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Program Objectives TENDEG

* Pathfinder program to empirically assess creep behavior in a Starshade prototype petal assembly
— Shape changes due to long term storage of a furled petal can impact optical contrast

* KPP5 (pre-launch shape accuracy) Budget: £ 70 microns (manufacturing, AI&T, storage)
— Suballocation for creep is + 20 ppm (ground storage)

* Testing does not fulfill an S5 milestone, but informs design for Milestone 5B

* Program outline

— Define furling stiffness in the Protopetal
* Correlate the FEM model with a bending test experiment

— Detect shape change at the system level, in the Protopetal
* Furl the petal to representative strain levels and with proper interfaces
* Correlate furl interface load conditions with FEM
* Measure the in plane and out of plane shape of the petal
* Compare measurement sets to detect changes

— Determine if the joints in the Petal are contributing to creep
* |solate joint components by building joint coupon sub-assemblies
* Load the coupons to simulate furling loads
* Correlate the test conditions with FEM
* Measure the shape of the coupons to detect changes
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Protopetal Test Article TENDEG

* Existing petal test article manufactured at Tendeg in Dec 2018

— % scale width, % scale length
— Developed to satisfy Milestones 6A and 5A
— Completed 54 thermal cycles and 11 furls before this test campaign
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The manufactured Protopetal test article.

Prototype petal juxtaposed with the fight petal.

5/20/2021



TENDEG

PROTOPETAL BENDING TEST AND
ANALYSIS



Protopetal 3-Point Bending Test

TENDEG

Test objective: To correlate Protopetal FEM loads and deflection to out-of-plane

3-point bending test.

Load applied: Out-of-plane to one batten at a time. Tested all battens along

Protopetal length.

Out-of-plane Constraints: Petal root hinges and batten adjacent to applied load. Orange = Test |
Vertical Offload: static lines to carts on rails in direction of loading. constraint locations

Data collection: Load cells at applied and reaction locations. Laser scan petal Green = Test load
displacement. location

[
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Load Application [IMEHEEE Constraint Reaction

5/20/2021 Protopetal Bending Test Setup

Bending Tests Performed

Test Case

Test Load and Constraint Diagram (load and constraints are out-of-plane of petal)

Test 1: Batten
Span 1-2

Y

Test 2: Batten
Span 2-3

Test 3: Batten
Span 3-4

Test 4: Batten
Span 4-5

Test 5: Batten
Span 5-6

Test 6: Batten
Span 6-7

Test 7: Batten
Span 7-Tip




Bending Test Force Correlation

TENDEG

e Test load correlation focused on the reaction load at
the constrained batten

e Batten reaction load correlates to within 10%
— Large displacement nonlinear Nastran FEM

Extent of petal deflection measurement by laser scan

T ]

Test 4: Batten
Span 4-5

Test Batten 4-5
deformed petal scan

Test

Protopetal Bending Test Reaction Load Correlation

FEM SPC Reaction Force B Test Reaction Force Test Load Applied
-1.158
BattenSpan 1-2 = -2.1% s
2.514
Batten Span 2-3 0.7%
2.509
1931
BattenSpan3-4 = 7.1% 1802 i
2.617
2.001_
Batten Span 4-5 = 7.3% -1.865 ]
2.563
2078
BattenSpan 56 3,0%  |[E2i00NN
2:533
Batten Span 6-7 6.2% —
2.533
Batten Span 7-Tip 5.1%
| | 2.516
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

Test Constraint

& L :& . \* Test Load ] [ .

Root hinge constraint Batten 1 Batten 2 Batten 3 Batten 4

(not in scan)
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Force (Ibf)

Baseline unloaded petal scan

\

————— .

Batten 5

Batten 6 Batten 7

Protopetal Bending Test Laser Scan Point Clouds Comparing Test Span 4-5 with Baseline (looking petal edge-on)



Bending Test Deflection Correlation

TENDEG

» Test displacement correlation focused on the deflection at the loaded batten
* Displacement of loaded batten correlates within 10%
— Large displacement nonlinear Nastran FEM
— Battens between the test constraints correlate to within 20%. Battens beyond constraints are not correlated.

