Jeffrey A. Wollschlager

VP — Composite Technology & Aerospace Strategy Affiliate Associate Professor & PhD Student
Altair Engineering University of Washington

jaw@altair.co jeffwoll@uw.edu

A Multiscale Approach to the
Design and Analysis of WEAV3D
Lattice Structures

WILLIAM E. BOEING

®
DEPARTMENT OF AERONAUTICS & ASTRONAUTICS W E A\ 3 D A LT A I R

UNIVERSITY of WASHINGTON


mailto:jaw@altair.com
mailto:jeffwoll@uw.edu

Introduction to
WEAV3D Lattice Structures

BE BOUNDLESS v



WEAV3D Lattice Structures

Thermoplastic Prepreg Tape Woven into Lattice Structures
Embedded in Thermoplastic Structural Components to
Provide Cost/Weight/Strength Efficient Reinforcement

Lattice Structure Embedded in a Lattice Structure Embedded in a

] Precast Polymer Concrete Trench Thermoplastic Pallet
Lattice Structure

(Thermoplastic Prepreg Tape)




Rebar for Plastics ®

THERMOPLASTIC
PREPREG TAPE(S)

(Commercially Sourced)
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SIMULATE WEAVE
In-house FEA Outputs lattice in
capabilities sheet or roll format

WEAW3D

lattice conversion

LAMINATION

55

DIE CUT

PRE-FORMING

part manufacturing

THERMOCOMPRESSION
MOLDING

INJECTION
MOLDING

(insert overmolding)

LIGHTWEIGHT
STRUCTURAL
COMPOSITE PART

WEAV3D
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Design and Analysis Challenges

How do you design and analyze something like this?
(Example: Automotive Beltline Stiffener)

WEAV3D

\)‘/




Design and Analysis Challenges

«  What Warp Tape Material (Carbon, Glass, other)?

« What Fill Tape Material (Carbon, Glass, other)?

« What Tape Width (Warp & Fill)?

« What Tape Gap (Warp & Fill)?

« How Many Lattice Layers (Top & Bottom)
«  What Bulk Material? ‘T’

WTH_F1

GAP_F

S|
2

Even if we know these
things, how to analyze

Fill2 Tape Phase

structures made from these

lattice structures?

WTH_W1 GAP_W  WTH_W2

Filll Tape Phase

Lattice Layers (Top)

Bulk Layer

Lattice Layers (Bottom)

— 1(Warp)



Design and Analysis Challenges

Discrete Modeling VS Multiscale Modeling
-Explicitly model features -Implicitly model features
-typically most Accurate Results -can achieve Accurate Results
-can be Difficult to Model -significantly Easier Modeling
-can be Computationally Expensive -can be Computationally Efficient

Homogenization
(upscaling)

Note: A great early
example of Multiscale
De-Homogenization Modeling is Composite

- v\ (down-scaling) // Analysis with Classical

Lamination Theory
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Proposed Multiscale Solution

“All truths are easy to understand once they are discovered;
the point is to discover them.” Galileo Galilei

r

We are simply connecting \ \/"

already discovered puzzle pieces
to assemble a new puzzle picture




Puzzle Piece #1

Classical Lamination Theory e o

One of the earlier forms of Multiscale Analysis... (@i = [01k (()x — (@)AT)

homogenization

(upscaling)
P the homogenized stif fnesses of a laminated plate are;

| [4] = ) [Qlk (e — zr) )

7 NX k=1 —
- K¢ . (Ne) = AT ) [0 (@i (21 = 71)
(N | 1Com oy =1

S [B] =5 [0l (2% - 72-y)
N k=1



Puzzle Piece #1
Classical Lamination Theory

One of the earlier forms of Multiscale Analysis...

the stresses of the k" ply are;

(@) = [Qlk ((8)k — (@) AT)

(&)k = (£°) + 2 (K

‘\
C=le (G +(n)

de-homogenization
(down-scaling)

2
____4_4_— )] —» X N _ A B Eo _(Nt)
'I (M)_ B D](K) M,
Z Ny
7 [N g starting from the solution to the
/ _____ 7 NG homogenized laminated plate equations
'



