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Abstract

Automated fiber placement (AFP) enables the efficient and precise fabrication of complex-shaped aerospace com-
posite structures with lightweight and high-performance properties. However, due to the excessive compression

on the inner edge of the tow placed along the curved trajectory, the resulting defects represented by buckling

and wrinkles in spatial tow steering can induce poor manufacturing accuracy and quality degradation of products.
In this paper, a theoretical model of tow buckling based on the first-order shear deformation laminate theory, linear
elastic adhesion interface and Hertz compaction contact theory is proposed to analyze the formation mechanism
of the wrinkles and predict the formation of defects by solving the critical radius of the trajectory, and finite element
analysis involving the cohesive zone modeling (CZM) is innovated to simulate the local buckling state of the steered
tow in AFP. Additionally, numerical parametric studies and experimental results indicate that mechanical properties
and geometric parameters of the prepreg, the curvature of the placement trajectory and critical process parameters
have a significant impact on buckling formation, and optimization of process parameters can achieve effective sup-
pression of placement defects. This research proposes a theoretical modeling method for tow buckling, and conducts
in-depth research on defect formation and suppression methods based on finite element simulation and placement
experiments.

Keywords Automated fiber placement, Spatial tow steering, Buckling mechanism, Process optimization

1 Introduction interlaminar bonding strength, as a result of local com-

Automated fiber placement (AFP) can realize high-pre-
cision forming of laminated composite structures [1-4],
such as aeroengine fan blades, aircraft inlets [5], satellite
antenna, etc [6]. Nevertheless, unidirectional prepreg
tows steered in three-dimensional space by robotic
fiber placement can cause defects [7-12] that reduce

*Correspondence:

Fei Liu

feiliulf@buaa.edu.cn

! School of Mechanical Engineering and Automation, Beihang University,
Beijing 100191, China

2 Advanced Manufacturing Center, Ningbo Institute of Technology,
Beihang University, Ningbo 315100, China

? Ningbo Institute of Materials Technology and Engineering, Chinese
Academy of Sciences, Ningbo 315201, China

@ Springer Open

pression on the inner edge of the curved tow.

In order to explore the formation mechanism and
suppression method of defects in tow steering, Beakou
et al. [13] first proposed a local approach for tow buck-
ling modeling of the first ply based on an anisotropic
plate on an elastic foundation, and calculated the criti-
cal buckling load and steering radius by Ritz energy
method [14]. To ameliorate the theoretical model,
the deflection function was optimized by Matveev
et al. [15] based on more accurate boundary condi-
tions, a tangential shear layer was introduced into
the elastic foundation to accurately characterize the
shear tackiness, and the stress relaxation function was
employed as the description method for time-depend-
ent viscoelastic behavior of the interfacial tackiness.
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Kheradpisheh and Hojjati [16] adopted Koiter imper-
fection model to modify the deflection through the
amplitude evolution process of the wrinkles, and solved
the critical value employing Galerkin method and the
finite difference method (FDM). However, according to
Belhaj’s research, the prepreg tackiness plays an impor-
tant role in inhibiting the formation of defects, and the
linear elastic layer employed above cannot accurately
characterize the interfacial performance [17]. A global
modeling approach [18] was proposed by Nima to cap-
ture the trends, patterns, and frequency of wrinkles and
blisters, of which the main strategy is to simulate the
prepreg tack through Cohesive Zone Modeling (CZM).
An optimized local theoretical model based on contact
mechanics was combined with the global simulation
analysis to elaborate the defects formation mechanism,
and the models were verified by sufficient trials qualita-
tively with the influence of process parameters.

The aforementioned researches on buckling models
focus on the influence of lateral bending of local prepreg
tow on the formation of wrinkles in two-dimensional
plane [19-21], limiting the application of theoreti-
cal analysis methods in tow steering tremendously. The
placement trajectory of aerospace structures based on
AFP possesses high complexity and multiple characteris-
tics [22], limited by the complex geometric features and
bearing conditions, which is manifested in a complicated
bending-torsion coupling state in three-dimensional
space, including the horizontal bending along the width
direction of the prepreg in placement surface and the
rotation of the cross-section in space. The simple plane
deformation theory of lateral bending cannot meet the
analysis requirements of spatial tow steering for hetero-
typic structure, and the modeling strategy and charac-
terization method for buckling and wrinkles in spatial
tow steering is still in blank. In addition, there is a neces-
sity to analyse the influence of the contact state [23-26]
between the compaction roller and the tows in depth to
reveal the causes for defects formation, and the theoreti-
cal model can be modified and ameliorated to be in quite
good agreement with the actual conditions.

