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ABSTRACT

With meticulous process control and the correct manufacturing parameters, competi-
tive mechanical properties have been achieved using in-situ Automated Fiber Placement
(AFP). Complex geometries, particularly double curvatures required for real part geome-
tries, however, present additional obstacles to the already challenging process. Without
post-consolidation in a hot press or autoclave, the severity of geometry-related deviations
from the ideal ply composition, namely fiber steering defects, gaps or overlaps, remains
unquantified. Variable Stiffness Panels can be used as a two-dimensional representation of
double-curved geometries, since the curved layup paths result in the same kind of defects.
This work suggests optimized layup strategies for constant curvature Variable Stiffness
Panels considering in-situ AFP process characteristics and limitations. The correlations
between layup strategy parameters and the resulting layup deviations is analyzed, provid-
ing algorithms for optimized layup strategies for in-situ AFP on complex geometries.

1. Introduction

In-situ Automated Fiber Placement has great potential to reduce manufacturing costs and
time by combining the additive manufacturing and consolidation processes into one single
process and omitting subsequent autoclave- or press consolidation process steps. How-
ever, without subsequent bulk consolidation, defects which inevitable arise from com-
plex geometries inevitably end up in the final laminate as they cannot be mitigated in
an autoclave or press consolidation process. Variable Stiffness Panels are suitable as a
two-dimensional representation of complex geometries, since the same geometry-related
defects such as gaps and overlaps or steering defects following high in-plane path curva-
ture occur due to their stiffness-optimized curved paths. Layup strategies optimized for
the characteristics of the in-situ AFP manufacturing process are suggested in this work. A
parametric Python script for constant curvature Variable Stiffness Panels was developed
based on analytical functions, allowing for an exact calculation of defect sizes for a wide
range of input variables. Based on the Python algorithm, a parameter study was carried
out to demonstrate the correlations between layup strategy and resulting defects and to
find Variable Stiffness Panel configurations suitable for the in-situ AFP process.
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1.1. Layup strategies

A layup strategy for a complex surface is defined by an initial reference curve and a
method for generating subsequent paths. Two main aspects are therefore addressed: the
choice of reference curve and the propagation of the paths. The reference curve orig-
inates from a starting point and determines the fiber orientation along the first course.
Rousseau et al. [34] categorized reference curves into fixed angle, geodesic and vari-
able angle reference curves. Fixed-angle reference curves (rosette rule) keep the local
fiber angle constant with respect to a global coordinate system. No fiber angle deviation
occurs, but severe steering can arise for highly curved geometries. Geodesic reference
curves are defined as paths without in-plane curvature and thus avoid steering but may in-
troduce angle deviation [8]. Variable angle reference curves exploit steering capabilities
of AFP technolgy to optimize stiffness properties of composite laminates. Giirdal et al.
demonstrated significant stiffness improvements of Variable Stiffness Panels compared to
standard composite panels [14, 35, 15, 22, 23] and Blom et al. employed the Variable
Stiffness concept for cylindrical and conical geometries [3, 7, 6, 4, 5]. Variable angle ref-
erence curves can again be divided into different categories. Constant curvature reference
curves are used most frequently. A parametric definition of constant curvature reference
curves for a surface S (1, v) and geodesic curvature K, is presented in [34]:
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The differential equation system can be simplified for flat laminates:
1
x(t) = xo + T cos(?) 3)

Y1) = 3o +  sin(o)

where the curvature K = K, as the normal curvature of a flat surface is 0. For flat panels,
constant curvature variable stiffness reference curves were investigated in [15, 6, 29, 11].

After the first course, subsequent courses are generated by either parallel path propaga-
tion, which offsets the reference curve perpendicularly along the surface, or shifted path
propagation, which translates the entire curve without changing its steering radius. Par-
allel propagation yields gap-free layups but can lead to severe steering radii and angle
deviation on curved surfaces, whereas shifted propagation preserves steering but may in-
troduce overlap or gap defects [15, 20].
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1.2. Variable Stiffness Panels

