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Adaptive winding pin and hooking capacity
model for coreless filament winding

Pascal Mindermann1 and Götz T Gresser1,2

Abstract
Coreless filament winding is a manufacturing process used for fiber-reinforced composites, resulting in high-performance
lightweight lattice structures. Load transmission elements, which are assembled from commercially available standardized
parts, often restrict the component design. A novel adaptive winding pin was developed, which is made by additive
manufacturing and can therefore be adjusted to specific load conditions resulting from its position within the component.
This allows to decouple the fiber arrangement from the winding pin orientation, which allows a fully volumetric framework
design of components. A predictive model for the pin capacity was derived and experimentality validated. The hooking
conditions, pin capacity, and occupancy were considered in the creation of a digital design tool.

Keywords
Coreless filament winding, winding pin, winding pin capacity, hooking condition, predictive model

Introduction

The cross-industry applications of fiber-reinforced com-
posites for structural components with profile, planar, or
shell shapes have been described in the literature.1–5 The
manufacturing process of coreless filament winding (CFW)
6,7 allows its utilization in shells8 and lattice frameworks.9

For technical applications where high specific mechanical
properties are required, CFWoffers a superior performance,
since it allows for full control over the component geometry
and fiber orientation.

Filament winding10 is a manufacturing process that is
often used for pressure tanks, in which impregnated rovings
are continuously placed onto a cylindrical mandrel under
persistent tension. The mandrel defines the shape11 and
surface quality of the produced composite, limits the design
freedom, and increases the initial production cost. CFW
evolved from this by removing the mandrel12 and in-
troducing spatially arranged point-like elements, called
anchors, to place the fibers around them. Such anchors are
held in place by a winding fixture, which can be shaped like
a plate, frame, mold, or mandrel. The fibers do not touch the
fixture, but if they do, it is considered a hybrid13 CFW
process. Fibers impregnated with thermoset resins are
placed around the anchors in a specific order, the winding
syntax.14 The fibers often mechanically interact with each
other during the winding process. This, the syntax, and the
geometrical arrangement of the anchors largely define the
shape and performance of the component.15 After the
winding is completed, the resin is cured with/without

thermal treatment, depending on the resin formulation/
component requirements. After curing, the fixture is re-
moved for most applications.16 In some cases, it remains in
the component as part of the supporting structure.17 Some
part of the anchor almost always remains within the
component as a load transmission element.

At present, many components realized in CFWare shell-
shaped.18 Apart from the design strategy,19 where stiffness
is created from shape, the reason why the often-used shell
shape is used are the restrictions20 of the anchor type de-
ployed in the fiber arrangement. Moreover, recent uti-
lizations21,22 of CFW for construction have demonstrated an
amount of deployed material that has caused separate fiber
bundles to merge together and thus cause the lattice ap-
pearance to transition into a continuous shell. In order to
exploit the full potential of CFW, a new anchor is needed to
remove this limitation and allow the creation of volumetric,
sparse, and fully stressed framework structures, which are
more useful for engineering applications with dynamic load
cases.23 According to the state of the art, during the design
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process the capacity and occupancy of the winding pins
were estimated based on the designer’s experience or de-
termined empirically, which caused design iterations.
Formulas for calculating cable or robe drums24 cannot be
transferred to CFW due to the very different nature of the
process.

The aim of this research was to derive an algorithm that
predicts the winding pin capacity and occupancy as well as
to develop a novel anchor that decouples the fiber net from
the pin orientation.

Anchors

Point load application is a common task in the design of
fiber-reinforced composites.25 In the case of planar
sandwich or monolithic26 components, metallic in-
serts27,28 are integrated during production29,30 or sub-
sequently attached31,32 to a drilled hole.33,34 Joint
elements can also be attached to the component perime-
ter35,36 or directly glued onto the surface.37 Objects
manufactured with CFWoften already have such features,
provided by the anchors, which can be used for load
transmission. Therefore, during the design phase anchors
for CFW can be divided into two groups: ones used later
for load transmission and those that are used only for
shaping the fiber arrangement by redirecting the fibers at
a specific point in space. The remaining parts of the an-
chors are often metallic and can be used as a mechanical
buffer when high forces are acting on the component. For
example, a metallic sleeve can prevent the threads38 of
a bolt from damaging the composite in these cases. An-
other function that is performed by these elements is the
tolerance compensation during assembly.39

There are several types of anchors, see Figure 1. The
relevant parameters of the anchors are the price, maximum
capacity, minimum bending radius, hold down feature for

fibers, reusability, compatible winding fixture materials, and
if their constituents remain in the component.

