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Abstract. Thermally induced errors were identified as a large error
source during diamond turning of micrometer-size optical structures. We
investigate the effects of spindle growth, application of cutting fluid mist,
and temperature variation errors �TVEs�, or thermal drifts, on the ability
to hold tool position tolerances. It is shown how certain process vari-
ables, such as opening and closing of doors around the machine, affect
the TVE. A first-order temperature model was derived to predict the TVE
of the manufacturing process. The model uses the ambient temperature
inside the machine enclosure because the part temperature could not be
measured directly during machining. Documented long-term drift errors
over 23 h were as large as 1.7 �m. Short-term drift errors from pass to
pass were as large as 0.3 �m. Transient effects caused displacement
shifts as large as 0.9 �m. © 2007 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.2795571�

Subject terms: optical structured surfaces; diamond turning; temperature varia-
tion errors �TVE�; thermal drift.
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Introduction

ptically structured surfaces are surfaces that contain de-
erministic patterns of usually high aspect ratio geometric
eatures designed to give a specific function.1 Examples of
tructured surfaces include the reflective coatings on road
igns, self-cleaning surfaces, drag reduction films, and dif-
raction gratings. The size of the structures on the surface is
ommonly orders of magnitude smaller than the overall
ize of the part itself, requiring high precision during fab-
ication. This paper deals with master cylinders that have
tructured surfaces machined on the outer diameter. These
ylinders have applications in, for example, roll-to-roll
anufacturing of organic electronic components, such as

rganic light emitting diodes �OLED�, or the manufacture
f engineered optical films for liquid crystal displays
LCDs�.2 The cylinders discussed in this study were 7.0 in.
ong and 5.0 in. in outer diameter. The cylinder consisted of

6061 T6 aluminum substrate with a wall thickness of
.0 in., shown in Fig. 1. The outer surface of the substrate
as plated with udylite bright acid copper �UBAC�, with
lating thicknesses between 0.05 in. and 0.06 in.

A T-base diamond turning machine �DTM� with
00 mm�200 mm axis travel was used for the necessary
recision fabrication steps that generate the structured sur-
aces. In a typical machining operation, an optical mirror
nish was machined onto the outer diameter and free end
ace of the cylinder. This removed eccentricity, out-of-
oundness, tilt, and total indicator run out in the axial and
adial directions. Prismatic structures were then machined
n the outer diameter of the cylinder, as shown in the cross

Tel: 303–908–8351; E-mail: sneaudet@yahoo.com
091-3286/2007/$25.00 © 2007 SPIE

ptical Engineering 103401-
section in Fig. 1. The prisms formed a thread with a pitch
of 37 �m per revolution. The radius at the valleys and
peaks of the prisms was 5 �m. The microstructures had to
be machined in multiple passes and using multiple diamond
cutting tools. The required repositioning tolerances for the
diamond cutting tool are very small compared to the overall
part size, and thermally introduced errors became signifi-
cant.

2 Error Sources in the Fabrication Process
Dark-field microscopy images, such as Fig. 2, were used
for on-machine visual inspection of the microstructures.
The valleys and peaks are visible as dark and bright vertical
lines, respectively. Defects were seen in the form of chatter
on the prism flanks, burring along the center of the valleys,
and double valleys. The double valleys could have been
caused by tool tip damage or axial non-repeatability of the
tool position during consecutive passes. Nickel electro-
forms were utilized to replicate the surface structure of the
cylinders. The electroform replicas were inspected using a
scanning electron microscope �SEM�.

Figure 3 shows an SEM image. The peak near the center
of the image corresponded to a valley of the pattern on the
Fig. 1 Sketch of side view of microstructured cylinder.

October 2007/Vol. 46�10�1
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ctual cylinder. A defect band of approximately 0.3 �m in
idth was visible near the ridge. A vertical line was visible

hat separated regions of small and large chatter. The large
hatter was likely created during the 7-�m pass, whereas
he small chatter was likely left behind during the finish
ass. Both defects were potentially caused by non-
epeatability of the tool position.

