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Abstract

Future large-scale radio telescope observatories, such as the next-generation Very Large Array, involve extremely large col-
lection areas. These collection areas are divided into smaller shaped panels, which typically require their own unique molds
to manufacture. For these projects to be cost-effective, an efficient fabrication method for the shaped panels is needed. This
paper outlines the development and success of a novel adaptive freeform panel molding technology that greatly improves
manufacturing efficiency due to its repeatable and reusable nature. Moreover, it presents an analysis of a proposed panel
structural design for the shaped panels, which incorporates a study on surface deformation due to gravity and wind loading

under realistic operational conditions.
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1 Introduction

Radio astronomy is a subdivision within the field of astron-
omy that dates back nearly 90 years. It is specifically focused
on studying the cosmos through telescopes designed to oper-
ate in the radio wavelength range. The radio wavelength
range is the portion of the electromagnetic spectrum rang-
ing from roughly 1 mm to 1000 km or 1 THz to 10 kHz in
frequency [1]. “Millimeter wave” refers to the range of fre-
quencies within the broader radio spectrum that corresponds
to wavelengths on the scale of millimeters.

In general, high sensitivity, angular resolution, dynamic
range, and spectrum coverage are all desirable, with trade-
offs made in the telescope or communication antenna design
process to optimize the balance of these traits for the scien-
tific or technical requirements of the system. As a result of
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- Adaptable mold

the poor angular resolution due to diffraction, the primary
reflector of a radio telescope or antenna tends to be sig-
nificantly larger than that of the largest optical telescopes,
with aperture diameters of over 10 m commonplace [2]. As
an example, a 13-m aperture communication antenna dish
manufactured using a thermoforming technique is shown
in Fig. 1.

The required surface figure root mean square (RMS) error
of the primary reflector surface when compared to its desired
shape is in the 10 s of microns for the millimeter-wave oper-
ation [3]. Specifically, according to the antenna tolerance
theory, telescopes with the shortest operational wavelength
of 1 mm require a reflector surface RMS error smaller than
60 pm for optimal performance [4]. To achieve these sur-
face figure error and primary mirror diameter requirements,
reflectors are typically made from multiple aluminum pan-
els. These aluminum panels are individually shaped to be
patterned together to approximate the full reflector surface.
Oftentimes, this surface is either parabolic or hyperbolic
due to the typical Cassegrain-style design of most shorter-
wavelength radio and millimeter-wave telescopes [1].

Historically, four main manufacturing techniques have
been used to fabricate panels used for several prominent
radio and millimeter-wavelength telescopes, each with its
own advantages and disadvantages. These include the tech-
niques of machining, stretching, electroforming, and using
carbon fiber-reinforced plastic. Although each of these
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Fig.1 Segmented 13-m-diameter communication antenna dish with
60 thermoformed precision panels

techniques can achieve surface figure RMS error values
within the range of typical telescope requirements, they
have downsides related to their cost, fabrication lead time,
and efficiency for varied panel geometries. Specifically,
machining panels individually requires an extremely large
investment in time and money. However, these repetitive and
complicated manufacturing processes have been necessary
for many radio telescope systems due to the numerous and
varied panel shapes required for large dishes. Alternatively,
the electroforming, carbon fiber-reinforced plastic, and
stretching methods all require a unique mold that matches
the desired surface shape of the panel for use in their respec-
tive manufacturing processes [4, 5]. This process results in
high material costs and time expended on machines or oth-
erwise generates custom molds for each unique panel.

As the demand for a high volume of radio and millimeter-
wave telescopes grows with large-scale projects, such as the
next-generation Very Large Array (ngVLA), drawing closer,
more efficient, adaptable, and cost-effective panel fabrica-
tion processes has become increasingly more important to
support the growing science and engineering communities.
In an effort to address these demands and improve panel
manufacturing efficiency, a significant research effort has
been poured into the development of a robust and efficient
method of adaptive aluminum thermoforming for the fab-
rication of radio and millimeter-wave telescope panels to
assist the evolving radio telescope industry. This method’s
foundation relies on an adaptive mold, which can change its
surface shape to approximate a range of different freeform
curvatures. This method allows for a single mold that could
be used to fabricate all the panels for an entire millimeter-
or radio-wave telescope dish. In addition, by providing a
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Fig.2 Current adaptable mold thermoforming process loop, showing
the flow of its iterative steps

platform for a detailed investigation into the phenomena, an
adaptable mold has the potential to address the springback
challenge associated with the heating and cooling involved
in shaping aluminum to specific curvatures. In the following
sections, we will present the details of this method while
primarily focusing on the research and development of the
adaptable mold technology.