Puzzle Piece #2
Phase Average Theory

Hill, R., “The Mathematical Theory of Plasticity”, Oxford University Press, 1950
Hashin, Z., “Theory of Fiber Reinforced Materials”, NASA CR-1974, March 1972

The average stress (G) of all phases (p) is the homogenized stress (c°)
Fundamental result for multiscale applications

3 Average Stress 3 Homogenized Stress . n
5 — p — 40
T 0j Vfal]dV—Eaqu—au
1 p=1
aij = VJ. O'i]dV 1 n )
C . = P =0
o &ij fsudV ZeuV &
S [ UL,Zj E p=1
N/ where
@ o? >2 VolumeP _
2 VP = 7 = volume fraction




Assuming

()% = ()

main source error of approx.
(&) = (€2) + 2, (x)

Phase Average Modified
Classical Lamination Theory

(@) = [QI} (&)k — ()FAT)
N

(rf)k = 2(@2 v

(N) = [A](e°) + [B] (1) = (N)

the homogenized stif fnesses of a N~phase laminated plate are;

n N
=, (Z[mz ) (5= 72 e
1=l (Np) = AT Z (Z[Q]i(a)i VJ’) (Zk = Zk-1)
> (Zk - Zk 1)

0=3 3, (S

NIH

||M2



Phase Average Modified
Classical Lamination Theory

the stresses of within the pt" phase of the k" ply are;

(@) = [Q1} (O)k — (@)FAT)

‘\

)k =(e2)+ <(K)
C=le (G +(n)
(=4 21 - ()

starting from the solution to the
homogenized laminated plate equations




Phase Average Modified

Classical Lamination Theory

Classical Phase Modified i
; . y v v .v'wl_ ___ T'd_d'els‘{fa_“e _____ -
[A] = ) [Qlk (zk — Zk-1) [A] Q Vp (Zx — Zg-1) k" ply (phase 1-N)
k=1 ;(; ) C p| (phase 1-N) \ 4
1 n ) n N
[B] =5 Z[Q]k (2 — 7k-1) (B] = % Z (Z 012 VP | (22 — 22_)) [
k=1 k=1 \p=1 (M) B
1 n i n N
[D] == » [0l (z} - 23-y) p=1 P | (@ -2
3kz e (2 = 7 [D] 32 ;[Q]k P ) @ -2 1
n N
(N) = AT D (01 (@i = 71) (W) = AT > (Z[Q]g(@,@ v,f) R |
k=1 k=1 \p=1 ,E' Warp2 Tape
n 0 /N A
M —ATEZ 0 _ 1 . :
(M) = 2k=1[ Ik (@ (21 = 2i-1) (M) = ATEkZl le[Q]k(a)k Ve | @k = Z-1) g—— %

— 1(Warp)



FEA Implementation & Numerical

Validation
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FEA Implementation & Architecture

Currently implemented in Altair HyperWorks (HyperMesh, OptiStruct, HyperView)

7 Altair HyperWorks = .
‘ HyperStudy Optimization Framework

Altair Altair
HyperMesh OptiStruct

‘, HyperView

jpanel.exe post

- e o o Em mm = Em oE—ay,
.




JPanel Input - Lattice + Panel Definitions

Individual Tape Material Properties (Warpl, Warp2, Fill1, Fill2, Bulk)

@ @)/ 6) @)/ () THE) 30 (10)
MAT90R* MID El E2 E3 MNAME
NU12 NU23 NU31 RHO
Gl12 G23 Gl13 Al
A2 A3
WEAV3D Lattice Definitions
i) )/ (6) 3/ () @/ G 3/ (10)
LATTICE* LID LNAME GAP W GAP F
MID_W1 THK_W1 NUM_W1 WTH_W1
N MID_W2 THE_W2 NUM_W2 | WTH_W2
To—ptd MID F1 THK_F1 NUM_F1 WHT F1
MDD F2 THK_F2 NUM_F2 WHT F2
MID LB
Panel Definitions
M @16 Bl @/ 8) 5)/ ) (10)
\I\R% PID PNAME TYPE
pd LD NUM L SYM BOT
THE Z0 NEM PHI
MID BC MID BS VOL_BS

WTH W1 GAP W WTH W2

2 {Filly

!

