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Automated fiber placement is especially suitable for manufacturing composite components with curved sur-
faces, in which case the uneven compaction pressure distribution is an important factor affecting layup quality,
but it has not been widely explored. In this paper, a theoretical model of the compaction pressure distribution
for layup on irregular curved surface is established by analyzing the contact between the compaction roller and
prepreg layers. Based on the model, a numerical algorithm for calculating the pressure distribution in the
whole placement process is proposed. Then the pressure distribution around four path points of a winglet mold
is obtained and validated by the subsequent experiment. The results show that the model can be used to predict
the compaction pressure distribution before the placement and analyze the layup quality and defects from the
perspective of compaction pressure.
1. Introduction

Advanced composite materials have been widely used in aerospace
industry and other fields due to their high specific strength, specific
modulus and significant weight reduction [1,2]. Automatic fiber place-
ment (AFP) is an important technology for manufacturing advanced
composite components. During AFP, each slit‐tape is driven individu-
ally and laid onto a mold or previous layers under a controlled tension
by a moving AFP head, which consists of a heater and a compaction
roller [3,4], as shown in Fig. 1. The compaction roller, whose main
role is providing a required compaction force and reducing the voids
between layers [3,5], is mainly composed of a shaft, a sleeve, two bear-
ings and a rubber cover.

Compaction force is one of the most important process parameters
for AFP. It is known that increasing compaction force within a certain
range can improve prepreg tack levels and layup quality, and reduce
layup defects such as wrinkles and bridgings [5–9]. And for thermo-
plastic prepreg, increasing compaction force helps to reduce void con-
tent and improve the mechanical properties of the final laminates
[10–13].

However, what affects the layup quality in essence is the com-
paction pressure (unit: Pa), the compaction force (unit: N) on unit area.
Most researches used the force as the process parameter because these
researches performed on flat molds, in which case the pressure is rel-
atively uniform. But most molds in aerospace industry have irregular
curved surfaces, and layup onto curved surface is the case where
AFP is mostly used. The axial deformation of the compaction roller will
be uneven, resulting in an uneven pressure distribution, which leads to
uneven tack levels and may even cause defects such as tow bridges,
wrinkles and bubbles [14–16]. However, the use of compaction force
alone cannot describe the phenomenon of uneven pressure and the for-
mation of defects. In addition, the compaction force needs to be
matched with the structural size and hardness of the compaction
roller, otherwise the tack levels will be different even if the force is
the same. Thus, it is necessary to study the compaction pressure distri-
bution, which has not been widely explored.

Cheng et al. [17] studied the contact characteristic between the
compaction roller and prepreg layers and established a deformation
model to obtain the morphology change of the prepreg. Bakhshi and
Hojjati [5] preformed a series of AFP trials at various process condi-
tions with different compaction rollers, and concluded that sufficient
and uniform pressure helps to reduce the number of wrinkles and blis-
ters. Sonmez and Hahn [18] modeled the relationship between process
parameters and the quality of thermoplastic laminates. They consid-
ered that as reducing roller diameter, the interlaminar stress become
more concentrated, and small roller sizes are not conducive to bond-
ing. Jiang et al. [19] studied the compaction pressure distribution by
finite element simulation and experimental verification. They con-
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Fig. 1. The compaction roller for AFP.
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cluded that the pressure uniformity can be improved by optimizing the
roller structure: reducing the hardness and length and increasing the
diameter of compaction roller. Hertz theory [20] can be used to ana-
lyze the contact of elastic solids, but it is based on infinitesimal defor-
mation assumption and not suitable for the deformation analysis of the
rubber compaction roller. To our knowledge, there is no paper focused
on theoretical calculation of the compaction pressure distribution for
automated fiber placement.

In this paper, a theoretical model of compaction pressure distribu-
tion for layup onto irregular curved surface is established by analyzing
the contact deformation and contact stress between the roller and pre-
preg layers at any path point. Two parameters in the model are fitted
by finite element method (FEM). And the time‐dependent through‐
thickness modulus of prepreg is obtained from compaction test. Based
on the model, a numerical algorithm is further proposed for calculat-
ing the pressure distribution in the whole placement process. After
that, the theoretical pressure distribution around four path points of
a winglet mold is obtained. Finally, in order to validate the model,
pressure distribution measurement experiment was carried out by
using pressure measurement film. The results show that the com-
paction pressure distribution can be predicted with this model. More-
over, the model provides a basis for analyzing layup defects, selecting
appropriate compaction rollers and determining the number of slit‐
tapes before the placement.