Variable stiffness panels exploit tailored fiber orientations to enhance structural perfor-
mance, yielding significant gains in stiffness, buckling resistance, and post-buckling stiff-
ness [33]. Numerous studies have developed analytical and numerical design frame-
works for Variable Stiffness Panels [14, 15, 22, 16, 21, 2, 4, 10, 18, 38, 30, 17, 28],
with a comprehensive review in [13]. Manufacturing constraints such as steering- and
gap/overlap defects are inherent to the curved fiber paths, particularly for thermoset AFP
processes [15, 6, 1, 29, 10, 24, 39, 36]. Incorporating a steering-radius limit reduced the
buckling-load benefit from 111 % to 57 % relative to a conventional laminate [11]. A
defect-layer approach accurately modeled gaps/overlaps; with overlaps the buckling-load
improvement rises to 105 % versus 56 % without them, while a full-gap design yields
only 40 % load increase [12, 11, 27]. Wider prepreg tape exacerbates triangular gaps,
lowering strength [12].

Experimental validation of thermoset AFP Variable Stiffness Panels confirmed these trends.
Marouene et al. [26, 25] reported 45 % and 22 % higher weight-normalized buckling
loads for 0 % (gaps) and 100 % (overlaps) coverage-ratio panels, respectively, versus a
quasi-isotropic reference. Khani et al. [19] obtained an 85 % higher ultimate load in
a tensile test of an optimized Variable Stiffness Panel with a central cut-out, surpassing
both a quasi-isotropic and a straight-fiber optimized laminate. Zhu et al. [40] found a
36 % improvement for a similar configuration, while Peeters et al. [31] achieved 11.7 %
higher buckling load and 15 % weight savings with a 50 % coverage-ratio Variable Stiff-
ness Panel. To date, however, thermoplastic Variable Stiffness Panels and in-situ AFP
manufacturing signatures remain unexplored.

2. Methodology

Based on the state of the art design methodology for constant curvature Variable Stiffness
Panels [11], an analytical Python path planning script was developed, considering the in-
situ AFP process characteristics. A brief description of the underlying analytical functions
is presented below. From the parameterization introduced in Equation 3, the following
form can be derived using the trigonometric identity sin?(t) + cos*(t) = 1:
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where T is the angle between the y-axis and the reference curve y(x) at the origin and p is
the steering radius of the constant curvature reference curve (Figure 1(a)). The angle T,
steering radius p and laminate width w determine the angle 7' at the lateral boundaries
of the laminate. Constant curvature Variable Stiffness Panel designs using this reference
path definition were presented in [6, 11]. The first set of parallel tows is defined by the
reference curve leading through the coordinate origin. It can be viewed as individual tows
placed in parallel or as a course of simultaneously placed tows using a multiple-tape end
effector. An example with 16 parallel half-inch tows is presented in Figure 1(b). To keep
the local fiber angle constant in relation to the x-coordinate, the reference curve for the
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next set of parallel tapes is shifted by the shifting distance D in the y-direction. Tow
cuts are required at the intersection of course boundaries to avoid overlaps. One-sided
tow cuts at the upper boundary of each course were suggested in the literature [6, 11].
This approach is presented for 0 % coverage (gaps design) in Figure 1(b). This strategy
results in three disadvantageous effects for the AFP process. Firstly, both, track starts
and track ends are required on the panel. Track ends, however, results in sub-optimum
consolidation, since the interface between tape and substrate can no longer be heated after
the tape fold-down, when the tape leaves the tape guiding system [32]. Secondly, tape cuts
are required at the inside and outside boundary of the steered course. Tow-straightening at
outside cuts and resulting deviation from the intended layup path [3, 37], however make
this a non-preferable cutting position. Thirdly, this strategy results in very short tows
(Figure 1(b)), which can be an issue with the minimum cut length capabilities of the AFP
end-effector.
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Figure 1: Constant curvature Variable Stiffness Panel design with 0 % coverage ratio:
(a) Reference curve definition, (b) One-sided tow cuts [6, 11], (c) Tow cuts on the inside
radius of the steered course

To this end, a novel strategy is suggested in this work with tow cuts only at the inside
boundary of the steered course (Figure 1(c)). The presented example where, T, < T,
tows are therefore cut at the lower boundary of the steered course for x < 0 and at the
upper boundary for x > 0. Tow-straightening, minimum cut length and track ends with
sub-optimum consolidation can thus be avoided, resulting in a layup strategy that is ad-
vantageous for the in-situ AFP process. The same principle can also be applied to a 100 %
coverage ratio (overlaps) design, which is presented in Figure 2.
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Figure 2: Constant curvature Variable Stiffness Panel design with 100 % coverage ratio:
(a) One-sided tow cuts, (b) Tow cuts on the inside radius of the steered course

