 to 15 percent of the total mold
making time.
Protective coatings such as chrome or nickel plating, hard anodizing, or case hardening
should only be applied after thorough polishing. Likewise, surface texturing, for example, and
blasting to remove lustre, or photo-etching to produce a pattern, must be applied over a smooth
surface to achieve the desired quality.
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CHAPTER THREE
PART DESIGN AND MATERIAL SELECTION
When designing a part for injection molding, the method of toolmaking becomes an
important consideration. It is the designer's responsibility to consider the alternatives and
produce a design which is moldable using conventionally made toolings.
First, break down a part into simple components. Two or three simple pieces are often
easier to tool than one complex part. The parts can be assembled easily together using snap-fits,
solvent bonding, ultrasonic welding, as well as conventional use of rivets, eyelets, screws, etc.
When quantities are not high, the assembly labor will be more than justified by the savings in
tooling cost.
The most significant rules in part designing are keep the wall sections constant, and use
adequate draft on all vertical surfaces. Indicate on the part drawing the location of the parting
line. Show clearly the direction and angle of draft on the inside and outside faces. If a situation
calls for "no draft" on a part, have extra material on the part and mold it with draft. Use
secondary operations to remove the excess material and generate the parallel surfaces.
Wall thicknesses on molded parts are typically from .03" to .100". Excessive pressures
are needed to push material into cavities with less than a .03" wall. Sections over .200" will tend
to cool too slowly and stresses and sink marks will result.
It is bad practice to have extremes of thickness or localized heavy sections on a plastic
part. Differences in cooling and chilling rates will invariably cause warpage in the finished item.
When a heavy section must exist, use it as filling point for the cavity. Gate into a heavy section
if possible; try never to fill a heavy section from a thin section.
The best possible source of information for the plastic parts designer is to study readymade parts in the office, stores, and home. Examine the parting lines, drafts, gates, ejectors,
surface finish, and try to judge the material. Probably the most critical decisions facing the
designer are establishing acceptable tolerances and selecting the material. To a great extent one
will affect the other, and both can significantly affect costs.
TOLERANCES
The most common error made by designers using plastics is to call out tolerances
normally found in metalworking. The skilled toolmaker can cut cavities and cores in metal as
accurately as any other fine machinist; but as in other industries, close tolerances cost money.
Once the mold is made, the parts coming from it will not all necessarily be the same size.
All plastic materials will shrink when cooled from a plasticized semi-fluid to a chilled
part. The shrinkage will depend on the mold temperature and the material temperature change.
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If a cavity is cut exactly four inches long at 70°F, then is heated during the molding process to
200°F , it will increase in length and so will parts molded in it. If the mold expands .005" in
length, the minimum part variation will be greater than this. If, in the same mold, a part is shot at
500°F and another part is molded from material plasticized at 600°F, the parts will vary in length
due to shrinkage factors. Indeed, parts will actually shrink on a three dimensional basis thus
creating even greater potential for tolerance variation.
A third factor is the variation in material shrinkage even when the plasticizing and mold
temperature can be held constant. These changes can be the result of ambient temperature or
humidity fluctuations, or of changes in injection pressure and speed.
When a machinist is to cut a cavity, he must estimate how much oversize he must
machine to allow for shrinkage. This shrink allowance can vary from .002 to .004 inch per inch
for materials such as polystyrene up to .020 to .025 inch per inch for different grades of acetals.
It is not reasonable to demand a +.000 -.005 tolerance on an inch since this leaves no latitude at
all for the toolmaker or molder. Close tolerances can be achieved in plastic but only if mold
dimensions can be adjusted after the mold is sampled. This way actual shrinkages are
established and the process variations are held to tight limits. (See Appendix II for machining
shrinkage factors.)
Many studies have been run to establish the relationships between tolerance and cost.
The results of one such study are graphically displayed below. Plastics are almost always used
to reduce manufacturing costs in a product. Only careful designing and critical study of actual
tolerance requirements can maximize these savings.