2. Modeling of the compaction pressure distribution

The compaction pressure of AFP is essentially the contact pressure
between the roller and prepreg layers. However, it is relatively diffi-
cult to get an accurate solution. Firstly, most composite components
suitable for AFP have irregular complex curved surfaces. Some areas
are concave and some are convex, and there is no function expression
for such surfaces. Besides, the layers surface is uneven because of the
existence of layup defects such as gaps, overlaps and wrinkles. More-
over, the rubber cover of the compaction roller exhibits large deforma-
tion after being pressed, in which case the differential equation of
equilibrium and the geometrical equation of elasticity are not applica-
ble. Thus, we made the following basic simplifications to obtain an
approximate solution for the compaction pressure distribution.

(i) The rolling of the roller causes prepreg and roller to be sub-
jected to tangential friction. The main effect of the friction is
to cause tangential deformation of the roller and prepreg. For
prepreg, the modulus in fiber direction is about four orders of
magnitude higher than that in thickness direction. Thus, the
tangential deformation of prepreg caused by friction is rela-
tively small. And for the roller, friction causes the contact center
slightly lags behind the roller axis (about 0–3.5 mm). Thus, due
to the main concern about compaction pressure distribution, the
effect of friction is simplified as the actual contact center lags
behind the target path point.
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(ii) The contact zone of the roller and layers is generally strip‐
shaped. Then the three‐dimensional strain problem is simplified
as a plane strain one, ignoring the axial deformation of the
roller.

2.1. Contact analysis between the compaction roller and prepreg layers for
layup onto irregular curved mold surface

During the layup process, the position and pose of the roller coor-
dinate system {OH} and the path point coordinate system {OPj} will be
the same with respect to the machine coordinate system {OBase}, as
shown in Fig. 2(a) and Eq. (1). And the four coordinates are known
from the trajectory planning and inverse kinematics.

BaseTPj ¼ Base T M
M TPj

BaseTH ¼ Base TPj

(
; j ¼ 1;2; � � � ; n ð1Þ

where XTY represents the position and pose of the coordinate system
{OY} relative to the coordinate system {OX}. {OM} is the mold coordi-
nate system.

Take any path point Pj on any path l for analysis (see Fig. 2(b)).
Contact center Pjʹ between compaction roller and prepreg layers lags
behind Pj by Δl due to friction, and Pjʹ is also on path l. Δl = |PjPjʹ|,
and its value is generally 0–3.5 mm according to the structural param-
eters of the roller and the value of compaction force. The spatial rect-
angular coordinate system {O(Pjʹ)} is set as follows: the origin O is at
Pjʹ, x is the tangential direction along l, y is the geodesic curvature
direction of l, and z is the normal direction of the layers surface at
point O. The axis of compaction roller is parallel to y‐axis. L is the
length of the compaction roller. Σ is the contact zone between the
roller and the layers surface. Take any cross section y = ya parallel
to xOz plane to analyze the contact, and ya ∈ [−L/2, L/2].

As illustrated in Fig. 2(c), F is the compaction force applied at tar-
get path point Pj, and F is parallel to the normal direction of layers sur-
face at Pjʹ. The angle between F and z‐axis is γ. The pressure
distribution around point Pj in the rolling state of the roller is simpli-
fied as pressure distribution around Pjʹ in the static state, in order to
correct for the effect of the friction. r is the inner radius of the rubber
cover and R is the outer radius. Sm is the irregular curved mold surface
and it is known. S and h are the layers surface and thickness before the
contact, respectively. S can be obtained by thickening Sm by h, where
h = nh0, n is the number of layers, and h0 is the thickness of a single
prepreg layer. After applying F, the layers surface S is deformed to S'.
Since the rigidity of the mold and the sleeve is relatively large, they are
taken as rigid bodies.

