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ABSTRACT

The large demand for micro injected plastic parts can be
solved with the reconversion of conventional mold machine
shops in order to be suitable for performing micro manufac-
turing of molds and dies.

In this paper, process planning guidelines are presented to
reduce the amount of geometrical variation introduced
through the main sources: part handling, electric discharge
machining and milling operations.

Unlike the approach of process planning methodologies
available, which are aimed for conventional molds, this study
provides guidance for selecting appropriate machine tool
equipment for the machining of micro molds. Furthermore,
the application of the proposed process planning guidelines
seeks to facilitate the incursion of conventional mold shops
into the micro mold industry by limiting the dimensional error
of micro mold cavities.

INTRODUCTION

It is stated by global micro mold industry, that the quality of
the micro mold accounts for 85% of the success in the pro-
duction of a micro plastic bio-medical part [1]. The manu-
facturing of cavities in micro molds requires high precision,
expensive and time-consuming operations such as electrical
discharge machining (EDM), high speed machining (HSM)
and micro milling in order to meet part quality specifications.

Current practices for selecting manufacturing process are
based on required aspect ratios and on material hardness. The
part complexity, surface finish and material removal rates are
also considered in available literature; however, there are few
parameter rankings available from previous works to priori-
tize and justify a decision based on these parameters.

Zha provides a parameter ranking based on surface
roughness [2]. Lopez de Lacalle established in his mold cavity
machining analysis that milling is preferred over EDM since
processing time is reduced considerably, and the cost the cost
can be reduced by 50% [3]. Ozel developed, through a
mechanistic analysis, a set of process parameter recommen-
dations for micro milling to avoid the minimum chip thickness
(MCT) phenomenon, which ultimately hinders accuracy and
surface roughness [4]. Alam determined cost and removal
rates of manufacturing processes used to machine micro mold
cavities, by comparing micro EDM, HSM and a combination
of these based on the degree of automation, material removal
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rates, geometrical complexity and surface quality [5,6].

Chae states the need of a consolidated model for deter-
mining the MCT for various materials and cutting conditions
and suggests to continue researching on built up edge, tool
deflection, elastic-plastic behavior, run-out, thermal expan-
sion, tool wear, work piece handling and spindle dynamic
performance in micro cutting operations [7]. However, little
information is available about guidelines for industrials and
practitioners regarding the entire cavity manufacturing pro-
cess planning decision making. Process plans compiled from
academic studies and industry practices are not sufficient and
are limited to studies on milling mold cavities of conventional
dimensions. Mechanistic analyses are also available but do
not provide the information that a machine tool machinist
needs to successfully machine a micro mold cavity. The
process plan studies are limited to considering the cavity as-
pect ratio and the mold material hardness. There is not enough
information on parameters used for the selection of equipment
needed for micro mold machining or on techniques and
equipment that can be used to compensate geometrical error.

MICRO MOLD PROCESS PLAN GUIDELINES

The process plan should provide guidelines for the selection
of the manufacturing processes required for the production of
micro mold cavities. The selection of the manufacturing
processes will be based on part specific requirements and
constraints and will justify a selection between milling, EDM,
and a combination of these. Requirements and constraints will
be evaluated by their influence in the decision outcome and
weighed according to mold cost, mold life and cavity geo-
metrical complexity. The equipment selection should cover
metrology, machine tool, fixturing, temperature control, and
tool holding necessities.

The cost to produce a mold cavity depends mainly on the
manufacturing method production rate and on its degree of
automation [8]. A higher removal rate increases production
rate and a higher degree of automation reduces labor costs. A
high degree of automation allows an operator to do other tasks
during idle times.

The mold life, or the number of times the mold is used to
produce accurate parts, is determined by the mold material’s
resistance to high temperature and high pressure cycles. A
mold with a reduced surface roughness will have less surface
imperfections from which fatigue fractures may arise. The
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quality of the mold surface, the recast layer and heat affected
zone, all affect the mold’s resistance to fatigue failure. An
increase in the mold material hardness would have as a result
an increase in resistance to micro injection production cycle
damage. A harder mold material and a better surface finish
requirement, increase machining costs.

The geometrical complexity of the cavity is inversely cor-
related with the degree of micro milling machinability. A
mold with high complexity, and thus low machinability, has
features with high aspect ratio, small internal angles, micro-
metric part dimensions, or high geometric tolerances. Geo-
metric complexity scales are gathered from available mold
cost calculators as well as from a comparison within a data-
base of micro mold cavities.