In this paper, a theoretical model with solution proce-
dures of tow buckling in spatial tow steering based on the
first-order shear deformation laminate theory is estab-
lished for complex structure forming, and an approach
for simulation modeling and numerical analysis is estab-
lished to reveal the influence of the coefficients in theo-
retical model. Sufficient AFP experiments to validate the
buckling theory have been conducted and the results are
illustrated in detail to demonstrate the inhibitory effect of
optimized processes on defects. Finally, the achievements
are summarized compendiously with deficiencies at pre-
sent for further research on defect suppression in spatial
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tow steering, in order to improve the forming quality of
composite structures.

2 Modeling Approach for Tow Buckling

Considering that the research objective of this paper is
the mechanism and prediction method of tow buckling
under the bending-torsion coupling state in three-dimen-
sional space, which is being laid on the layers or the
mold, it is necessary to develop the tow steering model
on laminates with complex surfaces. The buckling of the
spatial steered tow proposed in this section can be mod-
elled as the out-of-plane wrinkles [27] of a rectangular
plate placed on an elastic foundation under non-uniform
bending-torsional coupling loads. Among them, the elas-
tic foundation is used to indicate the degree of adhesion
between the tows to be laid and the layers or the mold,
and the external loads are applied through the coopera-
tion of the compaction roller and the mold with complex
surface.

2.1 Adhesion Characterization Method
In the process of progressive placement, the resin flows
and fuses at the interface between the layers and the tow
to be laid under compaction and heating, resulting in a
certain degree of interlayer bonding [28]. Due to the fact
that the time-varying stress-strain relationship of the
resin matrix is not a research focus, the Pasternak linear
elastic foundation [29] is used to establish the theoretical
model of interfacial stress caused by tow buckling. The
elastic interfacial model established is illustrated in Fig-
ure 1. The elastic properties of the interlaminar adhesion
are simulated by spring elements. Wherein, the stiffness
coefficient k of the spring can be used to characterize the
relationship between the separation interfacial stress and
the peeling displacement.

In this paper, the adhesion of the prepreg [30-33] is
characterized as an elastic interface composed of elastic
elements, which can be mathematically expressed as:

q(xy) = ko(x,), 1)

where g is the adhesive stress between the tow and the
layers or the mold, k is the stiffness coefficient of the
adhesion interface, and o is the displacement of the tow
along its surface normal direction, which will be denoted
by the deflection hereinafter.

2.2 Spatial Tow Steering Theory

Different from the traditional lateral bending buckling
model of plate structure based on classical laminate
theory, the prepreg tows for the placement of com-
plex structures are usually in the bending-torsion cou-
pling state, and the 2D model neglecting the normal
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Layers

Figure 1 Diagram of the interfacial model based on elastic foundation

Figure 2 Schematic diagram of tow spatial deformation

shear deformation cannot accurately describe the com-
plex deformation state of the steered tow. In this paper,
the three-dimensional deformation state of the tows
is decomposed into the rotation of the cross-section
around the Cartesian coordinate axes, where the rotation
around the z-axis is used to reflect the in-plane bending
of the tow under the compression and rotational trac-
tion of the compaction roller, while the rotation around
the x-axis and y-axis is attributed to the constraints of the
geometric characteristics of the mold surface.

2.2.1 3-D Deformation Theoretical Model

In order to establish the steered tow deformation model
consistent with the actual working conditions, based on
the local analysis method, the following assumptions are
made:

(1) As shown in Figure 2, the four edges of the local
tow to be analyzed are in different states of stress and
deformation. The two edges along the width direc-
tion of the tow are fixed, that is, the initial boundary
and the compacted boundary do not buckle, while
the compressed inner side is free to form buckling
and wrinkles, and the tensile edge is a simply sup-
ported boundary with good adhesion to the mold.
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(2) The cross-section of the tow is subjected to cou-
pling in-plane bending moment longitudinal spa-
tial torque T and out-of-plane bending moment M
under the interaction between compaction roller
and mold, which results in local transverse bend-
ing, three-dimensional torsion and warpage of the
tow, respectively. The in-plane bending moment is
represented by linear loads symmetrical to the neu-
tral plane, while the spatial torsions are character-
ized by the rotation angle 6, and 0, of the tow sec-
tion.