UM10158_ 0213A

49

Tormach Injection Molder

APPENDIX: EXAMPLE APPLICATIONS

THERMOPLASTIC MATERIALS
The physical properties of injection moldable materials vary from the soft flexibility of
gum rubber to the brittleness of glass; temperature resistance varies from complete softening and
dissolving in hot water to an ability to withstand a brief exposure to flame. Costs vary from a
few cents to several dollars a pound. (See Appendix III for physical properties and cost per
pound.)
The decision as to which material to use for an application need not be a difficult one
since over ninety percent of thermoplastic parts used are made from no more than a dozen basic
materials. Often a part can be successfully made from any one of a number of available
materials. Listed below are the most commonly used thermoplastics with a brief description of
their most notable characteristics and uses.
A.B.S.
A.B.S. is a copolymer - a mixture of acrylic (which gives it a high lustre and hard
surface), butadiene (a rubber which adds impact strength), and styrene (a rigid, low-cost base).
Telephones, typewriters, instrument cases, and household appliances are made from A.B.S. It
colors well, resists staining, and solvent bonds easily. Low cost.
Acetal
Parts which must maintain a springiness such as latches and snap catches are usually
made of acetal since it strives to retain its molded shape. A low co-efficient of friction, good
wear resistance, and rigidity make it excellent for bearings and gears. It has excellent resistance
to chemicals. Medium cost.
Acrylic
This material has good optical clarity and is available in brilliant, transparent colors that
are stable against discoloration. Its glossy surface and high-impact strength is resistant to
outdoor weathering. These characteristics plus excellent electrical and heat properties make this
material widely used for light control lenses. Medium cost.
Nylon
As any ardent fisherman will know, nylon is a tough material with a high resistance to
abrasion. It tends to be self-lubricating and is used extensively for bearings, gears, and wear
surfaces. Nylon is resistant to common solvents. Molding is made more difficult by the
material's narrow processing temperature range and its extremely high moisture absorption rate.
Medium cost.
Phenylene Oxide
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This is a high-temperature resistant material used for electrical components such as
switch housings and junction boxes. It is hard, wears well, and will solvent bond. High cost.
Polycarbonate
This material is extremely tough. Impact resistance is its real asset although clarity and
surface lustre make it a favorite for appliances such as electric drill housings and handles for
kitchen appliances. Windows and lenses are often molded of polycarbonate particularly for nonbreaking uses. Polycarbonate will solvent-bond readily. High cost.
Polyester
Polyester is dimensionally stable and has low moisture absorption. It has excellent
resistance to a broad range of chemicals such as gasoline, alcohols, and dilute acids and bases.
Many parts requiring impact strength, smooth surfaces, and good wear properties are made of
polyester. Medium cost.
Polyethylene
Many food containers used in the home are polyethylene. So are many toys and utensils.
The material will float on water, has a waxy feel, scratches easily, and resists most solvents,
chemicals, and detergents. It molds easily at low temperature, has high dielectric strength. Low
cost.
Polypropylene
This is the lowest density common plastic. It floats easily, can be sterilized by boiling,
has a high lustre surface, molds easily, and is fast replacing other plastics in the electronics
industry as a component material. It will not absorb water, and it resists most chemicals and
solvents. It is flexible, but has poor wear resistance. Hinges molded in polypropylene will
frequently exceed one million flexings without failure. Low cost.
Polysulfone
Polysulfone is strong, rigid, and has a very high heat-deflection temperature along with
excellent electrical properties. It is toxicologically inert, resistant to stain, taste, odor, and a wide
variety of chemical compounds found in food and medical environments. High cost.
Styrene
Styrene varies from a crystal clear, brittle material used for cosmetic containers and
transparent boxes for low-cost jewelry items to flexible, high impact colored plastic used for toys
and low cost containers. It has low resistance to chemicals and heat, will solvent bond easily.
Low cost.
Urethane
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The wear resistance of this material is often many times that of rubber compounds, and it
resists oils and many chemicals. Usually rubbery in feel and flexibility, its uses include noisefree, long-wearing gears and drive belts, electronic encapsulations, shoe heels and impact or
shock pads. High cost.
Vinyl (PVC - Polyvinyl Chloride)
Most electrical wire coverings and plugs are made of vinyl. It is the most widely used