2 Adaptive Thermoforming

The adaptive aluminum thermoforming process involves
placing flat aluminum sheets on an adjustable freeform
mold designed to approximate a particular surface shape
designated for the panel and then heating up the whole setup
in an oven until the panel exceeds its elastic limit and con-
forms to the mold. The overall thermoforming process flow
is depicted in Fig. 2.

The adaptable thermoforming procedure began by plac-
ing the adaptable mold in the center of the oven, centering
the panel on top of the mold surface, and loading the top of
the panel with a uniform and heavy weight. This weight con-
sisted of a 50 1b. steel chain, coiled up to semi-evenly distrib-
ute the load across the panel surface. This process ensures
that the panel conforms to the shape of the mold upon heat-
ing. The lid of the oven was closed, and the temperature was
controlled to heat at a linear rate until it reached 600 °C. Two
wire thermocouples were used to monitor the temperature in
the oven, with one set up to allow for the estimation of the
mold temperature and the other one to read the temperature
of the air above the mold. Once the temperature of the mold
reached 600 °C, the oven was controlled to maintain this
temperature for approximately 1 h. Then, it was turned off
entirely and left to cool at its own natural rate. Typically,
it took nearly 3—4 h for the oven to reach the temperature
and another 7-8 h to cool back to room temperature. Once
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cooled, the panel was removed from the oven and measured.
In high volume production, using a tunnel kiln would greatly
decrease the per-part time.

For the panel shape measurement, we used a metrology
method developed in our lab based on concepts from stereo-
photogrammetry and fringe projection profilometry, whose
layout is shown below [6]. The method utilizes two cameras
calibrated using MATLAB’s Stereo Camera Calibrator App
and a gaming projector. Rather than physically placed fidu-
cial markers, as typically done in photogrammetric metrol-
ogy, a projector was used to create fiducials via phase encod-
ing. Two sets of phase-shifted sinusoidal patterns were used,
encoding every point on the panel with a unique phase pair,
which is used for feature matching between the two cameras.

Using the two cameras’ calibrated parameters and the
set of matched features, a point cloud representing the
surface figure was produced via triangulation, as depicted
in Fig. 3. This method has been demonstrated to produce
surface accuracies better than 10 um RMS over a square
meter. This method also produces extremely dense spatial
sampling on the panel surface (millions of points per square
meter), which allows for a more in-depth investigation into
the causes and effects of our adaptive thermoforming panel
manufacturing techniques.

In Sects. 3 and 4, we describe the performance of the
full thermoforming process loop, focusing specifically on
the shaping capabilities of the adjustable mold and result-
ing precision-shaped panels, respectively. However, the test-
ing associated with these results was accomplished with a
coordinate measuring machine (CMM) because the fringe
projection metrology system was still in development at the
time of those experiments.

One of the main technical challenges associated with
the thermoforming process is the springback phenomenon,
which describes the tendency for aluminum to relax back
toward its original pre-thermoformed shape by some non-
trivial amount upon cooling, creating a significant surface
figure error [7]. This problem is an especially difficult one to
deal with in the context of millimeter-wave telescope panels

Projector
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Fig.3 Stereo fringe projection profilometry layout (top left), sample
image of the projected pattern (bottom left), and resulting surface
measurement (right)

due to the relatively tight surface figure quality require-
ments. By developing an adaptable mold that can change its
surface shape to approximate a range of different freeform
curvatures, a single mold could be used to fabricate pan-
els for an entire millimeter- or radio-wave telescope dish.
This approach can greatly reduce panel fabrication costs and
improve manufacturing efficiency for the radio telescope
industry. Moreover, an adaptable mold can address the
springback challenge by iteratively forming panels and com-
pensating for the springback by adjusting the mold shape.