For the moment, assume the shape of the roller remains as an arc
after the deformation. Take any point A on the original surface of
the roller for analysis. After the deformation, A moves to A'(x, ya, z)
along the radius direction, and A' is on S'. d(x, ya, z) is the distance
between A' and the roller axis. Then the compressive strain ε(x, ya,
z) and the resultant stress σ(x, ya, z) of the roller at A' are obtained
as follows:

ɛðx; ya; zÞ ¼ R�dðx;ya ;zÞ
R�r

σðx; ya; zÞ ¼ ECɛðx;ya ;zÞ
1�ɛðx;ya ;zÞ

(
ð2Þ

where EC is the effective compression modulus and EC = E(A + BSn)
[21]. E is the Young’s modulus of elasticity and n = 2 for natural rub-
ber. A, B and S are constants related to the stressed area, hardness and
shape of the material, but their values are difficult to estimated for the
cylindrical roller. Thus, the value of EC is to be determined by other
methods, which is given in Section 2.2.

The projection of σ on the normal direction of S' is the contact pres-
sure p(x, ya, z), which is exactly the compaction pressure need to be
obtained, as shown in Eq. (3). And σz(x, ya, z), the projection of σ on
z‐axis, can also be obtained.



Fig. 2. (a) The four coordinate systems in AFP; (b) the static contact between the compaction roller and the prepreg layers at any path point Pj; (c) the deformation
and the stress of the roller and layers in cross section y = ya; (d) the actual contour of the roller after the deformation.
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pðx; ya; zÞ ¼ σðx; ya; zÞcos½θðx; ya; zÞ�
σzðx; ya; zÞ ¼ σðx; ya; zÞcos½αðx; ya; zÞ�

�
ð3Þ

where θ(x, ya, z) is the angle between σ and p, and α(x, ya, z) is the angle
between σ and z‐axis. Integrate all σz(x, y, z) over the total contact zone
Σ and the result is equal to the component of compaction force F along
z‐axis, as shown in Eq. (4). Since the irregular surface S has no func-
tional expression, the integral needs to be solved numerically (see
Section 3).ZZ

Σ
σzðx; y; zÞdS ¼ Fcosγ ð4Þ

However, the actual contour of the roller after the deformation is
not maintained as an arc, as shown in Fig. 2(d). In order to describe
the change in contact width, a scaling factor k is introduced (the solu-
tion for k will be given in Section 2.2). The value of k also reflects the
influence of friction on contact width. Firstly, select point B'(xk, ya, zk)
on surface S', where xk = kx. Point B'(xk, ya, zk) corresponds to point
A'(x, ya, z). Secondly, calculate p(xk, ya, zk) and σz(xk, ya, zk) of B' using
Eqs. (2)–(4), and substitute the value of p(xk, ya, zk) and σz(xk, ya, zk)
into p(x, ya, z) and σz(x, ya, z) of A', respectively. Then Eqs. (2)–(4)
are rewritten as follows:

ɛðx; ya; zÞ ¼ R�dðxk ;ya ;zkÞ
R�r

pðx; ya; zÞ ¼ ECɛðxk ;ya ;zkÞ
1�ɛðx;ya ;zÞ cos½θðxk; ya; zkÞ�RR

Σ
ECɛðx;y;zÞ
1�ɛðx;y;zÞ cos½αðxk; y; zkÞ�dS ¼ Fcosγ

8>><
>>: ð5Þ

And for the deformation of the prepreg layers, E1 ≫ E3 [22].
Besides, the external force on the layers is mainly the pressure in the
direction of thickness. Due to the main concern about the pressure,
only the out‐plane deformation of prepreg is considered. Any point C
3

(xc, ya, zc) of surface S is deformed along the thickness direction to
C'(xc', ya', zc') of surface S', as shown in Fig. 2(c). And the deformation
Δh(xc, ya, zc) of the layers is given by:

Δhðxc; ya; zcÞ ¼ E3ðt;TÞhpðxc; ya; zcÞ

x0
c ¼

xc � Δhsin½βðxc; ya; zcÞ�; t
! � i

!
⩾ 0

xc þ Δhsin½βðxc; ya; zcÞ�; t
! � i

!
< 0

8<
:

y0
a ¼ ya

z0c ¼ zc � Δhcos½βðxc; ya; zcÞ�

8>>>>>>><
>>>>>>>:

ð6Þ

where E3(t,T) is the trough‐thickness modulus of prepreg, which exhi-
bits viscoelastic. t is the duration of the load, and T is the temperature.
The test for measuring E3 is shown in Section 2.3. β is the angle

between the thickness direction and z‐axis. t! is the vector along the

outer normal direction of S at point C, and i
!

is the vector along x‐
axis. Thus, the correspondence between S' and S is established.