Different from Kirchhoff thin plate hypothesis [34],
the normal shear deformation is introduced into the
tow steering model to represent the complex deforma-
tion state of the prepreg in spatial steering, and then
the spatial buckling model for the placement of compli-
cated parts can be constructed and analyzed.

Based on the first-order shear deformation lami-
nate theory, the torsion angle of the tow cross-section
around the x-axis is 6,, and the warpage angle around
the y-axis is 0,, so the displacement field of the local
tow in spatial steering can be expressed as

u(x,y,2) = uo(x,y) — 20, + 205 (x, y),
v(x,9,2) = vo(x,y) — zwy + 20y (%, y), 2)
o (x,9,2) = 0(x,Y),

where u is the displacement along the x-axis direction,
v is the displacement along the y-axis direction, and the
subscript comma represents the derivation of the physi-
cal quantity.

The introduction of rotation angles around the coor-
dinate axes achieves the characterization of the defor-
mation of fiber tows in three-dimensional space, which
enables the tow buckling theory to break through the
limitations of two-dimensional planes and expands the
application to complex structures.

Then, the strain-displacement equation can be
expressed as
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where ¢ is the normal strain of the local tow, and the y is

the shear strain.
The stress-strain relationship can be obtained as

Oy Q11 Q12 0 &x
6=|0y | =Qe=|Q12Qn 0 &y |
Txy 0 0 Q66 Vxy

_ | Tz | _ - Qs5 0 Vxz
=[] er= [T alli)
(4)

where o is the normal stress of the tow, 7 is the shear
stress, and Q is the simplified stiffness matrix:

En
Qu=—",
1—vpvy
v12E22
Qi = —"7",
1—vpvy
Ey
Qp=—""—, ®)
1— vy
Qu4 = Ga3,
Qs5 = Gi3,
Qs6 = G12,

where E is the tensile modulus of the tow, v is the Pois-
son’s ratio, and G is the shear modulus.

Continuous fiber prepreg is orthotropic, therefore the
stiffness coefficient matrix Q is a symmetric matrix. Due
to the negligible variation of deflection along the thick-
ness direction, the values of the elements Q,; and Q,, are
0.

2.2.2 Boundary Conditions and Mechanical Analysis

On the basis of actual placement trials, we assume that
the initial edge of the local tow cannot buckle or rotate
relative to the mold, and the research object focuses on
the edge compacted under the roller to describe its state
in three-dimensional space, thus characterizing the tow
spatial steering.

The tow in the initial placement region is laid hori-
zontally and straight, of which the deflection, rotation
angles and their variation trend are all zero, resulting
in a fixed initial edge. The edge being compacted is sta-
tionary relative to the mold in normal direction, that is,
there is no buckling deflection or tendency. The rota-
tion angle of the compacted edge around the x-axis,
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defined as torsion angle, varies continuously along the
length of the tow and gradually increases from zero to
a specific value, and remains constant along the width
due to the narrow width of the prepreg. Simultane-
ously, in order to refine the model, this paper stipulates
that the rotation angle of the compacted edge around
the y-axis, i.e. the warpage angle, changes along the
x-axis, that is, the tow is laid horizontally at the begin-
ning, and the placement trajectory gradually rotates
around the y-axis as the laying length increases, while
the angle keeps invariant across the width.

The compacted edge is steered to bend laterally due
to the moment generated by the rotation of the com-
paction roller tangent to the mold surface, resulting in
the compression on the inner side and the extension on
the outer side of the tow. When the compressive load
exceeds the critical value, buckling instability occurs on
the compressed edge in spite of the adhesion between
the tow and the mold, manifested as the formation of
wrinkles. Furthermore, torsion of the tow around the
x-axis and warpage around the y-axis also affect the
formation of defects.

On these grounds, the kinematic boundary condi-
tions of the three-dimensional deformation model of
the steered tow are as

wx=0)=0,w,x=0)=0,
wox=a)=0,wyx=a)=0,

o(y=1b) =0, wy(y=>b) =0, (6)
Gy(x =0)=0,0)x(x= 0) =0,
Ox(x=0) =0, O x(x =0) =0,

where a is the length of the local tow, and b is the width.