Eyelets are almost never used, as they require the fibers
to be threaded through them, which is not yet feasible in
terms of an automated manufacturing process. The pin
category includes slender, often cylindrical, protruding and
attachable elements, around which the fibers are wound
using a hooking motion. Sleeve/washer combinations16 (see
Figure 1 m and n), which can be fastened with an internal
bolt, are most often used in CFW. The combination with
metallic fixtures makes them suitable for high fiber tensions,
40 which are typical for large components. Release agents
should be applied to washers and bolts. One advantage is
that the washers prevent the fibers from sliding off, thus
creating a more compact fiber strand.41 A disadvantage of
the washers is that they can cut filaments during contact
while hooking motions, as well as the limited number of
angles possible between the fiber and pin. If this angle range
is exceeded, the fibers are deposited on the perimeter of the
washers and the mechanical performance decreases sig-
nificantly due to the kinking42 of the fibers. The conse-
quence is a geometrical dependency between the pin and
fiber orientation, which imposes a geometric limit on the
assembly configuration. 43 Nails and spikes can be used as
pins without the hold down feature. These are typically
attached to wooden fixtures and used with low fiber tension
for small prototypes. Another type of element is hooks,
which are undercuts, pockets, or indentations within the
winding fixture or the component. The fibers are in contact
with the edges of those undercuts.17 No circular hooking
motion can take place and fibers can be positioned from one
side only. Grooves have similar features to those of hooks.
The winding fixture or component contains elongated
grooves on its surface, into which fibers are placed.44 The
depth, width, and orientation correspond to the fiber ma-
terial used. The winding fixture can be 3D-printed or

Figure 1. State-of-the-art anchors used in CFW: (a) already-placed fiber bundles, (b) sleeves on water-soluble mold covered by PTFE
foil, (c) nails (already removed) on mandrel with grooves, (d) grooves, (e) metallic cylinders and forming mold, (f) undercuts, (g) hooks
(cleat-like elements), (h) spikes on cylindrical mandrel, (i) custom pins, (j) nails (already removed) with a heat shrink tube, (k) rivets on
foam, (l) eyelets, (m) sleeve/washer winding pins on metallic frame, and (n) vertical fiber angle at winding pin.
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grooves can be milled into a component.45 The use of
continuous surfaces to support fibers includes the edges and
faces of the winding fixture, as well as freshly placed and
already-cured fiber bundles.

Winding fixtures are defined by the way they hold the
anchors in place. They can be made of metal, plastic, timber,
or foam46 by differential construction methods or milling.
The criteria for the fixture selection are the cost, type of
anchor, reusability of the fixture, maximum fiber tension,
design freedom, and maximum curing temperature. Addi-
tional restrictions may apply if the fixture remains within the
component.

Adaptive winding pin design

The developed anchor should allow fibers to be received
from as many directions as possible to enable the volumetric
design of CFW objects. The result of the development was
an additive manufactured pin which uses a bolt connection.
To be adjustable to any position within the fiber net, the
complete CAD model of the winding pin was
parameterized.

First iteration

The first iteration (see Figure 2) of the adaptive winding pin
has a base containing a threaded hole in the bottom center.
From this, a constricted pole extends upwards to a sphere.

From there, several arms pultrude in different directions,
which can be adjusted to match the fiber net. At the end of
each arm, a disc prevents fibers from slipping off. There is
a measuring tip on the outward facing surface of each disc,
enabling the position and alignment of the pin can be
measured before and after winding. The measuring tip is
inlaid in the contour so as to not damage fibers during
winding. The fibers can be placed around the pin covering
the arms, sphere, and pole so that only the outer surfaces of
the discs and base remain uncovered. The entire pin stays in
the component. It is disadvantageous that the base limits the
bolt hole depth and the central sphere reduces the pin ca-
pacity, preventing a uniform fiber placement because of
surface discontinuities, which was improved in the final
iteration. This iteration of the pin should be used for
prototyping.

Final iteration

In the final iteration of the winding pin, the threaded hole
was incorporated up to the center of the pin and the sphere
was eliminated to introduce rounding with a constant
curvature, see Figure 3. As a result, the screw-in depth could
be increased without lengthening the pin and thus its lever
arm. Almost all the surface discontinuities could be re-
moved, which improved the fiber deposition quality.40

Additionally, a bottom-mounted 3D-printed adapter was
introduced. It could be used to clamp the pin to profiles of
a modular fixture system. The reusable adapter was attached
to the pin via a grub screw by the already-existing central
bolt hole and removed after curing the component. The
adapter includes parallel clamping surfaces to fix the pin
during preprocessing and contains a slot on the bottom to
align the pin with a screwdriver during assembly. The base
is hexagonally shaped to make it easier to clamp the pin and
align it.