Based on this design principle, an analytical Python algorithm was developed, that calcu-
lates resulting in-plane curvatures, angle deviations and gap or overlap defects for varying
reference curves, number of parallel tapes, tape width and other input variables. Figure 3
presents a list of input variables and analysis results. A detailed description of the analyt-
ical algorithm is presented in Appendix 1.
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Input variables Analysis results
‘ Consolidated tape width w; . ‘ Steering analysis
‘ Number of parallel tows n ‘ ‘ Steering radii of individual tows‘
‘ Laminate dimensions h, w ‘ ‘ Arc length of individual steered tows‘
‘ Reference curve steering radius p ‘ ‘ Min/max steering radii and arc length‘
‘ Reference curve angle at y-axis Tp ‘ ‘ Gap/overlap analysis ‘

‘ Length of individual defect ‘

| VSP Python algorithm I >
] . ‘ Overall defect fraction‘

‘ Max defect dimensions ‘

‘ Angle deviation analysis ‘

‘ Angle deviation of individual tows‘

‘ Max angle deviation ‘

Figure 3: Variable Stiffness Panel Python algorithm - Input parameters and analysis results

The panel dimensions and reference curve geometry are determined by the stiffness op-
timization of the Variable Stiffness Panel design. The AFP layup strategy-specific pa-
rameters tape width and number of parallel tows, on the other hand, are chosen based on
manufacturing constraints of the AFP process. A parameter study based on the analytical
Python algorithm was therefore carried out for fixed laminate dimensions (2 = 800 mm,
w = 500 mm) and reference curve geometry (Ty = 46 , p = 1250 mm) while varying
consolidated tape width and the number of parallel tows to compare the resulting angle
deviation, steering and gap and overlap defects.

3. Results and Discussion

The impact of the tow cutting strategy on the angle deviation is illustrated in Figure 4.
For an example with 16 parallel tows and 14 mm width of individual tows, the heat map
plots of the angle deviation show significantly larger angle deviation (a maximum value
of 14.1°) on the left hand side of the one-sided tow cuts plot (Figure 4(a)) compared
to the tow cuts at the inside radius (Figure 4(b)), reaching a maximum of 6.6°. The
corresponding parameter plot for varying number of parallel tows and varying width of
individual tows is presented in Figure 5. The maximum and average angle deviation is
visualized for the respective Variable Stiffness Panels with (a) one-sided tow cuts and (b)
tow cuts at the inner radius. An increase in course witdth either by a larger number of
parallel tows or wider individual tows results in an increase in maximum angle deviation.
A wider course results in a larger distance between the reference curve and the tows at
the edges of the course. This leads to a larger angle deviation at the course edges and thus
primarily affects the maximum angle deviation values. The average angle deviation, on
the other hand, remains at the same level for both tow cut strategies.
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(a) One-sided tow cuts (b) Tow cuts at inner radius
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Figure 4: Variable Stiffness Panel angle deviation analysis: (a) One-sided tow cuts, 16
parallel tows, 14 mm width of individual tows (b) Tow cuts at inner radius, 16 parallel
tows, 14 mm width of individual tows
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Figure 5: Maximum and average angle deviation for Variable Stiffness Panels with vary-
ing number of parallel tows and tape width: (a) One-sided tow cuts, (b) Tow cuts at inside
radius
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Figure 6: Steering visualization of Variable Stiffness Panels with tow cuts on the inside
radius, 14 mm width of individual tows and 16 parallel tows

Steering radii of individual tows for the same example design with 16 parallel tows and
14 mm tape width are presented in Figure 6. There is a direct linear correlation for con-
stant curvature Variable Stiffness Panels between steering radius of the individual tow, the
reference curve steering radius and the lateral distance between the respective tow and the
reference curve. Figure 7 presents this correlation in a parameter plot. There is a linear
increase in the steering radius at the outer edge of the course and a decrease on the inner
edge of the course for an increase of both, the number of parallel tows and the width of
individual tows, starting from the reference steering radius of 1250 mm. The largest de-
viation from the reference curve steering radius in positive and negative direction is thus
observed for the largest number of parallel tows in combination with the largest width of
individual tows.