encapsulation material for injected electronic components. It molds easily at low temperatures
and will reproduce fine mold detail. Most vinyls are heavily plasticized by the addition of oillike materials. It has poor temperature resistance and if over-heated, it discolors, can
disintegrate, and emit chlorine gas. Vinyl can be solvent-bonded but has low chemical
resistance. Low cost.
FILLERS AND MODIFIED MATERIALS
In order to improve or change the physical properties of thermoplastics, other nonthermoplastic materials are added to the granules by the materials manufacturers. Some of the
most common fillers and their values are discussed briefly below:
Glass
Fibers of glass, similar to glass cloth, are mixed with many materials such as nylon,
phenylene oxide, and polypropylene to increase the material strength. Percentages are from 10
to 40% of the filler. Both impact and heat resistance are greatly increased. Moldability is often
improved by the glass because it acts as a good heat carrier, speeds plasticizing, and aids flow
into thinner sections. Gate sizes may need to be increased especially with the higher fill
percentages due to higher viscosity.
Glass beads are also being used as a bulk filler and cost reducer in some more expensive
materials. Surface hardness is increased and shrink rates are considerably reduced. The glass
particle sizes are extremely small so gate sizes are not affected. Moldabilty is often improved especially with nylons.
Lubricants
For the production of parts subjected to high wear or abrasion, lubricants such as
powdered teflon or molybdenum disulfide (MOS) are added in small quantities. Percentages
would typically be from 2 to 5%: wear resistance is increased, and since the lubricant is
impregnated into the part, external lubrication is often avoided.
Carbon Fibers
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Thermoplastics that are fortified with carbon fibers have a strength and modulus value
similar to die-cast alloys. The strength, lubricity and conductivity of carbon-filled materials has
opened doors for plastic applications not previously possible.
Plasticizers
Some materials, such as vinyl, are naturally hard and brittle. To make such materials
flexible and soft, oil-like chemicals are added in quantities from 5 to 30%. A normal plasticizer
is D.O.P. di(2-ethylhexyl) phthalate which will attack some thermoplastic materials. Styrene
should never be used in close contact with vinyls containing plasticizers unless considerable
product testing is first done to evaluate any possible problems.
Other fillers commonly used include chalk, wood flour, titanium dioxide, ceramics, and
metallic powders. The material suppliers' specification sheets will give full details on fillers and
material properties.
* * *
Materials such as polypropylene and polyethylene are known as homopolymers since
each is a pure polymer. When these materials are mixed by the materials manufacturer during
processing, the resulting blend is known as copolymer. This term denotes only that the material
is a chemical blend and has physical properties resulting from both parent materials.
The material manufacturer can modify his materials' physical properties by changes
within his process. Such changes are known as cross-linking. This phrase "cross-linked" will be
noted in the manufacturers' specification sheets and is usually associated with considerable
increases in the physical strength of a material. Most polymers consist of molecular chains (long
series of chemical groups joined end to end). These groups tend to align during processing like
short lengths of chain piled in a box. The strength of the material is related to the length and
strengths of these chains. Cross-linking, as the name implies, involves adding extra links
between each chain and its neighbors. This process has gained importance and specification
sheets should be studied for resulting changes in physical and molding conditions.
Physical properties and molding conditions of many commonly used materials are listed
in Appendix III. This appendix is only a guide. Space prevents a complete, comprehensive list
of materials. It is highly recommended to refer to the material manufacturer's information data
sheet before processing any thermoplastic. Any person who works with plastic materials should
be aware of any cautions, hazards, or special handling procedures that may be required.
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CHAPTER FOUR
EPOXY TOOLING
No study of low-cost tooling could be considered complete without a long, careful look at
the advantages offered by poured epoxies. The cavity, and often the core of a mold, can be
produced by pouring and heat curing a high temperature epoxy around a pattern or prototype
part. When the pattern is removed, every detail, even finger marks on the pattern, will be
faithfully reproduced.
ADVANTAGES
The advantages of epoxy tooling include the short time required to produce an extremely
accurate and detailed mold, the low cost of materials, and the very significant savings in