Test & FEM Deflection: Batten Span 4-5
15

1.0

L

Test Load
Location

0.5

0.0

——Test 4-5 ——FEM 4-5

Test Constraint
Location

O

-0.5 Hinge Constraint
. Lacation

-1.0

-1.5

Qut-of-Plane Deflection, in

2.0

-2.5

0 10 20 30 40 50

60 70 80 90 100

Batten Position Along Petal Length, in

Protopetal Bending Test Deflection Correlation

Test Batten 4-5
deformed petal scan

Test Constraint

O_

Compare Test to FEM Deflection (%)
Test Span
P Batten 1 | Batten2 | Batten 3 | Batten 4 | Batten 5 | Batten 6 | Batten 7

BattinZSpan 3.5% 0%*
Batten Span[ ¢ 5o, 6.1% 0%* Deflection of battens beyond the constrained

2-3 batten are not correlated.
Ba“?‘fpa” 114% | 9.9% 7.7% 0%*
Ba“i”:pa” 123% | 11.2% 9.3% 6.2% 0%*
Ba“‘;”:pa” 7.5% 7.6% 6.7% 5.1% 3.5% 0%*
Ba“‘;”;pa” 176% | 168% | 150% | 127% | 103% | 84% 0% | Oranee~
Battﬂ,s”a” 193% | 180% | 159% | 13.1% | 104% | 7.0% o%r | Sreen=

Tip

*Note: Test displacement at the constraint points are set to zero and deflection of the petal between them is
measured, therefore resulting in perfect correlation at the constraint battens.

Extent of petal deflection measurement by laser scan

Baseline unloaded petal scan I\

Batten 6

f |
\ T t
\‘.\;—‘ Test 4: Batten
Span 4-5
Batten 5 pan

Batten 7 2

Test Load
AY — -~ _—-¥=_I —— ,_ﬁ,_
Root hinge constraint Batten 1 Batten 2 Batten 3 Batten 4
(not in scan)
Protopetal Bending Test Laser Scan Point Clouds Comparing Test Span 4-5 with Baseline (looking petal edge-on)
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TENDEG

PROTOPETAL FURLING TESTS AND
ANALYSIS



Furling Test Campaigh Overview TENDEG

. Test Test Recovery

DrumRT On drum Room Temp. 2 weeks 1 week
Drum40C On drum 40 °C 2 weeks 2 weeks
InterfacesRT On cart/snubbers interfaces Room Temp. 2 weeks 5 weeks
Interfaces40C On cart/snubbers interfaces 40 °C 2 weeks 9 days

Furl Test 3 - InterfacesRT Furl Test 4 — Interfaces40C

/

——— : / 4 A) . 3
\n interfgceg;é\agtsm?@uc&

y. ‘i‘;’ ]

on interfaces

5/20/2021 Pathfinding test campaign — each test builds in complexity ;



Furl Test Objective: Measure Petal Shape Change TENDEG

Petal width: in-plane shape change Petal curvature: out-of-plane shape change
measured with MicroVu measured with FaroArm

A N
% =

Only the furled region of the petal
} is measured for the furl testing

Y
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Test/Metrology Order of Operations TENDEG

Same or Immediately Same day

next day 2 weeks after unfurl

Post-test MicroVu Scan
Pre-test FaroArm Scan Furl Test Post-test FaroArm Scan

(in plane)

(out of plane)

AL Fa
. gy
T 2

Petal curvature: out of 1-5 weeks
plane shape change Recovery Period

L 2T

Post-recovery FaroArm Scan

(out of plane)

[TL 1 s
2 = ——
i
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Test Setup: Protopetal Furling Rig TENDEG

Drum diameter (@) is 2.25 m, equal to stowed truss @.
The smallest potential furl @ that the petal, smallest @ of stow spiral.

a3 i

Drum Petal Staging Platform :
Petal Hinge Tensioning Frame , Hanging
Location Weight

Full petal furling rig system

Example video of petal furling
5/20/2021 operation for Test 3 12



Test Setup: Petal Interface Loads TENDEG

Batt
Safety straps atten Snubber

unloaded when
Batten

Loadcell
Spherical Rod End

Bracket on Drum

Petal
Batt Batten Cart
bt Snubbers
Snubbers
Loadcell

Spherical Rod
End

Bracket on Drum

Petal cart and batten snubber interface and loadcell locations Cart on Petal Spine with Loadcell
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Test Analysis: Nastran FEM Model TENDEG

*  Furl FEM builds on the correlated FEM from 3-point bending test
* Cartand snubber interfaces are added
* Rods are used to enforce the curvature to the flat petal

Petal furls to 50” radius

Cart Z
' - on launch interfaces

Batten Snubber interface

interface >(

.

