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Motivation | Robotically wound CFRP structures

Windingcell (left, source: gradel.lu), GRAMsample (top right)andsand-

wich concept (bottom right).

▶ Robotic, endless mlament
winding▶ Carbon mbre reinforced
polymers (CFRP) wound
around bushings▶ Multiple passes between
the same end-points
form a string▶ (Thermal) curing
produces mnal string
stiõness (wet winding)▶ Similar approaches:
GRAM® , IsoTruss® [�],
Fibr® [�]

�

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


Model | Kinematics - Conmgurations
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For oõset 𝑜 ∈ 𝒟𝒢1(ℬ0)2 , angle ૓0 ,૓ ∈ ෯1(ℬ0), displacementਖ ∈ ਖ৾ = ෯1(ℬ0)2 the conmgurations are given by placementsਙ1 = ਙ0 + ৱ 𝑢৾৺𝛼0𝑜(ਙ0) (�)ਙ2 = ਙ0 + ৱ 𝑢৾৺𝛼0+𝛼𝑜(ਙ0) + ਖ(ਙ0). (�)▶ The (constant) oõset is demned point-wise by𝑜(ਅਃ) = ਐਃℎਆਃ and 𝑜(ਅ਄) = ਐ਄ℎਆ਄ . (�)▶ Equivalently extends to three dimensions (𝑜 ∈ 𝒟𝒢1(ℬ0)3 , ૓ ∈ ෯1(ℬ0)2)
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Model | Kinematics - Strain measure
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▶ Green-Lagrange strain (in undeformed conmguration) reads৭ = 12 (৫12 − ৫11) = 12 ((৲12)ৼ ৲12 − ৱ) , for ৲ਃ਄ = ૬ਙ਄૬ਙਃ . (�)▶ Extract via Tangential Diõerential Calculus (TDC) [�–�] the tangential
part of the kinematics৭਎ = ৸৭৸ with ৸ = t1 ⊗ t1 , tਃ = ৲−1ਃ‖৲−1ਃ‖ (�)

where ਙ−1 is the placement of the one-dimensional reference element.▶ Undeformed and computational (mesh) conmguration do not coincide
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Model | Potential energy
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St. Venant Kirchhoõ strain energy density৿, the total potential energy (onℬ1 , and pulled-back to ℬ0) isΠ(ਖ,૓) = ∫ℬ1 ৩৿(৭਎) dਙ1 − ৸ext(ਖ) (�)= ∫ℬ0 ৩৿(৭਎) ||৲01t0 ||⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
stretch ratio

dਙ0 − ৸ext(ਖ). (�)
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Verimcation | Resolved truss model

▶ Computational domain
� Mesh �D geometry (bushing cylinders and strings)
� Extract wireframe/edge mesh▶ Rigid bushings: large member stiõness (×104)▶ Computational/undeformed ਙ0 , deformed ਙ1ਙ1 = ਙ0 + ਖ (�)৭ = 12 (৫01 − ৫00) = 12 ((৲01)ৼ ৲01 − ৱ) (�)৭਎ = ৸৭৸ with ৸ = t0 ⊗ t0 (��)Π(ਖ) = ∫ℬ0 ৩৿(৭਎) dਙ0 − ৸ext(ਖ). (��)
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Resolvedmeshℬ0 .
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Verimcation | Model comparison
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Oõset- (left) and resolved (right) models, deformation (bottom).

▶ Fixed bushing
centers left/right▶ Uniform top
loading of
non-boundary
bushings▶ No ਛ-components
in displacement▶ Equivalent for mner
resolved meshes

For int. strain energy৽ = Π − ৸ext one gets|৽oĒ. − ৽res. ||৽res. | ≈ 2.37×10−5 .
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Numerical Results | Sandwich core structure
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Sandwich conmguration with 20 × 20 bushings, 11856 strings, undeformed and deformedwith 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▶ Fully variational▶ Couplings are a priori enforced via
the prescribed kinematics▶ Low DOF count

Disadvantages▶ Elaborate kinematics▶ TDC: expensive quadrature
degree

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 dolfiny [�]
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