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|. INTRODUCTION

Microscopes are now utilized for a wide variety
of tasks in addition to imaging, requiring complex
laser optics, metrology tools, and precision motion
mechanisms in conjunction with the basic micro-
scope structure. These technological advances have
made single molecule detection and analysis possi-
ble, driving interest in measurements with sub-
nanometer precision. However, structural designs
of current microscopes, which have retained a simi-
lar cantilevered shape for decades, make such
advanced setups cumbersome, difficult to reconfig-
ure, and unacceptably sensitive to thermal and
mechanical disturbances. Significant improve-
ments in the flexibility, stability and resolution of
the microscope are needed.
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Figure 1: Segmented tube microscope structure.

The High Precision Microscope (HPM) project,
headquartered at the University of Illinois Labora-
tory for Fluorescence Dynamics with the mechani-
cal design and testing conducted by the MIT

Precision Engineering Research Group, is develop-
ing a novel microscope system for single molecule
experiments. The main feature, shown in Figures 1
and 2, is a series of five aluminum rings connected
by kinematic couplings. The sample stage and lens
optics are fastened to the inside surfaces of the ring
modules, and the optical signals are transmitted to
and from the lasers and signal processing equip-
ment (placed away from the structure) by fiberoptic
cables. This paper focuses on the thermal error
modeling and testing of the HPM structure.

Figure 2: Tube interfaces using canoe ball kinematic
couplings.

Il. STRUCTURE DESIGN

Compared to a traditional cantilevered micro-
scope design or a single-tube structure, the seg-
mented tube structure has two main performance
advantages. First, as shown by the simulated iso-
therms in Figure 3, the gaps between the segments
restrict heat flow parallel to the axis of the tube
stack. As a result, the temperature distribution
around the circumference of each tube under ather-
mal gradient in the ambient, characterized most
simply by the difference in the surface temperature
between opposite sides of the tube surface, is more
uniform with a segmented design. Increasing the
angular uniformity of the temperature distribution
decreases the tilt error of the structure. Furthermore,



infinity corrective objectives used in microscopy
are not sensitive to uniform axial expansion, and
radial expansion is not an issue as long as the center
point where the objectives reside remains in the
same radial position as the elements along the opti-
cal path.

Figure 3: Steady-state isotherms on segmented and one-
piece tube structures
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Figure 4: Simulated performance of shielded and insu-

lated tubes under step heat input.

Each tube segment can be further thermally stabi-
lized by insulating and shielding its outside sur-
faces. Here, the inner structural ring is covered by a
layer of fiberglass insulation, and held in place by a
thin shield having high thermal conductivity (e.g.
aluminum or copper). The shield quickly dissipates
temperature differences around its circumference
[1], and the insulation increases the thermal resis-
tance between the outside shield and the load trans-
mission points on the inner ring. Figure 4 compares

the simulated performance of a bare tube cross sec-
tion to that of an insulated and shielded tube cross
section. For the dimensions chosen, the shielding
and insulation more than doubles the response time
to a step input, and the steady-state temperature dif-
ference across the shielded and insulated tube is
one-tenth of that across the bare tube. Similar
results are noted when an oscillating input is tested;
the shielding and insulation both delay and signifi-
cantly reduce the magnitude of the disturbance on
the structural section.

Second, the HPM design benefits from precision
mechanical alignment of the optical axes, enforced
by the inherent repeatability of the precision-ground
“canoe ball” (named as such because the large-
radius spherical surfaces look like the bottom of a
canoe) kinematic couplings between the segments.
Several studies have demonstrated sub-micron
repeatability of kinematic couplings [2,3,4,5], and
the detailed analysis methods for considering
effects such as nonrepeatability due to friction [6]
and interchangeability errors due to manufacturing
variation [7] are now well-known. The equal-angle
groove arrangement of the kinematic coupling aver-
ages the radial thermal expansion errors of the tubes
to minimize the drift of the central optical axis. Dif-
ferent optical modules can be attached to pre-cali-
brated “replacement” tube segments, and the
segments can be interchanged to reconfigure thhe
setup of the HPM without requiring coarse re-cali-
bration of the instrument each time.

[1l. APPROXIMATION OF THERMAL ERRORS

A difference in axial thermal expansion induced
by a circumferential temperature gradient around
the tube structure causes the tilt error motion shown
in Figure 5. In terms of the temperature profiles
along the heated (T,,) and non-heated (T,) sides, the
material coefficient of thermal expansion (a;), and
the initial height of the stack (L), the differential
expansion (d) of the opposite sides of the stack is

_ & 0
d=al,(T,-T,) = atngh(z)—Tn(z))dzz. (1)

Hence, the tilt angle () of thetop plateis
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Figure 5: Tilt error motion of segmented structure.