WTH_F1

le

S
IS

GAP_F  WTH_F2

Lattice Bulk
(MID_LB)

les)
|/

MIDF1 (THK_F1)

Element Normal

Symmetric Stack

Lattice Layers (NUM_L)
Bulk Layers (BS / BC / BS)
Lattice Layers (NUM_L)



JPanel OUTPUT — MAT2 + PSHELL

Captures the Membrane, Bending, Transverse Shear, and Coupling Behavior

(1) (2) / (6) (3)/(7) (4) /(8) (3)/(9) (10)
MAT2* MID Q11 Q12 Q13
22 Q23 Q33 RHO
Al A? Al2
Membrane Bending
(1) (2) / (6) $)7(7) (4)/(8) 3) /(9
PSHELL* PID MID1 THE -1 MID2
121T3 MID3 TST NSM
Z1 1 22 - MID4
]

Transverse Shear

Coupling

Multiscale Model




Numerical Validation

Material Properties

Glass/PP Uni Tape Vf = 45%

Carbon/PP Uni Tape Vf=50%

Polypropylene (PP) Polymer

Property Gpa ] Property GPa psi Property GPa psi

Ej 36.00 5.220e6 Ey 110.0 15.950e6 E 1.950 0.2828e6
E, 5.000 0.725e6 E, 4.800 0.696e6 v 0.380 0.380
Via 0.300 0.300 Viz 0.320 0.320 G 0.70652 0.1025e6
Vi3 0.520 0.520 Va3 0.480 0.480 o 54.0e-6 /°C 30.0e-6 /°F
G 1.760 0.255e6 G 2.000 0.290e6 p 0.906 g/cm®  0.0327 lbs/in3
G5 1.650 0.240e6 GH3 1.620 0.235e6

o, 5.4e-6 /°C 3.0e-6 /°F o, -0.54e-6 /°C -0.30e-6 /°F

o, 36.0e-6 /°C 20.0e-6 /°F o, 40.0e-6 /°C 22.22e-6 /°F
CPT 0.350mm 0.0138” CPT 0.160mm 0.0063”

p 1.650 g/cm®  0.0596 Ibs/in3 p 1.310 g/cm3  0.0473 lbs/in3




Numerical Validation

J ’ 177.8mm (7”)
Lattice Geometry T
Y (Fill)
Extreme Case . ‘ ﬁ
Warp Geometry N N BN B
VW1 =20% (Glass/PP Tape) 22| 71 comontape 2016 ej
Vw2 = 40% (Carbon/PP Tape) R dE 3
Vb = 20% (PP Polymer Bulk) =) 51 e : !
_ E §<_) 3% Glass Tape x1 (0.35)
Fill Geometry € T ol P - —— -
VA = 28.57% (Carbon/PP Tape) .
V2 =14.29% (Glass/PP Tape)
Vi =57.14% (PP Polymer Bulk) | I I
Panel Geometry i - ] .
— - — — — - — -— X (Warp)

2 lattice layers bottom only

Unsymmetric m-pla ne s st (01075
a n d th rO Ugh'th | CkneSS 1.34mm (0.05275") 2 lattice layers




Numerical Validation

In-plane Load (Nx Case) and a Thermal Processing Load (AT Case)

Unsymmetric In-plane and (T) i73mm 7 |
through-thickness T CBET - BT "B

Exercises In-plane and ! ' '
In-plane/Bending Coupling H IS - - S N
BehaVIOF Of Pane|S — = < AT = -100°C (-180°F)
[Au A, A, By By B1;I ? T_N_t,_x: I | I

Ny :\AlZ An Ay, B, By Bzi: 55 iNt,yE

S B o v v %1 [ - LI g VO

M, - By, B, B, Dy D, Dy Ky M.,

My B, B,, By Dy D, D, Ky Mt,y 2.66mm (0.10475")