A. SOURCES OF GEOMETRICAL ERROR IN MICRO MOLD
MANUFACTURE

Geometrical error is introduced into a micro mold during its
manufacturing process through a series of sources. The
sources with the most significant error contributions are
shown in Figure 1.

Micro mold cavities are made of hard material and must not
have a heat affected layer; for such conditions, milling is ad-
vantageous as does not create a heat affected zone. EDM on
the other hand, produces a recast layer, but is capable of
higher material removal rates on hard material [9].

A higher cavity aspect ratio would require a higher injection
pressure and a higher mold temperature to fill the cavity
volume before solidification [10]. A larger injection pressure
and a higher mold temperature increases the likelihood of
fatigue failure as crack propagates with every high tempera-
ture high pressure cycle. To withstand high temperature high
pressure cycles a mold is made with hardened material and
this lowers the machinability and increases machining costs as
more tools and time are required. Improving the mold surface
roughness and surface quality increases the cost of the mold,
but also increases the injected part complexity that can be
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Temperature control considerations are required during the
production of micro mold cavities. The dimensional variations
caused by the thermal expansion of materials take a critical
role due to the reduced dimensions of micro mold features.
Machine tool manufacturers recommend keeping daily tem-
perature variations under one degree Celsius to maintain re-
quired cavity accuracy [11]. Temperature variations are con-
trolled with specialized compartments which enclose off the
machine tool or machine tool room and control the humidity
and temperature of the air going in and out [12].

The manipulation of the workpiece is complicated in the
micro scale scenario. Conventional clamping and fixturing
devices are widely used in micro cavity production, but the
use of specialized self-centering chuck/pallet systems greatly
reduces setup times [12]. These chuck and pallet systems al-
low the workpiece to be transferred from machine to machine
without losing the workpiece origin or alignment [13].

Metrology is critical for the production of micro mold
cavities since all conventional audible and visual process
feedback is eliminated by the geometrical reduction [14]. A
conventional digital caliper with +/- 20 micrometer (pum)
accuracy used in mold machine shops is no longer useful at the
micro scale. An inspection device should provide accuracy
and repeatability smaller than 10 percent of the feature tol-
erance [15]. Micro mold cavities commonly have tolerances
of +/- 1 pum therefore an inspection device would need to
provide an accuracy of +/- 0.1 um. This metrology rule makes
non-contact technologies such as interferometry and 3D white
light scanning ideal for micro mold cavity production [15,16].

In micro EDM the wire traction force and discharge gap
may not fluctuate in order to prevent the wire from breaking
[17]. The discharge gap is smaller than in conventional EDM
and this inhibits flushing but increases precision and lowers
recast layer [18]. The low mass of the electrode limits the heat
conduction and consequently limits the removal rate.

Electric discharge machining removes material exclusively
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from conductive materials and because of this the degree of
efficiency in the process is dependent on the conductivity of
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the workpiece [19]. As an electrode, graphite is less expensive
and has a higher material removal rate than copper. The ratio
of machining time of copper to graphite is 5:1; while the
machining cost ratio is 3:1 [3]. Also, a better surface finish
and surface quality is achieved with a copper electrode. Micro
mold cavity machining requires the highest surface quality
and surface finish, therefore copper makes the superior elec-
trode choice [5].

The dielectric fluid plays a critical role in EDM as it de-
termines the precision, accuracy, surface finish, material re-
moval rate, and recast layer of workpiece [17]. The dielectric
fluid also aids the EDM process by flushing away the removed
material from the discharge gap and thus allowing an efficient
material removal rate.

In micro-milling, homogeneity of the material cannot be
assumed, the radius effect is not negligible, and cutting does
not necessarily occur even when the tool has engaged the
workpiece [20]. In micromachining, material removal rate is
low, compared to conventional macro-scale machining. There
are three possible cases regarding the chip formation in micro
milling. First, when undeformed chip thickness is less than the
MCT, the material will be compressed by the cutting tool and
will then recover back after the tool passes, in other words, an
elastic deformation occurs and there is no material actually
removed as a chip. Second, when the undeformed chip
thickness is equal to the MCT, the chip starts to form; how-
ever, it still has a portion of elastic deformation and recovery,
so, the removed material is less than the desired value [21].
Finally, when the undeformed chip thickness is larger than the
MCT, material is removed and formed as a chip. The deter-
mination of the ratio of MCT to the cutting edge radius is
essential in micromachining [22].

