
Thèse présentée pour obtenir le grade de docteur

Université de Lille

GEMTEX : Laboratoire de Recherche Textile Roubaix
École doctorale n◦ 72 : Science Pour l’Ingénieur Université Lille Nord-de-France

Discipline : Mécanique

Textile Reinforcement based on
Advanced Textile Technology for

Composites Manufacturing

Renforcement textile basé sur une technologie textile avancée pour la fabrication de
composites

PAR : CHAN HUI

MEMBRES DU JURY:

Président : Chung-Hae PARK, Professeur des Universités, IMT-Lille-Douai

Rapporteuse : Emmanuelle VIDAL-SALLÉ, Professeur des Universités, INSA de Lyon

Rapporteur : Joël BREARD, Professeur des Universités, Université Le Havre Normandie

Examinateur : Philippe DAL SANTO, Professeur des Universités, ENSAM

Directeur : Xavier LEGRAND, Professeur des Universités, ENSAIT

Co-directeur : Peng WANG, Professeur des Universités, Université de HAUTE-ALSACE

Date de soutenance : Le 26/01/2021





To My Family





ACKNOWLEDGEMENTS

My grateful appreciation to the CSC, China who provide financial support through-
out the thesis, and to the generous supports in terms of materials, equipment, soft-
ware licenses of ENSAIT/GEMTEX, France. They are the basis to complete the
present thesis research.

J’exprime tout ma gratitude, à mes superviseurs Prof. Xavier LEGRAND et Prof.
Peng WANG pour m’avoir bien soutien tout au long da la thèse, de la sélection
du titre, de la conception de la méthode expérimentale, de l’analyse des résultats à
la rédaction de thesis. Leurs immenses connaissances, leur motivation et leur pa-
tience ont découvert plus de possibilités sur la recherche et m’ont donné plus de
puissance et d’esprit dans la rédaction.

Je tien également à témoigner ma reconnaissance pour tout le personel de EN-
SAIT/GEMTEX. Tout particulièrment M. Mathieu TRICAUD qui est quitté et Dr.
Imen GNABA pour avoir répondu à plusieurs de mes préoccupations au début de
ma thèse. Et aux techniciens, en particulier Nicolas DUMONT et Laurant pour leur
aide sur le découpe des échantillons.

Tout mes remerciments aux doctorant et ingénieurs de la MDS. Un grand merci à
Dr. Chen CHEN avec qui j’ai eu le plaisir de travailler durant son stage et Mme.
Nouné MAKHSIYAN qui ont termininé ses étude master IMS. Dont les résultats
pendant leur stages ont apporté des contributions agréables à ma thèse. Et à touts
les stagiaires qui m’ont aideée à réaliser ces travaux, j’exprime tout ma gratitude.

I will always remember my fellow colleagues who become my friends: Dr. Kaichen
WANG, Dr. Xin ZHAO, Dr. Shengchang ZHANG, Dr. Kehui SONG and Dr. Cheng
CHI. They mean a lot to me.

Je voudrais remercier les membres du jury de ma thèse: Prof. Emmanuelle VIDAL-
SALLÉ et Prof. Joël BREARD pour la lecture de cette rédaction en être rapporteurs;



Je le remercie aussi, Prof. Philippe DAL SANTO et Prof. Chung-Hae PARK d’avoir
accepté d’être les examinateurs.

PS: I would like here to thank myself, no matter what happened in the past few
years, I have survived and always adhere to the thing most wanted: Only love
cannot live up to (唯有爱不可辜负). For what I want to do, for whom I want to
cherish.

Chan HUI



GENERAL INTRODUCTION

Thesis statement

The composite materials are being increasingly used in various areas, especially
in the aeronautics field, attracted by their interesting mechanical performance and
lightweight, multi-layer is used extensively in the last few years. The latest gener-
ations of aircraft from the two major manufacturers, Airbus and Boeing, use more
than 50 % of composite materials. Fig. 0-1 gives the textile applications in Airbus
380. With the development of three-dimensional (3D) textile technologies, 3D re-
inforcement is gradually taking the place of the multi-layer reinforcement. It is
also due to 3D composites with better through-the-thickness strength and stiffness,
which is becoming an emerging research topic in the field of composites.
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Fig. 0-1. Textile composite applications in Airbus 380 [www.airbus.com]
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Through-thickness reinforcement (TTR) in 3D architectures is not only applied to
address the delamination issue of multi-layer dry textile reinforcements, but also
an attempt to manufacture the lighter and stronger composites part. The delam-
ination is reduced due to the additional of a Z-direction reinforcement. TTR can
be achieved by 3D weaving, z-pinning, and stitching/tufting technologies [1–4].
3D weaving limitation is the low productivity which is due to many fibre bun-
dles which are interlaced with several layers, and the ability rate limit of the textile
machine [5]. Z-pinning is a relatively slow and expensive process [6], and it is suit-
able only for the aerospace market [7]. Tufting is a promising TTR technique for
composites fabrication, which involves high-tension strength tufting thread, e.g.
carbon threads, through the thickness reinforcements [8]. Tufting technology is an
advanced technology, which originates from the traditional carpet manufacture,
and its earliest application in the composites field can be found in the literature
dates back to 1973 [9, 10].

In recent years, the GEMTEX Laboratory focused on the research of the tufting
technology to achieve the TTR composites by adding the Z-direction thread, espe-
cially since an academic tufting device was designed by Lui et al. [11]. As the 3D
laminated TTR technology, it does not only improve the mechanical performance,
but also, on the one hand, it adapts to various materials, and it is easy to achieve
various patterns just by changing the tufting density and tufting direction, and
therefore, the realization is easier than 3D orthogonal TTR technologies (3D weav-
ing, braiding and knitting technologies). On the other hand, this technology can not
only reinforce the preform, the flat appearance, but also to assembly multiple pre-
forms to develop the complex structure. Meanwhile, the mechanism to realize the
tufting technology is relatively simple and the production equipment is low cost,
the stitching damage is reduced, and thick structures up to 30 mm can be rein-
forced. However, as a promising technology, there are still problems to be studied.
For instance, to understand its mechanical performance, to develop new tufting
structures, to fully understand the the working mechanism of tufitng threads, etc.

In the present study, the tufting technology is used as an entry point and investi-
gated in multi-scales: tufting thread and its degradation, tufted laminate compos-
ites and its interlaminar shear properties, and tufted panel assembly composites
and its manufacture as well as the mechanical properties, respectively. The present
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thesis is classified as follows:

1. At tufting thread scale, to well understanding the degradation behaviours of
tufting threads, then to propose a novel tufting process.

2. At tufted laminate scale, to explore an interlaminar shear test under mode II
sliding loading condition on tufted preform and composites, respectively.

3. At tufted plate assembly scale, to develop this novel plate assembly compos-
ite by tufting, and then to study the basic mechanical properties under tensile
loading.

4. Based on the tufting thread properties, the tufting path in the composite and
the cross-section of tufting thread to propose a geometrical model of tufting
thread.
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Outline of the thesis

In addition to this chapter, the manuscript is divided into six ones as follows:

The present chapter gives an overview of this thesis, including the problem state-
ment, the aim of the thesis, and the outline of the thesis.

The chapter 1 provides the literature review on the textile composite, including an
overall overview of textile reinforcements and technologies. This is followed by a
broad overview of the tufting technology and tufted composites.

The chapter 2 presents a novel tufting mechanism based on the exploration of the
reasons of tufting thread degradation during the tufting process. The quasi-static
tensile and image-observation of tufted threads and non-tufted to understand the
degradation of tufting thread. Followed by a novel tufting mechanism is proposed,
meanwhile, the two abovementioned methods are used to verify the feasibility of
this novel tufting process. Furthermore, the effect of tufting density on the tufting
thread degradation is also presented in detail.

The chapter 3 focuses on the interlaminar shear properties under mode II sliding
loading condition of the tufted products. Including the dry tufted preform (DTP)
and cured tufted composite with tufting thread (CTC) or without (CT’C), respec-
tively. The respective intragroup and intergroup comparison results of ultimate
shear strength and shear angle based on the various tufting densities are discussed
in detail.

The chapter 4 demonstrates the manufacturing of plate assembly composite based
on tufting technology. Its basic mechanical properties under tensile loading are
fully discussed, including the influence of tufting density, free tuft loop (FTL), and
tufting pattern on these mechanical properties. The results are shown in terms of
the failure positions and the tensile properties histograms are compared and dis-
cussed in detail. Besides, A novel geometrical model of the tufting thread is pro-
posed based on the shape and path of the tufting thread and the cross-section of
the tuft point. Subsequently, A macro (M)-level model of tufted plate assembly
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composite is established on the basis of the tufting thread model.

The last chapter contributes to the overall conclusion of the thesis and gives per-
spectives for future work.

The schematic outline of this thesis is shown as Fig. 0-2 in below:
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Fig. 0-2. Outline of thesis
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CHAPTER 1

STAT OF THE ART

1.1 Introduction of chapter one

To manufacture the overall preform is commonly recognized to improve the me-
chanical performance of the final composite part. Firstly, general knowledge about
the composite material is introduced in Section 1.2, including the cured moulding
methods to complete the final composite, and the manufacture methods of rein-
forcement to achieve the composite preform. Then, a typical tufting technology is
reviewed in Section 1.3, focusing on its applications and its devices to date, as well
as on the characteristics and properties of resin-based tufted reinforced compos-
ites. Finally, a brief conclusion is made in the last Section 1.4. The present chapter
overview is shown in Fig.1-1.

General 
knowledge 

Tufting 
technology

Tufted 
composite

LCM 
LRI

Fig. 1-1. Overview of the chapter.
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Chapter 1 – Stat of the Art

1.2 General knowledge of composite materials

The increasing importance has been placed on composites and their promising fu-
ture according to recent market shares and predictions. Definition in general [1, 2],
composite materials (composite for short) are formed by combining materials to-
gether to form an integrated structure with properties that differ from those of the
individual components. There are two categories of constituent materials: matrix
and reinforcement. The matrix material surrounds and supports the reinforcement
materials by maintaining their relative positions. Reinforcement imparts their spe-
cial mechanical and physical properties to enhance the matrix properties. A syn-
ergy produces material properties unavailable from the individual constituent ma-
terials [3, 4].

As an important subclass of composites, textile reinforced composites, also known
as Fiber-Reinforced Polymer (FRP) composites [5], are made from polymer matrix
where the reinforcement is a textile material comprised of natural or artificial fibres.
Of which, the matrix protects the fibres from environmental and external damage,
while transferring loads among the fibres. The textile, in turn, provides strength
and stiffness to reinforce the matrix whilst helping it to resist cracks and fractures.

Composites are used in a wide variety of markets due to their high stiffness and
strength to weight ratio, including aerospace, architecture, automotive,civil en-
gineering, energy, infrastructure, marine, military as industrial composites, and
sports, recreation as consumer composites. They are typically designed with a par-
ticular application in mind, such as better strength, efficiency, or durability. They
have played an important role throughout human history, from housing early civ-
ilizations to enabling future innovations [6].

1.2.1 Moulding process of composite materials

Composites moulding process is the basis and condition for the development of
composite industry. With the broadening of the application area of composite ma-
terials, a number of moulding processes have been perfected, while new moulding

2



1.2. General knowledge of composite materials

methods have emerged. The present chapter describes two groups of moulding
techniques, respective open-moulding and closed-moulding. Each moulding tech-
nique corresponds to a variety of methods and has its own characteristics.

• The open-moulding

The open-moulding technique [7] is typically used for a large size range of com-
posites parts that cannot be manufactured in more automated processes. Or for
composite parts which are manufactured in low volumes that cannot accomplish
the higher mould costs of automated processes. The dry reinforcement and resin
are placed in an open mould, where the cure or harden process is realised while
exposed to the air. The benefits of this moulding technique are its flexibility and
relatively low tooling cost. The open-moulding technique can therefore be used
in prototype manufacturing and short production. It is known that Hand lay-up,
spray up and filament winding are three significant methods of this moulding
technique.

• The closed-moulding

The closed-moulding technique [8, 9] is used to manufacture large quantities of
precision composite parts or to respond to the two-sided finish of the final prod-
uct. In the course of the closed-moulding process, the dry reinforcement is placed
onto the mould, then to close the mould. Meanwhile, the resin is introduced into
the closed cavity using a pressure pump or vacuum. When the preform is cured,
open the mould and remove the composite part. The advantages of this moulding
technique are its low-cost tooling, product consistency, high productivity, repeat-
able process, and environment friendly. Thanks to its closed mould system, which
allows resin emissions to be reduced. The following chart, shown as Fig.1-2, sum-
marises the various methods of performing closed-moulding techniques in accor-
dance with the literature review.
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CORVed-PRXOdLQJ

LLTXLd CRPSRVLWe 
MRXdOLQJ (LCM)

VacXXP BaJJLQJ 
MRXOdLQJ

CRPSUeVVLRQ 
PRXOdLQJ  PXOWUXVLRQ CeQWULIXJaO 

CaVWLQJ
CRQWLQXRXV 
LaPLQaWLRQ

ReVLQ TUaQVIeU 
MRXOdLQJ 

(RTM)

VacXXP 
IQIXVLRQ PURceVV 

(VIP)

ReVLQ FLOP 
IQIXVLRQ 

(RFI)

LLTXLd ReVLQ 
IQIXVLRQ 

(LRI)

PUeSUeJ

Fig. 1-2. The classification of varying closed-moulding techniques.

Wherein, LRI technique [10] is used as the moulding method to complete the final
composite parts throughout the present thesis. Because it is a simple, low-cost 3D
preform moulding technology.

1.2.2 Textile reinforcement architectures and technologies

Many textile technologies have been developed for the manufacture of reinforce-
ment, also known as "composite preform", prior to the moulding stage. In this sec-
tion, the classification methods of textile reinforcement are presented, followed by
an introduction of some textile reinforcement techniques, together with a demon-
stration of the corresponding composite preforms.

• Classification of textile reinforcement structures
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1.2. General knowledge of composite materials

There are various ways to classify reinforcement architectures recapped as follows:

According to the dimension: 1D, 2D, 2.5D (2D+), 3D,...

According to the number of orientation: Non-axial, mono-axial, biaxial, triaxial,...

According to the textile technology: Weaving, knitting, braiding, non-weaving,
novel advanced technologies,...

Fig. 1-3 shows one of the classifications proposed by Wang, Legrand, and Soulat
[11]. Meanwhile, there are other classifications of composite preform architecture
that have been developed in the past decades. Its development is shown in Table
1-1, four kinds of Definition Method could be figured out as 1) based on two com-
plementary criteria, the dimension of the final preform and the number of fibre
orientation; 2) focus on the number of different orientations are also posed as a
criterion for the dissociation of reinforcement; 3) based on the reinforcement ar-
chitectures and the associated technology for the production of the preform and 4)
focus on the 3D architectures.

proposed in Figure 5 to classify preforms during the various developments. The purpose of this 
������ę������ȱ ���ȱ�������ȱ��ȱ���ȱ�����ȱ�������ȱ��ȱ���ȱ����������ȱ��ȱ��ȱ�������ȱ�� ȱ��¡����ȱ���������-
����ȱ����������ȱ���ȱ����������ǯȱ��������ǰȱ���ȱ������ę������ȱ��ȱFigure 5 also proposes a class 
���ȱĚ��ȱ�����ȱ��������ȱ��ȱ ����ȱ���������Ǳȱ���ȱŘ�Ƹȱ�����ǯȱ��ȱ�����ȱ�ȱ����ȱ���ȱ�������¢ȱ��������ǯȱ
�����ȱ����������ȱ���ȱř�ȱ����������ȱ�����ȱ����ȱ������������ȱ�¢ȱ�������¢ǰȱ ������ȱ�¢ȱ������-
���ǰȱ���ȱ����ȱ�¢ȱ�������ȱ��ȱ�������ǯȱ���ȱ������ę������ȱ��ȱFigure 4 explores unnamed geometric
preforms. The main aim of the proposition presented in Figure 5 is to clarify what is called 3D. 
��ȱ������ȱ����ȱ����ȱ�����������ȱ��ȱ��ę��ȱ ����ȱ���ȱ���ȱ�����ȱ�������ǯ

Figure 5. Tufting process.

Figure 4. ������ę������ȱ��ȱ��¡����ȱ��������ǯ

7KUHH�'LPHQWLRQDO�7H[WLOH�3UHIRUP�8VLQJ�$GYDQFHG�7H[WLOH�7HFKQRORJLHV�IRU�&RPSRVLWH�0DQXIDFWXULQJ
KWWS���G[�GRL�RUJ���������LQWHFKRSHQ������

���
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non woven
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Fig. 1-3. Classification of textile preform by Wang, Legrand and Soulat [11].
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Table 1-1
Development of preform architecture classification .

Year Authors Definition Method

2016 Wang, Legrand, Soulat [12] 1 (Fig.1-3)

2003 Nemoz [13] 1

2000 Kamiya et al. [14] 4

1998 Ko and Du [15] 3

1992 Lee [16] 2

1986 Fukuta and Aoki [17] 1

• Textile reinforcement architectures and their technologies

Various forms of reinforcement can be used to meet the requirements of different
processes and final products, regardless of the selection of raw material. Materials
supplied as reinforcement include roving, milled fibre, chopped strands, continu-
ous, chopped, or thermoformable mats. Reinforcement materials can be designed
with unique fibre architectures and performed according to product requirements
and manufacturing processes. In the following, the reinforcement architectures
presented are based on 2D and 3D textile technologies.

a) Bidimensional (2D) architectures

The 2D weaving

Weaving is a traditional textile technology that makes it possible to obtain a biaxial
surface textile structure by the intersection at right angles of warp yarn and weft
yarn. Three standard weave structures shown in Fig.1-4 are distinguished: plain,
twill, and satin weave.
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1.2. General knowledge of composite materials
Fig. 1. Definition of a yarn section.

Fig. 2. Different types of standard weaving: (a) plain weave, (b) twill 3 ∗ 1 and (c) satin 8.

cohesion of fibers inside the yarn is very dependent on the manufacturing process. The reorganization
of fibers is a key point to understand the evolution of a yarn’s geometry. The study of fabric mechanical
behavior needs to take this great diversity into account. If the section of a yarn is defined as the envelope
of the fibers (Fig. 1), yarn sections strongly depend on the yarn structure. Some yarns have an intrinsic
section that is quite constant with low solicitations, whereas for some others, the section mostly depends
on the boundary conditions.

A powerful geometrical model should be able to represent all types of sections and section evolution.
A fabric is obtained by the interlacing of yarns. Many schemes exist. Yarns may be oriented in one,
two or more directions. We will only focus on fabrics with yarns oriented in two directions—which are
sometimes called 2D fabrics—because they are mostly used for the stamping of complex shapes. Inside
this 2D fabric category, five interlacements are commonly constructed:

• fiber matts;
• woven fabrics: plain, twill and satin weave (Fig. 2);
• knitted fabrics.

Fiber matts are almost isotropic, and knitted fabrics are off the subject of this study [20]. It is important
to note that the structure of a plain weave is identical to that of a twill 1 ∗ 1, and the structure of a satin n
is very close to that of a twill 1 ∗ n. Therefore, developments presented hereafter will mainly be based on
twill m ∗ n fabric materials. The weaving of fabrics, that is, values of m and n for a twill m ∗ n, mainly
influences the yarns’ geometry and fibers organization at the initial state.

1.2. Mechanical properties of fabrics

Fabrics have a particularity called anisotropy: the rigidity of the material they make up is much higher
in the yarn direction than in any other. In usual 2D fabrics, yarns are orientated in two directions only, warp

�

(a) Plain weave (b) Twill 3*1 (c) Satin 8

Fig. 1-4. Standard weave structures (a) plain weave, (b) twill weave and (c) satin
weave [18].

The 2D knitting

Knitting is another traditional textile technology for shaping textile structures from
one or more strands. Knits are obtained by interlacing a thread with itself to form a
chain of stitches connection. Depending on the direction in which the loops are
formed, weft or warp knits can be obtained, as shown in Fig.1-5. Knitted rein-
forcements are feasible for making complex composite pieces. However, the strong
shrinkage (crimp of the twisted yarn) generated during the knitting process makes
their own in-plane mechanical properties are restricted.

CHAPITRE I ÉTAT DE L¶ART ET BIBLIOGRAPHIE 

Les techniques de fabrication des architectures 3D sont multiples. Chacune a ses avantages et ses 

inconvénients. Cependant, de par leur complexité structurelle, toutes ces nouvelles architectures 

ont bouleversé les concepts et les connaissances acquises ; tant du point de vue du comportement 

mécanique que de la modélisation numérique ou des SURcpdpV de PiVe eQ °XYUe. UQ effRUW 

continu de recherche et développement est mené afin de mieux appréhender leur comportement 

PpcaQiTXe eW leV SURcpdpV de PiVe eQ °XYUe TXi leur sont associés. 

Les architectures 3D sont classées en deux grandes familles : les armatures obtenues directement 

par les procédés de tissage, tressage ou tricotage et celles qui utilisent les armures classiques

"2D" aYec ajRXW, aSUqV ePSilePeQW, d¶XQ fil, daQV l¶pSaiVVeXU, SRXU cRQVWiWXeU l¶aUPaWXUe fiQale

3D. Les matériaux sujets de notre étude appartiennent à cette dernière classe. 

I.2.1   Les renforts 2D

Ce W\Se d¶aUchiWecWXUeV UegURXSe leV WiVVXV claVViTXeV, leV UeQfRUWV WUeVVpV eW leV WUicRWpV.

Les tricotés

Le tricotage est une technique de mise en forme de structures textiles j SaUWiU d¶XQe RX SlXVieXUV 

PqcheV. LeV WUicRWV VRQW RbWeQXV SaU eQWUelacePeQW d¶XQ fil VXU lXi-même pour former une chaîne 

de mailles reliées entre elles. Selon la direction dans laquelle les boucles sont formées, on peut 

obtenir des tricots en sens trame ou en sens chaîne [1]. Les textiles tricotés sont très bien adaptés 

pour la réalisation de pièces de formes complexes tridimensionnelles. Cependant, leurs propriétés 

mécaniques dans le plan sont restreintes. Ceci est dû au fort embuvage (ondulation des torons) 

généré par le procédé de tricotage (Figure 3).  

(a) Double tricoté en sens chaîne (a) Warp knitted (b) Weft knitted

Figure 3 : Exemples de textiles tricotés 

weft yarn

warp yarn

Fig. 1-5. Standard knit structures (a) warp knit and (b) weft knit [19, 20].
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The 2D braiding

Braiding is a typical textile technology for producing high-volume, yet low-cost
composite preforms [21]. Shown as Fig. 1-6 that the regular, the diamond and Her-
cules structures are three common types of braided structures. One braiding ma-
chine, one braid product, braiding machine is therefore a key factor in braiding
technology. A conventional braiding machine (shown in Fig. 1-7 (a)) has fibre car-
riers moving in a circular pattern [22]. Fig. 1-7 (b) explodes that half of the carriers
move clockwise, and the others counterclockwise, in an intertwining serpentine
motion producing the desired braided structure, such as the examples shown in
Fig. 1-8: 2D flat and tubular braids [23].

Braiding is a unique technology for producing high-volume, yet low-cost, composites.[1]
[2]Basical structures Two-dimensional structures

6Projet SI 2018

Ps: [1] Branscomb, David, David Beale, and Royall Broughton. (2013). ("New Directions in Braiding") ("Journal of Engineered Fibers and 
Fabrics 8.2.")

[2]Boris DUCHAMP. . (2016). (“Contribution à l élaboration de préforms textiles pour le renforcement de réservoirs souple") (“Thèse de 
l’université lille 1, GEMTEX.") 

Preliminaries Works
Literature Review

(a) Regular (b) Diamond (c) Hercules Biaxiale Triaxiale

Braiding Methods: 2-step, 4-step,6-
step, n-step, multi-step

(a) Basic structures (b) 2D braidFig. 1-6. Basic braid structures (a) regular braid, (b) diamond braid and (c) hercules
braid [24].
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（a) Braiding machine in GEMTEX （b) Principe of braiding

Fig. 1-7. (a) Braiding machine in GEMTEX and (b) Principe of braiding [24].

éf

(a) Flat braid & triaxial (b) Tubular braid & biaxial

Fig. 1-8. Example of (a) flat braid and (b) tubular braid [20].
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b) Tridimensional (3D) and Pseudo-Tridimensional (2D+) structures

Various approaches to manufacturing 3D preform architectures have been brought
out. For instance, 3D weaving, knitting, braiding [5, 25, 26], z-pinning [27], stitching
[28] and tufting [29, 30]. By means of the insertion of a through-thickness fibrous
to obtain a 3D preform architecture, which is referred to as the Through-Thickness
Reinforcement (TTR for short). 3D reinforced architectures have been applied for
the thick and complex composite area, while filling the inherent shortcomings of
the 2D laminate architectures, such as delamination, low impact tolerance, joint
strength, and other out-of-plane properties.

The 3D/2D+ weaving, knitting and braiding

3D/2D+ weaving, knitting, and braiding are integral 3D textile technologies to
achieve integral 3D composite preforms that make up for the lack of mechanical
properties of the 2D preform structures.

3D/2D+ weaving: It is possible to obtain surface or volume structures (namely "In-
terlock structure") depending on the weaving process. They are achieved by super-
imposing several layers of weft yarns, then linked together among the warp yarns.
Two main types of 3D woven preform architecture are demonstrated as follows: 3D
and 2D+ interlock structures [31]: 1) 3D orthogonal interlock, 3D orthogonal layer-
to-layer (LtL) interlock and 3D through-the-thickness (TtT) angle interlock [32]);

2) 2D+ layer-to-layer (LtL) angle interlock and 2D+ layer-layer (LL) angle inter-
lock [33]. Even more, it has been proved that the preforms obtained by 3D weaving
are characterized by good compressive and delamination resistance properties [34],
some examples are shown in Fig.1-9.
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Fig. 1-9. Examples of 3D interlock weaves structures [20].

3D knitting: 3D knitted preforms are similar to 2D ones in that facilitates to re-
produce of complex structure pieces. 3D knitting consists of several knits joined
together by a Z-direction yarn(shown in Fig. 1-10). Therefore, they are particularly
appreciated for their lightness and deformability. However, there is little literature
on knitted structures in composites compared to other textile structures.