The distance (dgp;) by which the position of the
sample moves with respect to the optical backplane
(where the lasers are focused at the top of the struc-
ture) is
=L atLo(TTh_-?n) .
Ob] S DS

Treating the circumferential path of heat conduc-
tion around the structure as through a linear body

with effective area A, effective length L, and mate-
rial thermal conductivity k, the heat flow Q is
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UL )
L
Rearranging (3) and substituting into (2):
. al,lQ
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Therefore, with the goal to minimize d,, for a
chosen structure geometry, the best material for
steady-state performance is one with maximum
thermal conductivity per unit of tendency to ther-
mally expand, k/a;.

In terms of transient performance, the penetration
depth x of temperature change through the structure
at time t after a constant thermal disturbance is
appliedis
Jat
= (6)
where Fo is the Fourier number based on the struc-
ture geometry [8], anda is the material thermal dif-

fusivity. Assuming fixed geometry, the best
structure material for transient performance is one
with maximum a/a;.

1V. EXPERIMENTS

A. Setup and Procedure

The thermal stability of the microscope structure
was evaluated by applying localized heat inputs to
its outside surface, and measuring the resulting cir-
cumferential and axial temperature distributions
around the tubes, as well as the tilt motion of a top
reference plate. Two structures were tested: the
five-segment aluminum structure shown in Figure
6, with 12" outside tube diameter, 1.5” wall thick-
ness, 25" total height, and 250 mm radius stainless
steel canoe ball couplings between the segments;
and a structure with a single tube having equivalent
dimensions to the stack of five segments. Later,
each tube was covered with 1” of fiberglass insula-
tion (k = 0.03 W/m-K) and a 1/16” aluminum
shield.

Laser head

Figure 6: Prototype segmented structure, instrumented
for thermal error measurements.

The temperature distribution on the structures and
in the surrounding air was monitored using three-
wire platinum RTD’s (resistive temperature detec-
tors). The RTD's were wired to a National Instru-
ments LabView Data Acquisition System with 16-
bit D/A conversion of the measured voltage giving
resolution of 0.009 °C.

Angular drift was measured using a Zygo differ-
ential plane mirror interrometer (DPMI) [5],
mounted to a5” diameter aluminum column placed



within the stack assembly. The DPMI sensed thetilt
of areference mirror mounted to a horizontal refer-
ence plate attached to the top of the tube set. Tem-
perature readings from the surface of the central
column showed that it was sufficiently isolated
from thermal gradients in the tube structure to be a
reference mounting for the interferometer.

Thermal disturbances were applied to the struc-
ture using Minco copper thin film heating elements,
each measuring 1/2" x 1/2". Three sources were
mounted directly to the structure, one each at the
vertical midpoints of the three center tubes, aligned
vertically parallel to the single axis of the interfer-
ometer. The sourceswere wired in aparallel circuit.

The test apparatus (excluding the laser source)
was placed in an insulated chamber constructed of
4" thick extruded polystyrene (Styrofoam), and
mounted on an air-shock isolation table. Single-
point readings from the interferometer and each
RTD were taken once per minute, with a six-hour-
long 3W (5V, 0.6A) step input starting one hour
after data acquisition began. Real heat inputs to a
microscope structure may be assmall as 0.1 W from
low heat-dissipation actuators, or as high as 30 W
caused by an operator standing close to a bare struc-
ture [1].

In addition to the experimental setup, finite ele-
ment models of the two structures were built in Pro/
MECHANICA™ . As a simplification, the kine-
matic coupling balls and grooves between the seg-
ments were replaced by sets of square (a very
liberal estimate given the true nearly point contact)
contacts between the tube-to-tube gaps. Derived
from thermobuoyant convection relations for verti-
cal cylinders and horizontal plates [9], a uniform
steady-state loss coefficient was defined on each
external surface of the model. The tilt angle of the
structure was calculated using the results of the
thermal analysis as a temperature boundary condi-
tion for a structural analysis.

B. Results

Figure 7 compares the measured tilt error of the
single-tube structure, the segmented structure, and
the segmented structure with insulation and shield-
ing on the three heated segments. At steady-state,
the bare segmented structure drifts approximately
40% less than the one-piece structure (0.61 arcsec
vs. 0.86 arcsec). Insulation and shielding reduce the

maximum drift to only 0.24 arcsec, a 75% overall
improvement. The differences in the rates of drift
are also significant; the drift of the segmented struc-
ture within the first hour of heating (a typical dura-
tion of an experiment with the HTM) is 60% less
than of the single-tube design, due to the shorter
time it takes for heat to reach the axial conduction
constraints imposed by the gaps between the tube
segments. Thisinitial rapid drift is not seen with the
shielded and insulated structure because the insula-
tion delays penetration of the disturbance to the
inner tube until well after the disturbance has propa-
gated fully around the circumference of the shield.