The main differences between micro and macro scale
milling is the reduction of the attainable cutting velocities
(Vc), the reduced stiffness in the cutting tool and the reduction
of the feed per tooth to cutting edge radius ratio [23]. The
reduced cutting tool diameter reduces the tool rigidity and
lowers the aspect ratio that can be produced on the workpiece.

Runout refers to the eccentricity that the cutting tool pre-
sents while rotating. The runout is the measured deviation of
the outermost cutting tool edge with respect to the axis on
which the tool rotates. A runout creates an unbalanced cutting
operation and this causes premature cutter wear and breakage
[24,25]. Ultra precision collet systems have a dynamic run-out
of 1 um and below. As a reference, commercial manufactur-
ers’ cutting tools occasionally produce precision end mills
with flute runout of 10 um. In micro milling there is a heuristic
rule that limits the permitted run-out to less than ten percent of
the tool diameter [12].

A constant chip load is also required to prevent the cutting
operation to produce intermittent chip removal with high
amounts of plastic deformation [12]. With chip thickness
under the MCT the milling process changes from shearing to
smearing and the consecutive chip removal is replaced with
intermittent cutting where the work-piece is pushed into itself
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and large amounts of elastic deformation and recovery occur
[26].

The MCT is dictated by the ratio of feed per tooth to edge
radius. Generally the MCT is one third of the cutting edge
radius [27]. When the cutting tool deflects the feed per tooth
fluctuates and MCT may arise. To avoid entering MCT the
programed feed per tooth should consider and take into ac-
count chip thickness fluctuation caused by cutting tool de-
flection and variations in the machine tool feed.

Cutting tools with diameters below 100 um are generally
made out from carbide cylinders that neck down to a small
diameter where a cutting edge preparation has been done by
automated grinding or with focused ion beam. The cutting
edge preparation done with precision grinding or EDM gen-
erates cutting edge radii of 10 pm. A cutting edge done with
focused ion beam can be smaller than 0.1pum but is limited to
geometries with two dimensional cross sections [19]. The
cutting edge radii are limited by the cutting tool material. A
harder material with smaller and more uniform grain sizes will
produce smaller cutting edge radii. Polycrystalline diamond
cutting edges can be prepared with cutting edge radii below
0.01 um. Micro end mills used in the production of micro
mold cavities generally are 100 pm diameter, two flutes, and
ball nose end mills made out of carbide with a titanium car-
bo-nitride (TiCN) or titanium aluminium nitride (AITiN)
coating.

A cutting tool in the micro scale does not show the wear
mechanisms shown in the conventional scale [28]. In the
conventional scale a cutting edge wears out 50-100 pm with
initial use and then the wear increases with a lower rate to
about 400 um after which a sharp increase in the cutting edge
sets in until fracture is reached. In micro scale milling the
conditions are different since the feed per tooth is of the same
magnitude as the cutting edge radius [29]. The decrease of
feed per tooth causes the cutting edge to have a cutting
mechanism similar to one shown by a conventional end mill
with 200 pm uniform flank wear. A micro cutting tool exhibits
constant wear rate followed by an exponential rate increase
that concludes with tool fracture [29].

B. MICRO MOLD PROCESS PLAN GUIDELINES

This work provides guidelines for micro mold cavity man-
ufacturing in the form of process plans, equipment selection,
process parameter recommendations and technical knowledge
required. The guidelines make selections based on required
mold life, cavity geometrical complexity and cost per mold.
The mold life parameters considered are surface roughness,
surface integrity and mold material hardness. This work pre-
sents scales for the mold material hardness, geometric com-
plexity, surface roughness and surface quality. Rules for se-
lecting between EDM and milling processes for the machining
of micro cavities are presented in Table 2.

Alam et al. [5] made a comparative economic analysis of
HSM, EDM, and a combination of HSM and EDM. The study
proved HSM to be the most cost effective followed by the
combination of EDM and HSM. When a combination of
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manufacturing methods is used, HSM is employed to remove
the initial material and EDM is used to perform the finishing
operation. The following rule can be used for process selec-
tion when having part cost as the main selection driver.

Alam et al. [6] made an economic analysis varying surface
finish requirements. His results show that HSM provides
better surface finish without sacrificing accuracy, as EDM
does. HSM reduces polishing time by 60% when compared
with EDM [30]. Surface integrity is compromised with EDM
due to the particularities of the process which leaves a recast
layer. A recast layer and a poor surface roughness facilitate
surface crack initiation, which ultimately reduces mold life
cycle [18].