, ；~ － ～． 、勺了 、
、
、

cAngles adjustable 

(a) Chain stitch

勺
了, 2- － 、 、

飞今
Angles adjustable 

(b) Tricot stitch

Fig. 1-10. Examples of 3D knit structure (a) chain stitch and (b) tricot stitch [35].

3D braiding: 3D braiding technology is an extension of 2D braiding. 3D braiding
involves creating superimposed braided layers that are linked together by interlac-
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ing layer-to-layer (LtL). It improves the resistance to delamination. Fig.1-11 shows
an example of a square braid product and a 3D braid structure.
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Figure 1-16 Tressage carré [22] 

Il existe également des technologies dites de tressage cartésien. Elles permettent d’obtenir des
tresses carrées ou rectangulaires (figure 1-16), où les fils traversent toute l’épaisseur de la struc-
ture. Les produits obtenus ont un taux de fibres important et une très bonne résistance à
l’abrasion. [24] 

II. 3. d) Tricotage 3D

A titre indicatif, le tricotage 3D consiste en plusieurs tricots réunis par un fil de liaison en Z,
comme représenté en figure 1-17.

Figure 1-17 Tricotage multicouche [29] 

Les structures obtenues ont un taux de fibres faible [22]. Elles sont principalement utilisées
pour des applications d’isolation, particulièrement appréciées pour leur légèreté et leur
déformabilité.

Comme pour le tricotage 2D, la fibre de carbone est utilisée sous forme de filés de fibres. Nous ne
parlerons donc pas de dégradation par rupture de fibres. Il s’agit davantage d’une
désolidarisation des filaments entre eux.

II. 3. e) Conclusion

Les procédés de transformation qui permettent de passer de la mèche au renfort du matériau
composites sont variés. Ils répondent aux exigences de comportement mécanique du matériau
final associé. Comme présenté dans ce paragraphe, ils sont responsables dans des proportions
variables d’un endommagement parfois non négligeable de la mèche.

(a) square braid (b) 3D braid structure
Fig. 1-11. Examples of 3D (a) square braid [34] and (b) braid structure [20].

The Laminates

Laminates (multi-layered structures) are composite preforms with the superposi-
tion of plies, oriented at different angles, and then directly cured and moulded
by resin infusion, or inserted Z-reinforcement prior to the resin infusion. Fig.1-12
gives examples of the superposition of the UD layer, which can gain the desired
mechanical properties for the final product. However, the limitations of the appli-
cations are due to the lack of reinforcement along the thickness direction. Some
technologies which reinforce in Z-direction to ameliorate the out-of-plane mechan-
ical properties of composite structures are literately reviewed as follows. These
following technologies can be used in the manufacture of large, thick, and com-
plex parts, and the final product can effectively improve its joint strength to reduce
delamiantion.

6 Résines, fibres et structures stratifiées

La désignation des structures stratifiées est délicate car il faut préciser les axes de réfé-

rence. Un stratifié est codifié de la façon suivante :

– chaque couche est désignée par un nombre indiquant la valeur en degré de l’angle

que fait la direction des fibres avec l’axe de référence x . Sur les figures 1.4(a) et 1.4(b),

les couches sont représentées décalées les unes par rapport aux autres. La structure

stratifiée est décrite de bas en haut ;

– les couches sont nommées successivement entre crochet en allant de la face inférieure

à la face supérieure. Les couches successives sont séparées par le symbole « / »comme

l’exemple de la figure 1.4(a) : [−45/45/−45/−45/45/−45] ;

– les couches successives d’un même matériau et de même orientation sont désignées

par un indice numérique, comme l’exemple de la figure 1.4(b) : [0/452/90/−452/0] ;

– en cas de stratification hybride (différents matériaux dans un même stratifié), il faut

préciser par un indice la nature de la couche ;

– en cas de structures symétriques, la moitié est codifiée et le symbole s indique la sy-

métrie : [−45/45/−45/−45/45/−45] devient [−45/45/−45]s et [0/45/45/90/−45/−
45/0] devient [0/452/90/−452/0].

(a) [−45/45/ − 45/ − 45/45/ − 45] (b) [0/45/45/90/ − 45/ − 45/0]

figure 1.4 - Désignations du stratifié

1.4.2 Désignation des structures sandwiches

Les structures composites subissant des sollicitations de type flexion ou torsion sont généra-

lement construites en matériaux sandwiches. Une structure sandwich est composée d’une

âme et de deux peaux en matériaux composites. L’assemblage est réalisé par collage à l’aide

d’une résine compatible avec les matériaux en présence. Les âmes les plus utilisées sont de

type nid d’abeilles, âme ondulée ou mousse. Les peaux sont généralement constituées de

structures stratifiées. Une âme nid d’abeilles est présentée sur la figure 1.5.

Ces structures ont une grande rigidité en flexion et torsion. L’âme de la structure sand-

wich résiste principalement aux contraintes de cisaillement et de compression hors plan,

les peaux inférieures et supérieures supportent quant à elles les efforts dans leur plan.

1.5 Structures composites tissées multi-directionnelles

Il est possible de créer des pièces en matériaux composites de type tridimensionnelles mas-

sives ou des formes de révolution. Des tissages volumiques de type 2D (deux directions de

renfort), 3D–Evolutif (deux directions de renfort et un piquage dans la troisième direction),

3D (trois directions de renfort), 4D (quatre directions de renfort), ou plus sont élaborés dans

l’industrie aérospatiale. Il est également possible de tisser des cylindres ou des cônes afin

Fig. 1-12. Examples of laminate configurations [36].
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1.2. General knowledge of composite materials

The Z-pinning

Z-pinning is one of the very first technologies developed for thickness reinforce-
ment of conventional 2D laminates. The principle consists of pins through the
thickness of the laminates, and the process of which is illustrated step by step in
Fig. 1-13. Z-pinning is considered as the only technology for reinforcing prepreg
laminates along the thickness direction in large mass production [27].

Stage 1: Z-pin foam carrier on uncured 
laminate preform ready for UAZ process.

Stage 2: Foam carrier collapses 
allowing z-pins to penetrate the 
laminate.

Stage 3: Reinforcement of laminate 
complete.

Stage 4: Excess z-pin remaining in 
preform is sheared away.

Stage 5: z-pinned.

Z-pins

Uncured preform
Foam carrier

Ultrasonic tool

Fig. 1-13. Schematic of z-pinning technology [27, 37].

The stitching

Stitching is initially a sewing technique, using two interlocking threads [38–41],
which has been applied to the TTR laminate composite since mid-1980s. Three most
common types of stitches (lock stitch, modified lock stitch and chain stitch), used
to reinforce the 2D laminates have been shown in Fig. 1-14. Meanwhile, in the late
1980s, its better damage resistance has been revealed and fully proven through the
wing application by NASA. However, due to the need for accessing both sides of
the preform to be reinforced (laminates in general) to interlock the threads, a high
investment in the stitching device is required [42]. In this case, one-sided stitching
technologies which only require access from a single side of the preform have been
exploited, referred to as OSS for further introduction in the following:
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Needle 
Thread 

Bobbin 
Thread 

Needle 
Thread 

Bobbin 
Thread 

Thread 

ll) 

Needle 
Thread

Needle 
Thread

Bobbin 
Thread

Bobbin 
Thread

(b)(a) (c)

Fig. 1-14. Schematic of (a) lock stitches, (b) modified lock stitches and (c) chain
stitches [38, 43–45].

The OSS:

OSS is named after Single-Sided Stitching, and various technologies are continu-
ously explored. Herein reveals three common ones: two straight needles are used
both for ITA stitching and Altin stitching technologies, the difference is whether
to reinforce with two-thread or a single-thread. Unlike the previous two OSS tech-
nologies, a curved needle is required for the Blinding stitching technology. The
principles are shown in Fig.1-15.

mechanical fastening and bonding. On this basis, some authors
have proposed a classification of stitching based on the function of
the stitch: ‘fixing and positioning’ seam, ‘assembly’ seam, and
‘structural’ seam [31]. The first involves joining two or more re-
inforcing fabric layers in a two-dimensional preform, the second is
used to hold together various sub-components in a single three-
dimensional preform, and the third consists of the use of the stitch
as a reinforcing element to change the mechanical properties of
the composite. The use of TTR elements, including tufts, within
complex 3D structures appears particularly relevant as they might
accomplish more than one of these tasks at the same time.

Stiffening elements with I, C, T, Π or Ω geometries are com-
monly used in composite components manufacturing and their
failure mode often involves delamination between the surfaces in
contact, i.e. flanges and skin [32]. There are examples in the lit-
erature of T stiffeners whose flange-to-skin joint is reinforced by
the use of stitches [33–36], Z-pins [37,38] or tufts [39], although
the use of 3D reinforced composite components in the aerospace
industry is currently limited, mainly because of the lack of mature
and reliable modelling tools [40].

Normally, joining between aircraft skins and spars, stiffeners or
ribs is achieved by the use of either a riveting or bolting process.
When metallic type fastening is applied to carbon fibre composite
structure, manufacturing cost is invariably very high. The use of
TTR elements for replacing mechanical fasteners offers the possi-
bility of manufacturing the structures by component integration,
which involves joining the sub-components together in the dry
state, placing them in the same mould and then co-curing the
assembly as a single preform, avoiding or significantly reducing
the need for mechanical fastening. Co-curing represents the low-
est cost process [41] when compared to either moulding the detail
parts individually and bonding (post-bonding) or incrementally
curing detail parts onto pre-cured larger parts (co-bonding). Co-

curing requires the fewest mould tools, has the minimum process
stages, with correspondingly less labour time and quality assur-
ance, and requires the least surface preparation for bonding. Given
its flexibility and the need to access the preform only from one
side, tufting seems ideally suited to exploit this trend further.

3. Tufting unit

In line with the rising expectation of cost-effective manu-
facturing in the composites industry, the tufting process has been
automated. Commercial tufting cells consist of a tufting end-ef-
fector interfaced to articulated robot arms, typically with six rotary
joints. The degrees of freedom of the set-up can be increased
further by adding tracks for the robot to slide on, or mandrels to
manipulate the tool. Early models of tufting heads, such as the KSL
KL150 in Fig. 4a, are mechanically driven by a single motor, linked
by belts to a crank mechanism which controls simultaneously the
needle and the presser foot strokes, as well as the oscillating
movement of the main shaft, designed to keep the needle and
presser foot in a quasi-static position while the former is inserted
in the preform [27]. The relative motion of all these components is,
consequently, interlinked by the internal mechanisms of the tool.
This type of units are capable of tufting at rates up to 500 tufts per
minute; rate which has been tested successfully on 5 mm thick
unbindered or lightly bindered preforms and that is considered
acceptable not only in the research environment but also by in-
dustrial standards.

Current models of tufting heads, like the KSL RS522 in Fig. 4b,
have abandoned the single motor belt transmission in favour of a
fully geared mechanism, where the movements of the needle, foot
and shafts are controlled independently with three electronic
motors providing a much more accurate control over the tuft

Fig. 2. Examples of one-sided stitching technologies: (a) and (b) use two straight needle and two threads or a single thread, respectively. The system in (c), also called ‘blind-
stich’, uses one curved needle and a single self-interlocked thread. Adapted from [21–24].

Fig. 3. Schematic of the thread arrangement in a tufted preform: (a) details the sequential steps of a full insertion, (b) illustrates the option of partial penetration while
(c) shows angled insertion.

G. Dell’Anno et al. / Robotics and Computer-Integrated Manufacturing 37 (2016) 262–272264

Fig. 1-15. Schematic of OSS technologies (a) Double-needle Double-thread stitch-
ing (ITA), (b) Double-needles Single-thread stitching (Altin) and (c) Blind stitching
(KSL) [46–50].

The tufting

Tufting is a kind of OSS technology to assemble dry textile reinforcements by in-
serting the thread in Z-direction; it is found in Fig. 1-16 that the tufting thread (z-
reinforcement) penetrates into the preform with very low tension, and the needle
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1.3. The advanced tufting technology

retreats leaving a free loop, which is external to the laminates protrudes a few mil-
limetres. However, with the deepening of research, the depth of penetration is ad-
justable, and the loop can also be generated inside of the laminates. Meanwhile, it
can also be performed from different angles. The present thesis focused on the tuft-
ing technology for composite manufacturing. The following reviews the literature
on the tufting process, the application, and manufacturing of tufted composites, as
well as its pros and cons in terms of mechanical properties.

mechanical fastening and bonding. On this basis, some authors
have proposed a classification of stitching based on the function of
the stitch: ‘fixing and positioning’ seam, ‘assembly’ seam, and
‘structural’ seam [31]. The first involves joining two or more re-
inforcing fabric layers in a two-dimensional preform, the second is
used to hold together various sub-components in a single three-
dimensional preform, and the third consists of the use of the stitch
as a reinforcing element to change the mechanical properties of
the composite. The use of TTR elements, including tufts, within
complex 3D structures appears particularly relevant as they might
accomplish more than one of these tasks at the same time.

Stiffening elements with I, C, T, Π or Ω geometries are com-
monly used in composite components manufacturing and their
failure mode often involves delamination between the surfaces in
contact, i.e. flanges and skin [32]. There are examples in the lit-
erature of T stiffeners whose flange-to-skin joint is reinforced by
the use of stitches [33–36], Z-pins [37,38] or tufts [39], although
the use of 3D reinforced composite components in the aerospace
industry is currently limited, mainly because of the lack of mature
and reliable modelling tools [40].

Normally, joining between aircraft skins and spars, stiffeners or
ribs is achieved by the use of either a riveting or bolting process.
When metallic type fastening is applied to carbon fibre composite
structure, manufacturing cost is invariably very high. The use of
TTR elements for replacing mechanical fasteners offers the possi-
bility of manufacturing the structures by component integration,
which involves joining the sub-components together in the dry
state, placing them in the same mould and then co-curing the
assembly as a single preform, avoiding or significantly reducing
the need for mechanical fastening. Co-curing represents the low-
est cost process [41] when compared to either moulding the detail
parts individually and bonding (post-bonding) or incrementally
curing detail parts onto pre-cured larger parts (co-bonding). Co-

curing requires the fewest mould tools, has the minimum process
stages, with correspondingly less labour time and quality assur-
ance, and requires the least surface preparation for bonding. Given
its flexibility and the need to access the preform only from one
side, tufting seems ideally suited to exploit this trend further.

3. Tufting unit

In line with the rising expectation of cost-effective manu-
facturing in the composites industry, the tufting process has been
automated. Commercial tufting cells consist of a tufting end-ef-
fector interfaced to articulated robot arms, typically with six rotary
joints. The degrees of freedom of the set-up can be increased
further by adding tracks for the robot to slide on, or mandrels to
manipulate the tool. Early models of tufting heads, such as the KSL
KL150 in Fig. 4a, are mechanically driven by a single motor, linked
by belts to a crank mechanism which controls simultaneously the
needle and the presser foot strokes, as well as the oscillating
movement of the main shaft, designed to keep the needle and
presser foot in a quasi-static position while the former is inserted
in the preform [27]. The relative motion of all these components is,
consequently, interlinked by the internal mechanisms of the tool.
This type of units are capable of tufting at rates up to 500 tufts per
minute; rate which has been tested successfully on 5 mm thick
unbindered or lightly bindered preforms and that is considered
acceptable not only in the research environment but also by in-
dustrial standards.

Current models of tufting heads, like the KSL RS522 in Fig. 4b,
have abandoned the single motor belt transmission in favour of a
fully geared mechanism, where the movements of the needle, foot
and shafts are controlled independently with three electronic
motors providing a much more accurate control over the tuft

Fig. 2. Examples of one-sided stitching technologies: (a) and (b) use two straight needle and two threads or a single thread, respectively. The system in (c), also called ‘blind-
stich’, uses one curved needle and a single self-interlocked thread. Adapted from [21–24].

of partial penetration while
(c) shows angled insertion.

G. Dell’Anno et al. / Robotics and Computer-Integrated Manufacturing 37 (2016) 262–272264

Fig. 1: Sch the insertion
site, 2) the needle is inserted through the preform thickness and into the sacrificial layer, 3) the needle is retracted

leaving a loop of thread embedded in the preform, 4) the tufting mechanism moves to the next insertion site.

The through-thickness reinforcement provided by the tuft increases the shear and delamination resistance
of the moulded composite [3] [4] [5], occasionally with a small reduction of the in-plane properties [3] [4] [5].

From a physical perspective, the addition of extra fibres to the laminate also changes the local fibre
arrangement and, potentially, the topology of the part. At the micro-scale, the in-plane fibres are moved apart
to accommodate the tuft, forming a typical ³eye´ shaped resin-rich region around the tuft as shown in Fig. 2. 
This in turn increases the fibre compaction in the vicinity of the tufts resulting in a fibre volume fraction (Vf) 
increase by up to 18% [2]. At the macro-scale, the presence of the tufts might affect the otherwise good
tessellating capability of the preform plies by limiting the relative movement of the fabric layers and by
disrupting the inherently regular pattern of the weave.

Fig. 2: Planar section CT micrograph of a tufted laminate (O) ZLWK FKaUaFWHULVWLF ³H\H´ VKaSHG UHVLQ-rich region formed
around each tuft (r).

The way in which the disturbance to the fibre content, in-plane filament alignment and overall ply nesting
manifests itself depends on the manufacturing process adopted. If the tufted laminate is cured in the same
closed, matched tool as the un-tufted laminate (as in Resin Transfer Moulding), its fibre volume fraction Vf

must necessarily increase. On the other hand, if a flexible sealant bag or film is used (as in Resin Infusion) the 
laminate thickness may increase, resulting in a difference in the component geometry between the tufted and
un-tufted laminates. This will impact on the tolerances of the part geometry or, potentially, on its overall
performance, especially where the part bears aerodynamic surfaces. Therefore, it is critical that control over
the final component geometry is maintained, and for this the capability to predict the thickness of a tufted
laminate would be highly valued by designers. The present paper quantifies the alteration in thickness of a flat
laminate made with a carbon non-crimp fabric (NCF) tufted with a carbon thread using a variety of
manufacturing parameters and compares it with that measured on a 900mm long, double curvature stiffened 
panel.

Fig. 1-16. Schematic of tufting technology (a) conventional process, (b) partial or
fully penetration and (c) angled tufting process [50, 51].

1.3 The advanced tufting technology

Aerotiss® 03S [52–56], which is a typical OSS technology mentioned above. It is
better known as tufting technology due to its development from the initial applica-
tion of a traditional tufted carpet manufacturing area. As shown in Fig. 1-17, tuft-
ing is considered an advanced textile technology for the manufacture of composite
products, which uses a single-threaded needle to assemble dry textile reinforce-
ments by inserting threads through the thickness of the preform without tension.
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Moreover, only one thread, instead of two, is required during the tufting process
[25, 29, 57]. Because of the reasonable lack of the second thread and the locked
thread, the Aerotiss® 03 stitching ( tufting ) is simpler than the conventional stitch-
ing [11, 58]. Recently, research on tufting technology has also expanded its applica-
tion possibilities due to its economic-saving and lightweight characteristics.
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Fig. 1-17. Aerotiss® 03 tufting principle [59].

1.3.1 Applications and devices of tufting technology

• Applications

Tufting technology is gradually being applied to various composites manufac-
turing fields in response to the growing demands of the composites market for
lightweight, environmentally friendly. Tufting technology has evolved from its ini-
tial application in carpet manufacturing to industrial applications in composites,
realising a 3D TTR technology from the light industry to the aerospace, transport,
energy, and civil engineering industries... It has been successfully applied in the air-
craft door [60]. Bauer and Kotlensy[61] reveal that the first time tufting technology
was applied to the composites field can be traced back to 1973. With the improve-
ment of the tufting technology, the final tufted composites have been applied to
varies fields, whether in high performance (HP) or grand diffusion (GD) markets.
Such as in Mercedes SLR, tufting is used in the production of the frame rail to join
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I-stiffeners to a braided oval crash tube to enhance its energy absorption during im-
pact [62]. Laourine [63] applied tufting on a complex three-dimensional composite
structure of an undercarriage demonstrator where other technologies could not be
used due to the spatial restrictions [64]. Stickler et al. used partial tufting insertion
to connect the T-shaped composite butt joint [65–69]. Fig. 1-18 shows several con-
ceptional applications of tufting technology on aviation composite parts realised
on the prototype of tufting head by Cahuzac Georges from Airbus Group SAS [54].
To extend the potential application of tufting, a novel assembly structure by tufting
is figured out in the Chapter 4 of the present thesis.
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Fig. 1-18. Schematic of aviation applications in (a) flat panel, (b) convex panel, (c)
bi-bonvex pane, (d) nozzle of rocket engine and (e) spacecraft nose [70].

• Tufting device

On account of the requirement of cost-effective manufacturing in the composites
industry, the tufting process is therefore anxious to automate. This section will in-
troduce the tufting device founded in the open literature. The commercial tufting
head (see Fig. 1-19) developed by the German Aerospace Centre (DLR) Institute of
Structural Mechanics in Brunswickin cooperation with Keilmann Sondermaschi-
nenbau (KSL) GmbH (Lorsch) is operated on a conventional CNC sewing unit at
the DLR. Tufting thread is carried by a specially designed needle with an inclined
needle eye to penetrate the dry perform and is held by the friction between the
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thread and the surrounding fabric. A presser foot helps to avoid the pulling-out
of the inserted loops during subsequent penetration. The tufting head can be used
which allows for inserting the stitching thread under various angles and at the
lowest possible thread tensions [71]. CNC sewing unit provides a 60 mm lift of the
crankshaft, which allows for the stitching of, particularly thick materials. A large
application area can be covered by controlling the needle position in a bandwidth
of 0 to 40 mm. A particularly small“hold-down”device also allows for inaccessi-
ble areas such as the notches of mounted stringers on the wing shell to be stitched.
The simple tufting mechanism and compact tufting head design allow maximum
variability in stitch spacing of 2-10 mm, seam radius, insertion angle (45◦ - 135◦)
and up to 1000 tufts per minute are possible [72].

 

FigXUe 1 A ³WXfWiQg head´ deYeORSed b\ KSL GPbH, LRUVch aQd DLR, IQVWiWXWe Rf 
SWUXcWXUaO MechaQicV, BUXQVZick fRU RSeUaWiRQ RQ cRQYeQWiRQaO CNC PachiQeV[1]. 

CNC VeZiQg XQiW SURYide a 60 PP OifW Rf Whe cUaQkVhafW, Zhich aOORZV fRU Whe 

VWiWchiQg Rf SaUWicXOaUO\ Whick PaWeUiaOV. A OaUge aSSOicaWiRQ aUea caQ be cRYeUed b\ 

cRQWUROOiQg Whe QeedOe SRViWiRQ iQ a baQdZidWh Rf 0 WR 40 PP. A SaUWicXOaUO\ VPaOO 

³hROd-dRZQ´ deYice aOVR aOORZV fRU iQacceVVibOe aUeaV VXch aV Whe QRWcheV Rf PRXQWed 

VWUiQgeUV RQ a ZiQg VheOO WR be VWiWched. The ViPSOe WXfWiQg PechaQiVP aQd cRPSacW 

WXfWiQg head deVigQ aOORZ Pa[iPXP YaUiabiOiW\ iQ VWiWch VSaciQg Rf 2-10PP, VeaP 

UadiXV, iQVeUWiRQ aQgOe (45� - 135�) aQd XS WR 1000 WXfWV SeU PiQXWe aUe SRVVibOe [12]. 

Fig. 1-19. A "Tufting Head" developed by KSL GmbH, Lorrsch and DLR, Institute
of Structural Mechanics, Brunswick for operation on conventional CNC machine
[25].

Fig. 1-20 reveals that QinetiQ Company uses an automated tufting equipment sup-
plied by KSL for the production of TTR dry fibre preforms with robotic tufting
techniques. Structural health monitoring systems have also been incorporated into
thick section composites using these techniques. The robot is mounted on a 5 m rail
to enable the production of large components typical of those required by the air-
craft industry, and it is teamed with a tufting head, allowing both preform produc-
tion and addition of through-thickness reinforcement. This equipment can handle
large 3D shaped preforms of up to 3 x 2 mm2. The maximum thickness of the tufted
preform can be up to 40 mm. Stitch distance is variable between 2 to 10 mm. The
maximum sewing speed is 600 rpm. It is possible to tuft in a variable angle with a
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1.3. The advanced tufting technology

wide range of sewing threads [Fiche technique QinetiQ].

FigXUe 3 SWiWchiQg URbRW aQd WXfWiQg head XVed iQ QiQeWiQ CRPSaQ\ 

DeOO¶AQQR G eW aO.[16],  XVed a KSL KL150 WXfWiQg head, iQWeUfaced WR a KaZaVaki 6-

a[iV URbRW aUP FS 20N. The cRQWURO Rf Whe WXfWiQg SURceVV iV achieYed XViQg AS 

PachiQe SURgUaPPiQg OaQgXage deVigQed VSecificaOO\ fRU XVe ZiWh KaZaVaki URbRW 

cRQWUROOeUV, aQd Whe dedicaWed KCWIN VRfWZaUe fURP KaZaVaki. Fig. 4 VhRZV 

cRPSOeWe WXfWiQg QeedOe aUUaQgePeQW. The PachiQe VeW XS haV aQ adjXVWabOe WXfWiQg 

VSeed Zhich caQ iQVeUW XS WR 500 WXfWV SeU PiQXWe.  

FigXUe 4 (a) KaYaVaki FN20 URbRW aUP ZiWh WXfWiQg head, (b) deWaiO Rf Whe KSL KL 
150 WXfWiQg head [22]. 

The ALTIN NlhWechQik haV aOVR deYeORSed a URbRW-VXSSRUWed WhUee-diPeQViRQaO 

VWiWchiQg V\VWeP (FigXUe 5) Zhich iV adaSWed WR WXfWiQg SURceVV. WiWh WhiV NC-RSeUaWed 

URbRW V\VWeP, a Zide UaQge Rf cRQWURO feaWXUeV iV aYaiOabOe iQcOXdiQg aQ RffOiQe 

SURgUaPPiQg V\VWePV Zhich aVide fURP geQeUaWiQg Whe URbRW SURgUaP iV aOVR caSabOe

Rf cRQdXcWiQg feaVibiOiW\ aQaO\VeV aQd ViPXOaWiRQV [11]. 