The in-plane bending moment of the tow cross-sec-
tion can be simplified as loads distributed linearly and
symmetrically along the width, thus a free-stress neu-
tral plane is formed at the center of the local tow, as
shown in Figure 2. The external loads along the y-axis
distributed in the cross-section of the tow can be sup-
posed as

Ni(y) = —=7 = No, (7)
where N, is the maximum value of the in-plane load,
located at the boundary of the cross-section of the
prepreg tow.

In addition to the in-plane linear loads, the external
forces also comprise the torque and moment applied to
the tow by the compaction roller and mold that cause
distortion and warping deformation, and the effect of
external force work on the buckling model will be elu-
cidated below.
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2.2.3 Improved Solution Procedure

In the first step, an improved deflection equation for tow
buckling is proposed, which satisfies the boundary condi-
tions completely and accurately.

oo o0

2mmnx 2n—1Dm
w(x,y)ZZZwmnO—c . )cos > )
m=1 n=1
(8)
where w,,, is the undetermined deflection coefficient.

The angle equations for the rotation of the tow cross-sec-
tion around the x-axis and y-axis are

_ > 2m — 1)nx
Oy(x) = Z Om (1 — cos s ),
—Dmx
Ox (%) = Zén(l— cos ——— )

where 0,, and 8, are the coefficients of the angles.

The rotation angle equations established above satisfy the
torsional boundary conditions, and can be used to charac-
terize the force and deformation state of the local tows in
spatial steering for the formation of complex structures.

It can be concluded from Eq. (9) that the angles vary
along the x-axis, which can be assumed to be constant
across the y-axis direction due to the narrow width of the
prepreg tow.

Secondly, the in-plane strain potential energy equation of
the tow can be obtained as

D11 (Oxx )2 +2D12(0yy — @yy)
/ / x,x - wxx + Dy (Gy’)’ - a)'yy)z-‘r dxdy’

Des By + Oy — 20,09) " + As562 + Aaa?

(10)
with
h
Aj = / Qjdz = Qyih,
0

(11)

h
1
D =/ Qjz’dz = gQijhg,
0

where 4 is the thickness of the prepreg, A is tensile stift-
ness matrix, and D is bending stiffness matrix.

Subsequently, the potential energy of the elastic interface
is given by
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1 a b
- E/ / q(x,y)a)(x,y)dxdy
o Jo
1 a b
== / / kew?*dxdy.
2 Jo Jo

The work done by the in-plane loads on the local tow
can be expressed as

Wi = //wa dxdy
2N
//(boy N0>a) dxdy.

The work done by the cross-sectional torque of the tow

is written as
bTe
/ / ydxdy
62 1 , Giafbh3
== Giofbl® 2L dxdy ~ 62 22077
2/0 /0 128 x3 ey 2" g

where the coefficient 5 can be taken as 0.32.
And the work done by the out-of-plane bending
moment can be simplified as

(12)

(13)

(14)

1 [* [ Mo 1 ., Eibh3
=f/ * dudy ~ —02 21 (15)

2" 12a
According to the Rayleigh-Ritz method, the total

potential energy of the buckling model system can be

presented in the form
N=U+V—-|W1 + Wy + Ws|. (16)

By substituting Eqs. (9), (11)-(14) into Eq. (15), the total
energy equation can be extended as follows

-DllEmn + 2lDlZFrnn + D22Gmn+ T
D66Hmn + A551mn + A44]mn+
1 i i 3 m?  2bN,
5 Zabke?, — w2, ———— o1,
2 m=1n=1 4 " " (2n — 1)2 a
02 GBbh3 92E11bh3
"ooqg " 12a J
(17)

with
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L Omtn T \amt 2n—1 ' 2n—1—4m
r 2 2_4
m-(2n —1)“m
wfnn ( ) + (_1)n+1wmn9n
Foo_ 8ab
m 2n—1)>2 2 1 1 ’
L 2b 2n—1) 4dm+2n—1 2n—1—4m
32n — 1)*nta
G = wfnnis, (18)
128b
o2 @m—1*%  , m?@en—1)>x*
Hoo e 8a mn 2ab
" (=18 8m(2m — 1) 1 ’
-1D)"w
e a 6m—1 2m+1
3a 4a
1 — 92 - _ 1\ ,
" ”[2“ )(2 —l)n}
3a 4a
Jonn m[z V" _I)TJ