The magnitude of the springback effect depends on many
variables, likely including the surface area, panel thickness,
and concavity of the panel. An adaptable mold allows for
these variables to be investigated by performing tests involv-
ing the adjustment of the surface to approximate various
shapes, thermoforming panels on the mold, and comparing
the panel shape to the mold shape. This investigation facili-
tates the development of a predictive model to describe the
springback as a function of relevant panel parameters and
could result in a fabrication procedure that involves setting
the mold to a “pre-corrected” surface shape, yielding a ther-
moformed panel closely approximating the desired shape
upon cooling. In Sects. 3 and 4, we summarize our outcome
demonstrating these ideas.

3 Adaptable Mold Design and Development

The driving technology presented is an adaptable mold used
to thermoform panels with varying compound freeform cur-
vatures [8]. This mold consists of several components that
have been designed, constructed, and tested. The first main
feature is a flexible steel sheet that can be described as a pat-
terning of individual tiles, each connected to its neighbors
via thin flexures. The second feature is an array of actuators
connected to some of the tiles, which are controlled to move
independently of one another in the vertical direction. By
adjusting these tiles in the piston, their centers can be set
at the desired height, which will vary their slopes, allow-
ing for different curvatures to be approximated by the entire
mold surface. The heights of each of the tiles are precisely
controlled by adjusting actuator bolts, and the distance that
each bolt travels is directly dependent on the bolt rotation
and thread pitch. A view of the fully assembled adaptable
mold is shown in Fig. 4 (right), where the whole structure
can be seen. A two-dimensional drawing of these features in
a basic format in Fig. 4 (left) demonstrates how they work
together to create an adjustable mold that can be used to
approximate different surface curvatures [5].

As the primary application for this mold is to fabricate
millimeter-wave telescope panels, we set the mold shape to a
paraboloidal section with a focal length of 2.5 m. To set the
mold shape, we developed an iterative process that involved
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Fig.4 (Left) Adaptable mold concept drawing. (right) Orthogonal
view of the fully assembled adaptable mold

measuring the mold surface with a CMM, fitting the point
cloud data to the paraboloidal surface equation, and then
calculating the residual error as exemplified in Fig. 5.

The residual error for each data point was used to gen-
erate an array of vertical distance values for each tile that
would bring them to the location that satisfied the fit. These
distance values were then transformed into the required
degrees of rotation for each bolt actuator, and the adjust-
ment process could proceed by rotating every bolt the speci-
fied amount. Once this process was completed, the mold
surface was measured again, and the process was repeated
through multiple iterations until the RMS error of the fit
could no longer significantly decrease over the span of sev-
eral iteration cycles. The RMS error value of the measured
data compared with the paraboloidal fit was therefore used
as the primary metric for judging the shaping capabilities
of the mold, and this value was recorded for each iteration.
In Fig. 5, the RMS error vs. iteration number is plotted in
a bar graph format. The lowest RMS error achieved was 54
microns.

4 Adaptive Thermoforming Performance

Over the course of our experimentation with the adaptable
mold, we successfully thermoformed several panels to a pre-
cisely prescribed shape after performing adjustment itera-
tions, as shown in Fig. 6.
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Fig.5 (Left) Portable CMM point cloud data and paraboloidal sur-
face fit for the adaptable mold. (right) Adjustment iteration number
vs. surface figure RMS error for the shaped adaptable mold
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Fig.6 (Left) Thermoformed panel resting on the adaptable mold.
(right) Multiple thermoformed panels mounted together to collec-
tively construct a freeform shape

For one particular experiment, the target shape was
a paraboloid with a 5-m radius of curvature. Three
500 mm X 500 mm flat pieces of aluminum were thermo-
formed on the mold. These panels were all measured using
the same CMM that was used to measure the mold during
adjustment iterations (the fringe projection metrology tech-
nique described in Sect. 2 was still in development at this
time). The results are summarized in Table 1, showing the
best fit paraboloid surface equation parameters, focal length,
and RMS error values.

The results successfully demonstrate that the three differ-
ent thermoformed panels each achieved similar paraboloidal
shapes with similar RMS errors of less than 100 microns,
which can operate for very short wavelength applications,
such as~2 mm. All three panels have best fits to parabo-
loids with focal lengths longer than the paraboloid that the
adaptable mold was shaped to. This effect is an example
of the springback phenomena that was described in Sect. 2
and can be calibrated out through an iterative process if
necessary. To further understand these results, the best fit
focal length for each panel was averaged to define a mean
focal length with the standard deviation. The mean focal
length is —2,879.8 mm + 34.5 mm (standard deviation +G).
Using the mean focal length, an associated equation for the
paraboloid that best characterizes all three of the panels
can be defined. All three panels were fitted to the surface
to estimate the repeatability of the springback effect on the
panels and the thermoforming process itself. The results are
displayed in Table 2.