The discussed defects could be attributed to thermal,
eometric, or elastic errors. These error sources affect the
tructural loop of the machine, as indicated in Fig. 4. Geo-
etric errors are the result of linear and angular error mo-

ions inherent to the machine. Elastic errors are static or
ynamic deformations of the machine. They can be caused,
or example, by gravity sag, clamping forces, or inertia
ffects and vibrations. Temperature errors can be caused by
xternal heat sources, such as direct sunlight, or internal
eat sources, such as electric motors and amplifiers. Ther-

ig. 2 Microscopic image of microstructures cut on the cylinder.
he pitch of the structure was 37 �m. Valleys �dark vertical lines�
ppeared as double valleys that were potentially caused by tool
isalignments.

ig. 3 SEM photograph of a nickel electroform containing a defect
ear the center ridge. Also visible were regions of large and small

hatter separated by a distinct line.

ptical Engineering 103401-
mal error sources investigated here included spindle
growth, errors due to misting of cutting fluids, and tempera-
ture variation errors �TVEs� or thermal drifts. TVEs were
found to be sensitive to the opening and closing of machine
enclosure doors and laboratory doors and the cycling time
of the room air temperature controller.

The error was defined as the offset of the cutting tool
with respect to the cylinder at the free end. The error had an
axial component �z and a radial component �x and is the
sum of the expansions of the cylinder �LPart, the granite
machine base �LMachine, and the glass scale for position
control �LScale. Given a temperature rise and expanding
components, �LPart is positive and �LMachine and �LScale are
negative, assuming that the scale is attached to the base on
the left and allowed to expand on the right �Fig. 4�.

3 Thermal Tests

3.1 Description of Test Setup
Many researchers have derived temperature models of ma-
chine tools and were able to predict thermally induced er-
rors based on the temperature distribution within the ma-
chine. Temperature sensors were often attached to the
machines that were then used for various thermal compen-
sation techniques.3–5 In this study, most of the TVE is
caused by part drifts �LPart rather than �LMachine or �LScale.
The part was exposed to higher airflows while the machine
axis and scales were covered with bellows and mounted on
a large granite base. The granite base had a lower coeffi-
cient of thermal expansion �CTE� and higher heat capacity
than the part. The axis of rotation of the part when rotating
could not be disturbed by installing temperature sensors on
the part surface. Instead, ambient temperatures were re-
corded at spindle center height inside the machine enclo-
sure.

Temperature and displacements �z and �x were mea-
sured using a Lion Precision spindle error analyzer �SEA�,
consisting of a three-channel capacitance probe system,
temperature sensors, digital data acquisition hardware from
National Instruments, and Lab View-based analysis soft-
ware. The SEA can be utilized as a diagnostic instrument
for long-term thermal drift tests or to measure rotational

Fig. 4 Thermal, geometric, and elastic error sources affecting the
structural loop of the cylinder diamond turning process, creating an
axial tool offset.
error motions of spindles that require high sampling fre-

October 2007/Vol. 46�10�2
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uencies. Figure 5 shows axial and radial capacitance
robes mounted on the tool post at the free end of the
ylinder, following the illustrations for the two-probe tem-
erature test in ASME B5.57 �Ref. 6�. This setup ensured
hat the capacitance probes measured the same relative dis-
lacements as seen by the cutting tool. Positive displace-
ents meant that the air gap between the part and the probe

hrinks, and negative displacements indicated that the air
ap increases. When mounting the capacitance gauges us-
ng magnetic bases, the measurements of thermal drift were
istorted due to expansion of the magnetic bases. The two
ister nozzles were used to apply cutting fluid mist to

imulate machining runs.

