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ABSTRACT

Automated Fiber Placement (AFP) enables efficient manufacturing of large, complex
thermoset composite structures, but laminate quality depends strongly on process parameters
such as compaction pressure and roller conformity. These parameters can vary significantly
over concave and convex molds, causing non-uniform bonding and defects. This study
investigates improving pressure uniformity by modifying the shaft geometry of polyurethane
compaction rollers to vary stiffness along the roller length. Finite element simulations were
used to identify suitable shaft designs for curved surfaces, followed by experimental validation
using pressure-sensitive films. Results showed that shaft design significantly affects roller
formability and pressure distribution on both mold geometries.

1 BACKGROUND AND DESIGN DEVELOPMENT

1.1 Introduction

Carbon fiber—reinforced polymers (CFRPs) have expanded the possibilities of performance-
oriented design, especially in weight-sensitive industries such as aerospace and automotive [1],
[2]. The limitations of traditional manufacturing methods, such as hand lay-up, encouraged the
development of automated technologies that improve quality, accuracy, and production
efficiency while reducing manufacturing cost. Among these, Automated Fiber Placement
(AFP) has become one of the most important processes because it enables higher production
rates, better fiber placement accuracy, and the manufacture of complex geometries [3].

In AFP, prepreg tows are heated and deposited onto the mold surface while a compaction roller
applies pressure to bond them properly [4]. Appropriate pressure and temperature help improve
tow adhesion and reduce void formation, whereas improper processing conditions can
introduce defects that weaken the laminate [5], [6]. One of the most common and largely
unavoidable AFP defects is overlap, which creates a local surface irregularity in the layup [7].
In general, gap and overlap defects mainly result from process variations, including tow
placement errors and changes in tow geometry during deposition.

As noted earlier, insufficient temperature and pressure can prevent proper bonding between the
prepreg and the mold, resulting in defects in the final part. In AFP, this bonding capability is
referred to as prepreg tack, and understanding its dependence on process parameters is essential
for optimizing the process and minimizing defects [8]. Several studies have investigated tack
measurement and its sensitivity to manufacturing conditions. The work in [9] introduced a peel
test apparatus that simulates AFP pressure conditions to quantify tack, and later studies
examined the influence of temperature and feed rate on tack behavior [10]. Using a probe tack
test, the authors in [11] showed that tack increases with pressure up to an optimal level and
then decreases. In addition, [12] demonstrated that higher tool temperatures and elastomeric
rollers can significantly improve the mechanical and thermal performance of AFP-
manufactured composites.
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Because pressure distribution beneath the compaction roller strongly affects tack and laminate
quality, many studies have focused on roller design and pressure distribution. Rollers with
higher stiffness were shown to improve laminate quality [13], while other studies linked defect
formation such as wrinkling and folding to process-induced mechanical instability during tow
placement [14]. Experimental comparisons on flat substrates showed that steel rollers can
produce better laminates than polyurethane and perforated rollers [15]. On curved and complex
molds, several numerical and experimental studies developed validated models for compaction
pressure distribution and demonstrated the importance of roller design, curvature, tool
compliance, and substrate geometry in achieving uniform consolidation and reducing defects
[16], [17], [18]. Building on this, Kheradpisheh and Hojjati [19] proposed a novel compaction
roller that tailors pressure distribution and contact time to reduce steering-induced wrinkles.

Overall, the literature shows that strong tack between the prepreg tape and the substrate is
essential for defect reduction and part quality, especially on complex molds. However, to the
authors’ knowledge, no study has specifically examined how modifying the pressure
distribution and contact width under the compaction roller can improve prepreg bonding on
complex geometries. This paper addresses that gap by proposing a compaction roller design
approach that tailors roller architecture to optimize pressure distribution and contact width.
Finite element analysis is used to simulate roller—mold interaction and optimize the design,
after which the roller is manufactured and experimentally evaluated using pressure films.

1.2 Materials and equipment

The experimental material was an uncured unidirectional carbon fiber/epoxy prepreg tape
(CYCOM 977-2, Bombardier Inc., Canada) with a width of 6.3 mm, a thickness of 0.14 mm,
and a fiber volume fraction of 60%. An in-house setup (Figure 1-1) was used to simulate AFP
process conditions, with compaction load applied by a pneumatic arm and feed rate controlled
by a motorized rail. This setup enabled precise and repeatable layup conditions for the
experimental tests.