(b) Tufting head(a) Stitching robot

Fig. 1-20. (a) Stitching robot and (b) tufting head used in QinetiQ Company [73].

Dell’Anno G et al. [74], used a KSL KL150 tufting head, interfaced to a Kawasaki
6-axis robot arm FS 20N. The control of the tufting process is achieved using AS a
machine programming language designed specifically for use with Kawasaki robot
controllers, and the dedicated KCWIN software from Kawasaki. Fig. 1-21 shows
the complete tufting needle arrangement. The machine set up has an adjustable
tufting speed which can insert up to 500 tufts per minute.
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FLJXUH 3 SWLWcKLQJ URbRW aQd WXIWLQJ KHad XVHd LQ QLQHWLQ CRPSaQ\

DHOO¶AQQR G HW aO.[16], XVHd a KSL KL150 WXIWLQJ KHad, LQWHUIacHd WR a KaZaVaNL 6-

a[LV URbRW aUP FS 20N. TKH cRQWURO RI WKH WXIWLQJ SURcHVV LV acKLHYHd XVLQJ AS

PacKLQH SURJUaPPLQJ OaQJXaJH dHVLJQHd VSHcLILcaOO\ IRU XVH ZLWK KaZaVaNL URbRW

cRQWUROOHUV, aQd WKH dHdLcaWHd KCWIN VRIWZaUH IURP KaZaVaNL. FLJ. 4 VKRZV

cRPSOHWH WXIWLQJ QHHdOH aUUaQJHPHQW. TKH PacKLQH VHW XS KaV aQ adMXVWabOH WXIWLQJ 

VSHHd ZKLcK caQ LQVHUW XS WR 500 WXIWV SHU PLQXWH.

FLJXUH 4 (a) KaYaVaNL FN20 URbRW aUP ZLWK WXIWLQJ KHad, (b) dHWaLO RI WKH KSL KL
150 WXIWLQJ KHad [22]. 

TKH ALTIN NlKWHcKQLN KaV aOVR dHYHORSHd a URbRW-VXSSRUWHd WKUHH-dLPHQVLRQaO

VWLWcKLQJ V\VWHP (FLJXUH 5) ZKLcK LV adaSWHd WR WXIWLQJ SURcHVV. WLWK WKLV NC-RSHUaWHd

URbRW V\VWHP, a ZLdH UaQJH RI cRQWURO IHaWXUHV LV aYaLOabOH LQcOXdLQJ aQ RIIOLQH

SURJUaPPLQJ V\VWHPV ZKLcK aVLdH IURP JHQHUaWLQJ WKH URbRW SURJUaP LV aOVR caSabOH

RI cRQdXcWLQJ IHaVLbLOLW\ aQaO\VHV aQd VLPXOaWLRQV [11].

FLJXUH 3 SWLWcKLQJ URbRW aQd WXIWLQJ KHad XVHd LQ QLQHWLQ CRPSaQ\

DHOO¶AQQR G HW aO.[16], XVHd a KSL KL150 WXIWLQJ KHad, LQWHUIacHd WR a KaZaVaNL 6-

a[LV URbRW aUP FS 20N. TKH cRQWURO RI WKH WXIWLQJ SURcHVV LV acKLHYHd XVLQJ AS

PacKLQH SURJUaPPLQJ OaQJXaJH dHVLJQHd VSHcLILcaOO\ IRU XVH ZLWK KaZaVaNL URbRW

cRQWUROOHUV, aQd WKH dHdLcaWHd KCWIN VRIWZaUH IURP KaZaVaNL. FLJ. 4 VKRZV

cRPSOHWH WXIWLQJ QHHdOH aUUaQJHPHQW. TKH PacKLQH VHW XS KaV aQ adMXVWabOH WXIWLQJ 

VSHHd ZKLcK caQ LQVHUW XS WR 500 WXIWV SHU PLQXWH.

FLJXUH 4 (a) KaYaVaNL FN20 URbRW aUP ZLWK WXIWLQJ KHad, (b) dHWaLO RI WKH KSL KL
150 WXIWLQJ KHad [22]. 

TKH ALTIN NlKWHcKQLN KaV aOVR dHYHORSHd a URbRW-VXSSRUWHd WKUHH-dLPHQVLRQaO

VWLWcKLQJ V\VWHP (FLJXUH 5) ZKLcK LV adaSWHd WR WXIWLQJ SURcHVV. WLWK WKLV NC-RSHUaWHd

URbRW V\VWHP, a ZLdH UaQJH RI cRQWURO IHaWXUHV LV aYaLOabOH LQcOXdLQJ aQ RIIOLQH

SURJUaPPLQJ V\VWHPV ZKLcK aVLdH IURP JHQHUaWLQJ WKH URbRW SURJUaP LV aOVR caSabOH

RI cRQdXcWLQJ IHaVLbLOLW\ aQaO\VHV aQd VLPXOaWLRQV [11].

(b) Tufting head(a) Stitching robot

Fig. 1-21. (a) Kavasaki FN20 stitching robot and (b) KSL KL150 tufting head [64].

To overcome the stitching technique limitations, which are not efficient and cannot
be applied in the majority of cases, mostly due to the large dimensions and the 3D
structure of the FRP components. Altin Näthechnik GmbH produced a new type
of unilateral tufting suture device: a robot-supported 3D stitching system (Fig. 1-
22(a)) which is adapted to the tufting process. It integrates the stitching process
into the stitching head, and connects the stitching head with a high-precision robot
with multiple degrees of freedom so that the shape and size of the stitching pre-
form are no longer limited by the equipment [71]. A major advantage is that the
stitching machine does not need workpiece feed items known from conventional
stitching machines. Therefore, careful handling of the workpiece is ensured and
the structural damage caused by the transport system can be prevented. The pro-
cess is applicable for performing the preform up to 40mm of thickness. The tufting
head as shown in Fig. 1-22(b) is variable regarding its stitch length, insertion angle,
and the length of the loops. Moreover, negative values for the loop length can be
achieved, resulting in a partial reinforcement of the preform. Since for such a rein-
forcement it is not required to penetrate the workpiece completely, it is possible to
reinforce the preform directly with the RTM tool. The wide range of parameters for
stitch distance, needle insertion, and loop length is adjusted by electro-mechanical
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1.3. The advanced tufting technology

means and can therefore be modified via the robot control system while perform-
ing stitching (tufting included) jobs.

A PDMRU DGYDQWDJH LV WKDW WKH VWLWFKLQJ PDFKLQH GRHV QRW QHHG ZRUN SLHFH IHHG LWHPV

NQRZQ IURP FRQYHQWLRQDO VWLWFKLQJ PDFKLQHV. TKXV, FDUHIXO KDQGOLQJ RI WKH ZRUN

SLHFH LV HQVXUHG DQG VWUXFWXUDO GDPDJH FDXVHG E\ WKH WUDQVSRUW V\VWHP FDQ EH

SUHYHQWHG. 

FLJXUH 5 RRERWLF VWLWFKLQJ V\VWHP [3@ 

TKH SURFHVV LV DSSOLFDEOH IRU SUHIRUPV XS WR 40PP RI WKLFNQHVV. TKH WXIWLQJ KHDG DV
VKRZQ LQ FLJXUH 6 LV YDULDEOH UHJDUGLQJ LWV VWLWFK OHQJWK, LQVHUWLRQ DQJOH DQG WKH OHQJWK 
RI WKH ORRSV. AOVR QHJDWLYH YDOXHV IRU WKH ORRS OHQJWK FDQ EH DFKLHYHG UHVXOWLQJ LQ D
SDUWLDO UHLQIRUFHPHQW RI WKH SUHIRUP. SLQFH IRU VXFK D UHLQIRUFHPHQW LW LV QRW UHTXLUHG
WR SHQHWUDWH WKH ZRUN SLHFH FRPSOHWHO\ LW LV SRVVLEOH WR UHLQIRUFH WKH SUHIRUP GLUHFWO\
LQ WKH RTM WRRO.

TKH ZLGH UDJH IRU WKH SDUDPHWHUV IRU VWLWFK GLVWDQFH, QHHGOH LQVHUWLRQ DQG ORRS OHQJWK 
LV DGMXVWHG E\ HOHFWUR-PHFKDQLFDO PHDQV DQG FDQ WKHUHIRUH EH PRGLILHG YLD WKH URERW
FRQWURO V\VWHP ZKLOH SHUIRUPLQJ D VWLWFKLQJ MRE.

FLJXUe 6 TXfWLQJ Kead ALTIN

2.3 PaUaPeWeUV Rf WXfWLQg SURceVV ( TXfWLQg deQVLW\, TXfW OeQgWh, TXfW aQgOe, 
TXfWLQg WhUead, TXfWLQg QeedOe, TXfW ORRS, TXfWLQg SaWWeUQ)
CRPSaUaWLYeO\ WR WKe XQWXfWed SaQeOV, WXfWLQJ LQcUeaVeV VLJQLfLcaQWO\ WKe VWLffQeVV aQd

XOWLPaWe VWUeVV XQdeU beQdLQJ, cRUe VKeaU aQd fOaWZLVe cRPSUeVVLRQ [28]. TKe

SeUceQWaJe Rf JaLQ deSeQdV RQ WKe VWUXcWXUaO SaUaPeWeUV Rf WKe WXfWed SaQeOV. TXfWLQJ 

SURceVV caQ be fXOO\ aXWRPaWL]ed. IW LV WKXV SRVVLbOe WR cKaQJe YaULRXV SaUaPeWeUV VXcK

aV WXfW OeQJWK, WXfWLQJ WKUead dLaPeWeU, VSace beWZeeQ WXfWLQJ SRLQWV aQd aUeaO WXfWLQJ 

deQVLW\

TXfWLQg deQVLW\
TXfWLQJ deQVLW\ UefeUV WR WKe WRWaO QXPbeU Rf WXfWV LQ a PeaVXUed aUea Rf fabULc (XQLWV Rf 

WXfWV/cP2 RU WXfWV/P2). WKeQ WKe SUefRUP LV WXfWed ZLWK a SeUPaQeQW WXfWLQJ deQVLW\,

WXfWLQJ VSacLQJ caQ be XVed WR deVcULbe WXfWLQJ deQVLW\. TXfWLQJ VSacLQJ UefeUV WR WKe

dLVWaQce beWZeeQ WZR SRLQWV Rf WXfWV. IQWeUOaPLQaU VKeaU VWUeQJWK JURZV ZLWK WXfWLQJ

deQVLW\ becaXVe Rf WKe addLWLRQaO LQVeUWLRQ Rf fLbURXV VWUXcWXUe aORQJ WKLcNQeVV. 

HRZeYeU PRUe SRLQWV aUe WXfWed, RYeUaOO SeUfRUPaQceV Rf PaWeULaO aUe ZRUVe becaXVe

Rf WKe daPaJe caXVed b\ WKe QeedOe aQd PLVaOLJQPeQW Rf fLbUe. TKXV, fRU WKe KLJK 

WXfWLQJ deQVLW\ (VWeS Rf 12.5 PP) WKe LPSURYePeQW Rf WKe SeUfRUPaQceV caQ UeacK 250%

fRU beQdLQJ ULJLdLW\ aQd 1000% fRU WKe VKeaU faLOXUe VWUeVV [30]. IW LV RbYLRXV WKaW WKe

LQcUeaVe Rf WKe WXfWLQJ deQVLW\ LPSURYeV WKe PecKaQLcaO SURSeUWLeV cRQVLdeUabO\. OQ 

WKe RWKeU KaQd WKLV LQcUeaVe OeadV WR aQ LQcUeaVe Rf WKe PaVV aQd cRQVeTXeQWO\ a ORVV Rf

VSecLfLc SURSeUWLeV. A cRPSURPLVe PXVW be fRXQd. 

�;ďͿ�dƵĨƚŝŶŐ�ŚĞĂĚ�;ĂͿ�^ƚŝƚĐŚŝŶŐ�ƌŽďŽƚ

Fig. 1-22. (a) Stitching robot system and (b) tufting head developed by Alitin
Näthechnik GmbH [75].

Additionally, on account of the study in-depth of the tufting process, a small-size
tufting device is developed to meet the laboratory research environment. For ex-
ample, since 2014, our laboratory (GEMTEX) began to use a home-design tufting
device to perform the tufted preforms. This is an automated tufting equipment de-
signed by Liu et al. [57], as shown in Fig. 1-23. The present tufting device is 700
× 400 mm2, and it is made up of two pneumatic systems and four main systems:
tufting system, presser foot system, and feeding system. The tufting process be-
gins with the tufting thread (twisted or untwisted,various raw materials), which is
unwound from the bobbin carried by the feeding system, firstly passing through
a tension controller into a tufting needle (for example a hollow needle with a di-
ameter of 2 mm in the present thesis), then the tufting needle and the presser foot
cooperate with each other to penetrate into the preform, and the free loop is per-
formed in the foam thanks to the tufting system, presser foot system and the frame,
whose responsibility is to support the foam and the tufting head. Meanwhile, some
essential tufting parameters such as tufting spacing, tufting length, tufting direc-
tion, and presser foot pressure can be predetermined with this automated tufting
device. For instance, the maximum tufting length is determined by the range of
the pneumatic cylinder which links with the tufting needle [29, 76]. Simultane-
ously, another pneumatic is in charge to preset the pressure of the tufting needle
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and presser foot. Table 1-2 shows the main parameters of the present tufting device.

7XIWLQJ�V\VWHP
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)UDPH
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Fig. 1-23. Tufting device (a) using in GEMTEX Lab. and (b) CAD version [29].

Table 1-2
Main parameters of tufting device [29].

Parameter Values

Size of tuft machine 700×400 mm2

Needle inserting speed (after optimisation) 60 mm/s

Needle retreating speed (after optimisation) 60 mm/s

Needle diameter 2 mm

Maximum needle stroke 50 mm/s

1.3.2 Manufacturing of tufted composites

Tufting is a type of local 3D textile technology, which differs from the integral
3D weaving, knitting, braiding technologies, where the former is a localized Z-
reinforcement penetrated into the 2D preform (laminate preform in general). The
principle consists of the insertion of a reinforcement thread in the Z-direction;
which can also be executed with different angles. The thread is introduced with
very low tension and the needle retreats, leaving a loop. The penetration depth is
adjustable. The loop could be internal or external to the laminate and overflow by
a few millimetres.
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1.3. The advanced tufting technology

Fig. 1-24 shows that only one thread access to one side of the preform, instead of
two, is required during the tufting process. Developed from conventional stitch-
ing technology, tufting technology is a method used to link together dry reinforce-
ments or strengthen the composite by inserting thread through the thickness of
the preform. It involves the novel aspect that it uses a single needle to introduce
a thread into the structure without tension. In traditional stitching technology or
other technologies such as braiding and knitting technology, threads are bound by
forming a knot or interlock in the preform. Because of the shear force between the
threads, the performance of the reinforcement is weakened. Comparing with other
3D forming technologies, tufting applies a tension-free tuft which can reduce the
sewing effect on interlaminar performance and avoid the weakened zone around
the tuft.

TRS VLde

BRWWRP VLde

TXIWLQJ needle 

TXIWLQJ WKUHDG

TXIW OHQJWK

IQVHUWHG WXIW ORRS

TXIWLQJ GHQVLW\

FRDP

PUHIRUP

Fig. 1-24. Schematic of tufting parameters [29].

Tufting can achieve various complex shapes, such as a cylindrical hollow shape
with a cylindrical foam mentioned in the patent applied in 1995 of Aerotiss® [70],
and its concept schematic is shown in Fig. 1-25. Apart from the abovementioned
tufting parameters, the foam is also a very influential one, which plays an impor-
tant role to influence the tufting quality. The researchers [76, 77] are also agreed
that foam with a proper density and softness can help the tuft loop stay well in the
preform and foam to complete the tufted preform. Moreover, Dell’Anno [77] pro-
poses two kinds of partially inserted tufts, a nice idea for tufting a tubular preform
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is demonstrated in Fig. 1-26.
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Fig. 1-25. Cylindrical support [70].
Fig. 1-26. Tuft loops emended in the
closed, foam filled preform [77].

Tufting is fairly suitable for load-bearing structures intended to be manufactured
via dry fabric/liquid resin infusion processes. The latter is the closed moulding
method used to cure tufted preforms, with the most common Liquid Composite
Molding (LCM) process after the tufting process. In the open literature, numerous
researchers [78–86] prefer the Vacuum-Assisted Resin Transfer Moulding (VARTM)
process to accomplish high-quality tufted composite parts. This process injects the
resin into the fibre preform placed between rigid moulds to control the dimensional
tolerances. On the contrary, there are some other researchers [57, 87] who would
like to select the Liquid Resin Infusion (LRI) process to manufacture the final tufted
composite pieces. The process is utilized in flexible conditions, such as in low-cost
open moulds with vacuum bags in nylon or silicone [9]. This is the reason that
LRI process is chosen in the present thesis. The LRI set-up is presented in Fig. 1-27,
which demonstrates the LRI principle: the preform is firstly placed on the caul plate
with the release film. And then is enclosed in a vacuum bag, then the peel ply and
infusion flow media are superposed on the preform sequentially to complete the
LRI set-up. While the resin injecting differential pressure is created by a vacuum
at the vent of the resin system, it leads to the impregnation of the compressible
perform in the transverse direction.
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Fig. 1-27. Schematic of liquid resin infusion process [9].

Preparatory work: the definition of tufting density

Lack of criteria and uniform definition in the literature, the definition system of
tufting density proposed by us is shown in Fig. 1-28. It includes lengthwise density,
widthwise density, and total tufting density in the present system. Moreover, it is
obviously found that this tufting density system can even be suitable to the angular
tufting path (namely, path angle θ) shown in Fig. 1-28 (b). The column spacing is
perpendicular to the machine direction and, conversely, the row spacing is parallel
to the machine direction. Tufting spacing therefore depends on the row spacing
and tufting path angle, and vice versa. Initially, it needs to define the Tuft Point
(tuft for short), which refers to the insertion point of the tufting threads left on the
top side (the unit is pts).
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Fig. 1-28. Definition of tufting density, schematic of tufting direction of (a) 0 angle
(b) with a direction angle.
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The definitions of the items are given in the following:

Tufting path angle(θ) refers to the angle between the machine direction and the
tufting path direction (in ◦).

Column spacing (Sx) is the distance between two adjacent tufting columns (in
mm).

Tufting spacing (St) is the distance between two adjacent tufts (in mm); Therefore,
the row spacing(Sy) (in mm) can be calculated as Eq.(1.1):

Sy = St × cosθ (1.1)

Lengthwise density (Dl): The total tufts within the unit length in each column of
the preform (in pts/cm), here take the number of tufts within 1 cm to count along
the machine direction and multiply by ten, shown in Eq.(1.2):

Dl =
⌈

10
Sy

⌉
=

⌈ 10
St × cosθ

⌉
(1.2)

Widthwise density (Dw): The total tufts within the unit length in each row of the
preform (in pts/cm), here take the number of tufts within 1 cm to count along the
transverse direction and multiply by ten, shown in Eq.(1.3):

Dw =
⌈ 10

Sx

⌉
(1.3)

Tufting density (Dt): The total tufts per square unit of the preform (in pts/cm2),
calculated as Eq.(1.4):

Dt =
⌈

100
Sx ×Sy

⌉
=

⌈ 100
Sx ×St × cosθ

⌉
(1.4)
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According to several validation calculations, the value of tufting density is logically
rounded up as shown in the above formulas. On the basis of the definition proce-
dure, the tufting density can be characterized by different parameters depending
on the situation, which leads the research more accurate and simplified. Such as
tufting spacing, total tuft points (total tufts) of the whole preform, namely as total
tufts in sample.

1.3.3 Micro - and meso-structure of tufted composites

• Fiber undulation, crimp and degradation

As shown in Fig. 1-29, a slight degradation of the tufting thread can be observed
and the tufting thread has become slightly untwisted during the tufting process.
Meanwhile, there is the knowledge that using the twisted tufting thread could fa-
cilitate insertion and avoid degradation during tufting [57]. Only one-sided thread
is required in the tufting process, the stability of the thread is less than two threads
stitching. The degradation and winding occur during both the tufting and curing
process. Additionally, it is assumed to date that these defaults may arise due to the
tooling, preform structures, and laminates configurations. However, less research
has been carried on this topic, particularly the tufting degradation. It is of interest
to understand the degradation mechanism of tufting thread, it will be investigated
in detail in Chapter 2 of the present thesis.
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threads/foam than the tufting threads/preform. The degradation in
the preform and the foam depends mainly on the structure of the
preform and foam: the denser the preform and foam, the more the
tufting thread is degraded. On the other hand, the tufting threads
throughout the thickness of the preform are well compressed dur-
ing the resin infusion process. The tufting threads are not straight
in the final composite piece, which can be noted in Fig. 13b: Wind-
ing threads can be observed, in particular in the lower part of the
composite. By contrast, the inserted threads remain straight in
the tufted composite in the case of partially inserted tuft (see
Fig. 9). The winding threads can reduce the quality of the resin
infusion due to the greater number of porosities created around
them.

5. Conclusions

As an advanced method for strengthening composite in the
thickness and also developing 3D preforms, tufting technology
has been introduced in the present paper. By using tufting technol-
ogy the thick tufted composites are performed, the delamination
effect can be reduced and the impact resistance and damage toler-
ance are increased. Compared to 3D weaving, the main interest of
tufting is the possibility to reinforce through the thickness or to
perform the linkage between the layers where it is required. More-
over, the tufting pattern can be changed more easily to match our
needs (e.g. square spiral tufting, spiral tufting. . .). Compared to
conventional stitching, tufting is much simpler as it does not
require that a second thread be used and that the threads be
locked. The tufting at one side permits the manufacturing process
to be simplified, more efficient and more economical.

As one of the important process parameters, the influence of
tuft length through the thickness on the characterisations of tufted
composites have been completely analysed in this study. The opti-
misation of the tufting process has been investigated, and an effec-
tive tuft length of 8 mm is the minimum required to guarantee that
the multi-layered composite part can be well reinforced through
the thickness with the given tufting threads and preform. When
the effective tuft length is superior to the optimised one, the tensile
strength of the tufting thread in composites tends to constant in
the case of partially inserted tuft. To avoid high degradation of
the tufting threads, the better method is partially inserted tufting
compared to fully inserted tufting.

Degradation during tufting always exists even if twists are
added to the tufting threads. Compared to tufting threads with
no twists, twisted threads are a better solution for the given tufting

threads. The present study is focus on the influence of tuft length,
but in the future work, it is important to investigate other types of
tufting reinforcement using other threads.
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Fig. 13. Micro-observation of the tufting threads in tufted composite in the case of fully inserted tuft.
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Fig. 1-29. Degradation of tufting thread [57].

• Resin-rich zones

As shown in Fig. 1-30, an eye-like resin-rich area around each tuft (two resin pock-
ets and a tuft) can be found by means of micro-observation, and it is generated
after the needle penetration and subsequent mould curing stages. The resin-rich
zone is a defect phenomenon, with the penetration of the thread, the laminated fi-
bres pushing apart around the tuft, bringing a void which will be filled with resin
during the resin infusion process, and the resin pocket product. The area is resin-
rich zone. If the tufting spacing is too closed that the resin-rich zone (resin pockets)
may overlap, where may easily occur crack initiation and propagation because of
the stress concentration [57, 64, 74, 84]. On account of resin-rich zone can occur
at different scales of composites. It makes sense to optimise the tufting process,
including the optimisation of tufting parameters (tufting density, tuft length, free
tuft loop, etc), the improvement of tufting machine, and the selection of raw ma-
terials for tufting thread, tufting needle, and foam. The influence and optimisation
of tufting density is fully investigated at different tufting scales (tufting thread in
Chapter 2, tufted laminates in Chapter 3 and tufted assembly in Chapter 4) in the
present thesis.
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circular and fewer delaminated planes are observed.
Accordingly, the CAI strength of these samples is increased
by 25% and 27% in the presence of a central tufted block,
using glass and carbon threads, respectively (see Table 2).

In the 3.35 mm thick DCB samples the delamination did
not propagate into the tufted region, instead the specimens

failed by flexural failure of the beam arms. It was also
impossible to propagate the centre plane delamination
when the equivalent samples were stiffened by bonding of
6 mm thick aluminium sheets on each side.

In the case of the 6 mm thick NCF based samples two of
the tufted specimens still failed by breakage of the beam

Fig. 7. Resin pockets and impregnations defects in a glass thread tufted composite.
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Fig. 1-30. Resin-rich zones of tufted composites [74].

• Tuft inclined

Fig. 1-31 shows the micro-observation of the cross-section of a tufted composite
sample. The tufting thread with a free loop and glass yarns can be observed. There
is no concentrated porosity but some resin-rich zones are around the tufting thread.
Meanwhile, it is noticed that the tufting threads are slightly inclined, and the in-
clination is inferior of 4 ◦. Liu et al. [57] have proposed that it is probably caused
by the flow of resin during the infusion stage. It is considered that the tuft incli-
nation may occur unintentionally during manufacturing affecting the delamina-
tion. In general, such inclined tufts, especially unintentional inclination, may bring
detrimental effects on the delamination toughness. Of course, except for special cir-
cumstances, like Lombetti [88] has pointed out that the inclined tuft could improve
the delamination toughness under mode II sliding loading. It makes therefore in-
teresting to investigate the interlaminar shearing behaviours of tufted products at
different scales under the mode II sliding loading. And it will be given in-depth
account on the topic in Chapter 3 of the present thesis.
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1.3. The advanced tufting technology

extracted from the composite sample. Consequently, to charac-
terise completely the tensile properties of tufted composite, the
number of tuft points and the broken and extracted tufting threads
should be counted besides the breaking load of tufting threads.