In order to achieve an efficient prediction of defect for-
mation, it is necessary to solve the critical load N, for
buckling, and only the critical value for the first buck-
ling mode will be deduced in this paper, i.e. m and # are
taken as 1. Based on the principle of minimum poten-
tial energy, differentiation of total potential energy with
respect to deflection coefficient and maximum angles
leads to the relationship between deflection coefficient,
rotation angles and critical load of the tow in steady state:

ol _ oIl _ oIl _,
90, 00,  Owmm

(19)

Furthermore, the critical in-plane load and trajectory
radius for tow buckling can be derived as

No =D n4+ 6, 8 4D it n 6, 8a
o= T 154 21852 " w0 1562

‘D 3n4a2+D at 6, 16 3,

— — — — — —a,
22956b% 7%\ ab? T w,, 15b] ' 8
(20)

with

On Db + D1

@ran D%t +A55(3ﬂ—8;“)b—5%72hs

Om De6 1

Wmn D66%2ab + Aga (361 — %)b - 72G[Zhh3

According to the moment-curvature relationship, the
critical radius for fiber bundle buckling can be obtained:
_ Eq11bh

cr — 2 Ncr ’

(22)
where R, is the critical radius of the steered tow.

2.3 Refinement Method for Buckling Mechanism

It can be seen from Eq. (20) that the adhesion coefficient
of the elastic interface k needs to be determined, which
is closely related to the interlaminar bonding perfor-
mance and placement forming quality. In addition, the
lack of correlation between the theoretical model for
spatial steering and the placement technique will not be
conducive to the comprehensive optimization of process
parameters, resulting in great importance of the identi-
fication of the adhesion coefficients and introduction
of process parameters into the buckling model in this
section.

2.3.1 Identification of Adhesion Coefficient
The adhesion coefficient k can be used to characterize the
relationship between the peeling force and detaching dis-
placement [35], which can be regarded as a linear func-
tion based on previous peeling tests. Therefore, k is the
time-independent slope of the force-displacement curve
before the tow completely separates from the mold.

The intimate contact theory [36] is used to represent
the actual contact degree between the bonded layers to
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Figure 3 Schematic diagram of the circular cantilever beam

characterize the adhesion coefficient k in this paper, of
which the expression is

(21c) a2 "
k=« 7tiC =u )
n nv

where «a is the coefficient related to the geometric mor-
phology of the initial prepreg surface, P is the compaction
pressure exerted by the roller on the tow, ¢, is the contact
time between the tow and the roller, 7 is the temperature-
dependent viscosity of the resin matrix, 4, is the width of
contact area, and V'is the placement velocity.

The viscosity # of the resin can be obtained by the
empirical relationship between liquid viscosity and
temperature:

(23)

RS

n= Aek, (24)

where A and B are empirical constants, and K is the ther-
modynamic temperature.

2.3.2 Compaction Pressure Distribution

The flexible roller will deform to a certain extent during
the compaction process, resulting in a direct effect on
the magnitude and distribution of the pressure decided
by the compaction force and roller material [37]. The
distribution of compaction pressure can be divided into

Table 1 Material properties and model parameters
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longitudinal distribution along the length direction of the
tow and transverse distribution along the width in the
real-time contact area. Due to the narrow width of the
prepreg, the transverse distribution of pressure is con-
sidered to be uniform, while the longitudinal distribution
induces the maximum pressure.

A placement compaction theory of pressure distribu-
tion based on Hertz theory can be proposed, in which the
contact between the flexible roller and the mold can be
regarded as the contact between an elastic cylinder and
rigid semi-infinite body, as shown in Figure 3. Wherein, r
is the radius of the compaction roller, /,, is the deforma-
tion depth, and d is the width of the roller.

Based on Hertz contact theory, the deformation depth
is linearly proportional to the compaction force:

4F
hiCZ T[E*d’ (25)
where E* = %, E is the elastic modulus of the roller, v,
is Poisson’s ratio, and F is the compaction force.
The width of the contact area can be given by
die = 2/7hie = 4| . (26)
ndE*
Then, the compaction pressure is calculated by
E*hj, | FE*
P = = . 27
d,’c nird ( )

Substituting Eqgs. (26) and (27) into Eq. (23), a new
expression of the adhesion coefficient k can be reorgan-
ized as

. aF \ 5
N Ol(m]dV) '

3 Numerical Analysis and Simulation

In order to reveal the relationship between the model
parameters and the critical radius of placement tra-
jectory, the effects of material properties and process

(28)

Parameters E;,(MPa) E,,(MPa) G,,(MPa) G,3(MPa)
Values 121000 8600 4700 3100
Parameters G,5(MPa) Vi, V1 h(mm)
Values 4700 0.27 0.0192 0.15
Parameters r(mm) d(mm) E (MPa) v,

Values 20 30 7.845 0.48
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Figure 5 Effect of the adhesion coefficient

conditions are analysed in detail. Furthermore, the
finite element software is employed to establish the

simulation model of forming defects for qualitative
validation.