.2 Spindle Growth
eat from the spindle is generally a significant error source

n machine tools.7 The heat is generated by the spindle
otor and air shear in the air bearings and affects thermal

rowth and distortion of the spindle housing and shaft.
pindle growth was anticipated in this study because the

ig. 5 Axial and radial capacitance probes mounted on the tool post
nd axial capacitance probe mounted off the magnetic base on a
-axis table. Mister nozzles #1 �left� and #2 �right� were used to
etermine the effect of cutting fluid on cylinder expansion.

ig. 6 Axial and radial displacements measured while the spindle

as rotating at 100 rpm. Spindle was cold at startup.

ptical Engineering 103401-
existing spindle is not chilled. The growth can cause defor-
mations in all five degrees of freedom, but only the effec-
tive axial and radial relative position shifts on the free end
of the cylinder were measured with the existing test setup.
Thermal spindle growth is typically determined with the
spindle operating at certain speeds and load patterns.6,8 The
test procedure utilized in this paper was to run the initially
cold spindle at 100 rpm, a typical spindle speed during ma-
chining, and neglect loads created by the cutting tool.

Initially, the magnitude of the axial and radial displace-
ments rates were 4.0 �m/h �Fig. 6�. After 4.5 h, the dis-
placement rates were approximately 0.07 �m/h. Viewed
from a tool coordinate system, the free end of the cylinder
moved 3.8 �m to the left and 3.2 �m away from the tool.
Axial spindle growth was considered more critical since it
caused a constant offset error of the cutting tool that was
independent of the z-axis position. The data shows that the
spindle needed to warm up for 2 h to decrease the axial
spindle growth rate to 0.4 �m/h.

3.3 Effect of Machine Side Access Door on TVE
The machine side access door, shown in Fig. 7, was some-
times open during machining operations for purposes of
chip control, to gain access to the mister nozzles for cutting
fluid application, and for monitoring the cutting process. A
test with a stationary spindle was set up to measure the
effects of opening the side door. At the beginning of the
test, the side door was open, and the resulting temperature
swings were 2°C �Fig. 8�. The resulting radial and axial
displacement amplitudes with respect to the cutting tool
location were 0.2 �m and 0.3 �m, respectively.

Fig. 7 Photographs of DTM showing side door open �left� and
closed �right�.

Fig. 8 Effects of open and closed machine side access door on
dimensional stability in axial and radial directions as seen by the

cutting tool at the free end of the cylinder.

October 2007/Vol. 46�10�3
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When the machine side door was closed 2.5 h into the
est, the total temperature swing inside the machine
ropped to 1°C. The radial and axial displacement swings
ere reduced to 0.1 �m. The mean temperature increased
y 0.5°C with the side door closed. The resulting shifts of
he average axial and radial displacements were 0.1 �m
nd 0.4 �m, respectively. The temperature increase inside
he machine was partly caused by internal heat sources
uch as the linear axis motors and the oil pump.

.4 Long-Term TVE Test with Laboratory Door
Closed and Open

long-term TVE test was conducted over a weekend with
o traffic in the laboratory. Two capacitance gauges were
ounted off the z-axis table to monitor axial and radial

isplacements of the free end of the cylinder with respect to
he z-axis table. Figure 9 shows temperature and displace-
ent data recorded over 23 h with the machine door open.
uring the first hour, temperature transients were visible

hat could have been caused by people in the laboratory.
he average radial and axial displacement shifted by
.2 �m and 0.8 �m, respectively. This was likely caused
y ambient temperature transients and temperature gradi-
nts of the magnetic bases. Long-term changes of the aver-
ge temperature between hours 1 and 19 caused average
xial and radial displacements of 0.4 �m and 0.1 �m.

Figure 10 shows the last 8 h of the test. The temperature
ycled with a period of 20 min before the laboratory door
as closed toward the end of the test. The corresponding
eak-to-valley displacement was 0.20 �m axially and
.05 �m radially. When the door was closed, the tempera-
ure cycling time increased to 30 min, causing axial and
adial peak-to-valley displacements of 0.25 �m and
.05 �m, respectively. The increase of the period can be
xplained by noting that warmer air from the outside room
as prevented from flowing into the laboratory with the
oor shut. This caused the temperature controller to cycle
ess frequently. Transient effects were seen when the labo-
atory door was closed, causing 0.6-�m and 0.2-�m shifts

ig. 9 Long-term drift test over a weekend for 23 h with no traffic in
he laboratory.
n the axial and radial directions, respectively.