Geometric design parameters

The CAD model was driven by form-defining geometrical
parameters: the height of the pin, the length of each arm, the
horizontal and vertical angles of each arm, disc diameter Di,
arm diameter di, base diameter Dj, pole diameter dj, and bolt
size (see Figure 4). Additionally, the distances between the
main winding point and the sub winding points could be set
(compare to Figure 6). The parameters allow to adapt the
geometry of each winding pin individually to match the
fiber net configuration at its position. Hooking the fibers at
the arms of the winding pin allows to decouple the ori-
entations of the fiber net and the bolt connection.

Winding technique

Compared to a sleeve/washer winding pin, the complexity
of the fiber hooking increased due to the higher number of

Figure 2. First iteration of the adaptive winding pin. Top:
regular configurations with 3 and 2 upwards facingarms. Bottom
left: an irregular configuration with 3 arms. Bottom right:
a configuration with 4 arms facing downwards.
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fiber placement possibilities. This allows fiber bundle
alignments that are not perpendicular to the pole or arms.
For example, the fiber can approach and depart the pin at the
upper midpoint and hook around one of the arms from
below. Fiber kinks caused by discs should be avoided by
contacting the pin from orientations as far away from the
discs as possible. Additionally, it is mechanically advan-
tageous to place fiber bundles that are parallel to each other
on the same side of a pin so that they are not separated. In
general, the pin should be filled from the inside out and from
the bottom up to minimize lever arms.

Additive manufacturing of the winding pin

The winding pin was produced by laser powder bed fusion
(LPBF) using aluminum powder. An additive manufacturing
process is the only feasible fabrication option because of the
high geometrical complexity. Other materials such as tita-
nium or stainless steel may be needed depending on the
structural design. The use of plastics would be limited to low-
performance applications. The pin surface has a high
roughness set by the LPBF process parameters, see Figure 5.
Therefore, relative movements between the filaments and the
pin surface can damage the rovings. A smoothing post-
process for all contact surfaces is not economically feasi-
ble. Sandblasting is effective but labor-intensive, whereas
barrel tumbling produces unsatisfactory results on the rele-
vant surfaces of the inner pin areas.47 However, the use of
a special winding technique48,49 can prevent fiber damage,
but its implementation in robotic systems remains an open
challenge due to the required complexity of the trajectories.
Another potential way to mitigate minor surface irregularities
would be to apply a dip coating. This would create an ad-
ditional interface between the fiber composite and the pin
surface, which could affect load transmission. The orientation
of the pin during the printing is of decisive importance, since
this determines the areas where support structures are needed
to realize overhangs. Areas with support structures havemore
surface imperfections and should preferably not be located
where fibers are mainly placed. This aspect requires quality-
enhancing advancements in the LPBF process, since coatings
cannot compensate for such major imperfections.

Digital representation of the winding pin

To integrate the adaptive pin into the digital design process,
it is represented as multiple regular sleeve/washer winding
pins, see Figure 6. The total volume Venv that the fiber can
occupy around adaptive pin, the fiber envelope, is calculated
from the CAD model, see Figure 6. The top part of the
volume is segmented according to the number and orien-
tation of the arms of the adaptive pin. The decisive factor
here is the smallest volume of each arm. Then, the same
volume is assigned from the lower part of the pin to each
arm. The remaining part Vj of the total volume is assigned to
the pole. The diameters of the imaginary sleeves and
washers are identified from the CAD design parameters of
the pole, arms, base, and discs. The height of the imaginary
sleeves can be calculated for each sub winding point by

hj,V ¼ 4Vj

π
�
D2

j � d2
j

� and hi,V ¼ 4Vi

π
�
D2

i � d2
i

�: (1)

Alternatively, the sleeve/washer parameters can be cal-
culated from the cross-sectional area of a cut of the fiber
envelope in the angular orientation of each arm. In this case,
the height of the imaginary sleeve of the pole can be cal-
culated by hj,A ¼ 2 Abottom Dj � dj

� ��1
. Applying this ap-

proach to the arm leads to an overestimation of the capacity.
Therefore, the formula is modified:

hi,A ¼ 1

2
hi,V þ 2 Atop

Di � di

� �
: (2)

Winding syntax

Thewinding syntax14 is a list of indicators of the winding points
sorted by the chronological order in which the fiber is hooked
onto the anchor of the winding point. The indicators are usually
integers and refer to the winding point parameters (cartesian
coordinates and orientation of the anchor). In the case of the
adaptive winding pin, the winding syntax must be specified on
the level of the sub winding points. The winding syntax defines
the spatial arrangement of the fiber bundles between the anchors
and the distances between anchors.