Combining equations (5) and (6), the compaction pressure distribu-
tion around each path point during the whole AFP process can be
obtained. In the analysis, the shape of mold surface Sm is not limited
and is stochastic, thus the model is suitable for general mold surfaces.

2.2. Solution for EC and k

In Section 2.1, the values of the effective compression modulus EC
and the scaling factor k have not been determined. In this section, they
are solved by finite element simulation and MATLAB function fitting.

A two‐dimensional finite element model of compaction pressure
distribution is created by ABAQUS/CAE. The mold created here is flat,
which is the most basic case. The outer radius, inner radius and hard-
ness of the rubber are R=40 mm, r=20mm and H=35 HA, respec-



Fig. 3. (a) The simulation result of contact pressure (CPRESS) between the
roller and flat mold (compaction force: 5 N/mm); (b) the simulation result and
the fitting result of the compaction pressure distribution.

Table 2
The correspondence between EC, k, F and Δd.

Compaction force (N/mm) Δd (mm) EC (MPa) k

1 0.6591 4.019 1.224
2 1.088 3.282 1.123
3 1.435 3.046 1.057
4 1.740 2.930 1.021
5 2.010 2.865 1.003
6 2.254 2.815 0.9803
7 2.480 2.772 0.9555
8 2.690 2.761 0.9541
9 2.888 2.744 0.9438
10 3.078 2.733 0.9385
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tively. The element type of the rubber cover is set as CPE4RH and the
rest parts CPE4R. The material parameters of each part are listed in
Table 1. And in order to increase the calculation efficiency, the sleeve
and the mold are constrained as “rigid body” due to their high modu-
lus. Friction coefficient between outer surface of the roller and the
mold surface is set as 0.357 [24]. Different forces 1 N–10 N are applied
to the sleeve (the force applied means the compaction force on per unit
length of the roller).

The simulation result is shown in Fig. 3(a). Take the contact center
as the origin O, and the right as x‐axis. According to the first two for-
mulas of Eq. (5), a function of compaction pressure distribution in the
case of flat mold is obtained, as shown in Eq. (7). Since the finite ele-
ment model is two‐dimensional and the mold is flat, p is a function
only about x:

ɛðxÞ ¼ R�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
d20þðkxÞ2

p
R�r

pðxÞ ¼ EC
ɛðxÞ

1�ɛðxÞ
d0ffiffiffiffiffiffiffiffiffiffiffiffiffi

d20þðkxÞ2
p

8<
: ð7Þ

where d0 is the distance between the roller center and the mold sur-
face. From the simulation result, a set of contact pressure (CPRESS) p
for a set of x coordinates is available. Thus, the unknowns in Eq. (7)
are only EC and k, and their values are then fitted using MATLAB.
According to Fig. 3(b), the simulation result and the fitting result
have general similarities, and the fitted values can be considered
reasonable.

In addition, EC and k are first of all functions of H, r and R. And
as stated below Eq. (2), the value of EC is related to the stressed
area. Thus, define Δd = R−d0, which is the maximum deformation
of the compaction roller at each cross section ya. Then EC and k are
also functions of Δd, that is, EC = EC(Δd, H, r, R), k = k (Δd, H, r,
R). However, the specific function form is unknown. For the roller
with specific structural parameters, in Eq. (5) EC and k are rewritten
as follows:

EC ¼ ECðΔdÞ; k ¼ kðΔdÞ ð8Þ
The value of EC and k under different compaction forces are listed

in Table 2. When calculating compaction pressure distribution, obtain
Δd for each section ya and use the corresponding EC and k. For other
hardness and structural size of compaction roller, the same method
can be used to obtain the corresponding EC and k.