Table 5 shows the numbers of broken and extracted tufting
threads corresponding to each ETL. As presented previously, each
sample has three tuft lines and each tuft line has 7–9 tuft points.
Therefore, the number of tuft points in a sample may be different.
In addition, there are two tufting threads at each tuft point. It can
be noted in Table 5 that the smaller the ETL, the more tufting
threads are extracted from the composite sample. Moreover, all
of the tufting threads are broken clearly at the separation surface
when the ETL is superior to 7.4 mm.

The maximum tensile load (the breaking load) per tufting
thread per ETL is shown in Fig. 12. Because of the presence of
release film in the tufted composite, the tensile load can be consid-
ered as being carried 100% by the tufting threads through the
thickness. It can be noted in Fig. 12 that increasing the ETL leads
to an increase in maximum tensile load per tufting thread and that
this development gradually diminishes. This non-linear evolution
can be divided into three parts. At the beginning of the curve
(ETL < 3 mm), it can be noted that the maximum load per tuft
thread is quasi proportional to the ETL. In the present case (3 K car-
bon tow, epoxy resin), the proportion is about 37 N/ mm, which is a
valid law for low ETL (<3 mm). The predominant phenomenon in

the case of low ETL is delamination of the tufting tow, i.e. rupture
of the resin around the inserted tuft loop. In the second part of the
curve (between 3 mm and 8 mm), it is sometimes the rupture of
the consolidated tufting thread and sometimes that of the resin
around the inserted tuft loop which is predominant, which
explains the increase of the standard deviations shown on the
curve. The longer the ETL is, the more the tufted thread ruptures
in comparison with the resin around the inserted tuft loop. Con-
versely, the shorter the ETL is, the more the resin around the
inserted tuft loop ruptures in comparison with the tufted thread.
Beyond the ETL of 8 mm, the evolution of the tensile load becomes
stable and no longer depends on the ETL. In the present case (3 K
carbon tow, epoxy resin), the maximum tensile force per tufting
thread finally converges at 135 N. The predominant phenomenon
for ETL > 8 mm is the rupture of the consolidated tufting thread,
and this is confirmed by the results presented in Table 5: during
the tensile test, there is no extracted loop observed in the separa-
tion surface of the tufted samples where the ETL > 7.4 mm.

Other samples are tufted throughout the thickness (fully
inserted tuft), and the free loops appear at the bottom side of the
sample. The tensile characterisation of tufted composite samples
obtained by fully inserted tuft is shown in Table 6. In order to
obtain different thicknesses in the lower part (the ETL in the case
of fully inserted tuft), the thickness of the tufted sample (the num-
ber of layers) has been changed. In all fully inserted tuft cases, the
tufting threads are broken cleanly at each tuft point on the separa-
tion surface. The mean value of 84.2 N is obtained for maximum
tensile load per tufting thread, which is 37% less than that of par-
tially inserted tuft (135 N in the case of partially inserted tuft). This
is probably due to the higher degradation effects presented in the
fully inserted tuft case and the more winding threads created
under the compression effects during the resin infusion process
under vacuum environment.

4. Discussion

The results presented in Section 3 show that the tufting thread
may be broken or extracted on the separation surface. In partially
inserted tufting, the number of broken and slippage tuft points
depends strongly on the ETL. When the ETL is superior to
7.4 mm, no inserted tuft loop is extracted. In this case, the tufting
thread is well inserted in the preform and therefore the tufted
composite part can be well reinforced through the thickness, which

Fig. 9. Cross section of tufted composite sample under micro-observation.

Fig. 10. (a) Tensile instrument and (b) tensile test set-up.
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Tuft inclined

Fig. 1-31. Inclined tuft [57].

1.3.4 Advantage of tufting

As an ongoing TTR technology in composite , research on tufting has not suffi-
cient than other TTR technologies. However, its good out-of-plane performance
while the weakened in-plane performances have been still studied according to
the open literature. The story about "mechanical properties of tufted composites"
will therefore be taken up in terms of both pros and cons in the present and the next
sections, respectively. Firstly, some open studies have confirmed the enhancement
of tufted composite in the fracture toughness. Meanwhile, the good impact dam-
age resistance and joint strength of the tufted composite have been determined, as
introduced below.

• Interlaminar fracture toughness properties

The improvement of interlaminar fracture toughness gained by the tuft. To date,
some studies have revealed that tufting reinforcement provides a significant im-
provement on the fracture toughness and delamination resistance by reducing the
crack opening displacement and by resisting the crack sliding displacement under
Mode I and Mode II loading, respectively [83, 89, 90]. Meanwhile, interlaminar
tufting increases its properties under mixed modes I/II loading condition. How-
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ever, with the lack of significant demand at the engineering application level, little
research may focus on the delamination resistance under the Mode III loading con-
dition.

The delamination crack initiation toughness of the tufted composite has not im-
proved but has been relatively reduced [88]. It is believed that due to the resin
layer of the delamination, the plane of tufted composites is thinner, compared to
that of the untufted one (also called non-tufted). Moreover, the interlaminar frac-
ture toughness properties under mode I loading of tufted laminates have been
characterised by experimental and Finite Element(FE) analysis [91, 92]. The tough-
ness has been measured using the mode I double cantilever beam (DCB) test for
laminated composites [92]. The mode II properties have been measured using the
end-notch flexure (ENF) [81], end-loaded-split (ELS) [51] fracture toughness test. A
large number of experimental studies using the ENF test method have measured
the mode II delamination resistance and identified the toughening mechanisms
of tufted carbon epoxy laminates. However, there is a lack of work in the litera-
ture reporting the fracture behaviour of tufted laminates under mode II loading. It
could be related to the difficult to apply pure mode II loading due to the opening
mechanism acting in the delamination crack. However, a 5-fold increase of the total
fracture toughness under shear loading for the tufted specimens mentioned by Bi-
gaud [93]. Delamination toughness is, without doubt, the most studied property of
tufted composites [81, 84, 91, 92, 94]. Interlaminar fracture comprises energy losses
in terms of matrix cracking, fibre breakage, fibre pull-out, fibre slipping, and fibre
debonding, which differ from metals where fracture toughness depends on the en-
ergy dissipated at the crack tip [95]. Mode I fracture toughness values more than
16 times greater compared with non-tufted composites by Colin de Vediere et al.
[94] (see Fig. 1-32). Colin de Verdiere et al. [96] have also studied the tufting effect
on mode II fracture toughness of carbon non-crimp fabric composites. It showed
about 2 times higher than the non-tufted samples, as Fig. 1-33 revealed. Further-
more, tufting increases the interlaminar toughness of long cracks under mode I, II,
and mixed modes I/II loadings.

It is important to understand this subject to better control the tufting technology,
and contributes along with other textile technologies [95, 97–107] to improve the
delamination behaviour of composite structures.
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1.3. The advanced tufting technology

The experimental apparatus allowed rotation around the pin axis for both arms. Only vertical displacement of the lower
cantilever arms was permitted, as the upper arm had all displacements constrained (Fig. 3). Delamination occurred when the
lower pin was struck by an aluminium impactor featuring side grooves. This design was chosen as previous investigations
[25] have shown that the quality of the signal recorded by the load cell is strongly dependent on the mass of the impactor.
High masses result in significant oscillations in the load signal. Furthermore, this work [25] indicated that the load cell
should be located as close to the specimen as possible as stress waves travelling in the rig and mass effects led to unrealistic
loads signals. The load cell has therefore been placed above the specimen (see Fig. 4).

When the impactor strikes the lower pin, a reaction force is created in the upper pin (7), the load cell (4) is compressed
between a free block (3) and a fixed block (5). The force measured corresponds to the force at the crack tip allowing calcu-
lation of fracture toughness. Once struck by the impactor, the lower pin slides down a rail tearing the DCB specimen apart.
The rig was mounted into a Rosand drop tower with variable load range and impact speed. Tests were carried out at various
loading rates between 0.8 m/s and 8.7 m/s for 3D reinforced as well as plain NCF specimens. The numbers of repeat in static
were of 5, as in dynamic the repeat number would be between 2 and 4 for each material. This led to a considerable number of
tests in dynamic conditions (31).

The opening of the crack during delamination was monitored using a Photron 1024PCI high-speed camera with a frame
rate of 2000 frames per second. Movies were saved every frame as JPEG images. Post-processing of the images was com-
pleted with an in house software, which allowed accurate crack and lower arm displacement measurements throughout
the complete delamination of the beam.

5. Experimental results

5.1. Static delamination

The response to delamination of the untufted and tufted NCF composites showed large differences. Test on the plain NCF
material were very reproducible and smooth crack propagation could be recorded visually (Fig. 5a (grey)). Tufted NCF

Fig. 4. Load cell set up.
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Fig. 1-32. Tufted and untufted composites delamination characteristic in static: (a)
force versus crack displacement and (b) GIC versus crack length [94].

The strain release energy for both materials is presented in Fig. 3b which illustrates the benefit of the presence of tufts.

3.2. Dynamic response

The specimens were placed in the drop tower apparatus to be loaded dynamically while a high speed camera was used to
acquire images of the deformation and crack propagation process.

3.2.1. Image analysis
The response of the beam during loading for the standard and tufted NCF composites at various loading speeds is pre-

sented in Fig. 4. Images illustrates similar pure Mode II loading behaviour for both materials. The Cameras with a frame rate
of 6000–10,000 images/s monitored the crack propagation at high speed. The Photron 1024PCI camera provided 256 by 256
pixels resolution for such a rate which made crack propagation detection difficult (Fig. 4a–c). However the Photron SA1 pro-
vided 1024 by 896 pixels resolution (Fig. 4d), which allowed better crack propagation monitoring.

3.2.2. Load cell analysis
The load versus displacement curves presented in Figs. 5 and 6 were acquired during delamination Mode II of the stan-

dard and tufted material.
The dynamic load readings were more noisy as the displacement increased (Fig. 5a and b). The dynamic responses were

characterised by a large initial peak corresponding to initial contact between the impactor and the loading pin. This peak was
more intense for tufted specimens (Fig. 6). Above 3 m/s the amount of noise in the signal made any analysis of the crack
propagation very difficult. Filtering degraded the signal significantly during crack propagation and could not be applied
successfully.

Consequently loading rate effect on delamination Mode II could not be investigated using the load cell measurements.

3.2.3. Crack versus displacement response
Measurements on images acquired by the high speed camera were made possible by the use of the in house code that

allowed the plotting of crack versus displacement of standard and tufted interface through time (Fig. 7). The tool converted
pixel into mm and took measurements of the crack growth and the loading arm displacement for selected images. Initiation
and propagation points were used if the crack stopped.

It can be observed (Fig. 7a) that the crack length propagation increased with displacement. The underlying trend was lin-
ear; however the response involved steps that were characteristic of stick slip behaviour. The occurrence of negative incre-
mental displacements in some cases was due to the low accuracy of the measurement on low resolution images. The crack
length versus displacement results on the tufted interface response (Fig. 7b) showed a more consistent trend for various
loading speed. In this case strong stick slip behaviour was observed. The tufts changed the catastrophic resin crack length
propagation into steady crack propagation over the full range of loading speeds.

3.3. Rate effect investigation in Mode II

3.3.1. The optical approach
The strain energy release rate is calculated using Eq. (1) and an expression for the compliance of the test specimen is pre-

sented in Eq. (2):

GIIC ¼
ð9 # P2 # a2Þ

4b2t3Ef

ð1Þ

where t is the thickness, b is the width, P is the loading, Ef is the arm flexural modulus, d is the arm displacement and a is
the crack length propagation. Here Ef is the crack length.
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Fig. 1-33. Standard and tufted NCF composites response to delamination: (a) force
versus crack displacement, (b) strain energy release rate [96].
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• Impact damage tolerance properties

Studies on damage tolerance and CAI behaviour demonstrate that even though
all TTR methods have a positive effect, tufting is expected to have the best perfor-
mance compared to either stitching (regardless low pretension or high pretension)
or z-pinning, with minimal in-plane strength decay [27, 108]. Other studies [109]
have also shown some effect of tufting parameters, such as tufting density, raw
materials, layup of reinforcement laminate, and thickness of the tufted composite,
on the strength of the final composite part [86, 110, 111]. The impact is a dynamic
event that refers to the momentary load on a small area, and it can also be seen as
a transient process in which energy is transferred from the outside to a structural
system [112, 113]. It can be determined by 1) Impact damage tolerance: which as-
sociate with the reduced stability and strength of the structure due to the damage
[114, 115]; and 2) Impact damage resistance: which is related to the response and
damage caused by the impact [116, 117]. The introduction of Z-direction reinforced
thread has well improved the impact damage caused by the encountered in con-
ventional laminated composites [58, 78–80, 83, 85, 86, 94, 118–121]. For instance,
a low-velocity Izod impact is presented in the study of Najafloo et al. [86], and as
shown in Fig.1-34. Deconinck et al. [118] have studied the effect of tufting density of
Z-direction carbon thread reinforced composites on high-velocity impact-induced
behaviour. The results (see Table 1-3) have revealed that the delamination area can
be maximum decreased till 24 % while the tufting density increases compared to
untufted composite laminates.
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2. Internal delamination due to the transverse shear
stresses.

3. Matrix and fiber failure due to the compressive
bending strains on the lower face of impact.

4. Matrix fracture (or fiber splitting) caused by tensile
bending strain on the impact face.

Results of the impact test are reported in Table 4.
Through-the-thickness yarns transfer the load through
the thickness Therefore, the stress is distributed more
evenly between the layers, and the composite can
absorb more energy with low damages.17 Results
show that tufting significantly improves the impact
properties of laminate composites. For example, in
the composites such as H12, an improvement as high
as 14.6% is observed, while in the other composites like
M24, impact resistance is diminished by 8% as com-
pared to the UC composite.

Delamination due to the transverse shear stresses
and buckling in back face of composites under impact
force is mostly caused by the damages which occurred
in the composites. Such delamination is shown in
Figure 17. One may expect that the presence of
through-the-thickness yarns in the composites can pre-
vent the crack growth and delamination (Figure 18) due
to their effective role on the energy absorption.

In the Izod test, the transverse shear stresses pro-
duced by applying the impact force lead to the internal
delamination (Figure 16(1)). Therefore, prior to review-
ing the results, it should be noted that in the impact
test, the shear force which is greater than that in the
three-point bending test plays a significant role on the
energy absorption.

When tufted yarns are closer to each other, they
become thicker and show a combination of different
roles on the energy absorption. One role is the increase
in the fibers misalignment which leads to a reduction in
the delamination resistance (as explained in section

Figure 16. Nature of Izod impact damage in a laminated com-
posite plate.

Figure 15. Energy absorption after failure in all composite samples.
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Fig. 1-34. Energy absorption after failure in all composites [86].

Table 1-3
Delamination area [118].

Reference

Tufting areal

density (%)

Normalized delaminated

area

None – 1.00

2K-p1 d1 0.76

2K-p1 d1 0.76
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Furthermore, a large improvement is that the damaged area is decreased and the
ultimate compressive strength is increased. Tufting reinforcements are found to de-
crease the damaged area up to 4 times when compared to the non-tufted laminates.
Recently, Lombetti et al. [119] have studied the lightning strike impact behaviour
of metal tufted carbon composites. The results have shown that the metal tufted
brings lightning strike impact damage suppressed significantly with internal dam-
age decreasing around 90 % and 75 % compared to untufted laminates for copper
and stainless steel as shown in Fig.1-35.

smallest surface damage (17 cm2). This is due to the limited dissipation
of energy on the surface, which leads to transfer of the energy in the
through the thickness direction where the low conductivity of the
material leads to damage. The internal damage size of the mesh pro-
tected material (Fig. 7b) is reduced to approximately 1 cm2 due to the
high conductivity of the mesh and the corresponding dissipation of
energy. In this case, the flow of current through the surface causes more
extended superficial external damage (about 28 cm2). The copper tufted
panel (Fig. 8a) shows an internal damage size of about 1 cm2; accom-
panied by reduced surface damage in comparison to the mesh protected
laminate (22 cm2) due to current dissipation through the thickness
leading to the composite with the lowest total damage size. The internal
damage area in stainless steel tufted panel (Fig. 8b) is about 2 cm2,
which is significantly reduced compared to the unprotected untufted
laminate. However, the relatively low conductivity of the steel leads to
increased superficial external damage (about 50 cm2) compared to
copper tufted and mesh protected laminates.

4. Conclusions

Metallic tufts are capable of reinforcing composite structures sig-
nificantly increasing the delamination toughness in mode I. The tensile
behaviour of the tuft has significant impact on the delamination
toughness. In the case of the ductile copper wire the high ultimate
strain allows several tuft rows to bridge the crack simultaneously
leading to very high delamination toughness and progressive failure.
The incorporation of metallic tufts increases significantly the through
the thickness conductivity of composites. This is reflected in sig-
nificantly better lightning strike performance, which in the case of
copper tufting matches the performance of standard protection methods
such as the use of copper mesh. Furthermore, the use of tufting changes
significantly the electrical behaviour during lightning strike as current
can be dissipated through the thickness in contrast to surface dissipa-
tion which is dominant in standard protection methods. This leads to a
reduction in surface damage.

This work shows that use of metallic tufting and especially ductile
high electrical conductivity materials improves significantly both the
mechanical and the lightning strike behaviour of carbon fibre compo-
sites. Therefore, metal tufted carbon composites present a unique so-
lution in high end applications requiring both advanced mechanical
and electrical performance. The manufacturing flexibility associated
with tufting generates further opportunities for utilisation of such a
solution in a selective and optimised manner within a structure with

emphasis on joints, dissimilar joints, areas subjected to loading condi-
tions leading to through thickness failure and potential lightning strike
attachment locations.
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Fig. 1-35. Size of lightning strike damaged area [119].

The improved impact resistance achieved by tufting often results in higher CAI
properties [74, 81, 83, 109, 122]. Compression testing after impact (CAI) is a testing
method to determine the strength of the impacted specimens still contained after
initial testing. It is a destructive test, which can be used to determine the ultimate
stress and strain of a specimen after impact. The results can be used to distinguish
whether the impacted sample meets the design requirements, meanwhile to opti-
mize the parameters of the composite and its manufacturing process[123]. In accor-
dance with the research on the impact and CAI behaviours of carbon thread com-
posite laminates with various tufting densities, under the tufting configurations of
square pattern and angular pattern, respectively, by Matin et al. [83]. The study
has pointed out the residual ratio of CAI to CBI (Compression Before Impact). The
specimens which achieved the best results on CAI were compared with those on
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CBI as a manner of evaluating in-plane properties of the tufted composite. Table.
1-4 has shown that the carbon thread reinforcement with different tufting configu-
rations finally contributes the increase up to 30 % and 28 % of the residual ratio, re-
spectively. The residual ratio of glass and carbon tufted thread composite laminates
increased the residual ratio to 25 % and 27 %, respectively, according to the study
of Dell’Anno et al. [74]. The loss of in-plane ultimate compressive strength arrived
until 29 % to T5 configuration and 40 % to A5. This reduction has been reported
by many authors whose research on TTR [81, 95, 106, 121]. Moreover, Scarponi et
al. [109] have studied the CAI strength of various TTR composites, e.g., tufting,
z-pinning, and lock stitch under low and high tension techniques with carbon Z-
direction yarn. It is calculated that the CAI strength of tufted composite laminates
is superior to the others, which can be specified in the second row of the Table 1-5.

Table 1-4
Ultimate compressice strength on CBI and CAI tests, and the residual ratio
(CAI/CBI) [83].

Ultimate strength (Mpa ± SD)
Residual

ratio(%)

Residual

ratio(%)

CBI CAI 25J CAI 60J 25J 60J

REF 453.1 ± 40.9 176.1 ± 1.3 137.4 ± 1.1 38.9 30.3

T5 323.9 ± 28.9 223.5 ± 2.5 171.5 ± 2.9 69.0 52.9

A5 271.9 ± 19.7 178.9 ± 4.9 157.8 ± 4.9 58.8 58.0

Table 1-5
Experimental results in terms of CAI strength [109].

No

stitched

Low

tensioned

lock stitch

High

tensioned

lock stitch

Tufting
No z-pins

(hybrid panel)

z-pins

(hybrid panel)

CAI (MPa) 282 323 303 328 295 276

Dev. st. 25.3 20 11.5 28 19.1 17.3

CV % 9 6.2 3.8 8.5 6.3 6
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• Joints strength

As the role of the tufting thread is to link two or more layers of the basic 2D pre-
form, the joint strength is becoming an interesting problem to study. The strength
of composites reinforced by tufting technology has been verified by experimental
testing [65–69, 78, 120, 124–126]. Tufting technology has been used to reinforce the
stiffeners to enhance their performance and damage tolerance. In 2006, Cartié et
al. [78] have investigated the joint behaviours by tufting and stitching. Milles et
al. [120] have investigated the influence of tufting density and thread material on
carbon fibre T-stiffeners (see Fig. 1.36(a)). The manufacture of the structures uti-
lized a pre-infused and cured web plate, positioned between the two flanges of the
dry preform. The flanges were tufted on the skin, and subsequently, the infusion
process moulded of the whole moulded T-stiffener plate with two different regions
reinforced by glass and carbon threads. The pull-off test carried out on the speci-
mens has shown a considerable enhancement of the absorbed energy, especially for
the densest tufting specimens, 309 % and 215 % for carbon and glass fibre threads,
respectively. The maximum load has also improved up to 54 % and 62 %, for car-
bon and glass fibre threads, respectively, when compared to the control structures.
Fig.1.36(b) has shown the comparison results of energy absorption under pull-off
loading on carbon and glass tufted thread with the non-tufted specimen.

Investigation, manufacture, and testing of low-cost carbon fibre composite materials 493

Fig. 4 Fabric hot compaction

Fig. 5 Tufted preform

Fig. 6 Spar tufting

densities were used for the manufacturing of the spar
flanges: 4 × 4 mm and 8 × 8 mm spacing. Figure 5
shows the two tufting patterns applied to a single
preform.

The spar joint used a preinfused and cured web plate
positioned in between the flanges. The spar was tufted
using a density of 4 × 4 mm using glass and carbon
threads. Previous mechanical testing carried out on
simple T elements was used to assess the effect of tuft
density. This showed that the 4 × 4 mm density tufting
was highly beneficial to joint strength compared to 8 ×
8 mm density.

Figure 6 shows a spar joint tufted using both mat-
erials; it is also possible to see the pre-cured plate
placed in between the two webs in order to simulate a
spar web.

Fig. 7 VARTM preparation

3.4 Vacuum infusion processing

In order to obtain dimensionally accurate compo-
nents, the preform was held in position by the use of
specially manufactured aluminium preform shapers
that held the flange preforms and plate vertically
during resin infusion, as shown in Fig. 7.

To prevent resin-rich pockets forming at the flange–
skin interfaces, two noodle fillers were prepared using
seven 6 k tows for each twisted at ten twists per metre.
These were placed either side of the co-infused web.
The tufted spar was then prepared for infusion by plac-
ing a flow enhancing fabric, which allows the resin
to flow across the preform assembly. This was placed
partly under the aluminium supports to ensure that
the resin would flow evenly around the critical points
such as sharp edges and radii (Fig. 8).

The complete spar joint assembly was placed on
an aluminium sheet with applied release agent. Using
HexFlow® RTM 6 required a more complex mould set-
up, since the infusion temperature of 80 ◦C is higher
than normally used. Copper was used in place of plas-
tic for the inlet and outlet tubes. A double layer of
sealant tape was placed around the mould to ensure
that a high vacuum level was maintained during infu-
sion. Figure 9 shows the vacuum bag placed around
the spar preform prior to infusion. An initial vacuum
in the order of 5 mbar was applied in order to check for
any air leakage. The tool and preform were preheated
to 120 ◦C before resin flow.

3.5 Demoulding and cutting of tufted spars

Following the vacuum-assisted resin transfer mould-
ing (VARTM) infusion, the test element was demoul-
ded. Inspection of the structure, as shown in Fig. 10,
shows a good component, but with slight surface

JAERO573 Proc. IMechE Vol. 224 Part G: J. Aerospace Engineering

 at Purdue University Libraries on June 16, 2015pig.sagepub.comDownloaded from 

(a)

496 A R Mills and J Jones

Load/Displacement (4mm  tufted spar)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Lo
ad

 (N
)

4mm carbon
tuft spar
SP1

untufted
spar

1 2 3

Fig. 14 Damage progression of tufted and untufted spar

Table 1 Summary of tufted spar pull-off results

Percentage
increase Percentage
on energy increase over
absorbed over Maximum load untufted max

Specimen untufted (%) obtained (kN) load (%)

Carbon spar 309 2.0 54
Glass spar 215 2.1 62

tufting when positioned on the skin and around the
pre-cured web.

If the co-infusion process is scaled up to complete,
single moulding, wing box structure with two or more
spars and ribs, the sealing of the infusion vacuum bags
is difficult to envisage. It may be practical to use co-
infusion for the lower skin/spar and rib joining and
then second stage paste adhesive bonding of the upper
skins/spar flange slots to the spar web for the upper
skins. However, the infusion bags would still be quite
complex and an even simpler alternative may be to
carry out infusion with spacers in slots, then paste
adhesive bonding of both top and bottom flanges. A
large wing box demonstrator has been designed and is
being built in Autumn/Winter 2009 to assess practical
solutions to large-scale assembly.
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4.3 Manufacturing cost modelling

Detailed process cost models for both the novel design
and a standard C spar and C rib, low cost prepreg (using
high-strength-type fibres) design wing boxes were set
up and applied to many permutations of materials and
process variations, using a total production volume of
500 aircraft. The results showed that for a 4 m long, 3 m
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Fig. 1-36. Results of Mills (a) Spar tufting and (b) Energy absorption [120].

Kratz et al. [125] have studied the damage of four bending tests on the T-stiffener,
the results are shown in Fig.1-37. Back in the year 2011, Préau et al. [124] have
demonstrated their research results of Ω-stiffener by tufting on "comptes-rendus
des JNC 17". Whilst, other assembly parts can be taken into account. [52] outline

38



1.3. The advanced tufting technology

tests performed on T-joints with different stitching or tufting patterns and com-
bined tensile shear loading conditions.

20th International Conference on Composite Materials 
Copenhagen, 19-24th July 2015 

 

(b) 
Figure 4: (a) carbon tufts in transition of the preform before infusion and (b) filament fragmentation in 

the loops. 