Mxy Bl4 Bz4 B44 D14 D24 D44 Ky Mt,xy 1.34mm (0.05275”) 2 lattice layers

[



Numerical Validation

Bending Load (Mx Case)

Unsymmetric In-plane and R
through-thickness

Exercises Bending and i i el el s ol o

Bending/In-Plane Coupling

1 P =4448.22N (1000 Ibs)
1

2 lattice layers
u

Support Span % 101.6mm (4”)

177.8mm (77) ' |

Behavior of Panels ; | | '
_ — s _—— ——t -
N, Ay A, A, By By, By £y N S I
N y A, Ay, A, By, By By 55 Nt,y i i
N,y A4 Ay Ay By By Byl )y )?y _ Ni |
M XJ - [Bll B, By, D, D, D14] Ky M | | i !
M, B, Byp By D, Dyp Dyl |k M., ' :
Mxy _Bl4 By Biu Dy Dy Dy Ky Mtxy I— _—— .L_.L e —_— .L_.L -——P X (Warp)




Discrete vs Multiscale Model

Discrete Modeling VS Multiscale Modeling
-Explicitly model features -Implicitly model features
-typically most Accurate Results -can achieve Accurate Results
-can be Difficult to Model -significantly Easier Modeling
-can be Computationally Expensive -can be Computationally Efficient

Homogenization
(upscaling)

Note: A great early
example of Multiscale
De-Homogenization Modeling is Composite

- v\ (down-scaling) // Analysis with Classical

Lamination Theory




Numerical Validation - Displacements

Discrete Model

Nx Case

Correctly bends “up” and all
displacements within +1%
error of approximation

|
;
|
|
|
!
|
l
\/

H_ ok

Contour Plot

Displacement(x)

Analysis system
1.166E+00

[ 1.036E+00
9.069E-01

— 7773801
6.478E-01

r 5.1826-01
2.887E-01
2.591E-01
1.206E-01
0.000E+00
No Result

Max = 1.166E+00

Min = 4.868E-15

Contour Plot.
Displacement(y)
Analysis system
0.000E400
[ -2100E02
-6.200£-02
— -0300E02
1240601
T ssocon

-1.860E-01
-2170E-01
2480601
-2.790E-01
No Result

Contour Plot
Displacement(z)
Analysis system
1.534E401
[ 1.329E+01
11256401
— 9.208E+00
7.165E+00
T s
3.079E+00
1.036E+00
-1.007E+00

-3.050E+00
No Result

Multiscale Model

Contour Plot
Displacement(x)
Analysis system
1.166E+00
[ 1.036E+00
9.069E-01
— 7773801
6.478E-01
r 5.1826-01
2.887E-01
2.591E-01
1.206E-01
0.000E+00
No Result
Max = 1.166E+00
Min =-3.408E-22

Contour Plot
Displacement(y)
Analysis system
'0.000E+00
[ -3.100E-02
-6.200E-02
— -9:300E-02
-1.240E-01
[ -1.550E-01
-1.860E-01
-2170E-01
2480501
-2790E-01
No Result
. 500E-22
-2789E-01

Max
Min

Contour Plot
Displacement(z)
Analysis system
1.534E401
[ 1.3306+01
11256401
— 9.209E+00
7.166E+00
T simeoo
3.080E+00
1.037E+00
-1.007E+00

-3.050E+00
No Result




Numerical Validation - Displacements

Discrete Model Multiscale Model
Ax Case omowrer omowrer

Analysis system Analysis system

0.000E+00 0.000E+00
[ -5.780E-02 [ -5.780E-02

Correctly bends “down” and u ;if;‘;iﬂi ;if;‘;iﬂi

. . . X -2894E-01 -2894E-01
all dlsplacements within £1% 7o ancen
error of approximation e P