2.3. Measurement of E3(t,T)

The time‐independent mechanical properties E3 is measured by
compression test [25]. Layers were prepared from
USN12500/7901 unidirectional carbon/epoxy prepreg, and the size
was 40 mm long, 40 mm wide and 10 plies thick. The layers were
firstly pressed under vacuum at room temperature for an hour
before the test. The electronic universal testing machine UTM2503
used is shown in Fig. 4(a). In order to meet the temperature and
time requirement of pressure measurement films in Section 4, E3
under a load for 2 min at 25 °C is required. Thus, the two pressure
plates of the universal testing machine were not heated. And a
defined load of 160 N–960 N was applied, corresponding to com-
paction pressure of 0.1–0.6 MPa respectively. The load lasted for
3200 s, and the ambient temperature was kept at 25 °C. The results
are shown in Fig. 4(b), and the value of E3 at a load for 2 min are
listed in Table 3.
Table 1
Material parameters of the sleeve, the mold and the rubber cover [23]

E (MPa) μ

The sleeve and the mold (steel) 2.1 × 105 0.3
The rubber cover (silicone rubber 35HA) 1.4 0.4995
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3. Algorithm for the compaction pressure distribution

Since most molds for AFP have irregular surfaces with no function
expression, the integral in the model cannot be calculated directly.
Thus based on the model, a numerical algorithm for calculating com-
paction pressure distribution in the whole AFP process is proposed, as
shown in Fig. 5.

The algorithm is then used to obtain the pressure distribution
around four path points P1, P2, P3, P4 on the fifth prepreg layer of wing-
let mold of ARJ21 (see Fig. 6(a)). The distance Δl between P1 and P1ʹ is
set as 0 to meet the experimental requirements in Section 4. Thus,
γ = 0. The through‐thickness E3 modulus of prepreg under different
pressure is listed in Table 3. The thickness of a single slit‐tape
h0 = 0.125 mm, thus the total thickness of the five layers
h= 0.625 mm. By thickening the mold surface Sm by h, the fifth layers
surface S0 is obtained. The length of the compaction roller is 120 mm.
r, R and H are 20 mm, 40 mm, and 35 HA, which are the same as that
in Section 2.2. The compaction force is set to 600 N.



Fig. 4. (a) Experimental setup for compaction test; (b) curves of through-thickness modulus E3 with time under defined loads at 25 °C.

Table 3
Through-thickness modulus E3(2 min, 25 °C) of USN12500/7901 unidirectional carbon/epoxy prepreg (at ambient temperature of 25 °C under a load for 2 min).

Load (MPa) 0.1 0.2 0.3 0.4 0.5 0.6

E3 (MPa) 3.58 5.88 8.39 12.17 9.47 16.65
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In the following, the algorithm is explained by calculating the pres-
sure distribution around point P1. In Fig. 5, Step 1 is a preparation step,
which aims to obtain the required inputs of the model: (i) the number
of previous layers and the thickness of each layer; (ii) the coordinates
of each path point Pj and offset path point Pjʹ relative to the mold; (iii)
the tangential direction along the path at Pjʹ, and the normal direction
of the layers at Pj and Pjʹ (to determine x‐axis, z‐axis and γ); (iv) the
points cloud of layers surface around Pjʹ; (v) the value of inner diame-
ter, outer diameter, length, EC and k of the compaction roller; (vi) the
value of compaction force; (vii) the through‐thickness modulus E3(t, T)
of prepreg.

In Step 2, the initial relative position of the compaction roller and
the layers surface S0 is set as follows: the roller axis is parallel to y‐axis,
and the direction of the compaction force is parallel to z‐axis. The ini-
tial distance c between the roller axis and the origin O(P1) is set as
(R + r)/2. Then the surface needs to be discretized and then obtain
the pressure at each discrete point numerically due to the irregular
mold surface. In order to improve computational efficiency, the layers
surface S0 is cut appropriately around P1ʹ, then a much smaller surface
S is obtained. After that, discretize S to create point clouds {A0}, as
shown in Fig. 6(b) and 6(c).