toolmaking labor. After some practice, good molds can be made by persons totally unskilled in
normal moldmaking procedures. The equipment used - the mixing bowl, stirring stick, and
simple oven - are far more readily available in the laboratory than the lathe, mill, and hobbing
press.
LIMITATIONS
The limitations of epoxy tooling are involved with the need for an accurate pattern or
prototype part to duplicate, and the life of the tool in terms of its ability to produce duplicate
parts. The epoxy materials, although hard and rigid to the touch, are not as strong as aluminum
or kirksite. The mold wear from abrasion is greater. Epoxies are generally strong in
compression but poor in tensile or shear load conditions. It is necessary then to back-up the
epoxy with a metal box and to avoid thin, unsupported members within a cavity or core.
An additional limitation involves the rate at which epoxy can transmit and dissipate the
heat created in the process of injection molding. Simple two part epoxies are, in fact, good
insulators. To overcome this problem, epoxies used in preparation of molds are heavily filled
with powdered metal, usually aluminum. These fillers improve heat transmission and increase
the strength and surface hardness of the materials. It is not uncommon, however to have long
mold closed/injection cycles (often two to three times longer than those with conventional
metals) due to the slow heat transfer rates.
TYPES
Mold making epoxies are of the two-part type. Part "A" is a metal-powder filled resin.
Part "B", the hardener, is either a liquid or a powder. These are mixed thoroughly together
usually in a ratio of three parts "A" to one part "B". Once mixed, the material has a workable life
of about a half-hour before starting to gel. Three companies make epoxy materials used to
produce injection mold cores and cavities. They are The Devcon Corporation, Furane Products,
and Ren Plastics (a division of Ciba-Geigy Corporation).
All of these materials require heat curing. Once cured, the epoxies will withstand
injection molding of thermoplastic materials at 600°F or less.
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ECONOMICS
The costs of epoxies used for moldmaking are in the range of $18 to $20 per pound. The
volume of one pound is approximately 16 cubic inches of mixture. When using a metal back-up
shoe around the cast resin, it is seldom necessary to use more than half an inch thickness of
epoxy. This means that when making a core and cavity for a part 3" x 3", the total epoxy used
would be approximately 1/2 pound or $10 maximum cost.
The shoes or back-up boxes can be reused. Once a mold has completed its required
production life, the epoxy can be removed and the shoes are then available for housing a new
mold (or re-pouring the old one should it be damaged or wear out).
Experience has shown that the economic savings involved with epoxy tooling housed in
reusable shoes can be as great as 70% of the cost of conventional tooling. These costs do not
include the availability of metal working equipment required for conventional tool building.
MANUFACTURING OF EPOXY MOLDS
Design
There are two basic types of epoxy tools used for injection molding. These are the
simple short-life hand mold (see page 92), and the Class "B" short-run tool, cast directly in the A
& B plates of a conventional mold base (see page 94).
A simple drawing should be prepared for the mold, indicating the size of the pocket and
the position of the parting line. A good practice is to draw the outline of the pattern first using a
red pencil. Then draw the mold around the pattern using the parting line and the sprue positions
to locate the mold plates. Two views, a plan and a side view, will be necessary to show the
details and establish the pocket size. A good rule of thumb is to allow one inch of aluminum or a
half inch steel plate around the epoxy as a back-up.
Pattern Making
The pattern can be made of any material which will withstand the first stage processing
temperatures of approximately 200°F without deforming or giving off gas. Metal, plastic, and
wood are most commonly used. Metal patterns should be free of bumps, machine marks, or
rough surfaces. Plastic patterns should be of sufficient strength to allow for removal from the
solidified epoxy after the first heat stage of curing (pre-cure).
Wood patterns, which are easily constructed, are the most critical in terms of finishing
requirements. All porosity must be eliminated and the wood grain smoothed, or the poured
epoxy will adhere firmly to the pattern. It has been found from experience that the shellac-based
varnishes, often used for wood pattern finishing in the foundry industry, are not suitable for use
with epoxies. They tend to soften, become sticky, and often give off gas during pre-cure baking.
The liquid polyethylene finishes and the vinyl emulsion wood glues, when brushed or rubbed
well into the wood and thoroughly dried are more acceptable.
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The final preparation of the pattern is a most important phase of epoxy moldmaking.