The gap and overlap defects are also depend on the number of parallel tows and the
consolidated tape width. Two example plots of different Variable Stifness Panel configu-
rations with 100 % coverage ratio and the resulting overlap defect pattern are presented
in Figure 8. 16 parallel tows in Figure 8(a) result in a significantly lower defect fraction
and smaller individual overlap compared to two parallel tows in Figure 8(b).
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Figure 7: Variable Stiffness Panel analysis of minimum and maximum steering radii of
individual tows for varying number of parallel tows and tape width
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Figure 8: Overlap defect visualization of Variable Stiffness Panels with tow cuts on the
inside radius and 14 mm width of individual tows: (a) 16 parallel tows, (b) 2 parallel tows

The corresponding parameter plot (Figure 9) emphasizes that the number of parallel tapes
has a major influence, both on the proportion of defects in the total area (Figure 9(a)) and
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on the length of the individual defects (Figure 9(b)). For two parallel tows, an overall
defect fraction of 22 % and maximum defect length above 500 mm can be observed.
In comparison, the width of the individual tows has a significantly lower influence. For
0 % coverage ratio (gap configuration) and one sided tow cuts, the same effect can be
observed, as well.
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Figure 9: Variable Stiffness Panel defect analysis for varying number of parallel tows and
tape width: (a) Area fraction of overlap defects, (b) Maximum length of overlap defects

Gap and overlap defect, however, must be considered not only for one ply, but for the
entire laminate. Through thickness staggering of defects is typically employed to reduce
the resulting negative effects by distributing the defects throughout the laminate. The
gap defects of each subsequent ply should therefore be shifted as far away from the pre-
vious ply of the same orientation, as possible. Similar to the shifting of the reference
curve to create multiple courses of parallel tows, the staggering is carried out in the same
direction as the shifting distance D; in this case the y-direction. The staggering factor
is typically expressed as a proportion or multiple of the consolidated tape width. For
standard AFP laminates, often a staggering factor of 0.2 to 0.5 is used, in order to avoid
super-positioning of tape boundaries of plies of the same orientation. For Variable Stiff-
ness Panels, the position of gap and overlap defects has to be taken into account, as well,
to determine the optimum staggering factor. For a Variable Stiffness Panel with multiple
Variable stiffness plies of the same orientation, the optimum staggering factor S to achieve
the widest possible spacing of the defects can be calculated by dividing the shifting dis-
tance D by the number of Variable Stiffness plies of the same orientation. Depending on
the number of parallel tows and Variable Stiffness plies of the same orientation, an ad-
ditional staggering factor has to be added to avoid super-positioning of tape boundaries.
Figure 10(a) shows an example plot of staggered overlap defects of a Variable Stiffness
Panel with 16 parallel tows, 14 mm width of individual tows and 4 Variable Stiffness plies
of the same orientation, which produces the ply stacking sequence [(23.5|46|23.5)],. The
staggering results in an even distribution of the overlap defects throughout the laminate.

10
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The defects are shifted in the y-direction by the staggering factor §. For the example
presented, a large distance between the defects is possible. As the ratio of the number
of parallel tapes to the tape width decreases, the defects move closer together or can no
longer be spatially separated at all. Since, for reasons of symmetry, all effects up to this
point could be analyzed using the positive Variable Stiffness orientation, only this side has
been considered so far. Realistic Variable Stiffness Panels, however, have a symmetrical
stacking sequence. The overlap defect pattern of the corresponding symmetrical lami-
nate is shown in Figure 10(b). The addition of the corresponding mirrored ply to each
Variable Stiffness ply results in the ply stacking sequence [+(23.5[46|23.5)],s. Inevitably,
this results in crossing-points of defects. The sectional views however illustrate, that in
most cases there are three or more layers between the superimposed defects. Furthermore
many Variable Stiffness Panel designs also contain regular plies with straight layup paths,
which can be used to further increase through-thickness separation of defects.
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Figure 10: Staggered plies and resulting overlap defect pattern of a Variable Stiffness
Panel with 16 parallel tows and 14 mm width of individual tows: (a) Positive ply angle
orientation, (b) Positive and negative ply angle orientation and sectional views A-A at
y=0 mm and B-B at x=200 mm