Figure 3. Final iteration of the adaptive winding pin. From left to right: several variants of the pin with 1, 2, 3, and 4 arms, including the
adapter, the attachment to the profiles of the modular fixture system, and zebrastripe—analysis of a 3-arm configuration.
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Hooking syntax and hooking condition

The hooking syntax of a pin describes the sequence in which
fibers are hooked around it. It can be derived from the
winding syntax and consists of a list of turns u, 1u ¼ 360°ð Þ
of the fiber and the direction the fiber is coming from ðαÞ.
The additional amount of u, depending on the position
where the fiber tangentially departs from the sleeve surface,
is given as Δu and can be calculated as

Δu ¼ 0:5� π�1 arccosð2S=LÞ. The hooking condition
H 2Z is defined by the way the fiber bundle is wrapped
around the pin, see Figure 7. It can be calculated from the
turns:

H ¼
(

buc, if u mod 1 ≤ 0:5
�buc � 1, if u mod 1 > 0:5

(3)

Winding pin capacity

The pin capacity is defined as the ability of the winding pin
to absorb fiber bundles. It is depleted if the next hooking
would result in fibers slipping off the pin. Therefore, the
same pin can have different capacities depending on the
hooking syntax. The maximum volume a pin offers to
absorb fibers is given as Vpin ¼ π h W 2 � S2ð Þ, with the
radius of the washer W and the radius S and height h of the
sleeve.

Winding pin occupancy model

The occupancy of the pin cannot just be approximated by
the ratio sum of all fiber volumes and Vpin, since the capacity
is reached before the entire volume is filled, see Figure 9.
This results from a one-sided material deposition, as defined
in the hooking syntax. In CFW, this is typical because fibers
are often spanned between multiple clusters of anchors. In
the following, an approximative model based on geometric
parameters is derived into an algorithm to predict the
winding pin occupancy, see Figure 8.

Since the algorithm is intended for early design phases,
only a few parameters are known, such as the fiber net

Figure 4. Cross-sectional views of the final iteration of the
adaptive winding pin. Top: configuration of the pin mounted to the
modular fixture system. 1: base; 2: pole; 3: arm; 4: disc; 5:
measuring tip; 6: grub screw; 7: adaptor; 8: planer surfaces for
clamping; 9: screwdriver slot; 10: profile of the modular fixture
system. Bottom: configuration of the pin after winding and
assembly, parameters of the CAD model: height of the pin
(blue), length of the arm (green), horizontal and vertical angles of
each arm, disc diameter D_i, arm diameter d_i, base diameter D_j,
pole diameter d_j, and bolt size.

Figure 5. Regular 3-arm adaptive winding pin made from
aluminum and ready for winding. The underlaying profiles of the
modular fixture system are covered by PTFE foil and the gap in
between is protected by vacuum sealing tape. For the
parameters of this pin, see Table 2.
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configuration, winding pin geometry, and fiber properties.
Therefore, the algorithm relies on a model that involves
several simplifications. The most important one is the ne-
glection of compression in the fiber composite caused by
fiber tension. Its implementation would require compre-
hensive information about the dynamic behavior of the
manufacturing equipment, which is highly dependent on the
component geometry and the trajectory creation methods
used. The second most relevant simplification is the as-
sumption of a constant fiber volume ratio and the absence of
voids. In CFW, the fiber volume ratio varies substantially
along the fiber. The void content can be significant since in
CFW consolidation is primarily generated by curvature.
Incorporating these aspects would require a computational
model of the impregnated fiber composite material inter-
acting with the manufacturing system. Furthermore, geo-
metric simplifications are made with respect to fiber
interactions (fiber sliding and bending, deformations of
bundles, and interaction beyond the washer perimeter) that
would require a physics-based soft-body simulation.

From these simplifications, the hypotheses for the de-
veloped algorithm can be derived:

• The main hypothesis states that the calculation can be split
into a first step, where fiber distribution is approximated

based on volumes, and a second step, where the occu-
pancy is evaluated based on hooking conditions and the
pin cross-sectional area.

• The second hypothesis is that the fiber volume between the
washers can be mapped to quantized concentric layers
and assigned to a single angular position per winding step
to sufficiently approximate the fiber accumulation.

• The third hypothesis states that the occupancy can be
calculated by considering a single cross-sectional plane
that intersects the winding pin at the angular position of
the fiber distribution peak.

• The fourth hypothesis states that this angular position can
be found by averaging the fiber distribution, similar to
a center of gravity determination by using the fiber
volumes as weighting factors and the layer distance from
the center as lever arm.