Aspect ratio or L/D is the most common decision criterion
used to determine which manufacturing process. Aspect ratio
is the ratio of depth to width of a particular geometry. A high
aspect ratio would require more overhang in the material
removing tool. This modification is almost inconsequential in
EDM as there are no cutting forces involved, but reduces
milling machinability due to the loss of tool stiffness that
would produce out of tolerance surfaces with poor surface
quality. The aspect ratio recommended by Alam was modified
from 3 to 8 due to technology advancements that have been
made since his publication was published. An increase in the
geometry’s aspect ratio causes a reduction in milling ma-
chinability and an increase in machining costs that ultimately
makes EDM a more cost effective material removing alter-
native.

When hardness is above 32 HRC the aspect ratio capabili-
ties of HSM are reduced significantly and the cost effective-
ness of the operation becomes lower than that for EDM. EDM
is independent of hardness and therefore produces higher
aspect ratios than HSM at elevated hardness without a de-
crease in the operation’s material removal rate.

Alam recommends using EDM when complex geometries
need to be manufactured. This rule is complemented with the
complexity scale shown in Table 1 which describes the com-
plexity degree than can and cannot be machined with by HSM.
EDM should be used when the geometries’ complexity is
larger than 7.

Table 1: Complexity Index

Complexity Index
index Feature Description
! Constant cross sections
least complex
2.5 Two dimensional geometries
5 Channels or pathways
7.5 Inner diameters smaller than
cutting tool
10 High Aspect Ratios
most complex (greater than 10)

Minimum radius is a factor that limits HSM due to the na-
ture of the rotating tool mechanics, which limits the produced
radius. With EDM the produced radius is a replication of the
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electrode’s geometry with a variation caused by the discharge
gap which can be reduced to less than 10 pm. Industrial
practices show that end mills with diameters smaller than 200
pum are not commonly used in micro mold cavity machining.
Therefore, the smallest radius done with milling should be
larger than 100 pm. Geometries with an inner radius of 100
pm cannot be machined efficiently with a 200 pm diameter
tool since such a condition would fully activate the tool’s
cutting edge and would increase tool chatter which would
reduce tolerance and surface quality. The inner diameter
threshold used when selecting machining process set by Alam
was of one millimeter. This was adjusted to include ad-
vancements in micro milling that allow to feasibly produce
smaller geometries than those with conventional HSM.

Table 2: Rules to select between EDM and milling

Rules to select between EDM and milling

# | Rule Source

1 | 1* choice — mill Alam
2" choice — mill and EDM
3" choice — EDM

2 | Mill for a better surface quality | Alam

3 | Mill when aspect ratio is greater | Bradford
than 8

4 | Mill when hardness is < 32 | Alam
HRC

5 | EDM when complexity index is | Alam /
> 7 Garcia

6 | EDM when inner diameters are | Alam /
< 0.2 mm Garcia

The process flow chart shown in Figure 2 assists in the se-
lection of the machining process used to fabricate a micro
mold cavity. The flow chart was modified from Alam in order
to make it valid for micro mold manufacturing. Modifications
where made to include more decision making parameters as
well as to update the machine tool technology advancements.
An initial decision making parameter was incorporated to
include the possibility of a mold material with low conduc-
tivity which would increase the inefficiency of the EDM ma-
terial removal process, ultimately eliminating it as a viable
method. A mold with high material surface quality require-
ments is also considered with the addition of a recast layer
criterion. The EDM process operates by effectively melting
material, this material removal process leaves a surface layer
of material that has transitioned from melting point to room
temperature in a rate that eliminates the desired microstruc-
ture. This surface recast layer detriments the surface integrity
and increases the probability of fatigue failure. The aspect
ratio criterion was modified from 3 to 8 in order to present
machine tool technology advancements. When a mold’s ge-
ometry has an aspect ratio larger than eight, machining is still
possible yet rarely cost effective.

A criterion was added to include complexity in the decision
making. Complexity ultimately makes costs rise as they in-
crease the occurrence of error this in return demands more
time, a higher skilled labor and more expensive equipment.
According to Alam, when it comes to differentiating between
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the effectiveness of EDM and milling, complexity is relevant
only when the material hardness is higher than 55 HRC. This
study presents a scale that gives dimensions to complexities
and uses these values to affect the decision making at various
phases.