ptical Engineering 103401-
4 Effects of Applying Cutting Fluid

4.1 Misting of Cutting Fluid
Odorless mineral spirits �OMS� was used as cutting fluid
during machining. One of the purposes of cutting fluid was
the prevention of a built-up edge on the rake face of the
cutting tool. Temperature-controlled oil mists also have
been used in the past to thermally stabilize machines and
workpieces.9,10 It was suspected that the mist of cutting
fluid could affect the thermal sensitivity of cylinders in the
machine. A test was performed to investigate the effects of
OMS sprayed onto the cylinder as a cutting fluid during
simulated machining runs. The machine side access door
was left open during the tests, and the spindle was ther-
mally stable at 100 rpm. In the first 6 h, the peak-to-valley
axial and radial TVEs were 0.2 �m and 0.3 �m, respec-
tively �Fig. 11�.

The two mister nozzles positioned along the cylinder
�Fig. 5� were turned on and off after one another to simu-
late 30-min cutting passes. The mist was started after 1.3 h
by turning on mister nozzle #1 for 15 min. This generated a
2-in.-wide band of OMS on the part. Immediately thereaf-
ter, mister nozzle #2 was turned on for 15 min more, cre-

Fig. 10 The temperature cycle increases from 20 to 30 min when
the laboratory door is closed, resulting in larger axial and radial
displacements.

Fig. 11 Axial and radial displacement variations while the part is
rotated at 100 rpm. After 1.3 h, the OMS mister nozzles were acti-
vated one at a time for 15 min to simulate 30-min passes. A chip

extractor was installed and operated after 2.2 h.

October 2007/Vol. 46�10�4
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ting another 2-in.-wide band of OMS while the first band
f OMS evaporated. Four consecutive passes were simu-
ated this way. The data in Fig. 11 shows that the peak-to-
alley values of axial and radial TVEs increased to 0.9 �m
nd 0.5 �m, respectively. Misting OMS amplified the ef-
ect of room temperature swings on the part. A chip extrac-
or was installed after 2.2 h with no measurable effect. The
adial probe was bumped when setting up.

.2 Air Only from Mister Nozzles
test was performed with only air flowing out of the mis-

er nozzles. The machine side door was closed, leading to
hort-term temperature variations of only 0.7°C �Fig. 12�.
efore the air was turned on, the peak-to-valley axial and

adial displacements were 0.2 �m and 0.05 �m. With air
rom the misters turned on, after 0.6 h, the peak-to-valley
xial and radial displacements increased to 0.5 �m and
.1 �m. Over the next 1.6 h, the average axial and radial
ositions shifted by 0.9 �m and 0.1 �m, respectively. The
ata also show that the airflow did not change the ambient
emperature inside the machine.

.3 Dripping of Cutting Fluid
he mister nozzles were blocked off, as shown in Fig. 13,
efore beginning the test. This allowed dripping of OMS
nto the spinning part. The average axial and radial dis-
lacement shifts caused by spindle deformations and
rowth were 0.8 �m and −0.5 �m over 3.5 h �Fig. 14�.
fter 3.8 h, OMS cutting fluid was dripped onto the part,

ausing the mean radial and axial positions to shift by
.4 �m and 0.5 �m, respectively. The drops formed a film
f OMS on only the left portion of the part to avoid con-
amination of the capacitance probes. The axial and radial
hort-term variations did not change in magnitude with
ripping of cutting fluid.