Pneumatic arm

Compaction roller

Prepreg layup

e Detachable plate
Motorized rail ————————— /-

Figure 1-1: In-house experimental setup designed to simulate the applied compaction load and feed rate
conditions representative of AFP manufacturing, which consists of a pneumatic arm, a compaction roller, and
a motorized rail
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1.3 Layup challenges on complex molds

AFP manufacturing of composite materials becomes more challenging as mold geometry and
part complexity increase. Surface irregularities in complex molds can disrupt bonding
conditions and, when non-conformable rollers such as rigid rollers are used, may lead to loss
of contact and discontinuities in compaction pressure. Polyurethane rollers with flat shaft
improve the formability and provide better contact, though they tend to apply insufficient
pressure in mold valleys and excessive pressure at peaks, resulting in nonuniform pressure
distribution and reduced layup quality. In this study, several conventional compaction rollers
were used as reference cases and compared with the rollers developed in this work. Their
naming convention is defined in Table 1.

Table 1: Naming of the reference rollers utilized in the study

Roller’s name Definition
Reference PUR 85D-25 Polyurethane durometer 85 shore D- Constant shaft diameter of 25 mm
SSR Stainless steel roller (Rigid roller)

(ii)

Area with contact

Area without contact O

Figure 1-2: Row (i): Convex mold with (a) SSR and (b) PUR 85D-25; Row (ii): Concave mold with (a) SSR
and (b) PUR 85D-25, under a static compaction force of 220 N.

As shown in Figure 1-2, the reference rollers perform poorly on complex molds. Among them,
SSR exhibits the weakest conformity: on convex molds, contact occurs primarily at the center,
leaving the edges uncompacted, whereas on concave molds, contact is limited to the edges and
large central regions remain uncovered. Replacing the SSR with polyurethane rollers improves
surface conformity to some extent. PUR 85D-25 increases the contact area on both convex and
concave molds, reducing the non-contact regions to relatively small areas.

However, a uniform compaction pressure distribution is essential, since excessive pressure at
mold peaks and insufficient pressure in valleys can compromise layup quality. To address this
issue, an alternative roller design was developed, followed by a series of finite element analyses
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to study the effects of key design parameters on contact behavior and pressure uniformity.
Based on these results, optimized rollers were fabricated and experimentally tested to validate
the numerical predictions and demonstrate improved pressure distribution.

1.4 Alternative design approach

Compaction pressure is a key parameter in AFP as it directly affects tack development,
interlaminar adhesion, and defect formation [20]. Maintaining pressure within an optimal range
is essential for consistent bonding, while pressure disturbances can create weak interfaces that
promote defects such as wrinkles or tape folding. Although polyurethane rollers are commonly
used because they conform well to non-flat surfaces, their uniform stiffness along the roller
length can lead to excessive pressure on convex regions and insufficient pressure in concave
regions. In this study, two mold geometries, concave and convex with a radius of 100 mm,
were selected as reference cases. Based on these conditions, an alternative roller design was
developed to improve conformity on complex surfaces. The proposed concept is not intended
as a universal solution for all AFP applications, but as a targeted design strategy for the selected
mold geometries. As shown in Figure 1-3, the design introduces variable stiffness along the
roller length through a modified shaft geometry: a convex shaft for concave molds and a
concave shaft for convex molds, with the naming convention defined in

Table 2. This approach provides higher stiffness in regions corresponding to concave surfaces
and lower stiffness in regions corresponding to convex surfaces, enabling a more uniform
compaction pressure distribution across complex mold geometries.

|- Concave depth

32mm — 11m.m+ ~— 14 mm

7 T = Convex height

14 mm

(©) (d)

Figure 1-3: Shaft geometry of the proposed compaction rollers. (a, b) Roller designed for a convex mold with
a concave shaft: (a) cross-sectional view and (b) isometric view. (c, d) Roller designed for a concave mold
with a convex shaft: (c) cross-sectional view and (d) isometric view.