00 1 T T T T

ul 200 30 400 50
— \ T s O /
%-0.2 T ————r
AR [
[
IE‘—O4
Bl J
2-0.6 wr /
08 7| — OneFee
Segmerted T
— Seomented (shidded)

-10
Time[min]
Figure 7: Measured tilt error (15-minute moving average
of interferometer readings)

Level Seg Seg OnePc | OnePc
FEA Meas. FEA Meas.
1 0.01 0.00 0.07 0.06
2 0.12 0.13 0.12 0.09
3 0.18 0.21 0.12 0.12
4 0.12 0.12 0.12 0.09
5 0.01 0.00 0.07 0.06

Table 1: Simulated and measured circumferential tem-
perature differences[°C] (level 1 = bottom).

Table 1 compares the measured steady-state tem-
perature differences at the centerline level of each
tube to those simulated by FEA. These differences
are 0.03 °C or less at al levels of both structures,
within reasonable tolerances for validation of the
finite element model as a tool for design optimiza-
tion. Discrepancies arise because the simulation is a
steady-state calculation only, the coupling coupling



contacts are idealized, and the convection coeffi-
cient on the outer surface of the modelsis uniform.
The FEA model predicts tilt of the segmented and
one-piece designs of 0.50 and 0.75 arcsec, both
approximately 15% less than the measured values
taken after 450 minutes of testing.

V. DESIGN STUDIES

Validation of the finite element models permitted
their use for design optimization. First, a perfor-
mance comparison between materials gave the tilt
values listed in Table 2, showing copper to be the
best traditional metal for the structure. Investigation
of ceramics and other low-expansion materials (e.g.
Invar) is also worthwhile.

Materia Tilt
Aluminum (6061) 1.00
Copper 0.35
Brass 1.40
Stainless (1040) 4.20

Table 2: Simulated tilt errors for common structural met-
als, normalized relative to value for Aluminum.

Next, keeping the total tube Iength and the inside
diameter as packaging constraints, the tube thick-
ness of both structures was varied within reasonable
bounds of 1.0" and 2.5". Then, for the segmented
structure, total length, inside diameter, and thick-
ness were held constant and the number of seg-
ments was varied. For simplicity of the analysis,
one 3W heat source was applied at the horizontal
centerline of the structure.

Figure 8 shows that the error motion monotically
decreases with increasing tube thickness for the
one-piece structure and for the structure with five
segments. Hence, a better design is one with five
thick segments, and a structure with five segments
always outperforms a one-piece structure of the
same thickness. The data series marked by triangles
shows the error motion with thickness fixed at 1.5”,
with the number of segments varying (in increments
of two) from one to nine. When the results with
varying thickness and with varying number of seg-
ments are collapsed onto the same plot in terms of
the segment height to thickness ratio, Figure 9
results. Here, the (square- and diamond-marked)
curves for when thickness is varied are similar in

shape (within the convergence confidence of the
simulation), and are simple translations along the
triangle-marked curve for when the number of seg-
ments is varied. These results demonstrate that con-
straining the axial flow using a shorter segment is
advantageous only until the effect of the decreased
thermal capacitance of the segment takes over, after
which the greater overall heating of the segment
increases the magnitude of the thermal expansion.

0.35

—*— 1 Segment
hN —#— 5 Segments -

0.3
\ —&— 1-9 Segments, 1.5 in. ThicK
0.25 \

0.2
0.15 7 :::::L%v

0.1

Tilt [arcsec]

0.05 T T T

0.75 1.25 1.75 2.25
Tube Thickness[in]
Figure 8: Angular deflection of copper structures with
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Design Drift [nm]
One-segment Al (measured) 533
Five-segment Al (measured) 376
Five-segment Cu (FEA) 133
Five-segment 2.5” thick Cu (FEA) 99
Five-segment 2.5” thick Cu, 2" insula- 26
tion. 1/16” shield.

Table 3: Predicted linear drift of several designs.



Finally, Table 3 compares the performance of
various designs considered throughout the study, in
terms of the translational error at the optical back-
plane, computed according to Eqg. 3. Simulation pre-
dicts that a five-segment copper structure, with 2.5”
thick segments covered by 2" of insulation and 1/
16" copper shielding will drift nm over several
hours, a 20-fold improvement over the initial alumi-
num segmented structure design

V1. CONCLUSIONS

The results of the thermal study of the HPM
structure demonstrate the feasibility of a ssgmented
design for modular serial assemblies, such asinstru-
mentation structures including microscopes and
high-precision reconfigurable industrial equipment
such as large coordinate measuring machines or
assembly robots. The design significantly reduces
the thermal sensitivity of a tubular structure, while
maintaining structural integrity and offering the
flexibility of disassembly, reconfiguration, and
reassembly using kinematic couplings. Insulation
and shielding is shown to significantly reduce
steady state thermal errors. Experimental results
validate use of sequential thermal and structural
finite element simulations for design optimization
of segmented structures based on steady-state drift
approximations. Measurement and modeling of the
performance of the structure designs under fluctuat-
ing heat inputs will be performed next, after which a
new structure will be built and tested in operation as
a high-precision microscope.
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