3.3 Test Method 

The skin-stringer joints were tested in four-point bending using a hydraulic testing machine with a 
25 kN load cell. A schematic of the test set-up is shown in Figure 5. The upper span was 94 mm, the 
lower span was 250 mm, and the specimen was 30 mm wide. Ideally, the upper span would be 200 
mm to introduce a constant moment across the stringer. The current test configuration has a linearly 
increasing moment from the lower rollers to the upper rollers, and as a result, the moment introduced 
at the stringer tip is lower than the moment at the flange to web transition.   

 

 
Figure 5: Testing specimens in four-point bending  
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 James Kratz, Harry Clegg, Giuseppe Dell¶Anno and Ivana Partridge 

 
Figure 8: First failure load-displacement plot for skin-stringer tests. 

 

 
Figure 9: Delamination observed at first load drop during four-point bend testing.  
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Fig. 1-37. Results of kratz (a) Testing specimens in four-point bending and (b) First
failure load-displacement plot for skin-stringer tests [125].

1.3.5 Disadvantage of tufting

The advantages of improvement in interlaminar fracture toughness and impact
damage tolerance are detailed above, which are typically accompanied by a re-
duction of in-plane properties. Reduced to the elastic properties, the strength and
fatigue performance due to tufting are examined and compacted to change the in-
plane properties of composite materials with other types of TTR [27, 38, 91, 92,
109, 127]. The low tension under the tufting thread inserted results in a reduc-
tion of the stitching effect on the in-plane properties of polymer matrix composites
[95]. Although relative to the research on the advantages of this product, the re-
search on the disadvantages is relatively litter, there are still some researches on
this aspect. However, the reduction of in-plane mechanical performance is con-
cerned during manufacturing. The related references have revealed that the in-
plane tension strength and compression properties of the 3D tufted composite are
10-15 % lower than that of 2D non-tufted composites with the same lay-up con-
sequence. Treiber [64] and Dell’Anno [74] have studied the effects of tufting and
the tufting process in detail, and they have observed that tufting can significantly
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improve the delamination resistance (by threefold) within a laminate with only a
small reduction (approximately 10 %) in the in-plane mechanical properties due to
the disruption of the tuft on the fibre alignment. JWG [64] has pointed out that fibre
misalignment and local stress concentration are essential factors for the observed
reduction in axial tensile strength of up to -19% in unidirectional composites. Sup-
pression of delamination and natural fibre waviness (in woven laminates) have
reduced the detrimental effect to only -11 % and -1.5 % for biaxial non-crimped
fabric (NCF) and woven fabric respectively. Fibre breakage from needle penetra-
tion has no effect on the tensile strength. The reduction in strength properties of
the tufting laminate has been reported by some researchers [95, 121]. The longitu-
dinal modulus of the 3D specimen was 6 % lower than that of the 2-D specimen in
tensile as well as compression. The failure strength of the 3D specimens was 6 and
13 % lower than that of the 2D specimens in tension and compression, respectively
[122]. Karuppannan et al. [95] compared unidirectional and quasi-isotropic tufted
carbon fabric composites and showed that in-plane properties of quasi-isotropic
and notched composites are not well affected by transversal tufting reinforcement.

1.4 Conclusion of chapter one

The present chapter first briefly accounts for the composite materials. Then mould-
ing technologies, textile reinforcement architecture (from 2D to 3D), and corre-
sponding technologies for particular textile composites (from traditional meth-
ods to the specialties ones) have been introduced in sequence. Followed by a full
overview of published research and development work on tufting technologies
and tufted composites. Over the past decades, there has been some significant
progress, with advantages such as better interlamination resistance, damage tol-
erance, and joint strength. However, the poor in-plane mechanical properties of
tufting products, due to the presence of in-plane threads which destroy the 2D
structure. The present thesis investigates the tufting at multi-scales in order to
fully understanding the tufting. The first topic is on the tufting thread scale. This
topic focuses on understanding the degradation mechanism of tufted yarns and
proposes a solution in terms of the tufting process. The following topic is about
the tufted laminate scale. The topic concentrates on the investigation of the inter-
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laminar shear properties of tufted laminates at multi-scales architecture, in order
to fully understand the role of each parameter in the development of mechanical
properties for the final composite product. The final topic is the most interesting
one. This topic contributes to the conception and the manufacturing of tubular as-
sembly composites by tufting, in which a prototype of tufted tubular assembly is
proposed, and a tufted plate assembly composite is manufactured. By means of
the investigation on basic mechanical properties under tensile loading, various pa-
rameters are investigate and optimised. Throughout the whole thesis, it is found
that the tufting thread is a crucial influence. Therefore, a preliminary work on the
modelling and simulation of tufted tubular/plate assembly composite based the
tufting thread will be presented as in perspective section.
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CHAPTER 2

NOVEL TUFTING METHOD TO THE

OPTIMISATION OF TUFTING

THREADS DEGRADATION

2.1 Introduction of chapter two

The increasing interest in 3-dimensional (3D) composite manufacturing has height-
ened the need for the through-the-thickness reinforcement (TTR) technology. TTR
3D structure is characterized by the insertion of the thread in Z-direction. Its main
interest is the ability of such reinforcement to improve the mechanical properties of
the final composite, such as the resistance to delamination, impact resistance, and
damage tolerance by the insertion of the thread in z-direction [1–4]. TTR 3D struc-
ture can be achieved through various approaches, including 3D weaving, braiding,
knitting, and other specific technologies such as z-pinning, stitching, and tufting
[5–9].

Amongst of the 3D TTR technologies, tufting emerges as a well-known technol-
ogy, which is used in the carpet manufacturing area, based on stitching technology.
Tufting process is an advanced technology to assemble dry textile reinforcements
by inserting thread through the thickness of the preform [10]. Currently, tufting has
developed in the thicker and complex composite manufacturing field, much due
to its simple and efficient process compared to the other TTR processes, 3D weav-
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ing process for example. As shown in Fig. 1-24 (call back to Chapter 1). Only one
thread access to one side of the preform, instead of two, is required during the tuft-
ing process. Besides, the thread remains in the preform by a simple friction while
the needle is retracted [11–13].

The research on TTR tufting technology of 3D composite manufacturing has never
stopped in recent years. Based on the literature study, tufted reinforcements pro-
vide out-of-plane improvements in mechanical properties. For instance, it increases
fracture toughness, impact resistance, compression-after-impact (CAI) strength, in-
terlaminar strength, and the stiffener’s pull-off strength [14–23]. However, the re-
duction of in-plane mechanical performance is concerned during the manufactur-
ing. The related references reveal that the in-plane tension strength and compres-
sion properties of 3D tufted composites are 10-15 % lower than that of 2D non-
tufted composites with the same lamination configuration, and also point out that
the reduced mechanical performance is attributed to the insertion of thread/needle
during the tufting process and the flow of resin during the infusion process [14, 23,
24]. To improve the in-plane mechanical properties is essential to the 3D composite
manufacturing.

These mechanical properties have generally been studied on dry preform and com-
posite parts and focus on the optimization of tufting configuration [25, 26]. While
Rudov-Clark et al. [27] have conducted on understanding the alteration in macro-
mechanical performance by studies of the characterisation of variations on the
meso-structure with the presence of thread. They have put forward that the re-
duction in the strength properties of the 3D woven composite can be controlled
by z-binder yarns’ damage during the weaving process. It is therefore interesting
to notice that the damage to the tufting inserted thread during the tufting process
can also reduce the strength properties of the 3D tufted composite. In addition,
an investigation of particular interest by Liu et al. [12] recently demonstrated the
contribution of the tuft length of threads to optimise the tufting process and to im-
prove the mechanical performance of tufted reinforcements and composites, whilst
"degradation" was first explored to examine the damage of tufting threads, it was
deemed that the tufting thread might be degraded by the friction effect on the in-
terface. However, it was just being put forward without depth research. A study by
Leca [28] provided two analysed methods of thread degradation in terms of exper-
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imental viewpoints (image-observation) and mechanical behaviour of degraded
threads, in particular, tensile properties. Regrettably, a complete study of thread
degradation is not available in the open literature and none of the effective meth-
ods to improve this phenomenon is proposed. In addition, some researches [29–31]
mentioned that there are still some limitations of using tufting technology, due to
its lack of understanding about the influence of the manufacturing process on per-
formance, as well as the tufting mechanism still has a huge potential to further
stage and large development to innovate.

The aim of the present chapter is to improve the tufting mechanism in terms of the
reduction of threads degradation. To meet this aim, it firstly to evaluate the clas-
sical tufting mechanism efficiency and particularly its effect on the threads degra-
dation. The chapter detailed firstly the preparation of the inserted thread (through
tufting process) and non-inserted threads (without the tufting process) to provide
the possibility and necessity of the present chapter. And then by means of the
image-observation, the degradation of the tufting thread is visually analysed and
quantified defined at the same time. Finally, through the quasi-static tensile test,
the degradation of the tufting thread was studied from the view of mechanical
behaviour (in particular tensile properties). Besides, the effect of tufting spacing
was studied through preparing various tufting square patterns during the above-
mentioned two experimentations. The present chapter will propose a novel tufting
process, namely "two-step" tufting process, based on the primary results, used to
carry out this improvement, and then to quantitatively evaluate its contribution to
the mechanical performance of the tufting thread.

2.2 Materials and methods

In order to study the tufting threads degradation during the tufting process, the
chosen preform is composed of twenty E-glass cross-plies [0/90◦]. The preform
with 20 plies provides the sufficient thickness to analyse the thread degradation.
The influence of the number of plies is not considered in the present chapter. The
areal density of a single ply is 454.5 ± 5.0 g/m2. The tufting thread is the twisted
carbon yarn (see Fig. 2-1) and its main properties are noted in Table 2-1. Moreover,
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three types of tufted samples have been prepared with different tufting spacing,
9 mm, 6 mm, and 3 mm, respectively. Fig. 2-2 describes the definition of tufting
spacing and demonstrates the tufting pattern used in the present chapter.

Fig. 2-1. Bobbin of tufting thread.

5RZ�VSDFLQJ

7XIWLQJ�VSDFLQJ

5HLQIRUFHPHQW,QVHUWHG 
tufting 
thread 

Fig. 2-2. The tufted sample using the
tufting square pattern of 9 × 9 mm2.

Table 2-1
Main properties of tufting threads.

Reference Linear density (tex) Number of filament Twist(T/m)

Tenax®-J HTA-40 2 × 67 2 × 1000 240 ± 16

2.3 Problems of degradation in classical tufting

2.3.1 Description of classical tufting

The preform is tufted with a home-designed tufting device in GEMTEX, which is
shown in Fig. 1-23, and its parameters shown in Table 1-2 in section 1.3.1. This de-
vice is made up by four main systems: tufting system, presser foot system, feeding
system and frame. The presser foot system adjusts the pressure on the preform.
The feeding system carries the bobbin of tufting threads and controls the tufting
threads with a set-length and pretension. During the tufting process, the pressure
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of the tufting needle and of the presser foot is 2.5 bar, while being initialised to a
starting position based on the predetermined length of the tuft loop, which must be
controlled constantly. The corresponding process is described as shown in Fig. 2-3.
It contains one tufting needle carrying the tufting thread (threaded tufting needle),
penetrates into the preform, and remains in the perform with a simple friction as
described detailed in section 1.3.2.

PUefoUm

TXfWing
VSacing

TXfWing WhUead 
TXfWing needle

Foam

(a)

Foam

PUefoUm

TXfWing
VSacing

TXfWing WhUead
TXfWing needle

(b)

不用

Tufting needle

Presser foot

Tufting thread
Preform

(c)

Fig. 2-3. Classical tufting process (a-b) schematics view and (C) with GEMTEX tuft-
ing device.

2.3.2 Image-observation of inserted tufting threads

In order to evaluate and analyse the degradation behaviours of tufting threads, the
inserted threads should be brought out carefully. To bring out the inserted threads
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without tension and friction, the inserted threads are picked after the tufted pre-
form is unpicked. Even if a hollow needle (as shown in Fig. 2.4(a)) has been used
during the tufting to reduce the friction effects on the tufting thread/preform inter-
face, the significant degradation can be observed. The cross-section of the needle
(see Fig. 2.4(b)) demonstrates that the "hollow" defines an axial needle passage
which opens laterally and obliquely onto a non-throughway needle eye whose
edge is remote from the needlepoint, and the thread travels through the interior
of the needle.

(a)

Insertion of thread

Needle passage 

Needle point

Needle eye 

(b)

Fig. 2-4. (a) hollow needle and (b) schematic view of cross section.

The image-observation has been proposed firstly to analyse the tufting threads
degradation. Fig. 2-5 presents the scanned image of an inserted thread picked from
the tufted sample. The study can be performed in one tufting cycle defined in Fig.
2-5. Three parts (L1, L2 and L3) of inserted tufting threads in one tufting cycle are
defined. L1 presents the length of the part where stays on the top side of the pre-
form surface. It equals the tufting spacing. L2 is the length of the part inserted 100 %
into the preform and depends on the preform thickness. Regarding the movement
path of the tufting needle, L2 can be divided into two parts: L2-in and L2-out. L2-in
part is formed during the tufting needle insertion through the preform, beginning
at the insertion point (also called tufting point) on the top side to the bottom side
of the preform and held into the preform. Compared to the L2-in part, L2-out part
is formed in the tufting needle drawing back path. L2-in and L2-out have the same
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2.3. Problems of degradation in classical tufting

length that equals to the preform thickness. L3 presents the total length of the tuft
loop inserted into the foam.
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Fig. 2-5. (a) the tufted preform,(b) the inserted threads picked in one tufting cycle
and (c) the scanned image of inserted threads in one tufting cycle.

Fig. 2-6 shows the first image-observation of the non-inserted and inserted tufting
threads. Compared to the non-inserted threads, the degradation can be noted in
the inserted threads. Furthermore, the degradation is only observed in L2-in part,
and this phenomenon is repeated in each tufting cycle.

The threads hairiness (threads degradation) can be quantified using the image pro-
cessing software "Image J". In the present image processing, it should first convert
the size in pixel of each image into physical length in mm and then transform the
image into the grayscale to finish the image scale setting. Then the pixels of an im-
age are replaced by the fixed threshold values in the second step, called the thresh-
olding process, in which a binary image is created to perform easily the following
image analyses. The hairiness in pixel of the pre-treated image is analyzed and
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measured to quantify the thread degradation per mm2. Table 2-2 shows the mean
degradation in pixel of the non-inserted (as reference) and inserted tufting threads
with different tufting spacing (as 9, 6 and 3 mm). It is obvious that the degrada-
tion occurs on the inserted threads, but no expressively difference of degradation
among three different spacings, typically about 550 pixels.

Table 2-2
Influence of tufting spacing on the degradation of inserted tufting threads.

Ref.of samples
Non-inserted

threads

Tufting spacing

9 mm

Tufting spacing

6 mm

Tufting spacing

3 mm

Degradation (pixels) 0 571 ± 35 545 ± 27 555 ± 47
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2.3. Problems of degradation in classical tufting

(a) Non-inserted tufting thread

(b) Tufting spacing of 9 mm

(c) Tufting spacing of 6 mm

(d) Tufting spacing of 3 mm

Fig. 2-6. Image-observation of the non-inserted tufting thread and the inserted tuft-
ing threads with different tufting spacing.
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2.3.3 Tensile tests of the tufting threads

Further analysis of the degradation of the inserted tufting threads is conducted by
the tensile characterisation tests. Fig. 2-7 shows the tensile test of a single inserted
tufting thread. The tensile test of each type of sample is repeated five times to ob-
tain an average value. During the tensile test, the length of the tested thread is 250
mm and the crosshead speed is 5 mm/min.

,QLWLDO�VWDWXV� �$W�WKH�EUHDN�

Fig. 2-7. Tensile test of the single tufting thread.

The tensile load/strain curves of the non-inserted and inserted tufting threads are
shown in Fig. 2-8. It can be observed that the four curves have a similar profile.
It is obviously found that the maximum tensile loads before the break of tufting
thread are 121 ± 2, 112 ± 3.9 and 109 ± 0.9 N for the samples with the tufting
spacing of 9, 6, and 3 mm, respectively. Compared to the maximum tensile load of
non-inserted thread (141 ± 4.3 N), it can be noted the degradation of the maximum
tensile load of 14 %, 21 %, and 23 % for the used tufting spacing of 9, 6, and 3 mm,
respectively. Regarding to the strain at break, the degradation of 4 %, 10 % and 15
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2.3. Problems of degradation in classical tufting

% can be observed for the tufting spacing of 9, 6, and 3 mm, respectively. The sig-
nificant degradation to the tensile performance of the inserted tufting threads can
be remarked in the classical tufting process. Moreover, the smaller the tufting spac-
ing settled, the higher tufting density, the more friction and degradation produced
on the inserted tufting threads, which will bring out the negative influence on the
mechanical proprieties of the tufted preforms and composites.
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Fig. 2-8. Tensile load vs. strain curves of the non-inserted and inserted tufting
threads.

As shown in Fig. 2-8, the significant degradation of the inserted tufting threads
can occur during the tufting process. The degradation will weaken the mechanical
proprieties of the through-the-thickness tufting threads and the final composites.
Consequently, the question is if it is possible to reduce the degradation of the in-
serted threads by means of improving the tufting process. Based on this assump-
tion, an improvement solution is proposed in the following section and the verifi-
cation tests will be conducted.
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2.4 New tufting process

2.4.1 Description of the two-step tufting process

As presented previously, it can be noted that degradation is observed mainly in
the L2-in part. It provides that the degradation is produced only by the insertion of
the threads due to the first friction between the threads and the preform through
the tufting path. Therefore, a 2nd needle quasi-identical, the tufting needle without
thread, is proposed as the guide needle to reduce the degradation. The principle
of the improvement tufting with two needles (a guide needle without threads + a
tufting needle with threads) is shown in Fig. 2-9. It needs two steps in the improved
tufting process. The guide needle without threads inserts at first into the preform
(Figs. 2.9(a) and 2.9(b)), then the tufting needle with tufting threads inserts into
the preform through the same path of the guide needle (Fig. 2.9(c)). Thanks to the
insertion of the guide needle at the first step, a space-room is created into the pre-
form (Fig. 2.9(c)). Consequently, the effect of the friction between the threads in
L2-in part and the preform decreases due to the decreasing of the lateral contact
and transverse compaction of the inserted threads (Fig. 2.9(d)). The diameter of the
guide needle is slightly smaller than the tufting needle. The inserted threads need
friction and lateral contact to remain their position and to avoid removing from the
preform. As this improved tufting process has one more step than the classical one,
it is called the two-step tufting process in the following sections.
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Fig. 2-9. Schematics of two-step tufting process.
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2.4.2 Image-observation of inserted tufting threads

Fig. 2-10 shows the image-observation of three inserted thread samples after two-
step tufting with tufting spacing of 9, 6, and 3 mm. The degradation can be always
observed even if two-step tufting is used. By contrast, the degradation in two-step
tufting is much reduced compared to the classical tufting. The measurement of
degradation in the pixel is shown in Table 2-3, around 370 pixels.

Table 2-3
Influence of tufting spacing on the degradation of inserted tufting threads.

Ref.of samples
Tufting spacing

9 mm

Tufting spacing

6 mm

Tufting spacing

3 mm

Degradation (pixels) 371±46 375±26 397±43
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(a) Tufting spacing of 9 mm

(b) Tufting spacing of 6 mm

(c) Tufting spacing of 3 mm

Fig. 2-10. Two-step tufted carbon thread with tufting spacing of (a) 9 mm, (b) 6 mm,
(c) 3 mm.
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The comparison of the degradation in pixel between the classical and two-step
tufting is shown in Fig. 2-11. It can remark that a significant improvement of the
inserted thread degradation can be achieved in the two-step tufting. Compared to
the classical tufting, the degradation decreases by 30 % in the two-step tufting.
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Fig. 2-11. Comparison of the degradation in pixel between the classical and two-
step tufting.

2.4.3 Tensile tests of the tufting threads

The tensile load vs. strain curves of the single inserted thread in two-step tufting
are shown in Fig. 2-12. The degradation on the tensile performance of the inserted
threads and the influence of the tufting spacing can be noted. Both the maximum
tensile load and the breaking strain reduce with the decrease of the tufting spacing,
the breaking loads are 128 ± 1.9, 124 ± 2.9, and 115 ± 2.9 N and the breaking strains
are 1.24 %, 1.18 % and 1.12 % for the tufting spacing of 9, 6, and 3 mm, respectively.
Compared to the non-inserted thread (breaking load of 141 ± 4.3 N and breaking
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strain of 1.24 %), there are 9 %, 12 %, and 18 % decreases of the tensile load and 0%,
4 %, and 10 % of the tensile strain in the tufting with the spacing of 9, 6, and 3 mm,
respectively.
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Fig. 2-12. Tensile load vs. strain curves of the inserted tufting threads in two-step
tufting.

2.5 Discussion

The results of image-observation have demonstrated a big improvement of the
degradation of the inserted tufting threads in two-step tufting compared to the
classical one (see Fig. 2-11). Fig. 2-13 presents the comparison on the degradation
of the tensile proprieties of the inserted threads between the classical and two-step
tufting. As for the same tufting spacing, it can be noted the improvement of the
breaking load in two-step tufting compared to the classical tufting, nevertheless, it
exists also the degradation. It has 5.8 %, 10.7 %, and 5.5 % augmentation for 9, 6,
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and 3 mm tufting spacing, respectively when a guide needle was used during two-
step tufting process. Compared to the classical tufting, it has 5.7 %, 6.0 %, and 6.3
% improvement of breaking strain by using two-step tufting with 9, 6, and 3 mm
tufting spacing, respectively. As regarding the non-inserted threads, more signifi-
cant improvement is done in breaking strain in two-step tufting. The threads have
almost no degradation in breaking strain in two-step tufting with 9 mm spacing.
Moreover, the degradation increases with the decreasing of the tufting spacing,
which can be noted in the tensile breaking load and in tensile breaking strain in
both classical and two-step tufting. It is logical that the decreasing of the tufting
spacing leads to the increasing of the number of tufting cycle in the 250 mm tested
length. The friction and degradation on the inserted thread reduce consequently.

The image-observation results provide that the degradation is only observed in
L2-in part (see Figs. 2-6 and 2-10). Figs 2.9(a) and 2.9(b) obviously indicate that the
thread issues from the needle and bends upon the top portion of needle eye as the
tufting needle penetrates down into the preform. Followed the thread retained in
the preform is in the L2-in part. By analysing this procedure, a relative movement
between the thread and needle eye is produced in the bending moment, whilst the
varied transverse compactions from the preform bring different friction and degra-
dation on the thread in this position. Meanwhile, the brittle property of the carbon
filaments tends the carbon thread easily to degrade under high curvature in the
needle eye particularly when the preform is tight used in close preforms [13]. The
guide needle can loosen the preform structure. Whilst in the present chapter, the
polyethylene foam with a low coefficient of friction reduces friction and degrada-
tion on the thread in L3 part. Additionally, the introduce of the hollow needle can
make sense to avoid the tufting thread directly contacting with preform or form.
From this, it follows that there is no effective friction and degradation on the thread
in L1, L3, and L2-out parts.
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Fig. 2-13. Comparison of the tensile properties between the classical and two-step
tufting.
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2.6 Conclusion of chapter two

In the present chapter, the preparation of inserted tufting threads and degrada-
tion of these samples are outlined. The definition of tufting degradation is given at
first. Due to the presence of tufting thread through the thickness, several mechan-
ical performances of the tufted composites are improved, such as the reduction
of delamination effect and the increase of impact resistance. Important degrada-
tion of the inserted tufting threads was observed in the classical tufting process,
which brings out the significant negative influence on the tensile properties of the
inserted tufting threads, the most important deformation mode of the through-the-
thickness reinforced threads.

The present chapter carries out the image-observation analysis and demonstrates
that the degradation appears only in the path where the tufting needle inserts into
the preform (L2-in part in Fig. 2-5 ) due to the friction among the tufting thread, the
tufting needle and the preform. In order to minimize the friction, a guide needle
without tufting thread and the two-step tufting were proposed as an improvement
method. On account of establishing a space-room before tufting thread passing,
the friction effect on the thread of L2-in part is reduced, followed up, reducing the
inserted tufting thread degradation, and thereby improving the tensile properties
of the inserted tufting thread finally.

The present chapter indicates that the tufting spacing acts as an essential factor
during the tufting process, it leads to a trade-off relation to the tensile properties
of the inserted tufting thread. Whereas the tufting thread degradation does not
vary with the tufting spacing in one tufting cycle. The effect of tufting spacing
on degradation and on tensile properties of inserted tufting threads taken from
the two-step tufting is a consistent manner than taken from the classical one. A
30 % reduction in degradation by the two-step tufting process is identified as a
significant improvement of 3D tufted composite manufacturing.

This two-step tufting method will be employed in the next chapters. It is used to
prepare laminated products by tufting, followed by interlaminar shear test. Mean-
while, it is also applied to develop a novel plat assembly composite by tufting.

74



BIBLIOGRAPHY

Bibliography

[1] SD Green, AC Long, BSF El-Said, and SR Hallett. Numerical modelling of
3D woven preform deformations. Composite Structures, 108(1):747–756, 2014.
ISSN 02638223.

[2] DB Bortoluzzi, GF Gomes, D Hirayama, and AC Ancelotti. Development of
a 3D reinforcement by tufting in carbon fiber/epoxy composites. The Interna-
tional Journal of Advanced Manufacturing Technology, 100(5-8):1593–1605, 2019.
ISSN 14333015.

[3] C Scarponi, AM Perillo, L Cutillo, and C Foglio. Advanced TTT composite ma-
terials for aeronautical purposes: Compression after impact (CAI) behaviour.
Composites Part B: Engineering, 38(2):258–264, 2007. ISSN 13598368.

[4] Y Mahadik, KAR Brown, and SR Hallett. Characterisation of 3D woven com-
posite internal architecture and effect of compaction. Composites Part A: Ap-
plied Science and Manufacturing, 41(7):872–880, 2010. ISSN 1359835X.