Table 2: Naming of the candidate rollers investigated in this study

Roller’s name Definition




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

PUR CV-1 Polyurethane durometer 60 shore A-Concave depth 1 mm

PUR CV-2 Polyurethane durometer 60 shore A-Concave depth 2 mm

PUR CV-3 Polyurethane durometer 60 shore A-Concave depth 3 mm

PUR CV-+4 Polyurethane durometer 60 shore A-Concave depth 4 mm

Candidate PUR CV-5 Polyurethane durometer 60 shore A-Concave depth 5 mm
rollers PUR CX-1 Polyurethane durometer 60 shore A-Convex height 1 mm
PUR CX-2 Polyurethane durometer 60 shore A-Convex height 2 mm

PUR CX-3 Polyurethane durometer 60 shore A-Convex height 3 mm

PUR CX-4 Polyurethane durometer 60 shore A-Convex height 4 mm

PUR CX-5 Polyurethane durometer 60 shore A-Convex height 5 mm

1.5 FEM modeling

Finite element (FE) simulations were performed under static conditions using
Abaqus/Standard—Explicit. Convex rollers with heights of 1 to 5 mm were analyzed on a
concave mold with a 100 mm radius, while concave rollers with depths of 1 to 5 mm were
evaluated on a convex mold of the same radius. Each roller consisted of a polyurethane outer
layer and an aluminum shaft with the customized geometry. The roller was modeled as an
integrated assembly, with separate material properties assigned to the polyurethane (Durometer
60 Shore A with young modulus of 2.2 MPa, which was determined experimentally through
compression tests in accordance with ASTM DS575) and aluminum components (young
modulus of 70 GPa).

Cylindrical di system
Polyurethane outer layer

Inner surface of roller,
coupled with RP

Aluminum shaft
with desired design

Reference point (RP) subjected to
load (F) and boundary condition

Aluminum substrate plate

z X z ‘J\ 4 (ylindrical coordinate system

(@ ®)

A Completely restrained (Boundary condition of substrate)
b Free to translate along Y-axis only (Boundary condition of RP)

Figure 1-4: FEM model of the PUR 60A-35 and a surface with an overlap of 0.5 of the prepreg’s width. The simulation is
used to capture the pressure distribution under a 220 N load, applied to the reference point (RP) as indicated by arrow F.

As shown in Figure 1-4, a vertical load of 220 N was applied at a reference point (RP)
kinematically coupled to the inner surface of the shaft. The RP was restrained in all degrees of
freedom except vertical translation, allowing controlled compaction in the Y-direction. A
frictionless hard-contact interaction was defined between the roller and the plate. Owing to the
roller’s complex geometry and large deformation, it was meshed using C3D10 quadratic




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

tetrahedral elements, while the plate was modeled with C3D8R linear brick elements. The plate
bottom surface was fully fixed to eliminate rigid-body motion.

2 NUMERICAL AND EXPERIMENTAL VALIDATION

2.1 Concave roller and convex mold

For a convex mold, initial contact occurs at the center, which is the highest point of the surface.
When the roller has low formability, excessive pressure concentrates in this region, while the
sides receive insufficient pressure or no contact at all, as observed for SSR (Figure 1-2(i-a))
and PUR 85D-25 (Figure 1-2 (i-b)). FEM results for concave rollers on a convex mold show
that increasing the concave depth from 1 to 5 mm progressively reduces the excessive central
pressure and increases the contact area, indicating improved roller formability for this

geometry.
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Figure 2-1: FEM results of concave rollers applying compaction pressure on a convex mold: (a) PUR CV-2 front view
after force being applied, and compaction pressure distributions of (b) PUR CV-1, (c) PUR CV-2, (d) PUR CV-3, (e)
PUR CV-4, and (f) PUR CV-5, expressed in the local cylindrical coordinate system in the R-direction
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2.2 Convex roller and concave mold

On the concave mold, the rollers first contact the surface at the sides and, depending on their
formability, may or may not transmit sufficient compaction pressure to the center (valley). As
shown in Figure 1-2(ii-a) and Figure 1-2 (ii-b), the SSR and PUR 85D-25 rollers do not achieve
complete contact with the mold surface. In contrast, all convex rollers establish full contact,
including PUR CX-1 (Fig. 10(b)), which has the smallest convex height and is still able to
reach the valley region. Moreover, increasing the convex height raises the pressure at the center
and improves the uniformity of the pressure distribution.