Analysis of Temperature Test Data
thermal model was established to relate the TVE of the

utting tool to changes in the ambient temperature in the
achine enclosure. The model made it possible to make
VE predictions during machining with a temperature sen-

ig. 12 Air blowing through the mister nozzles was started 0.6 h
nto the test, causing larger peak-to-valley displacements as well as
xial and radial shifts.
or installed inside the machine enclosure without the need

ptical Engineering 103401-
to install temperature sensors on the cylinder. As described
earlier, the total TVE is the sum of scale, machine, and
cylinder drifts. Machine and scale drifts were negligible
compared to cylinder drifts because the machine repre-
sented a large thermal mass, and the scales were made of
low-expansion glass and enclosed in bellows. Hence, in-
stead of making corrections for differential expansions, all
machine and scale drifts were lumped into the thermal
model for the cylinder. The temperature distribution inside
the cylinder was assumed to be nearly uniform because of
the good thermal conductivity of aluminum. Therefore, the
length change of the cylinder �LD at a given cylinder tem-
perature TD was calculated using:

�LD = �ALLD,20�TD − 20 ° C� . �1�

The linear CTE of 6061 T6 aluminum �AL equals 23.8
�10−6 / °C. The uncertainty in the CTE was assumed to be
20 percent.11 LD,20 was 17.80 cm, the length of the cylinder
at 20°C. Length variations of the cylinder can be deter-

Fig. 13 Mister nozzles were blocked off to allow dripping of the
cutting fluid. Axial and radial capacitance probes were mounted on
the tool post, and a chip extractor was installed above the tool
position.

Fig. 14 Cutting fluid dripped on the part starting after 3.8 h, causing
position shifts but no change in peak-to-valley displacements.

Spindle deformations and growth resulted in axial and radial drifts.

October 2007/Vol. 46�10�5
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ined if the cylinder temperature TD is known at all times.
ince TD cannot be measured directly, a temperature sensor
as installed in the machine enclosure to measure the am-
ient temperature TA. Bernoulli’s equation was used to re-
ate TA to the cylinder temperature TD:

DcP
dTD

dt
= hAD�TA − TD� . �2�

ere, mD is the mass of the part, cP the specific heat of
luminum, AD the effective surface area of the part, and h
he overall heat transfer coefficient. Equation �2� can be
rought in the form:

dTD

dt
+ �TD = �TA, �3�

here

=
hAD

mDcP
. �4�

The ambient temperature swings were modeled using a
inusoidal function with amplitude T0 and constant bias
emperature TB of 20°C:

A = TB + T0 sin �t . �5�

his temperature model is simple enough that a closed-
orm solution of Eq. �2� can be found by integration. Sub-
titution of Eqs. �4� and �5� into Eq. �3� yields the solution:

D = TB +
�T0

��2 + �2�1/2 sin��t − �� + ce−�t, �6�

ith

= arctan
�

�
. �7�

The frequency � and amplitude TB for the temperature
odel were obtained by fitting Eq. �5� to actual temperature

ata, and the constant � was determined by fitting Eqs. �6�
nd �1� to the axial displacement data. Fits were performed
or three displacement measurements, yielding:

ig. 15 Fit to ambient temperature �top� and axial displacement

ata �bottom�.

ptical Engineering 103401-
� = �133 ± 8� · 10−6/s. �8�

An example of fitting temperature and displacement data is
shown in Fig. 15. The residuals of the fits are shown in Fig.
16. The residuals did not follow a normal distribution be-
cause higher-order regression terms were neglected in forc-
ing function �5�. However, when neglecting phase shift er-
rors of the fit, the predicted magnitudes of TVE fell within
25 nm of the measured values.

The constant � increased when curve fitting to data that
was obtained when the OMS mister was running:

�M = 594 · 10−6/s. �9�

The increase of � indicated that the part became more sen-
sitive to temperature excursions. The constant c in Eq. �6�
depends on the initial temperature conditions. Ignoring
transients, c was set to zero, and Eqs. �6� and �1� were used
to predict TVEs of the part for given temperature measure-
ments.

Figures 17 and 18 show the predicted TVEs for various
temperature amplitudes inside the machine without and
with the mister.

Fig. 16 Residuals of fits to temperature and axial displacement.
The residuals did not follow a normal distribution, but the amplitude
errors of axial displacement fit did not exceed 25 nm, ignoring phase
shifts.