First, rub or spray a hard wax-type parting agent on the pattern and allow this to dry. Then buff
well and repeat the process. When you are absolutely sure that the pattern has been thoroughly
coated with parting agent, wax it once more! Remember, epoxies are among the best known
adhesives and will bond readily to most surfaces. They will not bond to a surface which is well
waxed or well protected with silicone. Use one or both of these parting agents generously.
For critical dimensional areas, the pattern should be made larger than the required
finished product by the amount dictated by the "shrink" of the thermoplastic material to be
injected into the finished mold. If a part dimension must be one inch long when molded in ABS
with a shrink rate of .005 inch per inch, then the pattern must be made 1.005 inches long. The
shrinkage of the epoxy moldmaking material is very low. In sections of no more than a half-inch
thick, it can be disregarded entirely.
Mounting the Pattern
Before the epoxy can be poured, the pattern must be properly mounted. When it has a
flat surface at the parting line, such as a flat disc or cup-shaped item, the pattern can be easily
secured to a flat surface such as a sheet of glass or metal using a layer of double-backed tape.
The entire surface must now be waxed and buffed and can be lightly sprayed with silicone
parting agent. Position over this the shoe or box and secure in place with weights or clamps.
When a part has detail on both sides of the parting line (a sphere or a cylinder), it must be
mounted into a layer of soft clay with the lower portion submerged into the clay so that the other
surface of the clay is at the parting line (imagine a marble pressed into a layer of clay until half
submerged). The top surface of the clay should then be leveled and smoothed. Next, oven-dry
the clay with the pattern in place. Plaster of paris may be used in place of clay and should be
also thoroughly dried.
Next, thoroughly seal and wax the clay or plaster as described for wood preparation.
Finally position the box or shoe over the pattern and secure in place.
The complete assembly should then be put on a heater plate or preferably in an oven and
raised gently to 200°F.
Mixing the Epoxy
It is essential for the preparation of good epoxy mixes that two rules be strictly observed.
First estimate the amount of epoxy required using the known fact that one pound equals 16 cubic
inches. Then MEASURE CAREFULLY the CORRECT amount of hardener, stirring well with
a tool. The mixture must now be THOROUGHLY MIXED by stirring slowly by hand for at
least five minutes. Then return the mix to the oven.
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Machine mixing is not advisable because it folds air into the mix, and air entrapment is
the biggest cause of epoxy mold failure. Bubbles on or near the mold surface will rupture under
molding pressure and cause parts to hang in the mold.
While the mix is reheating and bubbles are riding to the top, the heated mold half can be
removed from the oven and positioned for pouring. Remember that as epoxy is poured into the
molding box, air must be allowed to escape. It is good practice to put the mold and plate
assembly on a heater plate and tilt it slightly so that the epoxy can be poured at the low end of
the mold. The level of the liquid epoxy thus rises slowly in the mold avoiding air entrapment.
When full, the mold can be returned to the oven for pre-cure. If possible, leave the filled mold in
the oven at 200°F overnight.
When fully pre-cured, remove the flat plate from the parting line of the mold. Leave the
pattern in the mold or replace it into the molded cavity. Once again, thoroughly wax, buff,
rewax, and spray the mold parting line and underside of the pattern. Place the lower mold shoe
in position using the dowels to locate it accurately. Bolt or clamp the mold halves together.
Mix, heat, and pour in the lower mold shoe as per the upper half of the mold and pre-cure
in the oven. Next remove the pattern and complete the mold cure as recommended in the epoxy
manufacturer's instructions.
Mold Finishing
In many cases, the only machining required to complete the mold is the drilling and the
hand reaming of the sprue passage. As for all metal molds, the sprue must be tapered. Wherever
possible, use a straight flute pin reamer.
Runners should be cut where necessary using a ball end mill cutter. There should be no
need to polish an epoxy mold if the pattern was correctly finished; however in areas where the
epoxy is machined a good polish can be obtained with the use of a lightly abrasive metal polish
applied with a soft wood polishing stick or a cotton-tipped swab. After polishing, apply a
coating of hard wax and buff well.
If an abrasive plastic material such as a "glass filled" is to be injected into the mold, it is
possible to Teflon® coat the core and cavity. First remove all traces of wax from the epoxy
using a solvent or a degreaser such as carbon tetrachloride; then spray or paint on a thin coating