[5] AP Mouritz. Review of z-pinned composite laminates. Composites Part A:
Applied Science and Manufacturing, 38(12):2383–2397, 2007. ISSN 1359835X.

[6] Kimberley Dransfield, Caroline Baillie, and Yiu Wing Mai. Improving the de-
lamination resistance of CFRP by stitching-a review. Composites Science and
Technology, 50(3):305–317, 1994. ISSN 02663538. doi: 10.1016/0266-3538(94)
90019-1.

[7] G Dell’Anno, JWG Treiber, and IK Partridge. Manufacturing of composite
parts reinforced through-thickness by tufting. Robotics and Computer-Integrated
Manufacturing, 37:262–272, 2016. ISSN 07365845.

[8] V Carvelli, J Pazmino, SV Lomov, and I Verpoest. Deformability of a non-
crimp 3D orthogonal weave E-glass composite reinforcement. Composites Sci-
ence and Technology, 73(1):9–18, 2012. ISSN 02663538.

[9] AP Mouritz and BN Cox. A mechanistic interpretation of the comparative
in-plane mechanical properties of 3D woven, stitched and pinned composites.
Composites Part A: Applied Science and Manufacturing, 41(6):709–728, 2010. ISSN
1359835X.

75



Chapter 2 – Novel Tufting Method to the Optimisation of Tufting Threads Degradation

[10] LS Liu, T Zhang, P Wang, X Legrand, and D Soulat. Influence of the tuft-
ing yarns on formability of tufted 3-Dimensional composite reinforcement.
Composites Part A: Applied Science and Manufacturing, 78:403–411, 2015. ISSN
1359835X.

[11] AP Mouritz, MK Bannister, PJ Falzon, and KH Leong. Review of applications
for advanced three-dimensional fibre textile composites. Composites Part A:
Applied Science and Manufacturing, 30(12):1445–1461, 1999. ISSN 1359835X.

[12] LS Liu. Development and optimization of the tufting process for textile composite
reinforcement. PhD thesis, Université de Lille 1, 2017.

[13] Larissa Born and Markus Milwich. Textile Connection Technology for Inter-
faces of Fibre-Reinforced Plastic-Concrete- Hybrid Composites. 2018.

[14] JWG Treiber. Performance of tufted carbon fibre/epoxy composites. PhD thesis,
Cranfield University, 2011.

[15] G Dell’Anno. Effect of tufting on the mechanical behaviour of carbon fabric/epoxy
composites. PhD thesis, 2007.

[16] G Pappas, S Joncas, V Michaud, and J Botsis. The influence of through-
thickness reinforcement geometry and pattern on delamination of fiber-
reinforced composites: Part I –Experimental results. Composite Structures, 184:
924–934, 2018. ISSN 02638223.

[17] G Pappas, S Joncas, V Michaud, and J Botsis. The influence of through-
thickness reinforcement geometry and pattern on delamination of fiber-
reinforced composites: Part II –Modeling. Composite Structures, 184:379–390,
2017. ISSN 02638223.

[18] A Henao, M Carrera, A Miravete, and L Castejón. Mechanical performance
of through-thickness tufted sandwich structures. Composite Structures, 92(9):
2052–2059, 2010. ISSN 02638223.

[19] JW Hartley, J Kratz, C Ward, and IK Partridge. Effect of tufting density and
loop length on the crushing behaviour of tufted sandwich specimens. Com-
posites Part B: Engineering, 112:49–56, 2017. ISSN 13598368.

76



BIBLIOGRAPHY

[20] AP Mouritz, KH Leong, and I. Herszberg. A review of the effect of stitch-
ing on the in-plane mechanical properties of fibre-reinforced polymer com-
posites. Composites Part A: Applied Science and Manufacturing, 28(12):979–991,
1997. ISSN 1359835X.

[21] AT Martins, Z Aboura, W Harizi, A Laksimi, and K Khellil. Analysis of the im-
pact and compression after impact behavior of tufted laminated composites.
Composite Structures, 184:352–361, 2018. ISSN 02638223.

[22] M Colin de Verdiere, AA Skordos, M May, and AC Walton. Influence of load-
ing rate on the delamination response of untufted and tufted carbon epoxy
non crimp fabric composites: Mode I. Engineering Fracture Mechanics, 96:11–
25, 2012. ISSN 00137944.

[23] G Dell’Anno, DD Cartié, IK Partridge, and A Rezai. Exploring mechanical
property balance in tufted carbon fabric/epoxy composites. Composites Part
A: Applied Science and Manufacturing, 38(11):2366–2373, 2007. ISSN 1359835X.

[24] M Colin de Verdiere, AK Pickett, AA Skordos, and V Witzel. Evaluation of the
mechanical and damage behaviour of tufted non crimped fabric composites
using full field measurements. Composites Science and Technology, 69(2):131–
138, 2009. ISSN 02663538.

[25] M Scott, G Dell’Anno, and H Clegg. Effect of Process Parameters on the
Geometry of Composite Parts Reinforced by Through-the-Thickness Tufting.
Applied Composite Materials, 25(4):785–796, 2018. ISSN 15734897.

[26] LG Blok, J Kratz, D Lukaszewicz, S Hesse, C Ward, and C Kassapoglou. Im-
provement of the in-plane crushing response of CFRP sandwich panels by
through-thickness reinforcements. Composite Structures, 161:15–22, 2017. ISSN
02638223.

[27] S Rudov-Clark, AP Mouritz, L Lee, and MK Bannister. Fibre damage in
the manufacture of advanced three-dimensional woven composites. Com-
posites Part A: Applied Science and Manufacturing, 34(10):963–970, 2003. ISSN
1359835X.

[28] A Leca. Contribution à l’étude de la santé-matière de préformes carbone. PhD
thesis, Le Havre, 2015.

77



Chapter 2 – Novel Tufting Method to the Optimisation of Tufting Threads Degradation

[29] C Osmiani, G Mohamed, JWG Treiber, G Allegri, and IK Partridge. Explor-
ing the influence of micro-structure on the mechanical properties and crack
bridging mechanisms of fibrous tufts. Composites Part A: Applied Science and
Manufacturing, 91:409–419, 2016. ISSN 1359835X.

[30] PH Tan, WP Han, WJ Zhao, ZH Wu, K Chang, H Wang, YF Wang, N Bonini,
N Marzari, N Pugno, G Savini, A Lombardo, and A. C Ferrari. The shear mode
of multilayer graphene. Nature Materials, 11(4):294–300, 2012. ISSN 14764660.

[31] J Hartley and C Ward. Improving the understanding of tufted energy absorb-
ing sandwich structures. In 32nd Technical Conference of the American Society for
Composites, volume 3, pages 2260–2273, 2017. ISBN 9781510853065.

78



CHAPTER 3

MULTI-SCALES TUFTED LAMINATES

TO THE RESPONSE OF

INTERLAMINAR SHEAR PROPERTIES

3.1 Introduction of chapter three

Advanced laminated textile reinforced composites have extensively used in many
industrial fields on account of their lightweight properties and better mechani-
cal performance such as in-plane strength and stiffness and resistance to fatigue
than metallic materials. However, the lack of the linkage fibre positioned across the
thickness direction resulting in the two-dimensional (2D) laminated textile struc-
ture shows unsatisfied interlamination shear under mode I opening loading or
mode II sliding loading [1–3]. A large number of studies conducted over the last
two decades, demonstrate that through-the-thickness reinforcement (TTR) can im-
prove meaningfully the resistance to delamination utilizing inserting threads in
the thickness direction [4–8]. TTR three-dimensional (3D) structure can be achieved
through various approaches, including integrated 3D technologies such as 3D weav-
ing, braiding, knitting, and other local 3D technologies like z-pinning, stitching,
and tufting [7, 9–15]. Out-of-plane performance enhancement exists at the expense
of in-plane performance degradation. However, it also depends on the parame-
ters of the TTR 3D reinforcement. Tufting is one of the significant local TTR tech-
nologies to assemble dry textile reinforcements or strengthen composites [16, 17],
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which first used in carpet fabrication and developed from the stitching technology.
In particular, tufting has gradually applied in the fabrication of thicker and com-
plex composites on account of its simple and efficient process [18, 19]. Whilst, Fig.
1-17 (recall 1.3) shows that only one threaded needle penetrates the preform un-
der low tension, the thread is retained within the preform by simple friction when
the needle retracts, while forming a tufting loop. Compared to the stitching pro-
cess, one thread access to only one side of the preform is required [13, 20, 21], thus
the stitching effect on the in-plane properties can be effectively reduced during the
tufting process [22, 23].

The present chapter will focus on the topic of the improvement of mechanical
performance of laminated materials by tufting, which is being widely researched.
Majority of researchers have demonstrated the advantages of tufting materials on
mechanical performance, especially the delamination resistance properties. For in-
stance, Bortoluzzi et al. [8] have dedicated about 27 % increased resistances to de-
lamination of tufted composites compared to non-tufted one. Besides, Martins et
al. [23] have studied the impact as well as the compression after impact (CAI) be-
haviours of tufted composites. They have mentioned that the delamination area of
the tufted composites is decreased with the tufting density increasing compared to
the non-tufted composites. Both of them have conducted under the specific delam-
ination mechanism in mode II condition, which is reflected by sliding loading.

As per the literature, varying set-ups can realise mode II delamination experimen-
tation to present different mechanical performance. However, none of them has
been standardised. In addition to the end-notch flexure (ENF) [24] and short-beam
bending which are used in the abovementioned delamination studies, respectively,
the end-loaded split (ELS) [25] is also generally used. Nevertheless, no studies and
set-ups to date are taken into account in the interlaminar shearing of tufted mate-
rials. Therefore, a modified T-steel shearing test is proposed in the present study,
which can explore the interlaminar shearing behaviour of both tufted preforms and
composites driven by the mode II sliding loading condition.

The aim of this chapter is to assess under the Mode II loading, i) the effect of tufting
density on the interlaminar shear behaviour of tufted preforms and tufted compos-
ites, respectively; ii) the effect of the presence of tufting threads on the mechanical
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properties of tufted composites; ii) the role of the infusion resin in interlaminar
shear performance will be also investigated by means of comparing tufted pre-
forms and tufted composites with the identical tufting density. To ensure the fea-
sibility of the present study, samples with various tufting densities of dry tufted
preform (namely, DTP), cured tufted composites with thread (namely, CTC) and
without threads (namely, CT’C) will be first prepared in sequence in the present
chapter. Meanwhile, the present modified T-steel interlaminar shear set-up will be
introduced in detail.

In the present chapter, the tufted preform is carried out by a home-designed tufting
device which is introduced in chapter one. Moreover, my colleague, Chen CHEN，
whose dedication to the T-steel interlaminar shear experimentation of dry tufted
preform ensures the integrity of the present chapter, as shown in Fig. 3-1.
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Fig. 3-1. The layout of the chapter

3.2 Materials and methods

3.2.1 Raw materials

Tufted preform or composite materials with and without Z-reinforcement are fab-
ricated using E-glass NCF (Fig. 3.2(a)) with an areal density of 454.5 ± 5 g/m2.
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Twenty layers of this NCF are then laid up in a stacking sequence with cross-plies
[0◦/90◦]. An example of NCF and its stacking sequence are shown in Fig. 3.2(b).
Then to be assembled together by a Tenax® J HTA-40 twisted carbon thread as
tufting thread to enhance the interlamination. This tufting thread is shown in Fig.
2-1 and its parameters are given in Table 2-1 (recall to chapter 2). The sample prepa-
ration and suitable processes will be introduced in the following paragraphs.
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.  .  . 
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Fig. 3-2. (a) E-glass fabric and (b) schematic of the laminated preform.

3.2.2 The preparation of test samples

The dry tufted preforms (DTP) are carried out through a 2-step tufting process ac-
cording to the preset tufting parameters and configurations, which is described in
detail in the previous chapter (detailed in section 2.4.1). Meanwhile, a 1-step tuft-
ing (classical tufting) process is required to produce dry tufted preforms without
threads (DT’P), repeating the same tufting configuration as the DTP. In this process,
a hollow needle without thread is applied to accomplish the tufting penetration.
These DTP and DT’P samples are performed using a home-design tufting device
[18] at GEMTEX laboratory. Fig. 3-3 shows the top and bottom sides of one of the
DTP samples. Some of the samples obtained at this stage will be used to manufac-
ture the next composite material. In addition, the others will be directly used for
follow-up shearing testing after machining to size.
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Fig. 3-3. Dry tufted preform (a) top view and (b) bottom view.

Once the tufting process is completed, the 3D DTP samples are afterwards vacuum
infused with SICOMIN® SR8200 epoxy resin system (the mass ratio of the resin to
hardener is 100 : 37), using LRI (Liquid Resin Infusion) process as shown in Fig.
3-4, which is introduced in detail in section 1.3.2. LRI process is a widely respected
infusion process thanks to its cost-effective, which can respond to the production
of high-quality, large, thick, or complex composites with simpler equipment [26].
During the LRI process, the resin flows through the thickness of the preform, due
to a low pressure between the inlet and the outlet ( vacuum pressure: -1 bar ). The
infused tufted composite is cured at room temperature for forty-eight hours after
optimisation. Fig. 3-5 demonstrates the top and bottom sides of an example of CTC
samples.

RHVLQ IORZ

RHVLQ IHHGLQJ9HQW

,QSXW2XWSXW

Fig. 3-4. The tufted preform sample under the LRI process.
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Fig. 3-5. Cured tufted composite (a) top view and (b) bottom view.

3.2.3 Preparing and setting tufting configurations

To achieve the interlaminar shear test in the next section, it is required to machine
the samples to the desired size of 65 mm × 20 mm in length and width, respectively.
The dry preform samples are cut and trimmed into size by electronic scissors. The
cured composite samples are machined into size by a water-jet cutter. The variation
in the thickness of the final test samples is not large and can be ignored, and the
value of their thickness is around 8 ± 0.5 mm. In order to understand the respective
contribution of tufting thread, tufting action (typically only tufting needle effect
but not the thread) and cured tufting thread on the interlaminar shearing perfor-
mance under mode II (shear) loading (sliding displacement). Three different series
of tufted samples are prepared in terms of the manufacturing process: 1) Dry tufted
preform with thread (DTP) sample is concentrated on the role of the tufting thread;
2) Cured tufted composite without thread (CT’C) sample then focuses on the effect
of pure tufting action; 3) Cured tufted composite (CTC) sample is for understand-
ing the contribution of cured tufting thread. Moreover, to identify the influence of
tufting density on the interlaminar shear properties under mode II loading. Tuft-
ing density can be expressed by other tufting parameters (as mentioned in section
1.3.2). In the present case, it is expressed by the tufting spacing (seen in Fig. 2-2).
Initially, the non-tufted is investigated as a reference, and meanwhile three various
tufting spacings are evaluated: tufting spacing of 9, 6, and 3 mm corresponding
to the 9 x 9, 6 x 6 and 3 x 3 mm2 square patterns, respectively. They are noted as
T9, T6, and T3, respectively. Obviously, the smaller the tufting spacing, the larger
the tufting density, T3 is the densest one. However, non-tufted preform, as a ref-
erence in the DTP series, the lack of reinforcement in the Z-direction (through the
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thickness), leads to delamination automatically prior to the shear load applied. No
test results from these two preform samples are introduced in the present chapter.
Therefore, Table 3-1 summarizes the parameters and manufacture methods of all
test samples, except non-tufted preform, and their naming.

Table 3-1
Description of test tufted samples.

Ref. of

samples

Tufting

spacing (mm)

Methods of

manufacture

Infused

resin system

DTP-T9 9 2-step tufting —
DTP-T6 6 2-step tufting —
DTP-T3 3 2-step tufting —
Non-tufted — LRI SICOMIN® SR8200

CT’C-T9 9 (tufted without thread) 1-step tufting, LRI SICOMIN® SR8200

CT’C-T6 6 (tufted without thread) 1-step tufting, LRI SICOMIN® SR8200

CT’C-T3 3 (tufted without thread) 1-step tufting, LRI SICOMIN® SR8200

CTC-T9 9 2-step tufting, LRI SICOMIN® SR8200

CTC-T6 6 2-step tufting, LRI SICOMIN® SR8200

CTC-T3 3 2-step tufting, LRI SICOMIN® SR8200

3.2.4 Interlaminar shear characterisation

The present study is to investigate the interlaminar shear behaviours of tufted sam-
ples by means of understanding the individual behaviour of tufting thread, tufting
action, and cured tufting thread, respectively. Moreover, as shown in Figs. 3-3 and
3-4, each sample is repeated six times in the present shearing test. Therefore, the
mean results of each sample can be obtained in the end. This section will present
the suitable shear testing procedure for the present study.

"T-steel" shear test fixture
An interlaminar shear test fixture is required in the present chapter, and then the
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mode II in-plane shearing (shown in Fig. 3.6(a)) is chosen to achieve the interlam-
inar shear sliding behaviour of the tufted samples. A "T-steel" shear test fixture is
designed as Fig. 3.6(c) and is optimised to be employed on the test samples with an
aspect ratio of about 8 (length divided by thickness) in our laboratory (GEMTEX).
A total of ten series of samples are tested applying this fixture to undergo the inter-
laminar shear investigation, and the corresponding test results will be described in
a later section.

Bonding the samples to the test fixture
With respect to the interlaminar shear fixture in the present chapter, it is required
to bond the sample onto two steel plates. Moreover, the bonding strength has to
be strong enough between the sample and two plates to ensure that the effective
shear failure occurs on the sample before the adhesive failed. Firstly, the steel plates
need to be cleaned up with acetone just before the application of the adhesive. EC-
9323B/A from 3M™ Scotch-Weld™, an epoxy-based structural adhesive, is fol-
lowed to use for bonding the tufting samples to the steel plates. The adhesive is
cured in an oven at 65 ◦C for two hours and post-cured at room temperature for
three hours.

Test equipment and test evaluation
The present interlaminar shear testing is performed in a INSTRON universal test-
ing machine (type of 5985) with 250 KN (seen in Fig. 3.6(b)). The present interlami-
nar shear fixture is to be called the "T-steel" shear fixture is attributed to the using of
T-type steel as the steel plates in the present study. Consequently, the special grip is
required to design for aiding to mount the fixture system onto the test equipment.
The test samples are performed under loading at a constant crosshead speed of 5
mm/min until failure. The representative data of load and displacement are traced
during the whole testing process and the representative means shear load-shear
angle curve is plotted finally.

In accordance with the present T-steel shear fixture and the theoretical formula of
shear behaviour, the average shear properties of all test samples are conducted.
All calculations are based on the load-displacement data from the data processing
unit of INSTRON. In this way, the shear strength, τ, and the shear strain (Here,
expressed by shear angle), ϵ, are calculated using the following formulas as Eqs.
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(3.1) and (3.2):

τ = P

L×W
(3.1)

ϵ = arctan(tan
∆

T
) (3.2)

Where, L, W, and T are the sample length, width, and thickness in mm, respectively;
∆ is the relative displacement of the steel plates (to express the specimens deforma-
tion which occurs during the shear testing) in mm; ϵ is the shear strain expressed
by shear angle, the angle is measured in radians (rad), which is a non-unit (shear
strain is dimensionless); P is the shear load in N, When P reaches the peak shear
load, then τ expresses the ultimate shear strength (in MPa), noted as τmax.
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Fig. 3-6. Interlaminar shear (a) mode II shear delamination, (b) test set-up and (c)
schematic view.
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3.3 Results

Following testing at least six repeated tests for each sample, as introduced in sec-
tion 3.2.4, and all failures are caused by shearing delamination under mode II load-
ing, the corresponding representative shear load-shear angle curves are then cal-
culated in average. The results will be given by three series samples as DTP, CT’C,
and CTC, in accordance with the role of the respective tufting thread, tufting action,
and cured tufting thread in the interlaminar shear test, in the following sections,
respectively.

3.3.1 Interlaminar shear test of dry tufted preform samples

Fig. 3-7 and shows the representative shear load vs shear angle curves for the DTP
samples with three tufting spacings of 9, 6, and 3 mm. It can be observed that the
slopes of the three curves are slightly different. In particular, this difference be-
comes gradually increased after the shear angle of 0.4 rad until the failure. It is
considered that the stiffness of the DTP samples can be influenced by the tufting
density. And reveals the inversely proportional relationship between them. The
smaller the tufting spacing, the denser the tufting density, the stiffer the DTP sam-
ples. Regarding the maximum shear load, it can be observed that the average max-
imum shear loads are 65 ± 14.1 N, 129 ± 25.7 N and 192 ± 30.1 N for DTP-T9,
DTP-T6 and DTP-T3, respectively. Furthermore, Fig. 3-8 recaps the ultimate shear
strength and the corresponding shear angle of DTP-T9, DTP-T6, and DTP-T3, re-
spectively. Regarding the ultimate interlaminar shear strength, the values are 0.05,
0.1, and 0.15 MPa for the DTP-T9, DTP- T6, and DTP-T3, respectively. It increases
with a tolerance of 0.05 MPa when the tufting spacing decreases with a tolerance
of 3 mm. Regarding the shear angle at failure, it can be found that they are similar
as 1.04 ± 0.01, 1.13 ± 0.02 and 1.17 ± 0.02 rad for DTP-T9, DTP-T6 and DTP-T3, re-
spectively. However, the smaller the tufting spacing, the denser the tufting density,
the increased resistance to interlaminar shearing leads to the stronger interlaminar
shear strength. It can be noted that tufting spacing has a remarkable effect on the
interlaminar shear properties of DTP specimens. The results can be attributed to
the presence of tufting threads, which enhance the through-the-thickness stiffness.
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With the tufting spacing decrease, the more intertwining between layers, the harder
to shearing, thus the stronger shear load is required to apply. Therefore, with the
lack of through-the-thickness threads, there is no interlaminar shear behaviour of
the non-tufted preform.

Tufted dry preform
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Fig. 3-7. Representative shear load-shear angle curves of DTP specimens
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Fig. 3-8. Representative shear properties of DTP specimens.

3.3.2 Interlaminar shear test of cured tufted composite samples

Two series of cured tufted composites samples, CT’C and CTC, are respectively
investigated in the present section. Initially, six non-tufted composites are prepared
as a reference to be tested. Its average shear failure load is 23 669 ± 231.8 N, the
corresponding shear failure angle is 0.28 ± 0.01 rad, and 18.2 MPa of its ultimate
shear strength. Then the interlaminar shear results of CT’C and CTC are presented
in the following.

3.3.2.1 Cured tufted composite without thread (CT’C)

Fig. 3-9 represents the shear angle vs load curves of the CT’C samples with three
different tufting spacings and the reference non-tufted sample. It is well observed
that the effect of tufting spacing on the shear load is too small to be negligible. For
the samples of T9, T6 and T3 are 24 044 ± 998.2, 24 170 ± 251.1 and 24 315 ± 305.2 N,
respectively. Compared to the non-tufted composite, the average maximum load
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increases 1.6%, 2.1%, and 2.7%, respectively. The shear failure angle of all CT’C
samples is similar to that of the non-tufted composite ones, which are detected at
about 0.28 ± 0.01 rad. Further results will be discussed later.
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Fig. 3-9. Representative shear load-shear angle curves of CT’C samples.

3.3.2.2 Cured tufted composite with thread (CTC)

As illustrated in Fig. 3-10, the representative shear load vs shear angle curves of
the CTC sample with three different tufting spacings and the non-tufted sample
are figured out. It reveals that a higher interlaminar shear load is needed to de-
laminate the denser CTC samples. Since the average maximum shear loads are 22
723 ± 94.1, 24 256 ± 204.5 and 26 568 ± 151.5 N for T9, T6 and T3, respectively.
Compared to that of the non-tufted composite, the maximum shear load increase
2.5% and 12.3% for CTC-T6 and CTC-T3, respectively. Unfortunately, the CTC-T9
decreases 4.0%. Regarding the corresponding shear failure angle, it is also clearly
found that the smaller the tufting spacing, the denser has a tendency for higher
shear strength, the greater shear angle is needed to be reached at failure. As the
values are 0.26 ± 0.01, 0.27 ± 0.01 and 0.3 ± 0.01 rad for T9, T6 and T3, respec-
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tively. It changes -7.0%, -3.5%, and 7.0% when compared to the non-tufted com-
posite sample, respectively. There is no doubt that compared with the reference
non-tufted composite, the increase and decrease of shear failure load and of shear
failure angle coexist. Wherein, T6 is a critical tufting spacing to optimise the tufting
parameters of the final tufted composites.
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Fig. 3-10. Representative shear load-shear angle curves of CTC samples.

3.3.2.3 Comparison interlaminar shear strength

The comparison results of interlaminar shear properties between CT’C and CTC
samples are plotted in Fig. 3-11. It summarizes the average ultimate interlaminar
shear strength and the corresponding average shear failure angle shown in 3.11(a)
and 3.11(b), respectively. For the same tufting spacing, it can be noted that the im-
provement of the ultimate shear strength of CTC compared to the CT’C, as 0.4%
and 9.3% improvement for the tufting spacing of 6 and 3 mm, however, 2.2% de-
creases for the tufting spacing of 9 mm. Regarding the corresponding shear failure
angle, as depicted in its comparison chart of Fig 3.11(b), increase and decrease by
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7% respectively for the tufting spacing of 3 and 9 mm, 3.5% decrease for the tufting
spacing of 6 mm. The further discussion will be given in a later section.
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3.4 Discussions

Table 3-2 summarizes the averaged interlaminar shear properties at failure, includ-
ing the ultimate shear strength and the corresponding shear angle, for all three
series samples. It is globally proved that the presence of tufting thread can effec-
tively improve the interlaminar shear performance of the laminated composite un-
der mode II sliding loading condition. The smaller differences in the interlaminar
shear strength between the three difference tufting densities of CT’C and the non-
tufted composites are negligible. Moreover, the CT’C samples with three different
tufting densities yield the same average shear failure angle, actually equal to that
of the non-tufted composites, about 0.28 rad. It is believed that the pure tufting
action does not significantly affect the interlaminar shear strength. This is due to
the lack of in-plane threads in the thickness direction to offer the interlaminar rein-
forcement in this direction. Therefore, the rationality and feasibility of the two-step
tufting method used in the present work are once again confirmed, i.e., a suitable
guide needle without thread is placed before the tufting needle. However, it is con-
sidered that different tufting needles without threads (pure tufting action) may
cause varying degrees of destruction to the preform structure when passing inter
layers. It may bring a negative but also a positive effect, even no effect at all. It can
nevertheless be controlled by combining the diameter of the tufting needle with
the structure of the preform. This topic can be concerned in the future work.