3.1 Influence of Theoretical Model Coefficients

Based on the experimental data and measurements, the
material properties and device parameters used in the
theoretical model are shown in Table 1. In addition, the
adhesion coefficient of the bonding interface is assumed
to be 2.25 X 108 N/m°.
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Figure 4 Effect of prepreg parameters: a Effect of tow length with different widths, and (b) Effect of tow thickness with different widths

3.1.1 Effect of the Prepreg Parameters

It can be concluded from Eq. (20) that the geometric
parameters of the prepreg material have a significant influ-
ence on the critical in-plane load for the buckling of the
spatial steered tow, including the length, width and thick-
ness of the prepreg. The effects of prepreg parameters are
investigated and analyzed in detail below, and four com-
mon widths of tows were selected for comparison.

Figure 4a shows the critical radii for tow buckling at dif-
ferent lengths and widths. For tows with different widths,
the longer the length, the larger the critical trajectory
radius for buckling, i.e. the more prone to form defects,
which can be explained by the fact that longer tows store
more energy and buckle more easily when compressed.
In addition, the narrower the tow, the smaller the critical
radius and the less prone to buckling. It is obvious that the
width has a significant impact on the buckling of the tow,
and the small width prepreg can be applicable for auto-
mated placement in the trajectory with large curvature.

The increment of the thickness has an obvious inhibi-
tory effect on wrinkle formation. As the thickness of the
tow increases, the critical trajectory radius decreases,
demonstrating that it is less prone to buckling. Simulta-
neously, as shown in Figure 4b, the width also plays an
important role in the sensitivity of the critical radius
to thickness, similar to the role in the influence of the
length. More precisely, the positive increase in width
reduces the ability of the tow to resist buckling, mak-
ing it more susceptible to instability in spatial steering.
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Figure 6 Schematic of tow steering simulation model
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Figure 8 Simulation results of tow buckling

Post processing of buckling
simulation in Eigenvalue Buckling

Figure 7 Flow chart of tow steering simulation 3.1.2 Effect of the Adhesion Coefficient
The adhesion performance between the tow and the mold
also has a certain impact on the critical buckling radius.
Figure 5 shows the ability of tows with different widths to
Specifically, when the width of the tow reaches 25.4 mm,  resist buckling for various adhesion coefficients, in which
a slight increase in thickness allows the tow to withstand  the larger the adhesion coefficient, the smaller the bend-
a significant increase in trajectory curvature without ing radius of the tow when wrinkling occurs, and the
buckling. trend of the width influence remains unchanged.
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3.2 Simulation Modeling Strategy

The simulation model is established by ANSYS software
and consists of four important parts: a flexible compac-
tion roller with a rigid mandrel, a prepreg tow to be laid,
a mold with a complex surface, and a laminate with a
set of layers placed on the mold. The rigid mold can be
designed to realize the torsion and warpage of the trajec-
tory corresponding to the rotation of the tow around the
coordinate axes in the theoretical model. Additionally,
a tensile force is applied at the end of the tow to keep it
in tension, and the mandrel is subjected to the compac-
tion force perpendicular to the mold surface and rotates
around the vertical axis, so that the tow can be steered in
space by the roller. The complete finite element simula-
tion model, external load and rotation conditions of the
prepreg tow are shown in Figure 6.

In order to make the model closer to the actual working
conditions on the basis of simplified calculation, the con-
tact type between components needs to be optimized.
Among them, the contact between the mandrel and the
roller, the roller and the tow, the layers and the mold are
set as bonded contact, meaning that there is no relative
sliding between them, while the contact between the
tow to be laid and the laid-up layers is difficult to define
due to its role in characterizing the interlayer adhesion.
The Cohesive Zone Modeling of ANSYS can be utilized
to simulate the delamination mechanism of prepreg in
placement process, and the detailed modeling steps are
elaborated systematically below.