of Teflon "S" and air dry. Next bake the mold at 350°F for two hours to harden the Teflon.
(Note: Teflon is a registered tradename of the DuPont Company. Teflon is a PTFE
compound. PTFE stands for polytetrafluoroethylene which is a class of fluoroplastic. PTFE is
sold under other tradenames such as Halon by Ausimont, USA; Fluon by ICI Americas; and
Hostaflon by Hoechst Celanese.)
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Metal core pins or inserts should be added to the mold after the final oven cure. DO
NOT mold metal inserts, cores, or ejector pins into the epoxy. These will all complicate the
moldmaking and tend to cause stresses and air entrapment. Add these details as is done with
conventional all-metal tooling.
The remaining item is venting, which is extremely important in epoxy tooling,
particularly since injection pressures should be kept as low as possible. Venting techniques
described in the metal tooling chapter apply equally to epoxy tooling. Finally, it is
recommended that a good mold release agent be sprayed into the mold cavity and core. This is
preferable to a layer of well buffed hard wax.
RUNNING OF EPOXY MOLDS
In order to prepare and extend the life of epoxy tooling, care should be taken during its
use to prevent accidental damage. First, gently warm the mold to its running temperature as
required to suit the material to be injected. Clamp the mold firmly but slowly (without sudden
impact). Inject the material at a moderate or slow rate without undue use of high pressures.
Because of slower-than-metal heat transfer rates, the chill times after the completion of
injection and before mold opening should be extended by approximately a factor of two. A part
which in all metal tooling would chill in 15 seconds should be allowed a full 30 seconds to chill
(possibly longer). Adjust this "holding time", including maintaining the pressure of the injection
ram, until acceptable parts and cycles are attained. If the temperature of the mold continues to
rise, reduce the frequency of injecting parts into it. After a part is ejected, wait a short time
before reusing the mold. Class B tools can also be cooled by circulating cold water through
holes drilled in the shoes or mold plates surrounding the epoxy.
MOLD LIFE
The complexity of the part being shot, the care taken in moldmaking, handling and use,
and the type of material being processed all affect the life of an epoxy tool. One hundred parts is
a normal expected life of a tool maintaining close tolerances and using high temperature
materials.
Some epoxy molds can produce at least a thousand parts if carefully used with nonabrasive plastic materials. There are instances on record of epoxy tools producing over 50,000
shots. If the pattern is retained after completing the mold, a worn or damaged mold can be
remade using the shoes or mold plates a second or third time. Often only one side of a mold
need be rebuilt. Simply place the pattern into the good half of the mold and recast the worn
section.
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MOLD REPAIR
Repairing an epoxy mold is usually a simple task. Machine or scrape away an area
around the damage. Drill a hole through the mold to the back if necessary. Carefully wax a
molded part or the original pattern and press it firmly into the mold. Heat to remove the pattern,
and complete the cure as recommended. Rewax the mold and continue with production.
In summary, epoxy tooling has been found to be an excellent prototype alternate
technique - particularly when dealing with complex shaped parts. In the absence of significant
machine shop capability, it may be the best economical technique for producing useful and
quality prototype parts. In some cases, it is the mold building technique of choice for making
low volume production runs. Epoxy tooling is a significant viable avenue in the search for
practical prototype and low production methods.
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CHAPTER FIVE
CASE EXAMPLES OF SHORT-RUN
MOLDING REQUIREMENTS
The following case examples are intended to illustrate tool design, construction, material
selection, and the molding process. In most examples, short-run molding is compared with an
alternative method of fabrication and costs of both approaches are estimated. These examples
are based on actual case histories: however, where necessary, costs and lead times have been
approximated. Also adjustment of hourly rates for inflation and local conditions may be required
in some examples especially as the cost justifications have not been "rescaled" since their actual
occurrence. As an average, the estimated cost savings at any point in time are in excess of 65
percent of the alternate method of fabrication, and the savings in lead times are equally
significant. You will note that for many of these examples, the only possible manufacturing
process was injection molding.
The selection has been grouped as follows:
A Series
B Series
C Series
D Series
EP Series
EDM Series