Hinge interface
to Furling Spool

N

N Stiff rods used to enforce
\ furl curvature.

Y Connected to cart and

\ batten interfaces.

j /Furling Circles shown:
" 47" radius of Furling Spool

R Center axis of
Furling Rig Spool

Protopetal Nastran Furl FEM Prior to Furling

5/20/2021

"~ 50” radius of Petal on interfaces

Protopetal FEM Furled on Launch Restraints
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Test Analysis: Interface Loads Correlation TENDEG

] Safety straps SUMMED FORCES AT PETAL BATTENS

unloaded when

TIP
(petal tip)

c6
(batten 6)
. SUMB/C4
(batten 4)
Sum forces at batten load cells

B4L + C4 + B4R

SUM B/C 2
. / (batten 2)
Sum forces at batten load cells -10.0 -5.0 0.0 5.0 10.0
B2L + C2 + B2R FORCE, LBF

W CORRELATED FEM W FURLTEST #4 m FURL TEST #3

Loadcell Locations Furl Test Summed Forces Compared to FEM
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Petal Curvature: Out-of-Plane Shape Change TENDEG

Petal curvature: out-of-plane shape change
| measured with FaroArm
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Test Metrology: FaroArm Scans TENDEG

Units are in inches o]

PolyWorks point cloud example: Pre-Test 4 to Post-Test 4.
Blue indicates where petal is closer out of plane in Post-
Test 4, red is where the petal is further away

Protopetal hanging vertically on static offload for FaroArm
scans and Recovery periods

5/20/2021 17



Furl Test Results: Petal Curvature Change

TENDEG

Petal deflection is reported at each batten throughout the test campaign

— Deflection measured at Batten 5 shown as example

Deflection From Root Plane (in)

0.000 I I I
-0.200
-0.166 ,
-0.206 0.180
l J
-0.400 !
Test 1 - DrumRT
-0.600
-0.660
l

Petal Deflection Measured at Batten 5 Throughout all Four Furl Tests

11/06/20 11/30/20  12/04/20  12/21/20 01/05/21  01/25/21

-0.705

-0.800

-0.868 Test 3 — InterfacesRT
-1.000

| J
1
Test 2 — Drum40C

-1.200

-1.400

03/24/21

-0.916

Batten Deflection (in)

Furl Test Petal Curvature Based on Batten Deflection
Test 4: 40C Furl on Carts

03/01/21 03/17/21 03/24/21
Pretest 4 Posttest 4 Recovery 4

0.00

-0.20

-0.40

-0.60

-0.80

-1.00

-1.20

-1.40

3
Batten Number

— Interfaces40C

Extrapolating out to an 8 meter petal would
be significant deflection (10-28 inches).
Note that is without Pop-Up Ribs which
provide significant out of plane stiffness

that flattens the petal.

5/20/2021
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Petal Width: In-Plane Shape Change TENDEG

Petal width: in-plane shape change
measured with MicroVu

E N
/ /'

Y

5/20/2021 19



Test Metrology: MicroVu Scans TENDEG

MicroVu Excel 250ULC machine
— Microscope mounted on (x, y) translation stages
— InSpec software detects 2D location of part edges

. L
Stated raw measurement accuracy is€ = 5.5 + 300 =

14 um for the petal base (where Lis in mm)

— Error expression accounts for error due to thermal strain of
the linear encoders

— Additional post-processing was developed for Milestone 5A
to compensate for this using temperature data from 6
MicroVu-mounted RTDs

Yk
|

\
',

\

The same post-processing from Milestone 5A is applied
to this test campaign

The Protopetal during base scans on the MicroVu
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Protopetal Petal Width Change

TENDEG

X.Y corrected petal width difference from reference [pm]