In Step 3, combining bisection method, the compaction pressure
around P1 is calculated by Eqs. (5) and (6). e is the control accuracy,
whose value is taken to be F/100. The deformation of the layers is cal-
culated in Step 4, and the number of iterations is taken to be 3. And in
Step 5, the compaction pressure distribution around P1 is obtained, as
shown in Fig. 6(d) and 7(a). It takes less than 4 s to calculate the pres-
sure distribution around a path point. (The points cloud spacing is set
5

to 1 mm, and the CPU of the computer used is AMD A10‐5757 M
2.50 GHz.) Similarly, the pressure distribution around P2, P3 and P4
can also be obtained by the algorithm, as illustrated in Fig. 7(b)(c)
(d). By repeating this method, the compaction pressure distribution
in the whole AFP process can be obtained.
4. Experimental validation

4.1. Experimental setup and materials

The experiment of compaction pressure distribution measurement
was carried out to validate the model. Fig. 8(a) shows the 16‐tow
six‐axis gantry AFP machine, developed by Zhejiang University. And
Fig. 8(b) shows the winglet mold of ARJ21. The slit‐tapes used was
USN12500/7901 unidirectional carbon/epoxy prepreg with a width
of 6.35 mm, supplied by Guangwei Composite, and the resin fraction
is (33 ± 3) %. The parameters of the mold surface, compaction roller
and slit‐tapes are the same as that in Section 3.

In order to accurately measure the pressure distribution and con-
tact zone, the pressure measurement film was used, which is provided
by FUJIFILM Corporation. The film is composed of an A‐Film and a C‐
Film, as shown in Fig. 8(c). The former is coated with a layer of micro‐
encapsulated color‐forming material and the latter with a layer of
color‐developing material. They are positioned with the coated sides
facing each other. When pressure is applied, the microcapsules in A‐
Film are broken, and the color‐forming material reacts with the
color‐developing material and then red color appeared on C‐Film.
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The color density changes depending on the amount of pressure
applied, which needs to be kept for 2 min to allows color‐forming
material to fully react with color‐developing material. The thickness
of A‐Film and C‐Film are both 0.1 mm, and the out surface is smooth.
The pressure that can be accurately measured ranges from 0 to
0.6 MPa, and the temperature is required to be 20 °C ~ 35 °C.

FUJIFILM Corporation provides the calibration relationship
between color density and pressure (see Fig. 8(d)). However, the color
density is difficult to read, thus it needs to be converted into gray scale.
Fit the relationship between the color sample density and gray scale, as
depicted in Fig. 8(e). Combining Fig. 8(d) and (e), the corresponding
relationship between the gray scale and the pressure can be obtained.

4.2. Experimental process and results

Five prepreg layers were pre‐placed onto the mold surface, then the
pressure measurement films were laid on the layers around the path
points P1, P2, P3, P4. After that, the AFP head moved along the path l
above the mold, stoped at the target path point and applied a static
compaction force of 600 N onto the mold, as shown in Fig. 9(a). The
force was parallel to the normal direction of the layers surface, and
maintained for 2 min to be consistent with the pressure time in the cal-
ibration of the film. The heater of the AFP head was turned off in order
to meet the temperature requirement of the film. In addition, the ambi-
ent temperature was kept at 25 °C with a relative humidity of (52 ± 3)
%. Finally, the color density distribution on the films was obtained, as
shown in Fig. 9(b)(c)(d)(e).
Fig. 5. Flow chart of the algorithm for compaction pressure distribution.
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Fig. 9(b) – (e) was then converted into a gray scale figure, and then
converted to compaction pressure distribution, as shown in Fig. 10.
From the viewpoint of the contact area and the pressure distribution,
the experimental results (Fig. 10) and the theoretical results (Fig. 7)
are similar. We believe that the difference between the two results is
mainly caused by the following reasons.

(i) Due to the existence of tiny bumps on the surface of layers and
layup defects such as gaps and blisters, the fluctuations of the
pressure and even the contour of each slit‐tape can be clearly
seen from the experimental results.

(ii) There is a concentration of contact pressure at the left and right
sides of the contact zone, which is a feature of the contact of
cylindrical body [20], as can be seen from Fig. 9(a)(b)(d). How-
ever, this is not considered in the model since the spatial prob-
lem is simplified into a plane one.