Contour Plot
Displacement(y)
Analysis system

Contour Plot
Displacement(y)
Analysis system

@
c
1
1
1
1
—l-——r — —-——l-——r — o — = 0.000E400 0.000E400
1 [ -5.200£-02 [ -5.200£-02
I 1 -1.0426:01 -1.0426:01
1 — 1563601 — 1563601
| u I 208401 I 208401
1 Vi 260401 260401
1 3125601 3125601
1 2646501 2646501
1 4167801 4167801
1 -4.682E.01 -4.682E.01
1 No Result No Result
* L e -_— - — * 1 Max = 2441E-15 Max = 2.744E-23
1 Min = -4,659€-01 Min = -4,6886-01
1
1
1
I Contour Plot Contour Plot
1 Displacement(Z) Displacement(Z)
1 Analysis system Analysis system
I 0.000E+00 0.000E+00
1 [ -1107E400 [ -1107E400
1 -2214E+00 -2214E+00
— — . — — 3321E+00 — 3321E+00
| u -4.428E+00 -4.428E+00
z T ssasean T ssasean
! -6641E+00 -6641E+00
! 77488400 77488400
-8.855E400 -8.855E400
* * -0.062E+00 -0.062E+00
= N na No Result No Result




Numerical Validation - Displacements

Discrete Model

Mx Case

The in-plane unsymmetric

geometry (extreme case) is not X
completely accounted for and causes
increased but acceptable in-plane error

but out-of-plane error still within £1%

error of approximation

T T 'j

B

Contour Plot
Displacement(x)
Analysis system
1.000E-02
[ -1.750E-01
-3.600E-01
— -5450E01
= -7.300E-01
— -8150E-01

-1.100E+00
-1.285E+00
-1.470E400

-1.655E+00

No Result
Max = 1.080E-02
Min =-1.655E+00

Contour Plot
Displacement(y)
Analysis system
3.673E-01
[ 2.903E-01
2133601
— 1363601
- 5.930E-02
= -1.770E-02

-9.470E-02
A717EO1
2487601

-3257E-01
No Result

Max = 3.6736-01

Min =-3257€-01

Contour Plot
Displacement(z)
Analysis system
2.801E+01
[ 2zrreon
1.664E+01
— 1.050E+01
= 43636400

i 26326401

No Result

Max = 2.891E+01
Min = -2,632E+01

Multiscale Model

Contour Plot
Displacement(x)
Analysis system
1.000E-02
[ -1.750E-01
-3.600E-01
— -5450E01
= -7.300E-01
— -8150E-01

-1.100E+00
-1.285E+00
-1.470E400

-1.655E+00

No Result
Max = 3.068E-03
Min =-1.606E+00

Contour Plot
Displacement(y)
Analysis system
3.673E-01
[ 2.903E-01
2133601
— 1363601
- 5.930E-02
= -1.770E-02

-9.470E-02
A717EO1
2487601

-3257E-01
No Result

Max = 2762E-01

Min =-21256-01

Contour Plot
Displacement(z)
Analysis system
2.801E+01
[ 2zrreon
1.664E+01
— 1.050E+01
= 43636400
= 17736400

-7.910E+00
-1.405E+01
-2.018E+01

26326401

No Result
Max = 2.865E+01
Min = -2564E+01




Numerical Validation - Stresses

Discrete Model Multiscale Model
Nx Case

3.000E+01
1.167E+01

Contour Plot
Phase Stress(xX, 55T)
Analysis system

3.000E%01
1167E+01

) ) . RC panel bulk
The primary axial stress in each X [
phase are captured and within (PP) i

Max = 2.813E+01

+10% error of approximation

Contour Plot Contour Plot
Composite Stresses(Normal X Stress, ply1_W1(BOT)) Phase Stress(XX, LW1B)
3.000E+01 Analysis system
1.167E+01 3.000E+01
. caresn K e
® o lattice warpl - zswor gegen
| g -5
X | B 4333t = -4.333F+01
I e
- A — — Sonti0)
G | PP B833E+01
ass g
e e
No Result "]“ EEW
Max =-4.044E+01 Max =-4.270E+01
Min = -4.570E+01 Min =-4.270E+01
Contour Plot Contour Plot
Composite Stresses(Normal X Stress, ply1_W2 (BOT)) Phase Stress(XX, LW28)
3.000E+01 Analysis system
1.167E+01 3.000E+01
* -— -— | —— -— ] — . |
lattice warp2 = = ez o0
o ¥ % e 4050
X 5. = -4333E01
& -6.167E+01
Sontio)
C b PP -9.833E+01
arbon oo
-1.350E+02 +1.330E+02
No Resu?( "1V EWR
Max =-1.294E+02 320E+02
Min = -1354E+02 1.3208+02
— — L-[ — — — L-[ — Contour Plot Contour Plot

Phase Stress(XX, LB8)
Analysis system
3.000E+01

1.