(a)
S, $11 ("ASSEMBLY__T-Datum Cylindrical") 8, 811 ("ASSEMBLY__T-Datum Cylindrical") S, 811 ("ASSEMBLY__T-Datum Cylindrical”)
(Avg: 76%) (Avg: 75%) (Avg: 75%)
0.13 0.26 0.10
0.10 0.10 .00
-0.00 £0.00 0.11
0.1 011 0.21
021 0.1 032
0.32 032 .42
0.42 042 0.52
052 053 063
0.63 0.63 073
073 0.73 084
084 084 .
0.94 094 0.94
-1.05 1,05 -1.05
-1.18 -1.158 -1.15
(b) © (d)
S, 811 ("ASSEMBLY__T-Datum Cylindrical) S, 511 ("ASSEMBLY__T-Datum Cylindrical")
(Avg: 76%) (Avg: 75%)
0.10 0.10
-0.00 -0.00
0.1 0.11
0.21 0.21
0.32 0.32
0.42 0.42
0.52 0.52
0.63 0.63
0.73 0.73
0.84 0.84
0.94 0.94
-1.05 -1.06
-1.16 -1.15
(e) ()

Figure 2-2: FEM results of convex rollers applying compaction pressure on a concave mold: (a) PUR CX-2 front view after
force being applied, and compaction pressure distributions of (b) PUR CX-1, (¢) PUR CX-2, (d) PUR CX-3, (¢) PUR CX-
4, and (f) PUR CX-5, expressed in the local cylindrical coordinate system in the R-direction

Based on the FEM results, four candidate rollers developed using the proposed design approach
were selected for manufacturing and experimental validation. PUR CX-1 and PUR CV-1 were
excluded because a 1 mm convex height or concave depth was too small to produce a
meaningful improvement. Among the concave rollers, PUR CV-2 and PUR CV-4 were
selected: PUR CV-2 provided favorable maximum pressure, while PUR CV-4 offered a good
balance between pressure level and formability. PUR CV-5 was not selected because, although
its contact area was similar to PUR CV-4, it produced lower maximum pressure at the center.
Among the convex rollers, PUR CX-2 and PUR CX-4 were chosen. Although PUR CX-5
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showed better pressure uniformity, its smaller contact width in the middle made PUR CX-4 the
more suitable option.

2.3 Evaluation of selected candidate rollers: Manufacturing of candidate rollers

For experimental validation, four customized shafts were manufactured: two concave shafts
with depths of 2 and 4 mm, and two convex shafts with heights of 2 and 4 mm. A CNC-
machined aluminum mold was used to cast the polyurethane outer layer of the rollers (Figure
2-3). Before casting, the polyurethane resin was degassed at 0.2 bar to remove entrapped air
and ensure a uniform, defect-free outer layer. After curing, the rollers were demolded and
prepared for testing. To reproduce the FEM conditions, two detachable molds compatible with
the in-house AFP setup were also manufactured: one concave and one convex, each with a
radius of 100 mm. During the experiments, the candidate rollers were compared with the
reference rollers PUR 85D-25. To ensure consistent comparison, all candidate rollers were
produced with the same 30 mm length as the reference rollers.

PUR CX-4 PUR CX-2 PUR CV-4 PUR CV-2
PUR CV-4 shaft % W ’ °
eady for cast —
ready for cas! - N \ - / PRI S 2
(  mT Concave mold Convex mold
| mold Radius=100 mm  Radius = 100 mm
(a) (b)

Figure 2-3: (a) Fabricated shafts with different geometries (PUR CX-4, PUR CX-2, PUR CV-4, and PUR CV-2), the CNC-
machined mold with the PUR CV-4 shaft positioned for casting, and the completed PUR CV-4 compaction roller after
casting; (b) convex and concave molds used for experimental testing, both with a radius of 100 mm

2.3.1 Concave roller—convex mold configuration

In this configuration, a convex mold was mounted on the in-house setup, and the pressure
distributions of the reference rollers (PUR 85D-25) and candidate rollers (PUR CV-2 and PUR
CV-4) were evaluated.