The fiber bundle imaginary radius can be given in mm as

r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T=ðπ φ ρÞp

, with the linear density T in ktex, the fiber
volume ratio φ of the composite, and the density ρ of the
fiber in g/cm3. The volume occupied by the fiber bundle
around the sleeve can be calculated as a helix with a pitch of
2r. Both ends of the helix are extruded until the perimeter of
the washer is reached. The total fiber bundle volume can be
calculated as

Figure 6. Method for converting the fiber envelope of the adaptive winding pin into a sleeve/washer equivalent. From left to right:
identification of the sub winding points WPS, main winding point WPM, and their orientation unit vectors; complete fiber envelope
(orange); identification of the cross-sectional areas (green) and minimum volume section (blue); representation of the winding pin as
separate imaginary sleeve/washer configurations.

Figure 7. Exemplary visualization of different hooking conditions H.
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Vfiber ¼ 2 π r2 u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2R2 þ r2

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W 2 � R2

p� �
, with the

number of turns u and R ¼ r þ wþ S. If R is greater than
W , the second square root is omitted. The radial distance w
between the sleeve and fiber bundle surface is set for each
step k of the hooking syntax. During winding, the pin is
filled from the center up and down and from the inside out.
To model this behavior, the pin volume is divided into
concentric layers with the same thickness. The volume of
the n-th layer can be calculated as
Vlayer ¼ π a h 2an� aþ 2Sð Þ, with a ¼ r

ffiffiffi
π

p
. Inner lay-

ers are filled first. Since w and the volume Vfiber of a fiber
bundle are interdependent, the calculation must be iterative.
After both parameters have been determined, the horizontal
angle 9 representing the most occupied half of the winding
pin is calculated as

9 ¼ tan
P
k
Vfiberk wk sin αkð Þ=

� P
k
Vfiberk wk cos αkð Þ Þ, with

the horizontal angle α between the bisecting plane between
both fibers and the main axis of the pin. After 9 is known,
each fiber hooking is assigned to one of the pin halves based
on α. Each half is represented by the cross-sectional pin
area Apin ¼ h W � Sð Þ. For each step k of the hooking
syntax, π r2 is subtracted from Apin1 or/and Apin2 according
to the hooking condition H , the distance between winding
points L, and the scaling factor τ for negative hooking
conditions:

τ ¼
(

2π arcsin 2S=Lð Þ, if H < 0
1, otherwise

(4)

Arest1 ¼ Apin1 �
X
k

(
π r2 jHk þ 0:5j þ 0:5ð Þ, if αk 2 9� 90°, 9þ 90°½ �

π r2 τk jHk j, otherwise

(5)

Figure 8. Flowchart of the winding pin occupancy model algorithm. The procedure consists of three domains, after the parameter
initialization (top domain), the filling of the pin layers with fiber volumes is approximated in an iteratively procedure (bottom left domain),
followed by a stepwise reduction of the cross-sectional pin areas to obtain the occupancy (bottom right domain). The label “sum incl.
tau” refers to the right side of the equations (5) and (6).
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Arest2 ¼ Apin2 �
X
k

(
π r2 τk jHk j, if αk 2 9� 90°, 9þ 90°½ �
π r2 jHk þ 0:5j þ 0:5ð Þ, otherwise

(6)

Arest ¼ min Arest1,Arest2ð Þ (7)

If Arest falls below zero, the winding pin capacity is fully
utilized and the occupancy exceeds 100%.

To visualize the fiber net, the bundle diameter of each
edge between two nodes (anchors) can be inserted to its
corresponding position in the adjacency matrix50 of the
winding object. To implement information on the winding

pin occupancy, the diameter db ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Apin � Arest

� �
=π

q
can be incorporated in the diagonal of this matrix.

Results and discussion

The results of the occupancy model algorithm were ex-
perimentally tested in different hooking scenarios with
relevance for CFW. Typically, a CFW component is built up
between two or more winding pin clusters, often arranged in
space in symmetrical patterns. Alternatively, for planar
components, the pins are mounted in parallel orientation on
a base plate. The clustering results in a classification of two
common fiber net configurations at anchors. In the first one,
the pin has several fiber connections oriented towards the
center of the component, often in two or more distinct
directions. This can be combined with an edge re-
inforcement that runs along the perimeter of the component
and therefore connects to the pin roughly perpendicular to
the other fibers. In the other common type of fiber net
configuration, the winding pin is located inside the com-
ponent and its main purpose is fiber deflection. Here, the
fiber orientations are more diverse, but the number of turns
is lower. These characteristics helped to identify the relevant
cases for the experimental tests. The capacity of different
sleeve/washer and adaptive winding pins were investigated
in manual winding, see Figure 9. The aim of these exper-
imental tests was to verify the reliability of the algorithm for
relevant CFW cases. Structural investigations are beyond
the scope of this study. The ratio between fiber and pin size
was chosen based on an application-oriented range. Ex-
treme ratios would have biased the results by over-
emphasizing the influence of neglected effects, see section
on the winding pin occupancy model. Therefore, a capacity
of the winding pins in the tens range was selected for the
tests. A single Tenax-E 24K STS40 F13 carbon fiber
roving51 with T = 1600 tex and ρ = 1.78 g/cm3 together with
an aliphatic epoxy resin52 was used. Based on pyrolysis
measurements40 of this material, φ was set to 51.9% for the
calculation. Determining the remaining capacity of a par-
tially filled winding pin is very inaccurate in the real world.
Therefore, in the experiment, the number of hooking syntax
repetitions to completely fill the winding pin was counted