3.2.1 Modeling Procedure
First, the cohesive zone is established in the engineer-
ing data as the interface between the tow and layers to

= Placement
Head

Figure 10 Robotic fiber placement and aerostructure mold

simulate the adhesion performance. The interfacial
adhesion is characterized by the fracture-energies based
debonding property, of which the maximum normal
contact stress and the critical fracture energy for normal
separation can be employed to represent the debonding
property of the interface. Secondly, the contact debond-
ing failure and buckling analysis mechanism is estab-
lished in the simulation model, based on which the loads
and constraints are applied to solve the stress and strain.
The modeling procedure is given in Figure 7.
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The material of the compaction roller is silicon aniso-
tropic, the prepreg is set as Epoxy Carbon UD prepreg,
the mold is structural steel. The buckling phenomenon of
the spatial-steered tow is shown in Figure 8. The spatially
deformed tow will buckle obviously under the action of
in-plane bending moment on the cross-section, resulting
in forming defects such as buckling, delamination, and
wrinkles.

3.2.2 Simulation Verification

To validate the effect of prepreg dimensions on tow
buckling, the critical moments were recorded when the
wrinkles appear and the critical radii can be calculated to
be compared with theoretical values. In the simulation
model, tows with two commonly used widths 6.35 mm
and 12.7 mm are adopted for buckling simulation, and
the results have been analyzed with the theoretical
model.

From Figure 9a, it can be concluded that the simulation
results of the dependency of the tow length on the criti-
cal radius are generally similar to the theoretical calcula-
tion values, especially the trend of the correlation curve
is consistent with a theoretical curve in spite of the differ-
ent widths. The corresponding relationship between the
thickness of the tow and the critical radius is shown in
Figure 9b, and the trend of the curve is the same as the
theoretical calculation results. However, the simulated
values of the critical radius in Figure 9 are slightly larger

> 60> 6,> 0,
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Figure 11 lllustration of torsion state of tows
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than the theoretical values, indicating that the adhesion
in the simulation model has insufficient inhibitory effect
on the buckling of the tow. And there is no significant
correlation between the difference value and the width,
length, and thickness of the tow. The difference is due to
minor mismatch in the maximum normal contact stress,
critical fracture energy, and adhesion coefficient in the
CZM, resulting in insufficient adhesion of the cohesive
layer to the tow and mold. This mismatch can be com-
pensated for by correcting the coefficients of CZM to
ensure that the curvature of the stress-displacement
curve for the simulated detachment of the tow is con-
sistent with the adhesion coefficient k. Therefore, despite
certain differences, the correspondence between the crit-
ical radius and the dimensions of the tow has been veri-
fied through simulation models.

4 Experimentation and Discussion

The self-developed monofilament robotic fiber place-
ment (RFP) and aerostructure mold shown in Figure 10
were employed for experiments to verify the theory of
buckling formation during spatial steering placement.
The T700/epoxy prepreg produced by Guangwei Co.,
Ltd. in Weihai, China, was used for trials, of which the
width is 6.35 mm, the tensile strength is 2300 MPa, and
the tensile modulus is 115 GPa. The ambient tempera-
ture in the laboratory was 21 °C and the relative humidity
was 28.9%. The resin content of the prepreg is 33%, which
shall be stored in the refrigerator for thermal insulation
before placement tests. The adjustment of the compac-
tion force can be realized by driving the fiber placement
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Figure 13 Experimental results for different bending moments

head of the industrial robot to exert pressure on the tows,
and the force was monitored in real time by the force
sensor installed between the head and the manipula-
tor arm. The temperature of the placement area was set
at 40 °C, heated by infrared heaters mounted in front of
the roller on the placement head. The laying velocity was
determined by the terminal execution speed of the indus-
trial robot, which can be modified in the motion control
program after the completion of the spatial-steering tra-
jectory planning.

4.1 Effect of Torsion Angle
The complex aerostructure mold used in this paper gen-
erates multiple trajectories with different torsion angles
during placement based on geometric features and
mechanical properties. In Figure 11, the prepreg tows
are gradually twisted along the placement direction, and
the torsion angle increased along the direction of the red
arrow. The compaction force was 60 N, the laying-up
velocity was 200 mm/s, and the radius of the trajectories
was 800 mm.

With the increment of torsion angle, the possibil-
ity of buckling increases when the tow is laid along the
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spatial curved trajectory, and the degree of wrinkles
increases significantly as shown in Figure 12. Under the
same degree of lateral bending, the tow tends to buckle
and form wrinkles at the inner edge, which can be attrib-
uted to the increase in potential energy caused by spatial
deformation. The greater the torsion, the more wrinkles
will be generated, and the leftmost tow with the largest
torsion angle has continuous distribution of wrinkles,
resulting in a long warped edge.