-

2 plate tools emphasizing lathe work
3 & 4 plate tools emphasizing lathe work
2 plate tools emphasizing mill work
multi-cavity & semi-automatic tools
epoxy tooling
tools using EDM technique

Emphasis has been placed on hand molds and semi-automatic tools of the Class B
designation. Some repetitive items such as mold mounting holes and slots, hidden lines and
other common details have been deleted from some sketches in order to "highlight" other mold
design features. Many of these could have been built as Class C tools, the parts finished with
secondary operations, and the total economics of the job improved.
The indirect advantages of this short-run injection molding approach include: reduction
of parts inventory as interim production requirement for parts can be completed and the tool
returned to storage; flexibility of production scheduling due to low lead times for first samples
and quick set-up for subsequent production runs; savings of purchasing and accounting
overheads; and full control by production management over quality assurance.
If your applications are primarily in R&D and product development, the in-house
injection molding approach enables you to maintain better control over proprietary information,
promotes strong feedback between design and molding results, as well as rapid project
turnaround at lower tooling costs.
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CHAPTER SIX
MATERIAL HANDLING
Each family of thermoplastic materials has its own processing characteristics. To switch
from one compound to another may require more than merely readjusting temperatures and
pressures. Proper drying (essential for most thermoplastics) and other handling requirements
must also be observed. Some polymers not properly processed present hazards to the work
environment. Always begin by following the instructions and suggestions of the manufacturer of
the material.
When experimenting with a new material or an unfamiliar grade, use an open orifice "B"
nozzle first. Establish a good extrusion and note the temperatures. This requires that the
material be allowed to drool freely. Once these conditions have been established, a shut-off
nozzle can be used to eliminate drooling.
In general, material such as vinyl, urethane, polypropylene, nylon, and acetals which
drool rapidly, will require low injection pressures (2,000 - 4,000 psi) providing that the gates are
adequate in size and the mold temperatures are correct. Materials which drool more slowly such
as ABS, phenylene oxide, and polycarbonate will tend to need slightly higher injection pressures
(4,000 - 6,000 psi) and larger gates. Heavily filled materials may not drool at all and will require
pressure from the ram to extrude from the nozzle. Pressures of 7,000-9,000 psi may be needed to
produce good parts. In addition, at each pressure level, the ram speed should be adjusted as
needed.
If pressures significantly higher than indicated here are required, it is most probable that
the runners and gates are too small and mold venting is inadequate. Excess injection pressure
can actually pre-stress molded parts and cause them to be inherently defective. Eliminating mold
design deficiencies will ensure better molding results at the correct temperatures and pressures.
Typical problems encountered when molding are as follows:
NYLON
The mold will not fill correctly.
The temperature range at which nylon will flow correctly is rather narrow. A nylon
which will drool readily at 580°F may be hard or impossible to move at 570°F. At a sustained
600°F, the material will gas, blister, discolor, and flow only as a froth. It is essential with nylon
to establish the correct extrusion temperature and to maintain it accurately. Shoot parts at a
constant rate, and do not attempt to correct short shots by overheating the material. When in
contact with the mold, the nozzle temperature will drop rapidly and the nylon in it will chill
instantly; so clamp and inject as quickly as possible into a good hot mold.
After shooting, the nozzle will almost invariably be frozen. Wait until it starts to drool
again before attempting to shoot another part. If the time required to unfreeze the nozzle is more
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than two minutes, the nozzle temperature could be raised by 10°F. With the shut-off nozzle, wait
until the frozen plug drops free before reshooting.
ABS
Surface color is blemished.
This material has a wide temperature molding range. The problems usually encountered
are with surface finish, especially with the dark colors. When the material is plasticized rapidly,
the temperature of the extrusion will vary as colder spots, from the center of the cylinder, mix
with material nearer the cylinder walls. When injected, these cold spots tend to show up as
streaks on the surface.
Always thoroughly dry ABS and pre-heat it for an hour before molding to raise its
temperature evenly. In this way even the centers of the granules are heated and the chance of
cold spotting will be reduced.
Overheated ABS will also discolor, most noticeably in the lighter colors. When grossly
overheated or retained at high heat longer than necessary, the ABS will tend to resolidify and
both surface gloss and physical strengths will suffer. ABS compounds tend to gas when heated,
molds should be well vented.
ACETALS
Parts are undersize and surface finish is wrinkled.
Acetals have the highest shrinkage rates of all thermoplastic materials. To minimize the
effects of shrinkage, parts should be shot as fast as possible, through gates as large as possible
into molds heated to 250°F. The injection pressure should be maintained until the gates have
chilled, usually three to five seconds after the fill is complete. Acetals are lubricated by the
addition of chemicals and only light quantities of mold release are needed on cores or inserts.
Acetal polymers must be handled carefully to prevent accidents. For example, the
formaldehyde generated by heating acetals is harmful to eyes and lungs. Good room ventilation
is recommended when molding these compounds. This material tends to gas freely; therefore
molds should be extensively vented or back pressure will slow the filling. Again thorough
drying of this hygroscopic material just prior to its use will substantially minimize gassing and
enhance ease of processing.
* * *
The chart on the opposite page summarizes most trouble shooting measures for injection
molding.
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TROUBLE SHOOTING FOR INJECTION MOLDING
Short Shots or Surface Wrinkles Increase ram speed
Increase injection pressure
Increase mold temperature
Increase ram pressure time
Increase runners or gate size
Increase mold venting
Increase time between shots