There is an infinite number of theoretical parameter combinations for Variable Stiffness
Panel design. Usually, however, laminate dimensions and reference curve geometry are
predetermined, following stiffness optimization design. For a given set of geometric
boundary conditions and stiffness-optimized reference curve, correlations can be derived
with regard to the selected AFP layup strategy parameters and the resulting defects. Tow

11



7th International Symposium on Automated Composite Manufacturing, Delft, the Netherlands, 13 — 17 April 2026

cuts at the inner radius of a course were identified as a usefull strategy with regard to AFP-
manufacturability and limiting angle deviation at the laminate edge regions, compared to
one-sided tow cuts, as presented in the literature. Furthermore, using the suggested layup
strategy, tape ends with detrimental consolidation quality and layup path deviations due to
tape straightening effects can be avoided and minimum cut lengths of AFP end-effectors
are not a limiting factor for the manufacturability of the design. Using a larger number
of parallel tows results in smaller individual gap or overlap defects and a smaller overall
area-related defect fraction. On the other hand, a larger number of parallel tows, par-
ticularly in combination with using wider tapes, increases the angle deviation and can
decrease the steering radius of the individual tows. The developed Python algorithm can
predict exact defect positions and dimensions and can be used as a tool in the decision
making process of AFP layup parameter choice.

4. Conclusion

This work introduces a novel layup strategy for constant curvature Variable Stiffness Pan-
els, with tape cuts at the inner radius compared to the literature approach of one-sided tape
cuts. This layup strategy considers in-situ AFP manufacturing and avoids tape straight-
ening and sub-optimum consolidation at track ends, as well as minimum cut length ca-
pabilities of AFP end effectors. A python based analytical path planning algorithm was
developed to generate constant curvature variable Stiffness Panel designs and create layup
paths with CAD outputs. This algorithm accurately calculates resulting gap and overlap
defects, steering radii and angle deviation and can be used for AFP path planning, pre-
diction of defects, optimizing layup strategies and as a basis for simulation of Variable
Stiffness Panels with in-situ AFP manufacturing signature. A comprehensive parame-
ter study found that the suggested novel layup strategy results in lower angle deviation
compared to the one-sided tow cuts approach.

Future work will focus on the implementation of steering-induced narrowing effects and
arc length dependent onset of steering defects in the Variable Stiffness Panel design. The
developed algorithm is used as a basis for currently ongoing Finite Element simulation of
Variable Stiffness Panels with in-situ AFP manufacturing signature.

5. Appendix

5.1. Constant Curvature Variable Stiffness Panel Algorithm

A detailed description of the analytical calculations of the constant curvature Variable
Stiffness Panel algorithm is presented in this following chapter. Python-based as a Juyter
notebooks using the math package for the analytical equations and NumPy, Matplotlib
and seaborn for visualization were used for the implementation of the algorithm.

Each set of parallel tapes (course) of the constant curvature Variable Stiffness Panel con-

sists of n parallel tows. The centerline of the center course which leads through the
coordinate origin is defined by the reference curve defined in equation 4 determines. The
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shifting distance Dy is then used to create the subsequent course by shifting the reference
curves along the y-axis. For a 100 % coverage ratio, D, can be calculated as the course
width in y-direction at x = 0 [11]:

2
Dy = 2(— \/ (0=5) = (- cosTo? + p- sin(To) 5)
where w, is the course width. The shifting distance Dy 4, 1 calculated for a 0 % coverage
ratio as the course width plus one additional tow of the subsequent course in y-direction
atx = 0:

2

For the subsequent courses, the centerlines can then be calculated using the initial refer-
ence curve (Equation 4) and the respective shifting distance. For 100 % coverage ratio:

_ 2
Do.gaps = Do — \/ ( oy Wt) = (p - cos(To))* + p - sin(To) (6)

) Vot = (x—p-cos(Tp)? —p - sin(To) + j- Dy ifx<0 o
X, ]) = .
Y g - \/p2 —(x+p-cos(To))?> +p-sin(Ty) +j-Dy ifx>0
and for 0 % overage ratio:
. \/P2 - (x —pP- COS(TO))2 —p- Sll’l(TQ) + ] : DOgaps ifx<0
o =4V P o . (8)
- \/p —(x+p-cos(Ty))* +p-sin(Ty) + j- Dogaps x>0

where j is an integer variable that is iterated over the number of courses.

