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Background

Ariane 5 launcher 
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• Renewed interest in launch vehicle design:

- Launch mass comes at a premium

- Minimise wall thickness

- Design driven by stability due to compression

• Very sensitive to geometric & loading 

imperfections

• Goal: reduce sensitivity to imperfections

/135
Outline
• InnovateUK FibreSteer

• European Space Agency GSTP

BCI Spin-out company iCOMAT Ltd
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Classic Buckling Analysis
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Large discrepancy between linear 

theory and experimental 

measurements

NASA SP-8007 Knockdown Factor from 1960s: 

very conservative design

Prediction from Linear Theory

Experimental

Data Points

Slenderness, 𝑅/𝑡
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Tow-Steered Composites

• Curvilinear rather than straight fibre paths

• Manufactured using robotic fibre 

placement head

• Steering creates:

- Greater design freedom

- Ability to steer around features (e.g. cutouts)

- Ability to transition between different layups

- Redistribution of load paths
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AFP vs CTS

Automated Fibre Placement Rapid Tow Shearing

Defects Defect Free

Gaps/

Overlaps
Tesselate

Bending Shearing



/106Imperfection-Insensitive Cylinder
Measured Imperfection

• Robust optimisation under uncertainty:

- Maximise specific buckling load (load/mass) with 
manufacturing imperfections

Tow-steered outperforms 
quasi-isotropic straight-fibre

• higher mean buckling load 
(+11%)

• smaller variance (-80%), 

• higher buckling load at 99.9% 
reliability level (+300%)

99.9% reliability load

Buckling load
probability distribution 

due to imperfections

R = 600 mm

L = 1040 mm

8 plies



/107Manufacturing @ iCOMAT

Flat deposition

Wrap rolling onto mandrel 

Cure and pot both ends

Manufacturing of one QI [±45,0,90]s
and one tow-steered cylinder
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Buckling Load (kN) RTS QI

Predicted 177.5 160.7

Experiment 172.9 154.6

Improved Stiffness

Improved Buckling Load

DIC FEM
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• Keep global straight fibre paths & steer locally

- Only possible due to small steering radii of RTS

- Embed stiffeners through local thickness increase

Orthogrid Isogrid Anisogrid
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CTS Thickness Build-Up

build‐up is that the shearing angle cannot currently be greater than 70 ,

and clearly a shearing angle of 90 would create a tow of infinite thick-

ness. Therefore, the design space is limited to a maximum shearing

angle of 70 .

It is helpful to briefly describe the nomenclature used within the

paper, which is adapted from Gurdal and Olmedo [20] . Their nomen-

clature was sufficient to describe the curvilinear fibre paths for a flat

composite. For CTS cylinders, the coupling between fibre variation

and thickness means that an enhanced system for the description of

fibre paths is needed. The adaptation defines the number of times a

lamina is sheared, n, hereafter called periods and the order of polyno-

mial that defines the fibre trajectory, j. The rest of the nomenclature is

consistent with that of Reference [20] , so that the fibre angle path is

described as

ϕhT0jT1 i
n

j ; ð5Þ

where ϕ is the clockwise angle from the global x‐axis that defines the

shearing direction. The ϕ direction defines the relative location of ‘pe-

riods’, shown by the transition between 0 ! 30 ! 0 in Fig. 3. The

dashed line in Fig. 3 defines the embedded stiffener region. T0 is the

counter‐clockwise angle from ϕ representing the starting angle of the

variation of fibre path; T1 is the counter‐clockwise angle from T0 rep-

resenting the ending angle at the middle of a period; n is the periodicity

of the CTS fibre path; and j is the order of polynomial that defines the

fibre angle trajectory. The change in fibre angle is graphical ly shown in

Fig. 3.

Currently, the CTS manufacturing method cannot shear angled

plies. For a starting angle of T0 ¼ 30 , a ‘lead‐up’ from 0 to 30 is

required. Fig. 4 shows this feature graphically. The present paper con-

siders both the current capability of the CTS method (where T0– 0

results in a thickness build up) and the idealistic manufacturing case

(where T0– 0 is considered an unsheared ply). The idealistic case is

used as a challenge to the manufacturing community to showcase

the increase in design landscape and superior buckling performance

when off‐axis plies are not inherently penalised and are used in the

CTS manufacturing method. In addition to the design benefits, by

shearing off‐axis plies the amount of waste material and time to man-

ufacture would decrease.

Inherent in the angle‐thickness coupling is the increase in average

wall thickness, leading to a mass penalty. For the idealistic manufac-

turing method, thisaverage thickness increase peaksat 42%, if all plies

are sheared through 70 (jT1 T0j ¼ 70). However, for the current

manufacturing method, the average increase in thickness can be up

to 192%, if all plies are sheared 70 (T0 ¼ T1 ¼ 70). A comparison

of average thicknesses (calculated from the thickness integral in Eq.

(6)) as the manufacturing method changes is found in Table 1. For

the idealistic method, the absolute difference in angle (jT0 T1 j) is

the sheared value and therefore the parameter that contributes to

the thickness increase. For the current manufacturing method, it is

both shearing angles, T0 and T1, that contribute to the thickness

increase. For a h30j50i ply, current manufacturing constraints cause

a 30% increase in average thickness when comparing the same angles

across an idealistically manufactured ply. The increase in average

thickness translates to a direct mass increase of 30%, hindering the

mass‐specific mechanical performance of the CTS cylinders designed

with the current manufacturing method. In both cases, the tow shear-

ing process creates a non‐uniform stiffness profi le that results in a non‐

uniform pre‐buckling strain field when the cylinder is under uniform

compression. The working hypothesis of this paper is that the non‐

uniformity of the initial pre‐buckling strain field reduces the imperfec-

tion sensitivity of the structure. It has been shown that the onset of

unstable cylinder buckling due to localisations is governed by “spatial

chaos” [ 39] . That is, the onset of unstable buckling due to localisations

is highly dependent on initial conditions (i.e. imperfections). If the

non‐uniform pre‐buckling strain field reduces the symmetry of the

cylinder and chaos of the post‐buckling paths, the imperfection sensi-

tivity of the cylinder is reduced. This hypothesis is also inspired by

Johann Arbocz’s PhD thesis [40] , where the circumferential strain

field of a buckling shell was experimentally measured. Arbocz found

that as the cylinder buckled, the strain field associated with a small

imperfection initiated local buckling. To this end, thispaper also inves-

Fig. 2. CTS tow being sheared through a shearing angle θ.

Fig. 3. Diagram of a ‘rolled out’ cylinder showing how the variation in fibre

angle is defined for a single layer of 90h0j30i
2

1 with global axis system.

Thickness variation is exaggerated for clarity.

R.L. Lincoln et al. Composite Structures 260 (2021) 113445
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• Tow-steering provides additional design freedom

- Better tradeoff between:

1. Stiffness and

2. Buckling load/imperfection sensitivity

• Possibility for embedded stiffeners

• Future work through follow-on ESA project:

- Deposition onto 3D tool

- Permeability

- Real satellite central tube

- In collaboration with prime contractor
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Questions?

BCI collaborators/PhD students:

R Lincoln, C McInnes, A Pirrera, P Weaver
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Outline
• InnovateUK FibreSteer

• European Space Agency GSTP

BCI Spin-out company iCOMAT Ltd

ESA Project
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