Warping of Parts Reduce mold temperature
Increase ram pressure time
Increase time between shots
Reduce material temperature
Check part design for section
variations
Part too Small Increase injection time
Increase injection pressure
Reduce material temperature
Enlarge gate

Sinks Increase ram pressure time
Increase ram speed
Enlarge gate
Reduce material temperature
Increase mold venting

Part too Large Reduce injection pressure
Decrease injection time

Discoloring Decrease material temperature
Reduce time between shots
Thoroughly dry material
Thoroughly preheat material

Dimension Variation Shot to Shot Establish and maintain cycle time
Keep mold temperature constant
Maintain constant material temperature
Maintain constant injection pressure
Increase mold venting

Gassing Decrease material temperature
Thoroughly dry material
Preheat material thoroughly

Surface Streaking Raise mold temperature
Thoroughly preheat material
Thoroughly dry material
Reduce injection rate

Weld Marks Increase mold venting
Increase material temperature
Increase gate size
Move gate or use multiple gate
Increase injection speed and pressure
Add overflow puddle
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Relationship of Clamp to Injection Pressures
The clamp force holding the mold closed must exceed the total internal pressure to be
generated within the mold cavity or the mold will open (flash) during injection.
FOR EXAMPLE: assume an injection pressure of 5,000 psi, a mold with 3 square inches
of cavity area and a viscosity factor* of .7: the internal pressure = 5,000 psi x 3 square inches x
.7 = 10,500 pounds, and thus the selected clamp force must exceed 5 1/4 tons.
If the internal cavity pressure of a specific mold design should exceed the 8 tons or 20
tons clamp force applied by the Morgan-Press, the mold halves can be bolted together. (See
pages 48 & 50).
A good rule is to start with minimum calculated clamp force and low injection pressure
and increase the injection pressure and/or ram speed after each cycle until the mold is properly
filled. When proper injection settings are attained, the clamp force should be set at the lowest
tonnage necessary to keep the mold shut. This minimizes mold and equipment fatigue.
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