Overlaps of subsequentl courses can be avoided via tow cuts at the upper or lower bound-
ary of the course. Fayazbakhsh developed a layup strategy with one sided tow cuts at
the upper course boundary [11]. Tow cut positions can be determined as the intersections
between the lower boundary of the subsequent course and the tows of the center course.
The parallel layup of the tows in a course results in a shift of the inflection point of the
tows in comparison to the reference curve. The case differentiation of the parallel shifted
curve functions requires the x-coordinate of the inflection point. The x-coordinate of the
inflection point can be calculated for the lower boundary of all courses as:

1
By = 5 Wer cos(Ty) )

The same x-coordinate applies for all coverage ratios. For 100 % coverage ratio, the lower
boundary curves of the courses can then be calculated as:

o= r ——p-cos(Ty)P —p-sinTy) + j- Dy if x< By
ybottom,overlaps(x» .]) = .
— o+ %7 = (x+p- cos(Ty) +p- sin(To) + j- Do if x> By
(10)

For 0 % coverage ratio the lower boundary curves can be calculated using the shifting
distance Dy gq)s:

. \/ (0= %)= (x=p-cos(To))* —p - sin(To) + j - Dogaps  if x < By

yhottom,gaps(x’ .]) = .
- \/ (o +5)? = (x+p-cos(Ty))* + p- 5in(To) + j - Dogaps if x> By
(1D
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For 100 % coverage ratio layup, the tow cuts can be calculated as the intersection be-
tween the lower course boundary curve of the course above the main course and the lower
boundaries of the individual tows of the main course. To this end, the x-coordinate of the
inflection point of the individual tows is calculated as:

) 1
B) = we - (5
where 1 is an integer variable that is iterated over the number of tows and n is the total

number of parallel tows of each course. The lower boundaries of the individual tows are
defined as:

- i‘) - we - cos(Ty) (12)
n

Jo =% W) = (x=p- cos(To))> = p - 5in(To) + j - Dogaps
. if x < B(i)
ytows,bottom(-x’ l) =
- \/(p + % —i-w)? = (x+p-cos(To)* +p - sin(Ty) + j- Do gaps
if x > B(i)

(13)

Equating the functions of the lower tow boundaries of the main course and the lower
course boundary curve of the course above the main course produces the intersection
points that define the tow cut locations.

(D - p - cos(Ty) — JT (=(=2Dg +i-w;+w) 2Dy +1i-w;+w)
(—2D0—wc+i-w,+2p+w,)-(2D0—wc+i'wt+2p+wt))%/Do
if B(@) <0

(=Dg - p - cos(Ty) + i -((=2Dg +i-w;+wy) - 2Dy +i-w; +wy)
(2Dg — We + i - w; = 2p + wy) - (2Dg + we — i - wy + 2p — wy))2)/Dy)
if B(i) >0

xintersect,overlaps(l) =

(14)

Similarly equating the lower course boundary curve of the course above the main course
and the upper boundaries of the individual tows of the main course produces the inter-
section points which define the tow cut locations for the tow cuts of 0 % coverage ratio

layup.

P (D(z) + 2l)O ’ DO,gaps + D(z)’gaps) ’ COS(TO) - % ' (_(DO + DO,gaps —i-wWp— W,)'
(Do + Do gaps + 1wy +wy) - (Do + Do gaps — We +1- W, + 20 + wy)-

(DO + DO,gaps +we — - Wr — 2/0 - Wt))%

(DO + DO,gaps))/(Dg + 2l)O : DO,gups + Dg’gaps

if B@) <0

(_P : (D% + 2DO ' DO,gaps + Dg,gaps) : COS(TO) + % ' (_(DO + DO,gups —i- W — Wt)'
(Do + Do gaps + 1wy +wy) - (Do + Do gaps — We +1- Wy =20 + wy)-

xintersect,gaps(i) =

(Do + Do gaps + We —i-w; +2p — wy))?-
(DO + DO,gaps))/(Dg + 2D0 ' DO,gaps + Dg,gups
if B(i) >0

15)
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The corresponding y-coordinates can be calculated by inserting the Xiuersect,overiaps(i) and
Xintersect,gaps(i) into the lower course boundary curve for the respective coverage ratio. the
intersection points and resulting tow cuts for 100 % coverage ratio and 0 % coverage ratio
are shown in Figure 11(b) and (c), respectively.
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Figure 11: Constant curvature Variable Stiffness Panel design with one-sided tow cuts:
(a) definition of intersection points, (b) 100 % coverage ratio tow cuts, (c) 0 % coverage
ratio tow cuts