Figure 2: Process Flow Chart for Micro mold cavity. Adapted
from [5]
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C. TECNIQUES FOR GEOMETRICAL VARIATION CONTROL

The most significant technological barrier in micro mold
machining is the geometrical accuracy barrier. There are
several types of equipment available that can reduce the
amount of geometrical error introduced into the mold. This
barrier is the most significant aspect that limits the introduc-
tion of conventional mold shops into the micro mold industry.
Therefore, in order to reconvert a conventional mold shop into
a facility that can manufacture accurate micro molds an in-
vestment is needed in terms of metrology equipment, machine
tool equipment, temperature control and fixturing. The posi-
tioning, referencing, measuring, aligning and movement con-
trol of the workpiece and material removing tool is signifi-
cantly more complicated in micro scale. The situation is made
less complex through the elimination of several variables with
the aid of specialized equipment.

Volumetric heat expansions are significantly reduced with
the selection of materials with low heat expansion indexes and
with temperature control of all the machining components.
Thermal control is required since small dimensional changes
caused by change in temperature are larger than the dimen-
sional tolerances of micro mold cavities. Temperature con-
trolled rooms and enclosures reduce the geometric changes of
the machine tool structure by controlling incoming and out-
going air to reduce the temperature and humidity differentials.
The thermal changes in the cutting tool and workpiece are
controlled with liquid coolant or compressed air directed at
the material removing interface. The geometric variations in
the spindle are controlled with a variety of techniques pa-
tented by machine tool fabricators.

In micro cavity machining the positioning, referencing and
aligning of the workpiece and working tool become signifi-
cantly time consuming operations. The time spent on these
activities can be reduced with the aid of palletizing equipment,
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a spindle mounted touch probe and a laser tool edge detection
system. Laser tool detection allows an accurate knowledge of
tool position in reference to machine tool coordinate system.

The movement control of the workpiece and tool is con-
siderably more complicated in micro scale as runout becomes
proportionally significant and positioning accuracy limita-
tions are in the same degree of magnitude as part tolerances. A
precise movement control is attained with high precision
machine tools with precision scales on axis guides, active
in-process control and precision spindles.

Table 3 shows the equipment that is needed to reconvert the
typical mold shop to a micro cavity producing machine shop.
A micro vertical machining center with a spindle capable of
delivering 40,000 revolutions per minute in order to achieve
cutting speeds of 25m/min with a 0.2 mm diameter end mill. A
high precision vertical milling center (VMC) used in the
production of conventional sized molds is required to perform
all the preparatory machining as well as to prevent the overuse
or misuse of the high precision micro vertical machine. The
VMC should have a high precision tool monitoring system
such a Hybrid Automatic Tool Measuring System (HATLM).
This machining center should have be able to provide suffi-
cient torque at spindle speeds of 10,000 revolutions per mi-
nute and an accuracy of less than 4 pm in order to slightly
overlap machining capabilities with the micro VMC to avoid
misuse of the later. The micro vertical machine’s components
are more delicate than their conventional counterparts. Micro
milling centers are designed to perform milling operations
with smaller cutting forces in a temperature controlled envi-
ronment devoid of abrasive particles in the air. If a micro
VMC is not used in the appropriate manner its longevity gets
compromised and tool spindle failure becomes an imminent
threat.

A micro mold machine shop also requires a high precision
wire EDM (WEDM) with accuracy and repeatability under
one pm and with auto thread capabilities. Auto threading is an
accessory that becomes critical in micro scale applications due
to the time consuming nature of such task. Auto threading
allows automatizing the threading of a micro scale wire elec-
trode through a small start hole micrometers apart from other
start holes, a task that typically takes more than half an hour of
a skilled machinist’s time [30]. A high precision sinker EDM
with fine hole capabilities is an integral part of micro mold
manufacturing. This machine tool should be capable of de-
livering a current between 0.1 and 10 micro amperes in order
to machine mold surfaces with low surface roughness and
recast layer. The machining precision should be under one
um.
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SELECTION OF MACHINING EQUIPMENT FOR MICRO
MOLD MANUFACTURING

In order to manufacture accurately micro cavities, there is the
need of special machine tool centers, metrology instrumenta-
tion and accessories such as fixturing devices and automatic
tool length measuring systems. The proposed guide in Table 3
covers the most influential manufacturing variables to procure
the success of any micro mold machining endeavor.

