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Abstract. This study was focussed to investigate the effect of fluorocarbon, hydrocarbon and
hybrid fluorocarbon on the mechanical properties and moisture regain of jute fiber reinforced
composites. A significant difference in moisture regain values of treated and untreated
reinforcement samples was observed at a concentration of 40 g/l. The composite made from
treated reinforcement regained very low moisture content and exhibited improved mechanical
properties (tensile and flexural strength). Being dual nature (hydrophilic and hydrophobic
groups) of Hybrid fluorocarbon, the treated jute fibers and corresponding composites showed
better properties as compared to other two chemicals due to better interface.

1. Introduction
Bio-composites employed for the composite materials having natural reinforcing fibres or biopolymers
as embedding matrices [1]. The natural fibers like flax, jute, hemp, kenaf and sisal are the mostly used
as reinforcement for the bio-composites [2]. Low cost, easy availability, High specific properties and
eco-friendly nature of jute makes it very important degradable natural fiber in composite. The
properties of jute fiber in comparison with other natural fibers are given in table 1.

Table 1.  Properties of jute fibre in comparison with other fibres [3].

Fibre Density
(g/cm3)

Tensile
strength
(MPa)

Young
modulus

(GPa)

Specific
modulus

(GPa)

Moisture
content
(%age)

Cotton 1.55 400-750 7-10 5-6.5 8.5
Flax 1.45 510-910 50-70 34-48 12

Hemp 1.43 350-760 30-60 20-42 12
Jute 1.34 200-460 20-55 14-40 12

Kenaf 1.30 300-1200 22-60 17-46 17
Sisal 1.45 100-800 9-22 6-15 11

The jute fiber has gained the attention as reinforcement for composite materials due to its
biodegradability, high strength to weight ratio and good thermal insulation properties. However,
higher moisture regain of these fibres hinders their use in composites. The moisture absorption may
cause the swelling and maceration of the fibres subsequently decreasing its mechanical properties. So,
the jute fibers need to be modified either physically or chemically to improve the compatibility
between the fiber and the polymer matrix [1]. The surface of natural fibers is generally chemically



modified to minimize the wetting of fibers in addition to improve the interface between the matrix and
the reinforcement. Some chemical surface modification techniques include treatment with sodium
chlorite [4], methaacrylate [5], isocyanate [6], silane treatment [7], mercerization, acetylation [7],
etherification [9], enzymatic treatment [10], peroxide treatments, benzoylation [8], dicumyl peroxide
treatment [6], plasma treatment [11], ozone treatments [12], and grafting. The oxidation of polyolefins
[13], has also been described to improve the incompatibility between the surfaces of natural fiber and
polymer matrix. All these treatments are marked to reduce the moisture regain of the natural fibers and
their resulting composites.

It is a known fact that lower the surface free energy of a material, lower will be the moisture regain
[14]. The surface free energy of hydrocarbons and fluorocarbons is smaller as compared to the
majority of the compounds used in the previous researches. Even though having lower surface tension,
fluorocarbon and hydrocarbon are not commonly used for the treatment of jute fibers for composite
applications. Therefore, the objectives of present study were to reduce the moisture regains of
composite materials prepared from jute reinforcement treated with hydrocarbon, fluorocarbons and
hybrid fluorocarbons, to study the properties of these composite materials and to check to what extent
our assumption regarding hybrid fluorocarbon is valid.

2. Experimental

2.1. Materials
The plain woven jute fabric, having areal density of 190±2 g/m2, was used as reinforcement while
unsaturated polyester resin (UPE) was the matrix. The three chemicals hybrid fluorocarbons
(OLEOPHOBOL CP-R), fluorocarbons (OLEOPHOBOL 7713) and hydrocarbons (PHOBOL RSH)
used in this study were procured from HUNTSMAN (pvt) Limited.

2.2. Methods
The first step of the study was the treatment of jute fabric with chemicals, followed by the composite
fabrication. Then scouring of the jute fabric was done for 50 min at a temperature of 70-80°C to
activate the hydroxyl group of lignin and cellulose and to remove the impurities. The scoured
reinforcement was then treated with the solutions of hybrid fluorocarbons, hydrocarbons and
fluorocarbons and dried at 100°C for 4 minutes. A total of ten reinforcement samples, represented by
RE1 to RE10 were prepared as shown in the table 2. Hybrid fluorocarbons, hydrocarbons and
fluorocarbons chemicals are represented by F1, F2 and F3 respectively.

Table 2.  Experimental design for reinforcement samples.
Sr. # Reinforcement samples Chemical Treatment Concentrations

1 RE 1 NO -
2 RE 2 FI 20 g/l
3 RE 3 F1 30 g/l
4 RE 4 F1 40 g/l
5 RE 5 F2 20 g/l
6 RE 6 F2 30 g/l
7 RE 7 F2 40 g/l
8 RE 8 F3 20 g/l
9 RE 9 F3 30 g/l
10 RE 10 F3 40 g/l



Hand lay-up technique was used to fabricate the composites. Six layers of woven jute fabric
(reinforcement) were used; composite plate size was 250×250 mm2 and the fibre volume fraction was
maintained to 35%. The initial curing took place at room temperature for one hour, followed by post
curing at 130°C for 3 hours. Composites were fabricated with untreated jute reinforcement as well as
with reinforcements treated with three types of hydrophobic chemicals. Table 3 shows the detail of
composite samples produced for the study.