4.2 Effect of Bending Moment

According to Eq. (22), the smaller the transverse bend-
ing radius of the tow, the greater the bending moment
in the cross-section. Multiple sets of prepreg tows with
different bending moments were laid on the mold, result-
ing in wrinkles and other defects as shown in Figure 13.
The trajectories were straight lines and curves with radii
of 10000 mm, 5000 mm, 3000 mm, 2000 mm, 1500 mm,
1000 mm and 800 mm, corresponding to different bend-
ing moments. After each group of tows was laid, forming
defects were observed and counted, and then removed.
Ensure that the temperature of the mold meets the
process requirement, and that the groups of different
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Figure 14 Experimental results for different velocities

trajectories were laid in sequence with the compaction
force of 60 N and the velocity of 200 mm/s. It is obvi-
ous that as the trajectory radius decreases, the bending
moment increases, the number of defects increases, and
the laying quality deteriorates, which is highly consistent
with the simulation results.

4.3 Effect of Laying-up Velocity
In order to explore the methods for inhibiting the for-
mation of defects in spatial tow steering, verification
experiments were conducted respecting the influence of
different process parameters on the forming quality. The
laying trajectory was a curve with a radius of 800 mm,
and the compaction force was 60 N. The variable for
this group was the laying velocity, which was 100 mm/s,
150 mm/s, 200 mm/s and 250 mm/s, respectively.
According to the experimental phenomenon shown in
Figure 14, the faster the laying velocity, the more form-
ing defects there are. Under the same conditions of com-
paction force, heating temperature, and other process
parameters, the faster the laying velocity, the shorter the
compaction time of the roller on the tow, and the poorer
the compaction quality. Besides, shorter compaction
time leads to a poorer heating effect and also reduces
interlayer adhesion performance. According to the adhe-
sion coefficient expression Eq. (28), the increase of veloc-
ity means a decrease in adhesion performance, resulting
in a worse inhibitory effect of interlayer adhesion on the
buckling of the tow, which is not conducive to the sup-
pression of wrinkles.

4.4 Effect of compaction force

In addition, the compaction force also has a significant
impact on the placement quality. The force was set to
40 N, 60 N, 80 N, and 100 N, respectively, with a velocity
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of 200 mm/s. All the trajectories were planned as a curve
with the radius of 800 mm on the mold, and the tem-
perature of the placement area was maintained at 40 ‘C
throughout the entire laying process.

The degree of defects varied significantly under differ-
ent force conditions, and sufficient force can effectively
suppress the formation of buckling and wrinkles, improv-
ing the forming quality, as shown in Figure 15. The effect
of compaction force on the adhesion coefficient has been
elaborated clearly in Eq. (28), and the force can be appro-
priately increased to reduce the formation of defects.
One of the reasons is that sufficient compaction force
can promote the flow of resin between layers, forming
an interlayer adhesive layer. Another reason is that the
compaction force can increase the deformation degree
of the roller, increase the compaction width, extend the
compaction time, and improve the compaction qual-
ity. However, excessive compaction pressure may lead to
uneven resin distribution and tow damage, and an appro-
priate process window of compaction force needs further
experimental exploration.

5 Conclusions

(1) A theoretical model based on the first-order shear
deformation theory, Hertz contact and intimate con-
tact theory is established to reveal the defects forma-
tion mechanism in spatial tow steering for complex
structure placement forming, and the governing
equation is solved by the improved deflection equa-
tion involving the elastic bonding interface, the spa-
tial rotation angle function and the principle of mini-
mum potential energy to obtain the critical load for
tow buckling.
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Figure 15 Experimental results for different compaction forces

(2) The CZM-based modeling method is proposed
to simulate the interlayer adhesion and the forma-
tion of wrinkles on the inner edge of the tow, and the
sensitivity analysis shows that the dimensions of the
prepreg and the interfacial adhesion coefficient have
a significant impact on the critical radius of the spa-
tial steered tow.

(3) A series of experiments for spatial steering place-
ment are conducted to reveal the influence of torsion
angle, in-plane bending moment, laying-up velocity
and compaction force on tow buckling, and the effec-
tiveness of optimizing process parameters in sup-
pressing the formation of defects is verified through
single-factor test.
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