It is to notice that the only tufting configuration which showed lower ultimate
shear strength than non-tufted is CTC-T9. In general, the presence of tufting thread
effectively binds the laminated preform together to reduce the delamination and
then to increase the interlaminar shear strength of the tufted composites. However,
i) as the penetration of the tufting thread, the laminate fibres are pushed apart,
brings a void which will be filled with resin during the curing process to generate
a resin-rich [17, 19, 27], which may weaken the shear loading bearing capacity of
CTC-T9 to occur earlier failure under mode ii sliding loading. ii) from the results of
DTP seen in Fig. 3-8, it is found that the interlaminar strength of T9 is one-third of
T3, much weaker than the others, the destruction to the layer-to-layer or/and inter-
layers of the laminate preform may occur with the tufting thread passing through
the layers. T9 may not be sufficient to avoid the delamiantion. Therefore, CTC-

96



3.4. Discussions

T9 may fail due to the weakening of mode II sliding loading bearing, before the
tufting thread play its interlaminar enhancement. Tufting density is a remarkable
factor to optimise the tufting parameters of the final composites. Wherein, T6 is a
critical tufting density to distinguish the positive and negative effect on the present
interlaminar shear properties.

By comparing the shear strength curves between DTP specimens and CTC spec-
imens. It is found that the shear strength of the CTC is largely stronger than the
DTP’s. It thanks to the addition of epoxy resin matrix, it increases the shear mode
ii sliding loading bearing to improve the strength performance of the final com-
posites. The same ply stacking sequence and the injection of resin may have con-
tributed to the similar stiffness of all CT’C, CTC samples and non-tufted compos-
ites. A large difference in the interlaminar stiffness property between the DTP and
the CT’C/CTC is observed with the rigid. This can also be attributed to the pres-
ence of epoxy resin matrix

Table 3-2
Conclusive interlaminar shearing resistance results of all samples.

Ref. of sample
Tufting spacing

(mm)

Shear strength

(MPa)

Shear angle

(rad)

DTP-T9 9 0.05 ± 0.01 1.04 ± 0.01

DTP-T6 6 0.10 ± 0.02 1.13 ± 0.02

DTP-T3 3 0.15 ± 0.03 1.17 ± 0.02

Non-tufted — 18.2 ± 0.18 0.28 ± 0.01

CT’C-T9 9 (tufted without thread) 18.5 ± 0.32 0.28 ± 0.01

CT’C-T6 6 (tufted without thread) 18.6 ± 0.23 0.28 ± 0.01

CT’C-T3 3 (tufted without thread) 18.7 ± 0.23 0.28 ± 0.01

CTC-T9 9 18.1 ± 0.23 0.26 ± 0.01

CTC-T6 6 18.7 ± 0.58 0.27 ± 0.01

CTC-T3 3 20.4 ± 0.81 0.30 ± 0.01

Various delamination positions could be found during the test. Under the continu-
ous loading on the sample, three significant states could occur before it breaks, an
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example of the rupture process is shown in Fig. 3-12.
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Fig. 3-12. Three principal states of specimens under the Mode II loading test

As shown in Fig. 3-13, it is found that the delamination position among different
types of composites is different. The non-tufted one is broken in the middle layer of
the composite. However, the delamination position of CTC is totally different than
the non-tufted one, they are separated by the applied load on the first top layers
(next to the top side) or the last ones ( next to the bottom side) of the composite.
Nevertheless, tufted with or without thread. It is considered that although the un-
threaded tufting process does not bring the enhance of the shear strength, because
of the lack of the interlayer bonding strength of the composite material which anal-
ysed above. However, due to the movement of the tufting needle between every
layer, the yarn of the laminated preform itself has been destroyed to a certain ex-
tent, it makes the binding force of the middle layer is higher than the two edges
that can be further study in the future.
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Fig. 3-13. Comparison of rupture position for CTC specimens

3.5 Conclusion of chapter three

In the present chapter, the interlaminar shear performances of multi-scales were
studied. Due to the presence of the through-the-thickness tufting thread, reducing
the shearing sliding of the laminated sample. Thereby, the mechanical performance
of interlaminar shearing under mode ii sliding loading condition is corresponding
improved. Several significant conclusions are listed as follows:

• A modified T-steel shearing test is designed that can be effective to study the
pure interlaminar shear performance of tufted laminates under three tufting
scales (DTP, CT’C and CTC ) under mode II sliding loading condition.

• At DTP scale, there is a positive proportional relationship of tufting density
and interlaminar shear properties in terms of shear stiffness and strength.

• At CT’C scale, there is an identical result for CT’C series and the non-tufted
composites of interlaminar shear properties, regardless the various tufting
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densities. The shear stiffness is improved with the resin infused, so does the
shear strength and shear angle.

• At CTC scale, with the tufting density increasing, only the shear strength
increases. Meanwhile, tufting density brings out positive and negative effects
on the interlaminar shear strength compared to the non-tufted. The introduce
of Z-direction thread could degrade the interlaminar shear properties under
mode II sliding loading condition if the tufting density does not meet the
need. Wherein, T6 is the critical tufting density in the present study.

The present focused on the interlaminar shear strength under Mode II sliding load-
ing condition. Therefore, fracture toughness can be subjected to future work. Mean-
while, due to the low-cost, high stiffness, and strength to weight ratio of the tufting
process and the tufted composite, developing a new structure to expand its appli-
cation field is also a worthy work, which will be presented in the following chapter.
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CHAPTER 4

A NOVEL PLATE ASSEMBLY BY

TUFTING AND THE OPTIMISATION OF

MANUFACTURING PARAMETERS

4.1 Introduction of chapter four

Improved understanding of the pros and cons of tufting technology in the com-
posites field has inspired increasing interest in the development of its potential
structures. The structure of tufting is characterised by the insertion of threads in
the thickness direction [1, 2] to improve the mechanical properties, for instance, the
resistance to delamination, impact resistance, damage tolerance, and joint strength
[3–7]. Consequently, its main contribution is to produce lighter and stronger com-
posites parts, which will improve fuel economy and safety in the aerospace, trans-
port, energy, or civil engineering industries [8, 9].

Tufting is an Aerotiss®03S technology [10–12] to assembly dry textile reinforce-
ments by inserting only one thread on one side of the preform, instead of two, along
the through-the-thickness (TTR) direction [13, 14]. The thread (Z-reinforcement) is
introduced into the preform under relatively low tension, and the needle is re-
treated while leaving a free tufting loop (FTL) external to the laminate and some-
times remaining internal to it. Currently, tufting is a promising attempt to manufac-
ture thicker and more complex structures [9, 15], given that it is a more flexible local
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three-dimensional (3D) technology, differing from other integrate 3D technologies,
such as interlocking. Meanwhile, tufting can link together various structures: NCF,
braided and woven fabrics, etc.

The application of tufting technology originates from the traditional carpet manu-
facturing field. However, an infusion technique of resin as the matrix has led the
tufting technology to be applied in the high-tech composites manufacturing field
for the first time, and the date can be back to 1973 [16, 17] in the open published
literature. Follow-up, the researchers are dedicated to expanding its application by
the development of new tufting structures. In the early 1990s, several prototypes
of tufting structures [18–21] which would be applied in aerospace, have been pro-
posed by Airbus Group SAS. For instance, it is employed in the manufacture of
3D frame, beam and stringer structures on the back of an integrated aircraft door
[22]. Furthermore, the excellent performance of tufting in the manufacture of com-
plex 3D structures has resulted in its successful application in an undercarriage
demonstrator. It well makes up for the limitation of spatial restrictions of other
textile technologies eg. ITA one-sided stitching (OSS) technology [6, 23]. Mean-
while, tufting is also successfully used in the production of automotive frame rails
to join I-stiffeners to a braided oval crash tube to enhance its energy absorption
during impact [24]. The application of tufting in such stiffener reinforcement has
been fully investigated. For instance, a T-stiffener is explored in terms of bending
performance and damage tolerance [7, 11, 25], while some focus on the the effect of
tufting density and thread materials [26]. Furthermore, Stickler et al.[27–31] used
the unique feature of partial tuft insertion to join a novel T-shaped composite butt
joint. Another tufted J-stiffener structure that triples the maximum load bearing
capacity before failure has been mentioned in [6]. Additionally, Préau et al. [32]
demonstrate their research on the manufacture of Ω-stiffener by tufting technol-
ogy.

Based on literature research, it is also found that tubular assembly is a common
component in industrial areas where tufting technology has been applied, such as
nozzle assembly in the aerospace field. Unfortunately, there are no applications,
or even prototypes, that have been proposed concerning it in the past researches.
Therefore, it motivated the idea of manufacturing tubular assemblies by means of
tufting technology. Fig. 4-1(a) shows a new conception prototype of the tubular as-
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sembly structure by tufting is proposed. However, due to the limitations of the tuft-
ing device and in order to better investigate its mechanical properties, the present
work initially will focus on the establish of a tufted plate assembly structure (see
in Fig. 4-1(b)) and performing fundamental investigations on its performance.

The aim of the present study is to develop the abovementioned tufted plate assem-
bly composites and evaluate its mechanical properties, typically those of the tufting
threads. To meet this aim, it firstly to manufacture a typical tufted plate assembly
composite suitable for tensile loading testing based on preliminary results. Further-
more, the effect of tufting density, free tufting loop (FTL), and tufting pattern on the
failure behaviours and mechanical properties under tensile load need to be taken
into account. Meanwhile, the definition of tufting density is given in the present
chapter to better characterise the influence factors. Finally, the results will be dis-
cussed in terms of the damage repair, mechanical properties, and lightweighting of
composites respectively. Wherein, lightweighting will be determined by a relative
physical quantity called "Specific Breaking Force" in the present chapter.

Tufting thread
Tufting needle

 Lower

(a)

TXfWLQg QeedOeTXfWLQg WKUead

ReQfRUW
-USSeU

ReQfRUW
-LRZeU

(b)

Fig. 4-1. Schematic view of (a) tufted tubular assembly, (b) tufted plate assembly.

4.2 Materials and methods

4.2.1 Materials and samples

The material under investigation is manufactured using 2-step tufting and liquid
resin infusion (LRI) techniques, which are introduced in sections 2.4.1 and 1.3.2,
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respectively. Besides, tufted preforms are performed by a home-designed tufting
device[1] (shown in Fig. 2.3(c)) under the pressure of 2.5 bar (seen in section 1.3.1)
and with two hollow needles, seen in Fig.2.4(a), which are a guide needle and a
tufting one, respectively. Taking into account the need to extend the research to a
subsequent tufted tubular assembly study in the future, a braided fabric with this
specific shape advantage is selected as the preform, and its parameters are as fol-
lows: Braided E-glass fabric with a braiding angle of 45◦ and an areal density of
747.4 ± 32 g/m2. In order to the feasibility of the present study, the braid is firstly
cut into a plate shape (namely cut-braided fabric) with a thickness of 1.5 mm and
a width of 170 mm (after pretrimmed). Fig. 4-2 shows a schematic representation
of the sample stack configuration and an example of a dry tufted plate assembly
preform: Two layers of cut-braided E-glass fabrics are superposed in the same ori-
entation with a preset overlap length (noted as Lassy), 35 mm in the present study.
Meanwhile, a thin release film is required to be added between the two layers be-
fore tufting, which makes the assembly effect focus and only focus on the tufting
thread, avoiding the adhesive of infusion resin. This release film is a kind of E2760
red micro-perforated Teflon film manufactured by Cytex. Moreover, the trace dry
powder (epoxy as raw material, white colour) is evenly spread on both sides of the
braided fabric, to ensure the consolidation of the structure of the preform during
the whole preform preparation, even the latter tufting process. However, its poten-
tial or possible effect on mechanical properties, in particular the tensile properties,
is not taken into account in the present chapter. The overlap is assembled by a
twisted 2 x 1k TEX Tenax® JHTA- 40 carbon thread, as shown in Fig. 2-1 and Table
2-1 offers its parameters (in section 2.2). The tufted plate assembly mainly consists
of two zones: the "Tuft-assembly" and "Tuft-free" zones, respectively. The existence
of the release film, combing the path of the tufting thread, divides the tuft-free
zone into the upper one and the lower. These tufted plate assembly preforms are
then vacuum infusion on a flat plate, using SICOMIN® SR8200 resin system (with a
weight ratio of 100: 37) by LRI (Liquid Resin Infusion) process to produce the tufted
plate assembly composites (recall Fig.1-27 in section 1.3.2). The infused composites
are cured at room temperature for forty-eight hours. Later, they are machined into
the desired dimensions addressed in the following test procedure section using a
water-jet cutting technique.
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(a) Schematic view of tufted plate assembly.
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(b) Dry tufted plate assembly preform samples with a tufting spacing of 9 mm.

Fig. 4-2. Tufted plate assembly (a) schematic view, (b) dry preform samples with a
tufting spacing of 9 mm.
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In order to optimise the tufting parameters on the tensile properties of tufted plate
assembly composites. Three group samples are prepared in response with three
varying tufting parameters: i) Group A samples are tufted with various tufting
densities; ii) Group B samples are prepared without free tuft loop (FTL); iii) Group
C samples are tufted at ± 45◦ path direction to determine the effect of the tufting
pattern. They are introduced in the following paragraphs. Taken into account the
potential influence parameters and to uniform the tufting density for the following
various tufting configurations, the definition of tufting density needs to be rede-
fined initially as total tuft points (tufts for short) per unit square (pts/mm2), which
has been given in chapter 1/section 1.3.2. Furthermore, the column spacing for all
samples are constant as 6 mm in the present study. Meanwhile, the tufting spacing
is used to be characterised as the tufting density in the sample preparation stage.
Moreover, it is used as the basis for naming samples. Table 4-1 summarizes the de-
scription of each group sample as reported in detail in the following paragraphs.

Group A: This group studies mainly on the influence of tufting density on the me-
chanical properties of tufted plate assembly composites. Firstly, the minimum tuft-
ing spacing that can be prepared is 3 mm (noted as A3), because of the limitation
of the 2 mm diameter of the tufting needle. Meanwhile, in order to ensure that the
sample does not delamination before testing to meet the research feasibility, two
tufts at least in each column, that is, at least a total of 6 pts of tufts. In addition,
leaving a suitable distance to the edge, 27 mm of tufting spacing is finally selected
to prepare an A27 sample with 6 tufts in total of the sample (called total tufts in
sample with the unit of pts). And on this basis, A9 is prepared to correspond to
the 27 mm tufting length of each column in the above. Finally, returning to the
original intention of the samples in this group, six samples with respective tufting
spacing from 8 mm to 4 mm (diminished at intervals of 1 mm) are also prepared to
meet the requirements of sufficient tufting density. Furthermore, all samples in this
group are tufted into rectangular patterns, it means that the tufting path direction
is consistent with the machine direction (tufting path angle of 0◦). The top and bot-
tom sides of the typical samples in the group A are included in the inserts of Fig.
4-4.

Group B: This group focus on the influence of FTL on the mechanical properties
of tufted plate assembly composites. An important challenge for response samples
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in this group is to remove the FTL, but how? The first thing to determine is to
better remove FTL under the principle of avoiding the destruction of the original
mechanisms of tufted plate composites to the maximum extent. A special foam,
which does not absorb the resin and retains the FTL inside, is placed under the
preform during the whole tufting process and resin infusion stages. After the resin
infusion, these FTLs are then trimmed off manually by scissors followed by peeling
off the foam with preform, but with a little loss of surface finish of the composites
anyway. And then to accomplish the research about the influence of FTL on the
tufted plate assembly composites. According to the dense, medium, and loose of
tufting density level, the samples with FTL with tufting spacing of 27, 9, and 3
mm are selected from group A as three comparative samples. Consequently, in
the B group, samples in rectangular patterns without FTL of B27, B9, and B3 are
prepared finally. Same as group A, the top and bottom sides of the typical samples
in group B are included in the inserts of Fig. 4-5.

Group C: This group concentrates on the influence of tufting pattern on the me-
chanical properties of tufted plate assembly composites. The difference from the
samples of group A and group B is that the tufting path angle is in ± 45◦ for sam-
ples in group C, which makes the tufting patterns are totally different with the
rectangular one. However, these two varying tufting patterns are with an identical
column spacing of 6 mm: i) C1 with a - 45◦ direction of the initial step, namely
"cross". It is because that there is a cross point between the two tufting columns,
but without any effective influence on the final tufted product, for its penetrate-
free into the preform, which makes the real column spacing is 12 mm. The row
spacing is also predetermined as 12 mm, resulting a tufting spacing of 8.49 mm.
ii) C2 with a 45◦ direction of the initial step, namely "reciprocation" as well, all be-
cause of the tufting pattern showing a reciprocating path on the top surface of the
preform. Since the presetting of column spacing and row spacing are both 6 mm,
and the tufting spacing is calculated as 16.97 mm. The top side of these two typical
samples C1 and C2 are included in the inserts of Fig. 4-6.

The preliminary non-tufted plate assembly composite sample with release film can
be separated without applied load. No test results are conducted in a later section.
Therefore, except for the non-tufted plate assembly composites, Table 4-1 summa-
rizes the description of the tufting configuration for all samples in the three groups
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as reported in detail above. Moreover, As recapped in Table 4-1, it is found that the
same total tufts in sample may with different tufting density, A7 and A8, for ex-
ample. The tufting density and total tufts in sample of C1 ( 0.69 pts/cm2 and 8 pts
respectively) are similar to the A27 ( 0.62 pts/cm2 and 6 pts respectively); On the
contrary, the same tufting density may with different total tufts in sample, A6 and
C2 with the same tufting density of 2.78 pts/cm2, for example, have different total
tufts in sample of 18 pts and 16 pts, compare to A7 and A8, respectively. Therefore,
in the following discussion, as long as the tufting density is involved, the total tufts
in sample should be taken into account as a factor.

Table 4-1
Samples that meet various influencing factors and their designated nomination.

Ref. of

sample

Free tuft loop

(FTL)

(with/without)

Column

spacing

(mm)

Tufting path

direction

(◦)

Row/Tufting

spacing

(mm)

Tufting

density

(pts/cm2)

Total tufts

in sample

(pts)

A27

with 6 0

27 0.62 6

A9 9 1.86 12

A8 8 2.09 15

A7 7 2.39 15

A6 6 2.78 18

A5 5 3.34 21

A4 4 4.17 27

A3 3 5.56 36

B27

without 6 0

27 0.62 6

B6 6 2.78 18

B3 3 5.56 36

C1
with 6 ± 45

12 / 16.97 0.69 8

C2 6 / 8.49 2.78 16
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4.2.2 Testing procedure

The tensile test is used to require test dimensions of 130 × 25 mm2 (after optimisa-
tion) in the present chapter. Meanwhile, the alignment tabs of dimensions 20 mm
× 25 mm × 1.5 mm (in length × width × thickness, respectively) are placed at the
two ends of the tufted assembly sample, prior to the resin infusion stage as shown
in Figure 4.3(a), to ensure the centring of the sample between the tensile testing
grips, so as to avoid alliteration during the tensile testing. Therefore, thirteen pre-
pared tufted plate assembly composites with different tufting configurations can
be cut into a total of seventy-eight samples, six for each tufting configuration, with
an overall dimensions of 170× 25 mm2. The default overlap dimensions are 35 ×
25 × 2.7 (± 0.3) mm3. The test sample is mounted onto the Instron® Universal Test-
ing Machine (Model: 5985) as shown in Fig. 4.3(b) to undergo a tensile test on the
tufted plate assembly composite. Tensile loading is directly applied at the centre of
the tested samples until failure. During the tensile test, one end of the tested sam-
ple is always required to be fixed on the central position of the lower head in the
longitudinal direction, whereas another one is carried by the upper head moved
upwards at a constant crosshead speed of 2 mm/min. Meanwhile, the initial ten-
sile load vs displacement diagram for each test is traced and plotted in the whole
testing. Six-time tests are repeated to be conducted for each configuration of the
tufted plate composite samples under identical conditions to calculate the average
results.
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Fig. 4-3. (a) Dimensional schematic of tensile test for tufted plate assembly sample
(Top: Top view; Bottom: Front view). (b) Left: INSTRON® Universal Testing Ma-
chine; Right: Tensile test set-up.
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4.3 Results

4.3.1 Failure position observations

Initially, images of the two typical failure positions, at the "Tuft-assembly" zone
and the "Tuft-free", of all tufted plate assembly composite samples are included in
the inserts of Table 4-2. The tufting density/total tufts in sample has a remarkable
influence on the failure behaviour, whereas it has nothing to do with the tufting
pattern or the FTL in the present study. Furthermore, it is can be found that the
samples with total tufts in sample of 6 pts ( A27 and B27), 8 pts (C1), and 12 pts (
A9 and B9) are totally delamination to failure at the "Tuft-assembly" zone shown in
the three columns to the left of Table 4-2. On the contrary, the other samples have
the occurrence of fracture before delamination (respectively, including A8 and A7
with total tufts in sample of 15 pts and C2 with a total tufts in sample of 16 pts), or
even never delamination (samples of A6, A5, A4 and A3 as well B3 with total tufts
in sample of 18 pts, 21 pts, 27 pts and 36 pts, respectively) as shown in the three
columns to the right of Table 4-2. Whilst, it is revealed that the effective total tufts
in sample to avoid delamiantion needs to be equal or superior to 15 pts. Further
findings will be reported in a later discussion section.
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Table 4-2
Failure position of tufted assembly.

At "Tuft-assembly" zone At "Tuft-free" zone

Reference Total tufts in sample (pts) Reference Total tufts in sample (pts)

A27 6

58

A8 15

59

B27 6 A7 15

C1 8 C2 16

A9 12 A6 18

B9 12 A5 21

A4 27

A3 36

B3 36

4.3.2 Tensile testing results

The load-strain curves of each group sample will be illustrated in the following
sections. To optimize the tufting parameter by means of the intragroup and in-
tergroup comparisons of the results. Wherein, the intragroup comparison results
mainly focus on the influence of tufting density; the intergroup comparisons are
concentrated on investigating the effect of FTL (groups A and B) and the influence
of tufting path direction/tufting pattern (groups A and C).

4.3.2.1 Influence of tufting density

Group A

The tensile load-strain curves of samples in the group A with eight different tufting
spacings are illustrated in Fig. 4-4. Overall, all slopes of the curves are similar. It
is found that A27 reaches its maximum load at a breaking strain of 1.6 ± 0.08 %,
which is only 1889 ± 76 N. However, the maximum load of A3 has been already up
to 3238 ± 78.2 N (about 71% stronger than the A27), and its corresponding breaking
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strain reaches 4.4 ± 0.15 %. In addition, draw support from Table 4-3 in order to
more clearly investigate the relationship between tufting density (the total tufts in
sample in particular) and tensile properties. For instance, A8 and A7 own the same
total tufts in sample of 15 pts, with the similar maximum tensile load (2505 ± 113.8
N and 2545 ± 87 N, respectively ) and the similar corresponding breaking strain
(2.5 ± 0.09 % and 2.4 ± 0.21 %, respectively). Moreover, Table 4-3 also recaps that
with the density increases, the total tufts in sample also increase, but the growth
rate of the maximum tensile load gradually decreases. Such as A6 and A5 (3 pts
difference of total tufts in sample) are with similar maximum tensile loads of 2833
± 116.7 N and 2913 ± 128.8 N and the similar corresponding breaking strain of 3.2
± 0.11 %, 3.0 ± 0.17 %, respectively. However, the total tufts in sample of A4 is 9
pts less than that of A3, with the similar maximum tensile loads of 3310 ± 92 N
and 3238 ± 78.2 N, meanwhile, the similar corresponding breaking strain of 4.3 ±
0.2 %, 4.4 ± 0.15 %, respectively.It can be observed that as the density increases, the
maximum tensile required roughly increases.
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Fig. 4-4. Tensile load vs. strain curves of group A samples.
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Table 4-3
Tensile properties of group A samples.

Ref. of

sample

Total tufts in sample

(pts)

Tufting density

(pts/cm2)

Breaking strain

(%)

Maximum tensile load

(N)

A27 6 0.62 1.6 ± 0.08 1889 ± 76.0

A9 12 1.86 2.0 ± 0.14 2242 ± 44.4

A8 15 2.09 2.5 ± 0.09 2505 ± 113.8

A7 15 2.39 2.4 ± 0.21 2545 ± 87.0

A6 18 2.78 3.2 ± 0.11 2833 ± 116.7

A5 21 3.34 3.0 ± 0.17 2913 ± 128.8

A4 27 4.17 4.3 ± 0.20 3310 ± 92.0

A3 36 5.56 4.4 ± 0.15 3238 ± 78.2

Group B

The load-strain curves of samples without FTL in group B are plotted in Fig. 4-5
and the values are listed in Table 4-4. These samples are trimmed off the FTL at
the bottom side prior to the resin infusion. The maximum tensile of 1941 ± 59.7
N, 2232 ± 27.8 N, and 3238 ± 76.4 N for B27, B9, and B3, respectively. Regarding
to the corresponding breaking strain, 1.5 ± 0.13 %, 2.1 ± 0.08 %, and 4.3 ± 0.08
% for B27, B9, and B3, respectively. It directly confirms that as the tufting density
increases and the total tufts in sample increases, the tensile properties will also
increase, which gives very consistent results compared to those with FTL in group
A.

Table 4-4
Tensile properties of group B samples (Without FTL).