Table 3: Necessary machine tools for micro mold production

Necessary Machine Tools
Machine Description
1 | Micro VMC | 40-70k RPM, Accuracy <2 pm
) High Preci- | Mold Making Machine,
sion VMC HATLM
X High Preci- Auto th(rlead caf)e;)k?#ltles, gcmll-
sion WEDM | Tacy and repeatabi ity under
pm
Fine Hole / ngh Precision, capable of de-
4 o livering a 0.1-10 mA current,
Sinker EDM .
repeatability under 1 pm

Table 4 shows the equipment that is needed to compensate
for the loss of visual feedback that occurs when geometries
enter into the micro scale. A stereo microscope allows for part
assembly and visual verification while a tool maker’s micro-
scope or profile comparator allows for low accuracy dimen-
sional measurements conventionally performed with a digital
caliper.

Table 4: Startup equipment for micro mold production

Necessary Startup Equipment
Stereo Microscope Toolmaker’s Microscope
or Profile Comparator

Part assembly and Dimensional measure-
visual verification ments
5x to 25x 10x to 50x

List 1 shows the machine tool accessories that become in-
dispensable in the micro mold cavity manufacturing scenario.
A shrink fit tool pre-setter and a tool balancer are of critical
importance as these guarantee a significant reduction in tool
runout, the most important criterion in micro milling.

List 1: Accessories for micro mold machining

Machine Tool Accessories

Shrink Fit Tool Balancer

Laser Tool Detection HATLM

Thermal Control Chuck/pallet system
VMC tooling High precision chuck
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Equipment in Table 4 and List 1 help reduce dimensional
error in the machined mold cavity. A chuck/pallet system
reduces setup and alignment operations and reduces work-
piece referencing error. In micro scale milling the main
sources of error are the tool mount, tool tip deflection, tool
expansion, tool run-out and workpiece referencing [20].

Table 5 presents a more complete list of sources of geo-
metrical error in micro milling and available compensation
procedures or equipment.

CONCLUSIONS

This work provides guidelines for micro mold cavity man-
ufacturing, with useful information about process planning
equipment selection and process parameter recommendations.
This study also provides a list of the different equipment re-
quired for the production of a micro mold cavity, ranked ac-
cording to the application parameters. Such list includes
machine tool centers, metrology instrumentation and acces-
sories such as fixturing devices and automatic tool length
measuring systems. The proposed guide covers the most in-
fluential manufacturing variables to procure the success of any
micro mold machining endeavor.

The current work presents the differences between con-
ventional scale and micro scale manufacturing, discusses the
most important criteria and will facilitate the transition of
traditional machine shops into micro machine shops able to
produce micro mold cavities. It details the operator skills and
knowledge upgrade required in a mold machine shop to
produce micro molds. It presents the state of the art of micro
mold process planning basic process plan guidelines for mi-
cromold cavity manufacturing through flow charts and rules.
The process planning material is updated and enriched with
additional decision making criterion.

Further development is required to prove the proposed
process planning guidelines through the machining of a micro
mold cavity.
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Table 5: Sources of machine geometrical error and distortion in micro milling adapted from [25]

Sources of Machine Error in Micro Milling and Methods for Compensation

Hypothesis of compensation

Source Geometrical Error [25] Geometrical Variation Compensation Method
Control
0.025 um | 0.050 pm | >1 pum <2 um Hybrid Automatic Tool Length Meas-
Spindle Run-out @ 15k @60k | @ 100k K uring System (HATLM),
RPM RPM RPM High Quality Tool Holder
Tool mount offset > lpm <1 pm Dynamic Balancers, Tooling, HATLM
Tool geometry tol- Precision Machining 0 um Metrology
erances >2um
Linear Accuracy ngél}ll}s/tgrfs(: > Industterrlr?i e <1 pum Temperature Control,
0.15 um >0.5 um Pre-heat, High Quality Machine Tool
. Tool Holder Balancing,
Rotational Run-out > 1 pm <1 pm High Quality Tool Holder
Eggl_Tlp Deflec- <3-4 um I pm Material and Tool Path
Tool Expansion >1 pm 0 pm HATLM, carbide
Workpiece Refer- . .
encing >1 pm I pm Proper Tooling and Techniques
Total Error @100k > 8 um <4 um
nents.," ITESM, Monterrey, Mexico., 2011.
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