Fig. 17 Predicted TVEs of the part for different temperature ampli-

tudes inside the machine.

October 2007/Vol. 46�10�6
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Summary of Results and Discussion
he data show that oscillatory steady-state positioning er-

ors were driven by short-term temperature variations and
ransient positioning errors were due to a special cause such
s spindle growth or opening or closing of the laboratory
oor. Table 1 summarizes the transient errors and their
ause. It is seen that spindle growth produced axial and
adial errors that were orders of magnitude larger than other
rrors. Table 2 summarizes the peak-to-valley errors that
esulted from certain operating conditions. The largest er-
ors were seen with the application of mist or air.

To reduce temperature-induced errors in the cylinder
abrication process, the following procedures are recom-
ended:

• Spindle growth should be minimized to 0.4 �m/h by
starting the spindle approximately 2 h before machin-
ing begins.

• The part and tooling should be allowed to stabilize on

able 1 Summary of test results showing the transient axial and
adial displacement shift due to special cause variation.

pecial cause action

Radial
shift
��m�

Axial
shift
��m�

Time
�h�

nternal heat generation
n the spindle at 100 rpm

−3.2 3.8 4.5

losing the machine
ide door

0.4 0.1 1.0

andling and setting up
apacitance gauges

−0.2 −0.8 1.0

ong-term temperature
uctuations

0.1 0.4 18

hanging the
aboratory door

−0.2 −0.6 2.0

tarting air on
ister nozzle

0.1 0.9 1.0

ig. 18 Predicted TVEs of the part for different temperature ampli-
udes inside the machine with the OMS mister in use.
ptical Engineering 103401-
the machine for several hours or over night before
machining begins.

• The laboratory door should remain either open or
closed starting 2 h before and during machining. Pref-
erably, the door should remain open, causing high-
frequency temperature variations. High-frequency
variations are preferred over low-frequency variations
because of the large thermal time constants associated
with the machine.

• Critical tool stack components should be handled with
insulated gloves.

• Cutting fluid should be applied before machining be-
gins until the part stabilizes.

• For thermal stability, the cutting fluid should be
dripped onto the part. Dripping causes less process
dimensional variation than misting.

• The side door on the machine should remain closed at
all times for short-term and long-term dimensional
stability.

• Temperature probes should be used during machining
to monitor temperature variations, and the thermal
model derived in this study should be used to estimate
theoretical TVE. The depth of cut should not exceed
the variation that occurred between two consecutive
passes.

Continuous testing and documentation of ambient tem-
perature is recommended even after a few good cylinders
have been machined. To prevent degradation of the process
and scrap cylinders, temperature measurements should be
analyzed continuously to take corrective actions as de-
scribed earlier.

7 Conclusions
A first-order temperature model was derived from experi-

Table 2 Summary of test results showing the peak-to-valley short-
term axial and radial displacement shifts for various machine oper-
ating conditions.

PV
radial
��m�

PV
axial
��m�

Machine door Open 0.2 0.3

Closed 0.1 0.1

Laboratory door Open 0.05 0.20

Closed 0.05 0.25

OMS mist No spray mist 0.2 0.3

Spray mist on 0.5 0.9

Mist air only Air off 0.2 0.05

Air enabled 0.5 0.1

OMS droplets No OMS 0.2 0.2

OMS dripping 0.2 0.3
mental results that allowed estimation of TVE without mea-

October 2007/Vol. 46�10�7
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uring the cylinder temperature directly. The sensitivity of
he model increases with the misting of OMS cutting fluid.

variety of variables were identified that affect the mag-
itude of temperature-induced error motions of the cutting
ool with respect to the part. Oscillatory steady-state errors
ould be minimized by closing the machine door and drip-
ing the coolant. Transients could be minimized by good
perator practice to avoid disturbing the ambient tempera-
ure. Spindle growth was shown to be a big potential error
ource that can be minimized by running the spindle prior
o machining. Consideration must be given to the tempera-
ure effects on probe holders during thermal testing.
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