(iii) The pressure measurement film itself has a measurement error
of 0.06 MPa. And the motion error of the AFP machine is
around 0.8 mm, leading to a difference between BaseTH and Base-
TPj in Eq. (1).

Given the above aspects, it can be considered that the model is
effective.

4.3. Additional AFP experiments

Around path point P3, the area of the left and right sides of the con-
tact zone was not subjected to sufficient pressure, resulting in low tack
level, and the number of layup defects may increase [5,26,27]. In
order to understand the practical value of the model, 16‐tows place-
ment experiment was carried out along path l, as shown in Fig. 11
(a). The layup speed, compaction force and power of the infrared hea-
ter were set as 30 mm/s, 600 N and 120 W, respectively.

After the placement, small wrinkles appeared at the 1st, 2nd and
16th slit‐tapes near point P3, as shown in Fig. 11(b). Moreover, the
three slit‐tapes were not even sticked to the previous layers. The pro-
cess conditions (except for compaction pressure) of the all 16 slit‐tapes
Fig. 6. (a) The surface S0 of the fifth layer, and the path points P1, P2, P3, P4 of
the path l; (b) the surface S around point P1ʹ after appropriate cut of S0; (c)
point cloud {A0}; (d) compaction pressure distribution around P1.



Fig. 7. Numerical calculation results of the compaction pressure distribution around path point: (a) P1; (b) P2; (c) P3; (d) P4.

J. Jiang et al. Composite Structures 256 (2021) 113101
are almost the same, thus it seems that the wrinkles and the low tack
strength are related to insufficient pressure.

Since the mold surface here is convex and there is no steering, the
defects were not obvious. However, for small steering radius, the wrin-
kles will be more obvious if the pressure is low. And for concave mold,
one component of the tension in the slit‐tapes is a peeling force, which
weakens the pressure and may cause bridgings. In a word, the model
can be used to predict the layup defects and layup quality, combining
with the shape of mold surface.

Furthermore, according to Eq. (5), the pressure distribution can be
improved by selecting appropriate compaction roller: rollers with
smaller hardness, length and inner radius, and with larger out radius
are better. In addition, reducing the number of slit‐tapes before AFP
is another way to improve pressure distribution. Moreover, means
7

such as increasing layup temperature and decreasing layup speed
can be taken to compensate for the impact of insufficient pressure.

5. Conclusion

The compaction pressure distribution in AFP is an important pro-
cess parameter, but received little attention. In this paper, after two
simplifications, a model of compaction pressure distribution for layup
onto irregular curved mold surface is established by analyzing the con-
tact deformation and contact stress between the compaction roller and
prepreg layers. Two unknown parameters in the model are fitted by
finite element simulation. And the through‐thickness modulus of pre-
preg is obtained by compaction tests. Based on the model, a numerical
algorithm for calculating compaction pressure distribution in the



Fig. 8. Experimental setup and pressure measurement film: (a) the 16-tow six-axis gantry AFP machine; (b) the winglet mold; (c) the principle of pressure
measurement for the pressure measurement film; (d) the corresponding relationship between pressure and color density; (e) the fitting result of relationship
between color sample density and gray scale.

Fig. 9. (a) Compaction pressure distribution measurement experiment; (b) color density distribution on the pressure measurement film after the pressure around
point P1; (c) around P2; (d) around P3; (e) around P4.
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Fig. 10. Experimental results of the compaction pressure distribution around: (a) P1; (b) P2; (c) P3; (d) P4.
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whole AFP process is proposed, and the pressure distribution around
four path points of a winglet mold is obtained by the algorithm. In
addition, pressure measurement experiment was carried out and the
compaction pressure distribution around the four path points was
obtained by pressure measurement film. Moreover, additional AFP
experiment was preformed to understand the practical value of the
model.

Combining with the shape of mold surface and placement paths,
the model can be used to predict the pressure distribution in the whole
AFP process. With the pressure distribution, the layup defects and
9

layup quality can be better analyzed. In addition, the model provides
a basis for selecting appropriate compaction rollers and determining
the number of slit‐tapes before placement, and has some practical
application value.
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Fig. 11. Additional AFP experiment: (a) 16-tow placement along the path l;
(b) small wrinkles appeared near point P3.
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