rather than the occupancy after a certain number of repe-
titions. Variations in experimental results were mitigated by
testing each case several times and rounding the median to

Figure 9. Experimental testing of the occupancy algorithm for
several non-trivial cases, see Table 1 and 3. Top: Sleeve/washer
winding pin test case 4, the pin is completely filled as further
addition of fibers would create an instable fiber accumulation.
Middle: Sleeve/washer winding pin test case 5 (left pin) and case 12
(right pin), the left pin is not completely filled while the right one
is, although in both cases the pin volume is not fully occupied. In
the right pin fibers are about to slip over the edge of the washer at
the lateral areas. Bottom: 3-arm winding pin test case 3, although
only the pole and the arm in the front received fibers, the
capacity of the whole pin is exhausted at this hooking step.
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ones. These variations are caused by compression resulting
primarily from variations in fiber tension, which are char-
acteristic of both manual and robotic CFW. The samples
were produced manually using a passively tension-
controlled creel and a cartridge-based direct impregnation
system.16 The winding pins were mounted to a stainless-
steel base plate with a grid of threaded holes or the modular
winding fixture. After winding, each case was replicated
using the algorithm and its prediction jsimð Þ was compared
with the counted repetitions from the experiment jexp

� �
, see

Table 1 and 3.

Model validation for sleeve/washer winding pins

Sleeve/washer winding pins with different parameters (Ss =
4 mm, Ws = 8.9 mm, hs = 4 mm; Sm = 4 mm, Wm =
12.25 mm, hm = 4 mm; Sg = 4 mm, Wg = 12.25 mm, hg =
10 mm; Sl = 5 mm, Wl = 7.4 mm, and hl = 12 mm) were
used, each with a slenderness s ¼ h=ðW � SÞ. Table 1
compares the experimentally jexp

� �
determined and the

calculated jsimð Þ repetitions for several cases and pins.
Case 1 represents the filling of the pin as conducted with

a cable drum. Case 2 and 3 (H = 0) are, together with cases 4–6
(H =�1), the most used scenarios in the CFW design process.
Cases 8–10 are similar but contain an extra wrapping of the pin.
Cases 7 and 11 represent a wrapping of a tangentially bypassing
fiber. A sin/cos reinforcement is investigated in case 12, together
with subsequent hooking with condition 0 in case 13. Case 14
presents the alternating hooking from antipodal orientations,
something which is remote from a CFW application.

In general, the algorithm shown in the section on the
winding pin occupancy model predicts the capacity of the

sleeve/washer winding pins sufficiently well for the design
process. For H = 0, the algorithm slightly underestimates
the pin capacity; in case 12, it overestimates it, and in the
other ones it depends on the pin. The prediction of the
capacity for cases with H = �1 depends on the correct
reduction performed by τ. From cases 4 and 5 as well as 9
and 10, it can be seen that the distance influence is only
recognizable for pins with a larger capacity and that the
algorithm does not represent this particularly well. Cases
with a positive H are independent of this. Cases 7–10
correctly show the same predicted values. Cases 12 and
13 show that the prediction is significantly better if the pin is
only partially filled with a sin/cos reinforcement. The reason
for this is that fiber–fiber interactions are more prominent in
case 12. The same effect is seen in case 14, where the
capacity is overestimated by 120% on average. This results
from the calculation of 9, which is based on the occupancy
of the pin in the fiber direction and not the fiber–fiber in-
teraction at 9 ± 90°. In addition, a longer hooking condition
(u = [0.5] � 7 j, α = [0°, 315°, 270°, 180°, 90°, 153°, 116°] �
j, L = [100, 71, 112, 100, 50, 112, 112] � j) was tested with
a sleeve/washer pin (sm = 0.485, Apinm = 33), showing the
same behavior of the algorithm: 3.2 experimental repetitions
to 4.9 by simulation.