30

10

-10

-20 & 17

-30

-40

-0

70

20

Protopetal SIP Measurements, Reference = SIPAnteTest

——— SIPPostFurll

—=-_SIPPostFurl2
SIPPostEurl3

—— SIRPreFurld
SIPPostFurld
SIPRecovFurld

Smoothed error band shows a conservative error

‘;/ estimate from variations in MicroVu temperatures

7 Greatest width changes recover within 9 days

T R CT

SIPAnteTest Before start of SIP campaign  11/6/2020

SIPPostFurl3 After Test 3 - InterfacesRT 1/25/2021

SIPRecovFurl4  After 9-day hanging recovery 3/26/2021

~~I\lF!IIII!FTﬂ\\lIIII[

1 1.5
Petal longitudinal axis [m]

5 MicroVu scan name, date, and condition

Total petal width change, differenced from the first MicroVu scan, SIPAnteTest

KPP5 suballocation for creep is £ 20 ppm (ground stowage)

Measured median petal width bias equals -8 ppm

5/20/2021
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Petal Width Change Observations

TENDEG

Batten Deviation, &a, (in)

* Out of plane batten and brace bowing was observed and

measured in FaroArm scan data

* Petal curvature about the longitudinal axis would directly

impact petal width

* Batten shape recovered after 1 week rest

Brace Plane-Pt Deviation Range

=) Test 4 Batten 4 Plane-Pt S
< . . —
o Deviation Range o
0.298 =
S 0.067
el
o c
o o
5 2 B 0.046
o _csc p
a
° 0.024
Q
0.041 o
0.015 @
s
8 — 8
3 o
S 03/01/21 03/17/21 03/24/21 = 03/17/21 03/24/21

Unexpected batten and brace creep was measured but
seen to recover after 1 week

5/20/2021

For 6, = 0.015 in, the petal width change
6PW = —6.4 pym

f——_ 6a — —
/——7* \*\‘
=< |
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Petal Width Change Relative to Each Edge TENDEG

e Greatest petal width change
coincides with location of a
bowed brace

* Slight asymmetric alignment of
the petal on the interfaces may
have bowed this brace

* Pultruded battens and braces
are off-the-shelf, non-flight,
and have unknown matrix
materials

— Not representative of flight
petal components

5/20/2021

Wall side [pm]

Difference in Petal Width on each edge side, Reference = SIPAnteTest

10

| T | T T T T | T T T T T m

Mj_\m ]

! ¥

PostFurll |-

& / . — PostFurl2 ||
L PostFurld -
20 - PreFurld |
B bowed brace PostPdld ||

- RecovFurl4 7|

-

petal csys

15

_—

"I{‘»ll( HF‘H'!_ I\I T

Room side [pm)|

Petal longitudinal axis [m
Petal width change on each edge side as expressed in petal coordinate
system (csys), therefore petal is shrinking on both sides 23



TENDEG

JOINT COUPON TESTING AND ANALYSIS
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Joint Coupon Test Overview TENDEG

Joints may drive creep due to additional
adhesive layers

T =51bs

Break out joint assemblies are made to
study creep from the joint design

1. Furled Center Section (FC) x2 Furled out of plane
2. Furled Butt Joint (FBJ) x2 Center section (FC) x2

3. Tensioned Center Section (TC) x2
* Two Tests

— Held in loaded configurations
— At constant 40C hot soak

— For 1 and 2 weeks (Test 1 and 2)
* Measuring creep

Furled out of plane
Butt Joint on center section (FBJ) x2

— In plane: relative displacement at the
joint component interfaces

— Out of plane: In the furled edges

Measuring creep at
component interfaces

Tensioned in plane
Center section (TC) x2
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Joint Coupon Test Articles TENDEG

* Fabricated using the same procedures | - ,1_
as the Protopetal

* Thermal cycled to match the Protopetal . ) o )< Tension
pre-conditioning : coupons

* Friction collar for DIC imaging
positioning

* Speckled at joint region for DIC imaging

- e

LY
%

Coupon dry fit onto Protopetal fabrication fixtures Completed joint coupon test articles
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Joint Coupon Load Frames TENDEG

4-point bending

i |
test load frame Springs apply
tension load

to batten

Load reacted
at pins on
edge CFRP

Example of a 4 point bending test load frame with joint coupon

Example of a tension test load frame with joint coupon

5/20/2021 27



Joint Coupon Test Campaign Overview TENDEG

Test Temperature Test Duration Recovery Duration

Coupon Test #1 40 °C 1 week 1 week
Coupon Test #2 40 °C 2 weeks 1 week

Test 1:
DIC within 5 minutes 2 Additional DIC image set
Order of Operations Faro within 20 minutes ‘
—— N [ D w
Faro/DIC f Load Fixture 1-2 week Faro/DIC - N