The mean best fit focal length of all three panels was
approximately 380 mm longer compared to the mold shape
at the time of thermoforming. This result implies that the
springback effect increased the best fit radius of curvature
of the panels in comparison to the best fit mold shape by a
factor of 1.15, which is the calibration factor. In addition,
the repeatability of this phenomenon was consistent, result-
ing in panels of the same shape with an RMS error differ-
ence between panels in the range of 3 microns. Finally, the
overall surface fit of the panels to the mean focal length
equation increased in the RMS error by a consistent value
of around 35 microns compared to the RMS error value fit
to the mold shape. The springback effect not only changed
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Table 1 Thermoformed panel
accuracy (best fit focal length)

Table 2 Thermoformed panel

accuracy (mean focal length)

Fit characteristics Panel 1 Panel 2 Panel 3
Equation parameters f{x, y)=a-(x* + a=-8.577x107> a=-8.684x107 q=-8.785x107>
y?)+b-x+cy+d (mm) b=0.04093 b=0.04133 b=0.07218
c=0.06863 ¢c=0.06971 ¢c=0.07481
d=-215.7 d=-216 d=—434.7
Focal length (mm) —-2914.8 -2,878.9 —2,845.8
Residual RMS error (um) 85.32 88.32 88.19
Fit characteristics Panel 1 Panel 2 Panel 3
Equation parameters f{x, y=a(¥+ a=-8.6812x107° a=-8.6812x10" a=-8.6812x107°
¥?)+b-x+c-y+d (mm) b=0.0414 b=0.04132 b=0.07133
¢=0.06948 ¢=0.06969 ¢=0.07393
d=-2159 d=-216 d=—-4344
Focal length (mm) —-2,879.8 —-2,879.8 —-2,879.8
Residual RMS error (um) 89.51 88.1 91.64

the panel surface shape by a repeatable ratio but also consist-
ently increased the RMS surface figure error of this shape in
comparison to the mold shape.

5 Reflector Panel Structural Design

In addition to the development of a novel adaptive panel
molding technology, we also researched a structural panel
design that could be considered for application toward
panels fabricated in the full thermoforming process loop.
This was performed to create a more complete, end-to-end
panel fabrication demonstration and provide a proof of con-
cept for applying our technology to real-world engineering
applications.

Two panel designs were analyzed. The first option uses
two thermoformed plates glued to an aluminum honeycomb
core in a sandwich fashion, similar to what is performed in
the electroforming panel fabrication. Although it had good
results with the prototype fabrication, this option was dis-
carded because it requires two thermoformed panels, which
causes potential cost increases. The second option uses one
aluminum 5052, 3.175-mm-thick plate thermoformed, with
slotted ribs glued on its back, as shown in Fig. 7. The panel
parameters are presented in Table 3.

An important feature of the reflector panel is the method
in which it is mounted to the support structure, as overcon-
straining can have a negative impact on the panel perfor-
mance, especially during thermal cycles with thermally
induced deformations and panel installation and pointing.
Other specifications include that adjusters must maintain
their position under operating conditions and meet various
survival conditions. The adjusters should also attach to the
panel at its neutral plane.

ADJUSTER MOUNTING PADS i [t

N THERMOFORMED SURFACE SHEET
RIB FLEABILITY SLOTS

1500 men NOMINAL

| ae 1500 mm NOMINAL -

BAX SIDE

Fig.7 Reference panel design for the ngVLA primary reflector used
as the baseline for our final structural panel design

Table 3 Proposed panel parameters

Panel characteristics Value
Reflector dimensions 1.5mx1.5m
Skin thickness 3.175 mm
Material Al 5052
Weight 40.112 kg
Pads 1 rigid, 3
flexible (2
DoF)
Rib height 175 mm

The team came up with an adjuster solution inspired by
the one used by the Atacama Large Millimeter/submillimeter
Array telescope, consisting of a double-screw mechanism
that can be precisely adjusted while facing the front/reflec-
tive side of the panel. An analytical calculation determined
the required resolution of precision of the adjusters. The
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team calculated the RMS surface error caused by a unit shift
of the panel adjusters:

Error adjuster

panel = T

where RMSE,,; is the RMS surface error of the panel and
Error,gj,gr 18 the error associated with the adjuster mecha-
nism precision. As an example, if a panel adjuster is 10 pm
away from its correct position, the resulting misalignment
will cause 6 pm of shape error to the panel surface. Based
on this, an adjuster precision of 1 micron per degree of
tool rotation is required to achieve a 100 pm RMS surface
error over the reflector surface. For the proposed panel,
one adjuster was set fixed to the structure, while the oth-
ers had 2 degrees of freedom (DoF) on the plane parallel
to the reflector (i.e., x and y, and z is normal to the reflec-
tor face) to allow for thermal expansion. These DoFs were
obtained using a leveling washer. The proposed adjuster can
be installed and adjusted using standard metric tools. The
adjuster had a precision of 0.7 microns per degree of tool
rotation. The adjuster had an axial thermal expansion coef-
ficient of 17.8x107/K.

RMSE s (D

6 Operational Performance of the Panel
Structural Design

To confirm the panel structural design’s effectiveness and
performance in real-world applications, a detailed analysis
aided by a finite element analysis (FEA) simulation was
performed to characterize the deformation of the panel due
to gravity and wind loading effects for several different
operational conditions.

The coefficients for calculating the wind drag on
antenna panels were taken from the McAuliffe report [9],
where the same coordinate system convention was also

Fig.8 Coordinate system convention according to the McAuliffe
report of the wind tunnel simulation for the Square Kilometer Array

(9]

@ Springer

I

used to facilitate the load identification shown in Fig. 8.
To facilitate the calculations of the concept study, a single
central panel with a central normal vector that is parallel
and opposite to the wind direction was considered for the
calculations.

The most critical orientation for the telescope is at azi-
muth=0 deg and elevation=30 deg, as it presents the largest
drag coefficient. The wind drag for the laminar wind flow was
approximately Cpp=1.2, as shown in Fig. 9, which is the same
coefficient shown for the turbulent wind flow shown in Fig. 10.

The dynamic pressure on the reflector was then calculated
according to the following equations:

U

U = gust, 2

"= 16 @
H n

U—Um<m) , 3)

Crr Cro

40 93 00 03 10 14
180

91 00 O 02 03 c4 04 o8

g 8

Wind Azimuth [deg]

3
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Elevation[deg] Elevation[deg]

Elevation[deg]

Fig. 9 Wind drag coefficient for the laminar flow [9]

Crn Cro Cer

10 93 00 0% 10 14 Q1 00 ©r 02 03 o4

Wind Azimuth [deg]
g 8

20 40 60 80 100 120
Elevation[deg]

20 40 60 80 100 120 20 40 60 80 100 120
Elevation[deg] Elevation[deg]

ig. 10 Wind drag coefficient for the turbulent flow [9]
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Table 4 Wind drag loads for the different operation conditions

Table 6 Panel FEA results with normal operation wind loads

Operation condition Dynamic pressure Load Parameter Value
Precise operation 19.43 Pa 43. 7N Wind gust @ 10 m 10 m/s
Normal operation 39.65 Pa 89.2N ¢ angle 0 deg
Survival 1,675.00 Pa 3,768.0 N Dynamic pressure 39.66 Pa
Boundary conditions 1 pad fixed, 3
pads only 4
DoF
Z?;Le 5 Panel requirements from the ngVLA global antenna param- Gravity 0 m/s?
RMSE,,, ¢ deformation 7.6 pm
Parameter Requirement
Dimensions 1.5mXx1.5m
Surface accuracy <40 pm RMS A: Normal Operation
Material Aluminum Total Deformation
. 5 Type: Total Deformation
Weight <20 kg /m Unit: mm
Normal Op Max deformation <10 pm RMS ;:,'2,;;2011:0‘ M
Precision Op Max deformation <5 pm RMS —
Gravity max deformation <30 pm RMS 0015621
0013668
0011716
0.009763
0.0078104
1 ., 00058578
0= =pUCpgp, @) 0.0039052
2 00019526
0 Min

where U, is the mean wind speed, U, is the maximum gust
speed, H is the panel height, n is the power law exponent
for the approaching wind (0.14 for open terrain), Q is the
dynamic pressure, p is the air density, and Cgp is the wind
drag coefficient. Calculating the corresponding load to each
panel will multiply the dynamic pressure and panel area.
The calculated loads for each operating condition are listed
in Table 4.

