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Motivation | Robotically wound CFRP structures

Winding cell (left, source: gradel.lu), GRAM sample (top right) and sand-

wich concept (bottom right).

Robotic, endless filament
winding

Carbon fibre reinforced
polymers (CFRP) wound
around bushings

Multiple passes between
the same end-points
form a string

(Thermal) curing
produces final string
stiffness (wet winding)

Similar approaches:
GRAM’, IsoTruss” [1],
Fibr” [2]


https://images.squarespace-cdn.com/content/v1/611fb398994b823f593cdd75/38b4ec5b-a73a-4390-bb84-e5029be9bb13/GRAM+V2%281%29.jpg

Model | Kinematics - Configurations

By (computational) B, (undeformed) By (deformed)

x3

For offset o € DG,(B,)?*, angle a®, « € P,(B,), displacement
u €V, = P,(8B,)* the configurations are given by placements

xl = xo + IVuRaoo(xo) (1)

x; = % + Iy Ryo,40(xp) + u(xp). )

> The (constant) offset is defined point-wise by
o(c,) =ofd, and o(c,) = obd,. (3)
> Equivalently extends to three dimensions (0 € DG,(8,)*, a € P1(B,)?)
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Model | Kinematics - Strain measure

By (computational) B, (undeformed) By (deformed)

x3

> Green-Lagrange strain (in undeformed configuration) reads

1 1 o
E=E(Clz_cu)zE((Ilz)Tllz_I)a for Jg = aiz- (4)

> Extract via Tangential Differential Calculus (TDC) [3-5] the tangential
part of the kinematics
_Joa
114l
where x_; is the placement of the one-dimensional reference element.
> Undeformed and computational (mesh) configuration do not coincide
5 1]

E"=PEP with P=t, ot t, (5)



Model | Potential energy

By (computational) B, (undeformed) B, (deformed)

St. Venant Kirchhoff strain energy density W, the total potential energy (on
B,,and pulled-back to B,) is

T, o) = LB AW(E™) dx, - P, () 6)
- jB AWE™) ortell dxy - Pog (). %

0 stretch ratio
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Verification

» Computational domain

Mesh 3D geometry (bushing cylinders and strings)
Extract wireframe/edge mesh

> Rigid bushings: large member stiffness (x10*)
» Computational/undeformed x,, deformed x;,

X, =xy+tu (8)

E= % (Co1 = Coo) = % ((101)T Jor = I) (9)

TT(u) = J AW(E™) dx, - P, (). )
By

Resolved mesh B,,.



Verification | Model comparison

» Fixed bushing
centers left/right

» Uniform top
loading of
non-boundary
bushings

» No z-components
in displacement

def .
0.18

b » Equivalent for finer
z';l resolved meshes
.07
ID, 04 &
ol For int. strain energy
0.14 U =1II- P, one gets
0.09
0. 05 ff. res.
v Ut -U _
B oo - O - U 5 371075,
|U!‘€S.|

Offset- (left) and resolved (right) models, deformation (bottom).
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Numerical Results | Sandwich core structure

normal force
-763.25 196.83 1156.91 2116.98 3077.06
N ——

Sandwich configuration with 20 x 20 bushings, 11856 strings, undeformed and deformed with normal force.

> Finite strain kinematics characterise (global) response
» Low DOF count enables simulation of large architectured structures
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Summary and Outlook

Advantages Disadvantages

» Fully variational > Elaborate kinematics

» Couplings are a priori enforced via  » TDC: expensive quadrature
the prescribed kinematics degree

» Low DOF count

Future work

> Application to optimisation tasks: shape-/topology optimisation
> Extension to beam string models

> Incorporation of non-rigid bushing response

> Open source functionality and demo through do1finy [6]
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