Scan

5/20/2021

e ™
Faro/DIC Post-
recovery Scan
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Joint Coupon Bend Test FEM Correlation TENDEG

Joint Coupon Bending Test Displacement Correlation

Center Coupon B TestRoller 1 Disp. AFEM Roller 1 Disp. MTest Roller 4 Disp. DFEM Roller 4 Disp.
(FC1 y FCZ) Coupon FC1 Coupon FC2 Coupon FBJ1 Coupon FBJ2
0.00
z
= -0.20
g
Butt Joint Coupon Z 040
(FBJ1, FBJ2) 3
g -0.60 F; ! o <
g 7] 3g e -
L. 2 0.80 s il S
Butt joint 2 L]
-1.00

Creep Coupon Bend Test Models Extracted from Protopetal FEM

Joint Coupon Bending Test Force Correlation
MTest Roller 1 Force MFEM Roller 1 Force m Test Roller 4 Force [1FEM Roller 4 Force

[
Coupon FC1 Coupon FC2 Coupon FBJ1 Coupon FBJ2
0.00
_. -2.00
o
3
— -4.00
o
4 o~
& -6.00 = 5
- o & | & D (Fen 2| i
906 g -8.00 g ;f ":[‘ o L; = g. ; g m.
TIR9a6 2 3 9 L] Q o v e
i
. . . -10.00 i L]
Coupon Bend Test FEM with Enforced Deflection and Constraints —
-12.00
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Out of Plane Metrology: FaroArm Scans TENDEG

0.0198
0.0175
0.0150
0.0125

. . . . 0.0100
Point cloud is reduced to just the SACTT

Structural Edge section o & _ 0.0050
e Ly 0.0025

0.0000
: — P -0.0025
e e = -0.0050
-0.0075
-0.0100
-0.0125
-0.0150
-0.0175
-0.0200

* FaroArm scan generates a point cloud

* Point cloud is compared to CAD to
determine out of plane deflection

Units are in inches

PolyWorks example: FC1 coupon after Test 2 compared to CAD. The (+)
indicates area is closer out of plane, (-) is further away out of plane.
Units are in inches
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Bending Coupon Curvature Results TENDEG

Coupon Deformation After Bending Test Compared to
Deformation After Recovery Relaxation

0.035

EFC1 ®mFC2 WFBJ1 mFBJ2
0.030
0.025

0.020
0.015
0.010
0.005
0.000

Post Test #1  After Relaxation #1 Post Test #2 After Relaxation #2

COUPON DEFORMATION (MAX-MIN DELTA), IN

Coupon test 1: 40C for 1 week Coupon test 2: 40C for 2 weeks

Joint coupons demonstrate a set out of plane deformation
immediately after test that reduces after relaxation

5/20/2021

Bent Coupon

Roller 3 (_)

___ Difference between
rollers is deflection
of coupon

/) Roller 4

Scanned area of roller

@ Line fit to Scanned
Area, used as Roller
Location

8020 Frame

Origin

Diagram of a bending test joint coupon in a load frame
with reference points used to measure applied deflection
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Metrology: Digital Image Correlation (DIC) TENDEG

* Thorlabs Kiralux 8.9 MP Monochrome

CMOQOS camera
— Global shutter
— 4096 x 2160 px sensor
— Sensor size: 14.131 mm x 7.452 mm
— Pixel size: 3.45 um x 3.45 pm

* Ncorr Processing Software
— Open source, Matlab GUI

— Processes images subject to user input
parameters, outputs u, v displacement
or strain heat maps

— Static images indicate < 0.015 px error
from correlation and noise error

* Raw DICerrore; = 0.8 ym

— From correlation, out of plane
distortions, and um/px knowledge

5/20/2021

Light box Enclosing door

Mounting  tast
block

article

it o

DIC imaging station Resulting DIC image
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DIC Post Processing for Creep Analysis

TENDEG

* DIC Images are taken with days/weeks between

» Camera drift conditions can change significantly
over that time, resulting in pixels of error

* Here we apply the Generalized Compensation
Method from Bing Pan’s paper, “High-accuracy 2D
digital image correlation measurements using low-
cost imaging lenses: implementation of a
generalized compensation method.”