Pin m was predicted most accurately and pin s also
showed only small deviations, since for both the capacity
war primarily geometrically determined. For pins with
a larger Apin, the fiber accumulation can be more easily
compacted by an increase in fiber tension. Even without any
fiber crossing coming from negative H or crossing multiple
fibers, in those pins there is an influence of the fiber–fiber
interactions between radial layers. In contrast, pin l was

Table 1. Winding pin occupancy model validation results for sleeve/washer pins.

Case
Hooking syntax (turns u, orientation α, repetitions b, j,
and pin distance L [mm])

ss = 0.816
Apins = 19.6

sm = 0.485
Apinm = 33

sg = 1.212
Aping = 82.5

sl = 5.000
Apinl = 28.8

jexp jsim jexp jsim jexp jsim jexp jsim

1 u = [j] � 1, α = [0°] � 1, L = [0] � 1 10 10 18 18 44 46 17 15
2 u = [0.25] � j, α = [0°] � j, L = [50] � j 13 11 20 19 52 47 22 16
3 u = [0.5] � j, α = [0°] � j, L = [50] � j 11 11 20 19 50 47 20 16
4 u = [1.5 + Δu] � j, α = [0°] � j, L = [100] � j 12 10 18 18 44 45 20 15
5 u = 0:5þ Δu � j, α = [0°] � j, L = [50] � j 10 10 18 18 44 47 18 16
6 u = [0.75] � j, α = [0°] � j, L = [50] � j 11 10 17 17 30 43 18 14
7 u = [1] � j, α = [0°] � j, L = [50] � j 6 5 9 9 20 23 8 8
8 u = [1.5] � j, α = [0°] � j, L = [50] � j 5 5 9 9 25 23 10 8
9 u = [1.5 + Δu] � j, α = [0°] � j, L = [100] � j 5 5 9 9 21 23 11 8
10 u = [1.5 + Δu] � j, α = [0°] � j, L = [50] � j 5 5 9 9 17 23 11 8
11 u = [2] � j, α = [0°] � j, L = [50] � j 4 3 7 6 12 15 7 5
12 u = [Δu, Δu] � j, α = [0°, 180°] � j, L = [50] � j 10 11 15 19 21 47 11 16
13 u = [Δu, Δu] � b + [0.5] � j, α = [0°, 180°] �

b + [0°] � j, L = [50, 50] � b + [50] � j
b = 5 b = 8 b = 11 b = 6

6 6 12 11 24 36 11 10
14 u = [0.5, 0.5] � j, α = [0°, 180°] � j, L = [50] � j 6 11 10 19 19 47 6 16
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underestimated, which was caused by its uncharacteristic
high slenderness. This allowed fibers in reality to accu-
mulate more easily at the vertical pin center without the
need for washers to prevent fiber slippage. With an in-
creased slenderness, the influence of the axial positioning of
fibers and axial dislocation, defined by fiber vectors and
friction, increases. In the design process, an underestimation
of the capacity is conservative.

Model validation for adaptive winding pins

Based on the method described in the section on the digital
representation of the winding pin, the parameters for two
different configurations of the adaptive winding pin were
calculated, see Table 2.

With the same material and algorithm as that used in the
previous section, the capacity of the 2-arm and 3-arm pin
was predicted, see Table 3.

Both pins were tested in four cases. In the first one,
the hooking was performed at the pole only. In the
second, the fibers were spanned horizontally between the
arms in such a way that they passed over the pin center,

as mentioned in the section on the winding technique.
For the 2-arm pin, both arms were used, whereas with the
other one only one was filled. In the third case, the pole
and then subsequently the arms were filled with the same
hooking condition as that in case two. In the last case,
only one arm was filled, with radial fibers attaching
orthogonally from the arm axis.

Two methods for converting the adaptive pin geometry
into a sleeve/washer equivalent were tested. For the tested
hooking syntaxes, the method depending on the cross-
sectional area performed better and, in contrast to the
volume-based method, tended to underestimate rather than
overestimate the capacity. The prediction made by the
volume-based method was more accurate for the pole than
for the arms. The area-based method also performed well in
cases where the pole and arms were both filled. Therefore,
the total fiber envelope can be divided and assessed for the
sub winding points separately.

For both types of winding pins, the model performed
sufficiently to be used as a design tool for CFW. Therefore,
the underlying hypotheses can be considered as suffi-
ciently confirmed in this context. The justification for this

Table 2. Geometrical parameters of the tested adaptive winding pin digital representations.