A static structural FEA was performed on a panel refer-
ence model to determine the maximum deformation during
operating conditions described in Table 5 and the maximum
stress during survival conditions. The study covered the
static structural analysis of a panel with the geometric char-
acteristics described in Table 3 under the gravity and wind
loads calculated in the preceding subsections. The study
used the FEA software AnsysWorkbench 18.2 to perform
the simulation.

Three operation conditions were evaluated for this study
with different parameters. The first is called “precision
operating conditions,” which defines the mean wind speed
as 5 m/s with gusts of 7 m/s. The second, called “normal
operation conditions,” defines the mean wind speed as 7 m/s
with gusts of 10 m/s. The third is called “survival operat-
ing conditions,” where the mean wind speed is 50 m/s with
gusts of 65 m/s. The first and second operation condition
design criteria were constrained with a maximum deforma-
tion of 5 pm and 10 pm surface RMS, respectively. The third
operation condition design criteria were constrained by the

0.00 900.00 (mm)
450.00

Fig. 11 Deformation plot for the reference panel model to the normal
operation condition loads

Table 7 Panel FEA results with precise operation wind loads

Parameter Value

Wind gust @ 10 m 7 m/s

¢ angle 0 deg

Dynamic pressure 19.43 Pa

Boundary conditions 1 pad fixed, 3
pads only 4
DoF

Gravity 0 m/s?

RMSE,, deformation 3.7 pm

maximum allowed stress, such as the yield strength over a
safety factor.

The first scenario is the wind drag for the normal opera-
tion condition. The boundary conditions included fixing
all 6 DoFs on one pad and only 4 DoFs (R, Ry, R, and
Z displacements) on the others. The ¢ angle is defined

@ Springer
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B: Precise Operation
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

5/6/202011:07 PM

0.008611 Max
0.0076542
0.0066974
0.0057406
0.0047839
0.0038271
0.0028703
0.0019133
0.00095677

0 Min

=
)

0.00 900.00 (mm)
450.00

Fig. 12 Deformation plot for the panel reference model to the preci-
sion operation condition loads

between the panel normal vector and horizon. The results
are summarized in Table 6 and depicted in Fig. 11.

The next scenario was the precise operation, where the
wind gust was reduced to 7 m/s. The results are summa-
rized in Table 7, and the FEA result is depicted in Fig. 12.

The simulation results show that the deformation for the
three scenarios/operating conditions (only two shown) was
below the requirements listed in Table 5. The precise opera-
tion load of 19.43 Pa caused by a wind with maximum gusts
of 7 m/s resulted in a deformation of 3.7 pm RMS, which
is below the required 5 pm. The normal operation condi-
tions estimated a load of 39.65 Pa caused by a wind having
maximum gusts of 10 m/s. For this scenario, the estimated
deformation was 7.6 pm RMS, which is below the 10 pm
required. Finally, the gravity condition (not shown) resulted
in a deformation of 29.9 pm RMS, which is just below the
30 pm RMS requirement. The positions analyzed in the
simulations refer to the worst-case scenario for the panels,
and it is assumed that the rest of the panels will have defor-
mation magnitudes below the values estimated for these
scenarios. Nevertheless, the calculated scenarios show only
isolated cases and no combination of loads as will occur in
real operation conditions.

7 Conclusions

The adaptable thermoforming technology is primarily moti-
vated to aid in the advancement of radio- and millimeter-
wave telescope panel fabrication by developing a novel
technology that has the potential to greatly improve the
efficiency and required costs that are associated with the
manufacturing process due to its efficient, repeatable, and
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reusable nature when compared with current processes. The
adaptable mold technology was introduced and summarized,
specifically detailing the technology development process
toward constructing and testing the adaptable mold, ther-
moformed panels, and a proposed panel structural design
analyzed under realistic operational conditions and associ-
ated loads to provide a proof of concept for applying our
technology toward real-world engineering applications. In
addition, the springback calibration factor was determined
by comparing the mold and panels’ metrology data.
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