For the novel approach presented in this work, which uses tows only on the inside radius
of the steered course, adjustments are required to the layup strategy introduced above. For
the reference curve with the present orientation, tows are cut at the lower boundary of the
course for x < 0 and at the upper boundary of the course for x > 0. The lower course
boundary curve of the course above the main course is thus used for tow cut definition as
in the one-sided tow cut strategy for x > 0. For x < 0 on the other hand, the upper course
boundary curve of the course below the main course is used to determine the intersection
points.
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Figure 12: Constant curvature Variable Stiffness Panel design with tow cuts at the inner
radius: (a) definition of intersection points, (b) 100 % coverage ratio tow cuts, (¢) 0 %
coverage ratio tow cuts

The upper course boundary curves for 100 % coverage ratio can be calculated in a similar
way to the bottom boundary curves:

\/(p + 5 = (x—p-cos(Tp))* —p-sin(To) + j- Dy if x < -By

yupper,averlaps(xa ]) = . .
= Jlo =57 = (x+p-cos(Ty)) +p - sin(To) + j - Do

if x > -By
(16)

For 0 % coverage ratio the upper course boundary curves can be determined following:

. \/ (o +5) = (x=p-cos(Tp))* = p - sin(To) + j - Dogaps  if x < =By
yupper,gaps(x’ .]) = W
-Jo-%)

2—(x+p-cos(Ty))?* +p-sin(Ty) + j- Dogaps if x> =By

7)

The intersection points for tow cut positions for x < 0, can by calculated by equat-
ing yupper,overlaps(x’ ]) and yupper,gaps(x’ ]) with ytows,bottom(x’ l) and ytowsupper(-x’ l) for 0 %
and 100 % coverage ratio, respectively. Accordingly, for x > 0, intersection points for
tow cut positions are determined by equating Yporom,overiaps(X, J) a0d Ypotrom,gaps (X, j) With
Viows,bottom (X, 1) and Yyous. pper(x,7) for 0 % and 100 % coverage ratio, respectively. Fig-
ure 12(a) shows the resulting boundary curves and intersection point. The resulting tow
cuts and defects are shown in Figure 12(b) and (c), for 0 % and 100 % coverage ratio,
respectively. A symmetrical Variable Stiffness Panel design is created by adding mirrored
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plies. To this end, for the presented reference curve and path propagation strategy, the
paths are mirrored on the y-axis. Shifted reference curves for the mirrored ply orienta-
tion are presented in Figure 13(a). Figure 13(a) and (b) show resulting defect patterns for
100 % coverage ratio and one-sided tow cuts and tow cuts at the inner radius, respectively.
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Figure 13: Mirrored constant curvature Variable Stiffness plies: (a) Mirrored reference
curves, (b) One-sided tow cuts and 100 % coverage ratio, (c) tow cuts at the inner radius
and 100 % coverage ratio tow cuts

The symmetrical laminate structure leads to equivalent defects in both orientations. The
defect geometries can thus be determined for one direction only. The analytical path plan-
ning functions can be used to calculate the exact magnitudes of the three primary defect
types, steering radius and arc length, gap or overlap defects and angle deviation. Arc
lengths of steered layup paths are calculated from the tow-cut positions, inflection points,
ply boundaries and steering radii of individual tows (Figure 14(a)). The curvature direc-
tion changes at the inflection point of each individual tow. Gap or overlap defect areas can
be calculated from the difference of the integrals of the upper and lower defects boundary
over the length in x-direction of each individual defect. The length of each individual gap
or overlap defect is calculated using the euclidean distance along the major cathetus of
the triangluar defect. The width of each defect is assumed as the consolidated tape width
(Figure 14(b).

The local angle deviation 6,,., can be calculated at each x-position as the difference be-
tween the derivatives of the respective tow center curve and the reference curve:

d ows B ] d
O4ev(x, 1) = arctan DYows(X, D) | _ arctan y(x) as)
dx dx

For the current example with 100 % coverage ratio and tow cuts at the inner radius, the
angular deviation is shown in Figure 14(c).
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Figure 14: Variable Stiffness defect analysis: (a) Steering arc length analysis, (b) Defect
area analysis, (c) Angle deviation analysis
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