Calculation method Pin parameter (arm i, pole j) 2-arm pin (110° separation) 3-arm pin (regular)

Max. fiber envelope from CAD Venv 1771.322 1715.687 mm3

CAD pin design parameter Di 8.400 8.400 mm
CAD pin design parameter di 3.200 3.200 mm
Assigned section of envelope Vi 284.404 325.284 mm3

Calc. based on Di , di and Vi hi,V 6.003 6.866 mm
CAD pin design parameter Dj 15.000 15.000 mm
CAD pin design parameter dj 5.810 5.810 mm
Calc. based on Vi and Venv Vj 1202.514 739.835 mm3

Calc. based on Dj , dj and Vj hj,V 8.053 4.954 mm
Envelope cross-section (top) Ai 18.644 18.466 mm2

Calc. based on Di , di , Ai, and hj,V hi,A 4.737 5.168 mm
Envelope cross-section (bottom) Aj 28.686 29.342 mm2

Calc. based on Dj , dj, and Aj hj,A 6.267 6.411 mm

Table 3. Winding pin occupancy model validation results for adaptive pins.

Pin type
Hooking syntax (turns u, orientation α, repetitions at arms i, repetitions at the
pole j and pin distance L [mm])

Pole Arm(s)

jexp jsim,V jsim,A iexp isim,V isim,A

2-arm pin (110°
separation)

Pole only u = [0.5] � j, α = [55°] � j, L = [167] � j 17 21 16
Arms (horiz.) u = [0.5, 0.5] � i, α = [55°, 55°] � i, L = [167, 167] � i 8 9 7
Pole + arms u = [0.5] � j + [0.5 + Δu] � 2 i, α = [55°] � j + [55°] � 2 i, L =

[167] � j + [167] � 2 i
16 21 16 6 8 6

Arm (radial) u = [0.5] � i, α = [0°] � i, L = [167] � i 7 9 7
3-arm pin (regular) Pole only u = [0.5] � j, α = [60°] � j, L = [167] � j 18 13 16

Arm (horiz.) u = [0.5 + Δu] � i, α = [60°] � i, L = [20] � i 7 9 7
Pole + arm u = [0.5] � j + [0.5 + Δu] � i, α = [60°] � j + [60°] � i, L =

[167] � j + [20] � i
19 13 16 6 9 7

Arm (radial) u = [0.5] � i, α = [0°] � i, L = [167] � i 7 10 7

Mindermann and Gresser 35



method is twofold: The calculation only relies on pa-
rameters (material and geometry) which can be easily
obtained even in early design phases and the calculation
time is around 100 milliseconds per pin. A highly detailed
physics–based soft-body simulation of the fiber–fiber, fi-
ber–pin, and fiber–equipment interaction potentially pre-
dicts the occupancy more precisely, but it involves the
consideration of many parameters (see simplifications in
the section on the winding pin occupancy model) and has
to model numerous contacts between entities. Most of
those parameters are unknown during the design phase.

Conclusions

The developed adaptive winding pin was deployed in
laboratory-scale winding sessions to verify its design idea.
The pin allows one to attach fibers from various directions
without fiber kinks and removes the dependency between
the pin orientation and the fiber net. By parameterizing the
winding pin geometry, the individual orientation of each
arm can be easily adapted to the local fiber net configu-
ration of the pin position in the component. By using
LPBF, each winding pin can be made in a unique shape at
no additional costs. This is the prerequisite for each
winding pin to be individually tailored to the structural
requirements of the fiber net. This could lead to higher
performing CFW structure in the future. The adaptive
winding pin eliminates some design restrictions and allows
the material to be placed only where it is needed. The
multiple contact areas within a single adaptive pin facil-
itate a fiber placement which is more appropriate for the
material due to the larger bending radius. This can help to
prevent failure close to the pin, allows one to separate or
merge fiber bundles, and also opens up more complex
hooking syntaxes that are yet to be researched. This more
homogeneous fiber arrangement could reduce variations in
the structural performance. It was shown that the fiber
should preferably be attached to an arm from the inside of
the pin, rather than the outside. An adaptive pin is a pre-
requisite for voluminous, sparse, and fully stressed
framework structures. However, the price of the metallic
additive manufacturing limits the industrial application of
the pin at large scales or in large quantities. The use of the
modular fixture system in combination with the winding
pin adapters helps to shorten the preparation time of the
winding sessions without sacrificing geometric accuracy.
The only drawback is that pin positions are mainly re-
stricted to a grid. The winding pin capacity model can be
used for relevant hooking syntaxes and typical winding pin
geometries. It can also sufficiently be applied to the
adaptive pin. Due to its integration in digital process
planning tools, the pin capacity can be directly assessed
during the early design phases, which is another step to-
wards the realization of a fully automated CFW process
chain.
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