Composite Stresses(Normal X Stress, ply1_Wb (80T))

3.000E+01
[ 1.167E+01

-6.667E+00
2.500E+01
— -4333+01
167E+01
000E+01
833E+01
AG7E+02
1.350E+02
No Result

X ® leattice bulk

¥

na  (pp) i

R




— T BT —

Numerical Validation - Stresses

Ax Case

The thermal residual axial
stress in each phase are
captured and within £10%
error of approximation

N

\/
|

=,

anel bulk
®oc,P
(PP)

® cYxlattice warpl

(Glass/PP)

lattice warp2
®0C,

(Carbon/PP)

lattice bulk
®0C,

(PP)

Discrete Model

Contour Plot
Composite Stresses(Normal X Stress, ply7_Bulk (TOP))

4.000E+01
[ 3.5006+01

3.000E+01
— 2500401
= 2.000E+01
= 1.500E+01

1.000E+01
[ 5.000E+00

0.000E+00
5.000E+00
No Result

220E+00
3.401E+00

Contour Plot
Composite Stresses(Normal X Stress, ply1_W1(80T))
4.000E+01
35006401
3.0006+01
— 2.500E+01

3000400

NG Result
Max = 3.880E+01
Min = 3820E+01

Contour Plot
Composite Stresses(Normal X Stress, ply1_W2 (80T))
4.000E+01
3.5006+01
3.000E+01
2.500E+01
2.000E+01

Max = 4.111E+01
Min = 4.014E+01

Contour Plot
Composite Stresses(Normal X Stress, ply1_Wb (80T))
4.000E401
[ 35006401
3.000E+01
— 2.500E+01
= 2.000E+01
= 1.500E+01
1.000E+01
5.000E+00
0.000E+00
§5.000E:00
No Result
Max = 1.765E+01
Min = 1.747E+01

Multiscale Model

Contour Plot
Phase Stress(xX, 55T)
Analysis system

4.000E%01
35006401

0.000E+00
N RO

Contour Plot
Phase Stress(xX, LW18)
Analysis system

ORI
Max = 4.344E401
Min = 4.344E401

Contour Plot

Phase Stress(XX, LW28)

Analysis system
4.000E+01

0.000E+00
1FORE0
o Resul
Max = 3.756E+01
Min = 3.756E+01

Contour Plot

Phase Stress(XX, LB8)

Analysis system
4.000E+01

0.000E+00
20R0ELR0
o Resul
Max = 1.752E+01
Min = 17526401

YYY



Numerical Validation - Stresses

Discrete Model

Ax Case

The thermal residual
transverse stress in each
phase are captured and within
+10% error of approximation

_F__'I'_-__f__'l'_'j

anel bulk
®oc,P
(PP)

® leattice warpl

(Glass/PP)

® leattice warp2

(Carbon/PP)

lattice bulk
®0C,

(PP)

Contour Plot
Composite Stresses(Normal Y Stress, ply7_Bulk (TOP))
2.500E+01
1.8336+01
11676401
— 5.000E+00
= -1667E+00
= -B333E+00

-1.500E+01
[ -2A67E+01

28336401
2500E+D1
NG Result

Max =-4.169E+00
Min =-4.325E+00

Contour Plot
Composite Stresses(Normal Y Stress, ply1_F1 (80T)

[ 2.500E+01
5.000E+00

3.500E+01
NG Result

Max = 2.109E+01
Min = 2098E+01

Contour Plot
Composite Stresses(Normal X Stress, ply1_F2 (80T))
2.500E+01
1.8336+01

o 23338400
-1.500E+01
-2167E+01
-2.833E+01
35006401
NG Result

Contour Plot
Composite Stresses(Normal Y Stress, ply1_Fb (B0T))