— Corrects DIC analysis error by evaluating
camera drift parameters from undeformed
Regions of Compensation (ROC)

— u is the deformation in x direction
— v is the deformation in y direction

* Relative displacement differenced in 0.5 mm steps
— With differencing, €; = 2¢; = 1.6 pym
— Additionally, the residuals of the postprocessing
are €, ~0.1—-0.7 ym

5/20/2021

Batten to
doubler

Doubler
to SE

SE to OE

Terminal
edge

Region of Interest (ROI) and
Region of Compensation (ROC)
definitions

Reference image
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DIC Results: Test 1 Relative Displacement TENDEG

Image reference name Date imaged

Joint Coupon Test 1: relative v displacement at component Error band
interfaces m 2/12/2021
_______________________________________ 2/22/2021
P 2/24/2021
EEEI 2/26/2021
Y 5/1/2021
s _‘ _ Imaging dates for Test 1 DIC images
E DIC set 1, dv ]
£ o W RN R e vy e T ey
%:‘ 0.8
B -0.6 Yy ———
06
-1.1 7
Batten-doubler ;
_ 104
1€ B o e e B \
SR LIR I R AR O BT I RN A BT / >
§ 8 § 2 § 8 § & § & 3 w {0 E
3 s 3 ] 2 z Doubler-SE 0 =
FCt FC2 FBJ1 FBJ2 TC1 TC2 B -0.2
mSetl mSet2 Set3 Set 4
-0.4
Relative displacement in the y axis at component interfaces SE-OE —

= .06
for test 1 data Terminal edge — | * - o

All changes measured at £ 1 micron — Joint design does

A
. . . Example relative displacement
n rive cr in | width!
ot drive creep in peta dt DIC results for FBJ1 Test 1
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DIC Results: Test 2 Relative Displacement

TENDEG

5/20/2021

Joint Coupon Test 2: relative v displacement at component

interfaces

1.4

0.9

) |‘ |\
- = - II - 1=
.1 ' I a i E§

v displacement, microns
(=]
=

Batten-Doubler
Doubler-SE
Batten-Doubler
Doubler-SE
Batten-Doubler
Doubler-SE
Batten-Doubler
Doubler-SE

FC1 FC2 FBJ1 FBJ2

mSetl mSet2

Relative displacement in the y axis at component interfaces

for test 2 data

Batten-Doubler

TC1

Batten-Doubler

Doubler-SE

TC2

Image reference name | Date imaged

U T 1)201

3/19/2021

3/26/2021
Imaging dates for Test 2 DIC images
DIC set 1, dv
_>x 2
o — 15
yy i i
& 1
\ 105
|| 4-05
= P
15
7

All changes measured at £ 1 micron — Joint design does

not drive creep in petal width!

Example relative
displacement DIC results

for FBJ1 Test 2
35



In Summary

TENDEG

Petal width changes measured throughout test campaign are
within the KPP5 Budget of + 70 microns (manufacturing,
AI&T, storage)

— Suballocation for creep is £ 20 ppm (ground stowage)
* Measured median petal width bias equals -8 ppm

— Greatest petal width changes may be due to bowing in off-
the-shelf, non-flight, pultruded battens and braces

— Greatest petal width changes also show signs of rapid creep
recovery

Joint design is determined to not be a driver of petal width
creep, despite additional adhesive layers

— Local joint coupon width change measured < 1 micron

Out-of-plane creep from furling is measured at both the petal
and coupon level

— Pop-up ribs will counteract this effect

Analysis successfully correlated petal and joint stiffnesses, as
well as the petal interface forces

5/20/2021

DIC set 1, dv




Future Work and Recommendations TENDEG

* This empirical study was focused on adhesive
layers at joints, edges and spines and the results
suggest testing and characterization are required
for the battens and braces

* Future creep testing should include:
— Carts and batten snubbers
— Pop-up ribs
— Optical shield
* Creep effects in the flight petal should be
understood and verified to be within budget
— To be addressed in Milestone 5B

— A detailed viscoelastic analytical model should be
correlated to system level test results

4-meter Protopetal
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TENDEG

Thank you for your attention.

QUESTIONS?
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