The pressure distributions of the four rollers are shown in Figure 2-4. PUR 85D-25 (Figure 2-4
(a,d)) exhibits poor formability, generating high pressure over a limited central region while
leaving large side areas insufficiently compacted. Although the maximum contact width at the
center is acceptable, it decreases sharply toward the sides, where it falls well below the
minimum required for adequate bonding. Its contact length is also limited to 20.8 mm,
confirming incomplete surface coverage. It is worth mentioning that this roller reaches a
maximum contact width of 8.13 mm at the center, where the contact width is highest; however,
this value drops sharply to 2.1 mm toward the sides. Among the candidate rollers, PUR CV-2

8
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(Figure 2-4 (b,e)) provides an improvement over PUR 85A-25, with an increase in central
contact width from 8.13 mm to 11.8 mm and sides from 2.1 mm to 3.8 mm. In addition, the
contact length increases from 20.8 mm to 27.6 mm, which, although is an improvement, it is
still below the roller length of 30 mm, indicating incomplete surface coverage. In contrast, PUR
CV-4 (Figure 2-4 (c,f)) shows a clear improvement: while the central contact width remains
similar (11.5 mm), the reduction toward the sides is much more gradual, the side contact width
increases substantially and reaches to 7.5 mm, and the contact length reaches 30.4 mm,
indicating full surface coverage.

(a) (b)

(d) (e)

Pressure (MPa)

Figure 2-4: Pressure sensitive film results on a convex mold without an overlap for (a) PUR 85D-25,
(b) PUR CV-2, and (c) PUR CV-4, with corresponding pressure maps shown in (d)—(f) obtained in
MATLAB under a static compaction force of 220 N

2.3.2 Convex roller and concave mold configuration

In this configuration, a concave mold was mounted on the in-house setup, and the pressure
distributions of the reference rollers (PUR 85D-25) and candidate rollers (PUR CX-2 and PUR
CX-4) were evaluated. For a concave mold, good roller formability means the ability to
properly compact the central valley region. Since all rollers have the same length, the contact
length remains nearly constant, and the main differences appear in the pressure and contact
width at the mold center. The pressure distributions are shown in Figure 2-5. PUR 85D-25
(Figure 2-5(a,d)) shows poor formability, producing excessive pressure at the sides while
leaving the center uncompacted. Although side contact widths of 7.4 mm are achieved, no
contact is formed in the middle region. PUR CX-2 (Figure 2-5(b,e)) provides a more uniform
pressure distribution, with contact widths of 13.2 mm at the sides and 5.8 mm in the middle.
PUR CX-4 (Figure 2-5(c,f)) generates higher central pressure; however, its stiffer middle
section reduces the contact width at the center to 4.7 mm, which is below the acceptable limit.
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Figure 2-5: Pressure sensitive film results on a concave mold without an overlap for (a) PUR 85D-
25, (b) PUR CX-2, and (c) PUR CX-4, with corresponding pressure maps shown in (d)—(f) obtained
in MATLAB under a static compaction force of 220 N

2.4 Conclusion

This study investigated the effect of compaction roller design on pressure distribution over
complex concave and convex molds, as well as its sensitivity to overlaps in AFP. Conventional
rollers with uniform stiffness were compared with variable-stiffness polyurethane rollers
whose internal shaft geometry was modified along the roller length. The goal was to improve
pressure uniformity and maintain adequate contact width, all of which are important for reliable
bonding and defect reduction. Finite element results showed that modifying the shaft geometry
can effectively tailor pressure distribution to the mold shape. Increasing concave depth for
rollers used on convex molds reduced excessive pressure at mold peaks and improved surface
coverage, while increasing convex height for rollers used on concave molds enhanced pressure
in mold valleys. Based on the FEM results, four candidate rollers were manufactured and
experimentally validated using an in-house AFP setup. Pressure-sensitive film measurements
showed good agreement with the simulations, confirming the accuracy of the numerical
approach. Compared with the reference rollers, the candidate rollers provided more uniform
pressure distribution, greater effective contact width, and better surface coverage on both mold
types. Among the tested designs, PUR CV-4 for convex molds and PUR CX-4 for concave
molds showed the lowest sensitivity to pressure disturbances resulted from mold geometry.
Overall, the results demonstrate that tailoring roller stiffness to mold geometry is an effective
strategy for improving AFP layup quality on complex surfaces.
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