Ref. of

sample

Total tufts in sample

(pts)

Tufting density

(pts/cm2)

Breaking strain

(%)

Maximum tensile load

(N)

B27 6 0.62 1.5 ± 0.13 1941 ± 59.7

B9 12 1.86 2.1 ± 0.08 2232 ± 27.8

B3 36 5.56 4.3 ± 0.08 3238 ± 76.4
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Fig. 4-5. Tensile load vs. strain curves of group B samples (without FTL).
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Group C

The tensile load vs strain curves of C1 and C2 are illustrated in Fig 4-6 and the value
results are listed in Table 4-5. These samples are tufted at ± 45◦. The maximum
tensile of 1795 ± 29.2 N and 2508 ± 127.5 N for C1 and C2, respectively. Regarding
to the corresponding breaking strain, 1.3 ± 0.08 % and 2.3 ± 0.14 % for C1 and C2,
respectively. It is also found that the denser the tufting density and the more the
total tufts in sample, the stronger the strength of the sample, which still gives fairly
consistent results regardless of the comparison with group A or B.
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Fig. 4-6. Tensile load vs. strain curves of group C samples (± 45◦ tufting patterns).

Table 4-5
Tensile properties of group C samples (± 45◦ tufting patterns).

Ref. of

sample

Total tufts in sample

(pts)

Tufting density

(pts/cm2)

Breaking strain

(%)

Maximum tensile load

(N)

C1 8 0.69 1.3 ± 0.08 1795 ± 29.2

C2 16 2.78 2.3 ± 0.14 2508 ± 127.5
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4.3.2.2 Influence of free tuft loop (FTL)

Fig. 4-7 summarizes the comparison of the mean maximum tensile load and the
corresponding failure strain between group A and group B, with and without FTL
respectively. There is no missing force for B27, B9, and B3 with the FTL trimmed
off under identical conditions of A27, A9, and A3, respectively. Although there are
only three tufting densities, the comparison results are still sufficiently represen-
tative, as they represent loose, medium, and dense tuft levels, respectively. It is
obviously noted that the same proportion improvement of mechanical properties
under tensile loading between group A and group B with the tufting density in-
creased, corresponding to the results in the previous subsection. However, as for
the same tufting density, there are no important differences as to be negligible in
group B samples without FTL compared to group A. The similar maximum failure
load is required when the failure strains reach the similar value. Therefore, with-
out doubt that it is not a perfect agreement between group A and group B, but the
trend is definitely the same. It can be considered that there is no influence of FTL on
the mechanical properties under tensile loading of the tufted plate assembly com-
posite, regarding either in terms of the maximum tensile load or the corresponding
breaking strain.
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Fig. 4-7. Comparison of the tensile properties (a) maximum tensile load and (b)
breaking strain of tufted plate assembly composite between with and without FTL.
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4.3.2.3 Influence of tufting pattern

Fig. 4-8 revels the comparison of the mean maximum tensile load and the corre-
sponding failure strain between group A and group C, under varying tufting pat-
terns. In the present work, that is, the comparison of tufting path angles of 0◦ and ±
45◦, respectively. This intergroup comparison is based on tufting density per area
and on total tufts in sample, respectively. Wherein, the tufting density of C1 (0.69
pts/cm2 and 8 pts in total) is similar to the A27 ( 0.62 pts/cm2 and 6 pts in total).
However, with regard to tufting density per area, C2 (2.78 pts/cm2) is identical to
the A6 (2.78 pts/cm2), while in terms of total tufts in sample, C2 (16 pts) is similar
to A7 and A8 (15 pts).

Firstly, comparing C1 and A27, the respective maximum tensile load and failure
strain of C1 are 94 N and 0.3 % smaller than those of A27, although both are within
the margin of error, C1 is slightly denser than A27, a little contrary to the previous
intragroup results. Next, the comparison of C2 with group A: i) C2 and A6 with
the same tufting density per area of 2.78 pts/cm2, but the total total tufts in sample
of C2 (16 pts) are 2 pts less than for A6 (18 pts) , it is relatively logical that there are
325 N and 0.9 % decrease of C2 than A6 for the maximum tensile load and failure
strain, respectively. ii) C2 and A7 as well A8 with a similar total total tufts in sam-
ple of about 16 or 15 pts, although the tufting density of C2, A7, and A8 are slightly
differences as 2.78 pts/cm2, 2.39 pts/cm2 and 2.09 pts/cm2, respectively, the max-
imum tensile load and failure strain are similar. It is logical that when describing
the tufting density, the total number of total tufts in sample is more accurate.
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Fig. 4-8. Comparison of the tensile properties of tufted plate assembly composite
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4.4 Discussion

The results of the tensile test in group C have demonstrated that the total total
tufts in sample with its higher accuracy has a certain essential to replace the total
tufts per unit area in mm2 to express the influence of tufting density parameter
on the tensile performance of the tufted plate assembly composite (see Fig. 4-8).
There is no typical influence of the presence of FTL of tufting thread on the tensile
properties in terms of experimentation (call Fig. 4-7). However, the absence of FTL
can reduce the weight of the composite part. To better understand this point of
view, it is deemed that the tensile behaviour can be reasonably well characterized
using a "specific breaking force" for the tufted plate assembly composite, especially
in the industrial applications field. It is calculated by the following equation (4.1)

Specific breaking force (N/g) = Breaking force (N)
Weight (g)

(4.1)

Fig. 4-9 presents the specific breaking force curves of tufted assembly composites
with and without FTL. As for the same total tufts in sample, it can be fairly noticed
a big improvement of the specific breaking force in the tested samples without FTL,
compared to the tested samples with FTL. And it is logical that as the number of
total tufts in sample increases, the advantage of tufted plate assembly composites
without FTL is more outstanding. As shown in Table 4-6, there are 0.9 %, 5.7 %, and
20 % improvement for the total tufts in sample of 6 pts, 12 pts, and 36 pts, respec-
tively, when the FTLs are trimmed off. its in the composite design and responds to
the demand for lightweight in the industrial field. It makes perfect sense in the de-
sign of composite materials and can satisfy the demand for lightweight industrial
applications. Dell’Anno et al. [2] have discussed that it is doable to remove FTLs in
tufted samples prior to or after resin infusion. However, regardless of the methods
mentioned in their article or what used in the present chapter are manual removal
with scissors, which is unfeasible in industrial mass production and market ap-
plications. Nevertheless, they also proposed that the industrial shearing machines
used in mass carpet production may be a viable commercial solution to this FTL
removal issue. It is considered as a cutting-edge front in the future investigation on
the application of tufting technology in the composites industry field.
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Fig. 4-9. Comparison of specific breaking force between tufted assembly composite
part with FTL and without FTL.

Table 4-6
The comparison results of specific breaking force between tufted plate assembly
composites with and without FTL.

Group
Total tufts in sample (pts)

6 12 36

specific breaking force (N/g)
A 111 140 186

B 112 148 224

Increase ratio (%) 0.9 5.7 20
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The failure position observation results of all tested tufted plate assembly com-
posite samples have demonstrated three types of failure modes (see Table 4-2):
i) only delamination, ii) post-fracture delamination, and iii) only fracture. Firstly,
delamination failure obviously occurs at the "Tuft-assembly" zone. However, the
fracture failure usually occurs at the "Tuft-free" zone and infinitely close to the
"Tuft-assembly" zone but away from the edge, as noted by the yellow ellipse in
the rightmost illustration in Table 4-2, where is the stress concentration location,
at which failure typically occurs first. Additionally, the fracture failure caused by
stress concentration precedes the delamination failure for the tufted plate assembly
composite when the number of total tufts in sample reaches a critical value, 15 pts
in the present study. Secondly, comparing these two failure positions, the failure at
the "Tuft-free" zone, particularly under the failure mode iii (fracture), due to time
and economic savings, is a more expected result from the perspective of compos-
ites damage repair in the industrial field. Meanwhile, all of these observed tensile
failure behaviours are the contribution of the tufting threads, which are isolated in
all samples, using the release film between two assembled layers as described in
the material description section in the present chapter. Consequently, it is required
that at least 18 pts of total tufts in sample, based on the tufted plate assembly com-
posites samples in the present chapter, can effectively avoid delamination under
the present tensile conditions, regardless of with or without FTL. It is believed that
these failure modes can be dominated by the total tufts in sample of the tufted
plate assembly composite sample. However, with the lack of other tufting patterns
in mode iii failure, it is not sufficient to reveal whether the tufting patterns will
not affect the failure mode. Meanwhile, it is not entirely possible to determine that
the tufting pattern has no effect on the mechanical properties under tensile load-
ing due to the insufficient of samples in group C. Both of them are worthy to be
investigated and discussed in future work.

4.5 Conclusion of chapter four

In order to expand the application of tufting technology in composites industry
field, a novel tufting tubular assembly structure was proposed in the present chap-
ter. Due to the limitation of tufting device and the lack of basic research data, a new
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plate assembly composites by tufting and infused by LRI is firstly manufactured
to study in the present work. Basic tensile tests were conducted for various tufting
parameters of tufted plate assembly composites in groups. And their mechanical
performances under this loading condition were analysed. Each intragroup analy-
ses demonstrated that the tufting density is a significant influence factor, and has
a positive relevant relationship with mechanical properties. The removal of FTL
is of major interest in lightweight design in the composites industry a 20 % im-
provement of specific breaking force could be reached with a total tufts in sample
of 36 pts in the assembly zone. Even the least with 6 total tufts in sample had a
0.9 % increase. Meanwhile, a method to trim off has been presented, whereas it
is not available for mass production due to the time cost. Three modes of failure
position under the identical tensile loading condition were identified as delamina-
tion occurring in the "Tuft-assembly" zone; post-fracture delamination and fracture
occurring first in the "Tuft-free" zone. They are depending on the tufting density.
By contrast, studies on the effects of tufting patterns on plate assembly composites
by tufting have been carried out but are not yet sufficient and could be subjected
to future research. Meanwhile, the method or device of manufacturing tubular as-
sembly by tufting and the related mechanical performance studies can be taken
into account for future research work.

Tufting thread is a significant factor. A geometry method of tufting thread, which
will be briefly presented in the latter section. Meanwhile, plate/tubular assembly
composites by tufting are as a novel conception for manufacturing the integrated
composite product, there are several problems that need to be studied. Further
investigation on this front will be required in the future.

4.6 Perspective of chapter four

4.6.1 Modelling of the tufting thread

Abovementioned results reveal that the tufting threads play a significant role on
the tensile properties of tufted plate assembly composites. Therefore, in this mod-
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elling, the geometry of the tufting thread is well considered. In this section, a ge-
ometrical model of tufted plate assembly is proposed, meanwhile, the study is fo-
cused on that of the tufting thread. The present modelling is for the Tenax®-J HTA-
40 carbon thread, which is used in this thesis, and its properties are shown in Table
2-2 in chapter 2 / section 2.2.

4.6.1.1 Preliminary study of tufting thread

Thanks to Mme. MAKHSIYAN Nouné, a graduated master IMS student of EN-
SAIT, she gives various hypotheses of the tufting thread shown in Fig. 4-10. Taken
account of the negligible influence of FTL on the mechanical properties, it is there-
fore only chosen one type of modelling. To confirm these hypotheses, it is necessary
to be prepared the tufted composite plate thick enough to visualize the morphol-
ogy of the tufts loop.
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Fig. 4-10. Basic morphology assumption of tufting thread

• Shape and path of tuft loop

The cut tufted composite plate needs to be polished until the tufting thread cross-
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section can be clearly observed. Then a sectional view of the tufting thread through
the thickness is shown in Fig. 4-11. The micro-observation sample is that some
points are confirmed concerning the adaption of the thread according to the space
offered, although it is not visible on this plan for the shape of the section. Therefore,
the images clearly show that the expansion of the loop does not prove to be applied
each time on the tufting thread with a free loop. Moreover, according to the sample
loops, the expansion does not form an ellipse but rather a parallelogram (according
to the vertical path of the needle), this is why it is necessary to verify that the model
behaves as closely as possible to the observed reality. And this, even if the modelled
shape is elliptical.

Input
Output

Fig. 4-11. The sectional view of tufting thread through the thickness by QMicro-
Capture.

According to the tufting process, the input and output of the tufting thread can
be easily indicated on the image above (Fig. 4-11) The initial step of the free loop
is positioned lower than another side, because the thread is retracted, a slight dis-
placement could be produced.

• Cross-section of tufting thread

An ideal type of tuft loop is sketched and implemented on Solidwork-aided, which
can minimise the design steps. It is important for our model to point out the polyg-
onal cross-section of the tufting threads. The image is imported into the software,
then the cross-section can be extracted by color recognition or by sketching the
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boundary using the sketch basics tool. It is therefore possible to vary the tolerance
of the color and shape, as close as possible to the shape by segments, or distant via
curves called "splines". Finally, some polygonal cross-sections can be observed in
Fig. 4-12.
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Fig. 4-12. Polygonal section-cross by Solidwork.

4.6.1.2 Geometrical model of tufting thread

The geometrical and mechanical model of textile implemented in TexGen. It offers
two ways to implement the internal geometry of almost all types of textile struc-
tures. One is to input the necessary data into the software interface directly, another
needs the aide of Python algorithm. In the present study, by writing the python
script to realise the geometry model of tufting thread and unit cell of the tufted
preform. As the general geometry method for the thread shape, it is known that
the cross-section is cylindrical or elliptical. However, either is the most realistic for
the sample observed. To get closer to the shape of the real tufting thread, the tufting
thread model is improved to the polygonal shape in the present study. And three
kinds of polygonal cross-section shapes are assumed, illustrated in Fig. 4-13. Be-
cause, it is found that the model with less than 6-sides polygon is too rigid, whereas
the model with more than 8-sides polygon is too close to a circle (less significance
to assign the cross-section as a polygon). The length of the tufting thread loop is
depended on the whole plate tufted assembly composite in the present study, the
thickness of the tufting thread is defined by its own parameters, and the width of
the model is accordance with the tufting density. Meanwhile, it is assumed that the
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distribution of fibres over a cross-section is uniform for simplifying the following
model calculated. This tuft thread loop model is saved as the STEP file which can
transfer to the FE software Abaques.

Ellipse, HeptagonEllipse, Hexagon Ellipse, Octagon

(a) (b) (c)

Fig. 4-13. Geometrical model of tufting thread by TexGen.

This model is saved as ".stp" file to be imported into the Abaqus to further design
the model tufted plate assembly and meshing it for validating the model used to
finite element (FE) analysis by the macro (M)-level model.

4.6.2 Modelling of the tufted plate assembly composite

• Modelling approach

In this chapter, a macro(M)-level model is established in FE software Abaqus. The
present study is still based on the cohesive zone model, the difference is that us-
ing the established geometrical model of tufting thread instead of the connector
element, which used in other models. A model without cohesive zone will be es-
tablished after this study, which is for the comparison. Therefore, there are four
parts used to assemble the final tufted plate composite as shown in Fig. 4-14. They
are two glass/epoxy elements, one tufting thread element, and a cohesive element.
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Printed using Abaqus/CAE 

Four Parts

Upper Glass / Epoxy 

Tufting thread
Dower Glass / Epoxy 

Cohesive element

Fig. 4-14. Parts of tufted plate assembly model.

The "cohesive zone model" is typically for the laminated composite. COHESIVE is
a new area to divide two layers to characterise the delamination properties. CO-
HESIVE area can be regarded as an area with excess resin, but different from the
pure resin area. Its main function is to connect the upper and lower single layers.
There are three types of stress on the bonding surface, defined in the following Eq.
4.2:

∫ δmax
n

0
tn(δ)dδn = Gn

C∫ δmax
s

0
ts(δ)dδs = Gs

C∫ δmax
t

0
tt(δ)dδt = Gt

C

(4.2)

The constitutive equation of COHESIVE element is B-K criteria (illustrated in Eq.
4.3), which is with respect to the traction-separation law.

GC = GC
n +(GC

s −GC
n )(GS

GT
)η (4.3)

133



Chapter 4 – A Novel Plate Assembly by Tufting and the Optimisation of Manufacturing
Parameters

where, GS = Gs +Gt,GT = Gn +GS .

Two layers are both glass/epoxy, and everyone is regarded as a whole element,
which is defined as isotropic transverse, which is as another constitutive equation
of this model. It is assumed that the tufting thread and composite plates are elastic,
meanwhile the degradation and damage are not considered.

• Model validation (meshing)

The model can be meshed directly in software Abaqus, then to validation. In this
model, four parts under three-type elements use their three mesh types. Fig. 4-15
illustrates the meshing of glass/epoxy and cohesive elements, where the glass-
epoxy element is assigned C3D8R element type ( An 8-node linear brick, reduced
integration, hourglass control ), the cohesive element is assigned COH3D8 element
type ( An 8-node three-dimensional cohesive element ). Because of the complex
shape of the tufting thread model, C3D4 ( A 4-node linear tetrahedron ) element
is used to assign the tufting thread mode shown in Fig. 4-16 (a). It is not hard to
notice that this kind of element type meshing is too rigid. However, the worst thing
about this model is that the mesh of tufting thread is unsuccessful, highlighting the
default areas in Fig. Fig.4-15(b).

Printed using Abaqus/CAE 

(a) C3D8R element (b) COH3D8R

Fig. 4-15. Element meshing (a) glass/epoxy element and (b) cohesive element
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Printed using Abaqus/CAE 

(a) C3D4 element (b) C3D4 element 

Fig. 4-16. Tufting thread meshing

It is believed that the reason for the failure of mesh creation is its boundary inter-
section, after several recalculations failures, and the model tufting thread should
be optimized, the result is shown in the following:

• Optimization of tufting thread model

Fig. 4-16 (b) demonstrates that there are two areas with "boundary intersections".
Without changing the basic parameter of tufting thread, the problem is easily be-
come to the thread path. Firstly, for the intersections with "input of tuft free loop"
area, the sinking distance at the beginning of the forming the free loop is reduced.
Then, for the intersections with "tuft loop" area, to minimize their intersection sur-
face. An important principle is to respect the actual path as much as possible.
Therefore, the abovementioned three polygonal cross-sections are optimized. It is
found that the mode with 7-gon is much more approximately to the reality. The
optimised model and its meshing results are shown in Fig. 4-17.
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(b) Printed using Abaqus/CAE(a) Printed using  TexGen

Fig. 4-17. Tufting thread (a) optimized geometrical model and (b) meshing resolu-
tion

The meshing of the tufted plate assembly is demonstrated in Fig. 4-18, until now,
this model can be used to simulate the mechanical behaviour by the Element Finite
(FE) method, which can be the further work.

Printed using Abaqus/CAE on: Fri Nov 27 02:34:36 Paris, Madrid 2020

Fig. 4-18. Overall view of tufted plate assembly meshing

Furthermore, this section will focus on the geometrical modelling of tufted plate
assembly, which is an interest for the macro(M)-level FE to simulate the mechan-
ical properties. This work is different from other researchers which is focused on
modeling the thread, instead of the cylindrical model. Therefore, a model without
cohesive element need to be established to fully on the assembly effect only by tuft-
ing thread. Regretfully, the lack of some foundations data of materials, this model
is on the prototype stage. It will be an interesting and meaningful project worth
looking into.

Finally, Fig. 4-19 is the establishment of this unit cell based on the tufting thread
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established in this chapter. After optimising the geometrical of the tufting thread,
this unit cell can be used to meso(m)-level FE in the further work.

Fig. 4-19. The unit cell of tufted architecture.
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GENERAL CONCLUSIONS

This chapter summarizes what we have done in this thesis and points out what
will be done in the future...

Conclusions

The present thesis conducts orderly and progressive investigation research on the
following three tufting scales: tufting thread in chapter 2, tufted laminate com-
posite in chapter 3 andtufted plate assembly composite in chapter 4.

• Definition of tufting density

In section 1.3.2 has given a definition of tufting density suitable to express the vary-
ing tufting patterns. Besides, there is a trade-off between tufting density and tufting
spacing.

• Optimization of tufting thread degradation

Tufting thread degradation is observed during the tufting process, by means of
image-observation and quasi-static tensile properties. Besides, it is proved that the
tufting density can effect the generation of tufting thread degradation, the denser
the tufting density, the worse the degradation. Furthermore, a novel tufting pro-
cess (namely, two-step tufting process) is proposed, and it is proved to effectively
reduce the degradation of the tufting thread.
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General Conclusions

• Investigation of interlaminar shear properties under mode II loading con-
dition for DTP, CT’C and CTC, respectively

The effect of tufting density on the interlaminar shear behaviours under mode II
sliding loading of tufted preforms and composites. The results show that the intro-
duction of tufting thread can bring both positive and negative effects according to
the tufting density. T6 is a critical tufting density in the present research. The neg-
ative effect acts on the composite, which with the tufting density looser than that
of T6, while the opposite is the positive effect. Besides, it is proved that the tufting
thread is at work, not the tufting action.

• Development of tufted plat assembly composite

A tensile experiment is carried out on the tufted plate assembly under various tuft-
ing parameters, and the results reveal that the FTL has no influence on this prop-
erty, but it has a significant contribution to the composites industry of lightweight.
Furthermore, the tufting density plays an essential role on the present mechanical
properties. Finally, an macro(M)-level model of tufted plate assembly composite is
proposed in the present thesis based on the model of tufting thread introduced as
follows:

• Design of geometrical model of tufting thread

Studies in the present thesis demonstrate that tufting thread plays an essential role
in the tufted products. Thus, it is interesting to simulate a tufting thread in the state
of tufted composite. A geometrical model of the tufting thread is established with
the assistance of TexGen and validation by meshing in Abaqus software.

Perspectives

For future work, the following suggestions can be used as research entry points:
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General Conclusions

• Exploration on the tufted laminate preforms/composites

In chapter 3 of this thesis, the results of the load-displacement curve of tufted pre-
form/composite under mode II loading condition are discussed. Whereas the rup-
ture position of the tufted composite is shown in Fig. 3-13 in section 3.4, the R-
Curve of delamination properties can be explored in the future.

• Exploration of the effect of tufting pattern on the tufted plate assembly
composite and its other mechanical properties

The configuration of tufting thread on the laminate preform leads to various tufting
patterns for the tufted composite, it would be interesting to study the influence of
tufting pattern on the mechanical properties. Furthermore, more mechanical per-
formances should be studied, e.g., the pull-off behaviour, the crack initiation, and
its propagation under different loading conditions can be calculated by the next
researchers. There is an interest to explore the possibilities of assembling advanced
and complex structures for broadening the application of tufting technology.

• Optimization on the tufting thread model of the non-regular polygonal
cross-section and exploration on the meso-scale FE of tufting thread

Our model of tufting thread is to assign a regular polygonal cross-section, however,
the reality is not always regular. Therefore, the researcher can be conducted on the
optimization of the tufting thread model. Meanwhile, our model of tufted plate as-
sembly is a macro(M)-level model, which distributes the local reinforcement prop-
erties, and the overall loading conditions act on the parts. Further work can first be
done by refining the base information of material to complete our model finite ele-
ment (FE) analysis. Then a meso (m)-level of tufted composite, an unit cell of tufted
composite is proposed in Fig. 4-19 in perspective 4.6 of chapter 4. Further work can
conduct with the homogenisation of mechanical properties, determination of dam-
age initiation conditions and simulation of damage development aided with this
unit-cell. Furthermore, to establish a model only assembly by tufting thread with-
out "cohesive element".

iii



General Conclusions

• Optimization on the tufting device and corresponding testing device

Finally, in order to facilitate and simplify in academic research, it is imperative
to optimize and develop the tufting device which can achieve various complex
structures, tufted tubular assembly, tufted sandwich composite for example, and
which can be adapted to more aspects of research, same to the testing device...
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Résumé

Renforcement textile basé sur une technologie textile avancée pour la fabrica-
tion de composites

Les composites stratifiés tridimensionnels (3D) sont de plus en plus utilisés dans
différents secteurs industriels. Leurs caractéristiques mécaniques sont intéressantes,
en particulier par leur résistance et leur rigidité supérieures dans le sens de l’épais-
seur. Le piquage est une des technologie qui permettent un recherche et dévelppe-
ment, qui non seulement s’adapte à divers matériaux, mais qui permet également
de réaliser motifs et formes variés. Cette thèse est dédiée du développement de
l’assemblage tubulaire par la technologie de piquage, d’analyse de l’influence des
paramètres de piquage sur les performances mécanique du composite assemblé
à plate est étudié. En plus les propriétés de cisaillement de la préforme piquée
et du composite piqué, les comportements de dégradation du fil de piquage sont
également étudiés. Alors, un mécanisme de piquage d’amélioration est proposé.
Des configurations de produits piqués en 3D ont été conçues et les paramètres im-
portants ont pu ajustés par la machine de piquage du GEMTEX. L’influence de la
densité de piquage sur les propriétés de cisaillement mode II dans le plan de la
préforme piquée et du composite piqué ont promis d’optimiser notre processus
de piquage. L’étude de la dégradation du fil de piquage par l’essai de traction et
l’observation d’image a conduit à la définition d’un processus de piquage amélioré.
Ainsi, afin de discuter l’assemblage tubulaire, des essais à plat ont été menés . Ces
travaux ouvert le developpment de cette technologie d’assemblage avec de nou-
velles utilisations.

Motclés: Composite textile, assemblage tubulaire / plaque, piquage, performance
mécanique, modélisation géométrique



Abstract

Textile reinforcement based on advanced textile technology for composite man-
ufacturing

Three-dimensional (3D) laminated composites are increasingly used in different
industrial areas. Their mechanical characteristics are advantageous, in particular
by their better through-the-thickness strength and stiffness. Tufting is an ongoing
technology, which not only adapts to various materials but also easy to achieve
various patterns and shapes. This thesis is dedicated to the development of tubular
assembly composite by tufting technology, the analysis of the influence of tufting
parameters on mechanical performance by the plate assembly composite instead
of the tubular assembly is to simplify the experimental study. In addition to the
shear properties of the tufted preform and the tufted composite are introduced,
the degradation behaviours of tufting thread are also studied. Then,an improve-
ment tufting mechanism is proposed. The configurations of 3D tufted products
have been designed and the significant parameters can be adjusted on the home-
designed tufting device by GEMTEX. The influence of tufting density on Mode II
in-plane shear properties of the tufted preform and the composite promised to the
optimisation of the tufting process. Tensile test and the image-observation methods
of tufting thread are carried out to determine the degradation behaviours, mean-
while to improve a novel tufting mechanism. Moreover, in order to discuss the
tubular assembly, the tests on the plat assembly are carried out. These works open
up the development of the new applications under this assembly technology.

Keywords: Textile composite, Tubular/plate assembly, Tufting, mechanical perfor-
mance, geometry modelling
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