2.500E+01
[ 1.833E401
1.167E+01

-2167E+01
-2.833E+01
-2500E+01
No Result
Max = 1.796E+01
Min = 1.766E+01

Multiscale Model

Contour Plot

Phase Stress(YY, 55T)

Analysis system
2.500E+01
18336401

BRI
&’Resu

Max =-4.536E+00
Min =-4.536E+00

Contour Plot
Phase Stress(xX, LF1B)
Analysis system

NoRELR
Max = 2.070E401
Min = 20708+01

Contour Plot

Phase Stress(XX, LF28)

Analysis system
2.500E+01

1.833E+01
1.167E+01

-2.833E+01

ReREER

Max =-3.336E401

Contour Plot

Phase Stress(vY, LBB)

Analysis system
2.500E+01

1.833E+01
1.167E+01

-1,500E+01
-2167E+01
-2.833E+01
R
Max = 1.660E+01
Min = 1660E+01

|
T Tt 4
EEEEETEL




Numerical Validation - Stresses

Mx Case

The primary axial stress in
bending in each phase are
captured and within £10%
error of approximation

T T 'j
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---- na

anel bulk
®oc,P
(PP)

® leattice warpl

(Glass/PP)

® leattice warp2

(Carbon/PP)

lattice bulk
®0C,

(PP)

Discrete Model

Contour Plot
Composite Stresses(Normal X Stress, ply7_Bulk (TOP))

1.500E+01
[ -8.889E+00
22786401

[ 2.000E+02
No Result

Max = 1.604E401
Min =-2,030E+02

Contour Plot

Composite Stresses(Normal X Stress, ply1_W1(8OT)
11506402
1.006E+02
2.611E+02

— 7.167E+02
5.722E+02
4.278E+02
2.833E+02
1.380E+02
-5556E+00
=1.500E+02
NG Result

Max = 1.144E403

Min =-1.426E+02

Contour Plot

Composite Stresses(Normal X Stress, ply1_W2 (BOT))
3.000E+03
2.650E+03
2300E+03

— 1.950E+03
1.600E+03
1.2506+02
9.000E+02
5.5006+02
2.000E+02
~1.500E+02
NG Result

Max = 2.071E+03

Min =-4.997E+01

Contour Plot
Composite Stresses(Normal X Stress, ply1_Whb (80T))
8.000E+01
[ 6.889E+01
5.778E+01
— 4.667E+01
3.556E+01
24448401

-2.000E+01

No Result
Max = 8.250E+01
Min =-1.888E+01

Multiscale Model

Contour Plot
Phase Stress(xX, 55T)
Analysis system

-B.036E+01

Max = 7.765E+00
Min =-1.945E+02

Contour Plot
Phase Stress(<X, LW1B)
Analysis system

Max = 8.673E+02
Min = -5.264E+01

Contour Plot
Phase Stress(XX, LW2B)
Analysis system

RE

esul
 921E+03
Min =-1.602E+02

Contour Plot
Phase Stress(xX, LBB)
Analysis system

RORE
Max = 6.301E+01
Min =-3.137E+00
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Conclusions

« Discrete Modeling Methods for the Design and Analysis of
WEAV3D Lattice Structures is impractical for general use cases

« Multiscale Methods appear to be a reasonable solution to the
challenges of analyzing and designing WEAV3D Lattice Structures

« The error of approximation of such approaches appears to be within
acceptable engineering error tolerances of £10%

« The significant reduction in effort to create and apply the multiscale
modeling, as opposed to discrete modeling, and given acceptable error of
approximation, warrants the use multiscale modeling for this problem...



Continuing Project Phases

BE BOUNDLESS



Continuing Forward

1. Experimental Test Program for Tape Properties
2. Experimental Test Program for 3pt Bend Panels

3. Numerical Verification (comparison of simulation with
experiment as opposed to discrete model presented here)

4. Optimization Methodology & Software
5. An Optimization Example with Verification
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