Table 3.  Experimental design for composites samples.
Sr. # Samples ID Reinforcement Hydrophobic Chemicals Concentration

1 S1 Jute No -
2 S2 Jute F1 40 g/l
3 S3 Jute F2 40 g/l
4 S4 Jute F3 40 g/l
5 S5 Simple resin No -

2.2.1. Moisture regain test. The moisture regains test of jute fabric (untreated and treated with
chemicals) was done by using standard test method ASTM D2495, while that of composites and neat
resin samples according to ASTM D5229. The composite sample was dried in oven at 60˚C, till there
was no further change in weight. This initial weight was recorded and sample was immediately placed
into environmental system. Change in mass was measured after intervals of time till equilibrium was
established. The graph was plotted between the weight gains versus the square root of time.

2.2.2. Mechanical Characterization. The ASTM D3039 was used to study in-plane tensile properties
of polymer matrix composite. The ultimate tensile strength of the material is observed from the
maximum load carried prior to failure. Sample size was 200 mm with 120mm gauge length and width
25 mm with speed of 100 mm/ min. The flexural properties were tested by 3 point bending test using
ASTM D7264. The span-to-thickness ratio was 20:1, with standard specimen thickness 5 mm and
width 12 mm. The length of specimen was kept 20% longer than the support span. The speed of
testing was set to the crosshead movement rate of 1.0 mm/min.

3. Results and Discussion

3.1. Moisture regain of reinforcement
The moisture regain %age of untreated fabric sample and those samples treated with three different
chemicals F1, F2 and F3 (hybrid fluorocarbons, hydrocarbons and fluorocarbons) as function of their
concentrations is shown in figure 1. It can be observed that the moisture regain of untreated sample
was 12.08 %, whereas moisture regain of treated samples was found in the range 2.81-6.15%.
Furthermore, the reinforcement treated with F1 shows the lowest moisture regain value of 2.81% at
concentration of 40 g/l. On the other hand F2 and F3 shows moisture regain value 3.11% and 3.05%
respectively, at 40 g/l. The difference among the moisture regains of samples treated with F1, F2 and
F3 is not very significant because critical surface tension values of all three chemicals are 14-28
mNm-1.



Figure 1.  Moisture regain of untreated and treated fabric as function of chemical concentration.

3.2. Moisture regain of composites
Moisture regain %age in equilibrium state of composite samples made from untreated and treated jute
reinforcement is shown in Figure 2. The moisture regain % of neat resin sample was found to be
0.30%. Untreated jute composite sample absorbed 4% moisture whereas moisture regain of jute fabric
was 12.08%.

It was observed that the moisture regain of composite sample containing reinforcement treated with
F1 was the least (0.79%). The moisture regain values of composites samples made by reinforcements
treated with F2 and F3 was 2.62% and 1.95% respectively. Hybrid fluorocarbons being soil release are
the copolymers which have the fluorocarbon part and hydrophilic part. Fluorocarbon block has the
lesser surface tension whereas the hydrophilic part absorbs more amount of resin. Due to both these
phenomenon, the ultimate moisture regain of sample is lesser.

Moisture regain plot of the composites and neat resin samples is plotted versus square root of time
in figure 3. It was noticed that the moisture uptake was rapid in all the composite samples from
beginning to 1000 minutes. This was logical as the test specimen was dried completely. After 1000
minutes, the saturation of specimen commenced and rate of moisture regain became slow. Almost all
the samples got saturated after 3000 minutes. Tests were extended to 5800 minutes (4 days) to assure
that samples regained maximum amount of moisture and are in equilibrium state.



Figure 2.  Moisture regain of resin and composite samples in equilibrium state.

Figure 3.  Moisture regain of composite samples.

3.3. Mechanical Characterization
The tensile and flexural properties of composite materials are shown in Table 4. There was significant
difference between the values of composite sample made by untreated reinforcement and treated
reinforcement (F1, F2 and F3). It was due to the fact that strength of composite mainly depends on the
strength of reinforcement. If we compare the tensile strength of composites made from treated
reinforcement, it can be seen that F1 treated reinforcement composite has higher tensile strength as
compared to F2 and F3 treated reinforcement composites. It is due to hybrid nature of F1 chemical.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 1 2 3 4 5 6

M
oi

st
ur

e 
re

ga
in

 (%
)

samples

with out finish Resin sampleF2 (40g/l) F3 (40g/l) F1 (40g/l)



It is also clear from the given table that the flexural strength of the treated reinforcement
composites is higher than the untreated reinforcement composite sample. This is because the treated
reinforcement has the more strength than untreated reinforcement. Sample treated with F1 has the
highest deflection, because it provided the good resin-matrix interface.

Table 4. Mechanical properties of composite materials.

Sr. # Composite
samples Reinforcement Tensile Strength

(MPa)
Flexural Strength

(MPa)
1 S1 Simple jute reinforcement 32.34 38.71
2 S 2 F1 treated reinforcement (40g/l) 48.72 81.73
3 S 3 F2 treated reinforcement (40g/l) 42.56 67.11
4 S 4 F3 treated reinforcement (40g/l) 43.23 56.39

4. Results and Discussion
It is concluded from this study that there is a significant difference in the moisture regain of untreated
and treated reinforcements. The reinforcement treated with hybrid fluorocarbon shows the lowest
moisture regain value 2.81% at 40g/l, as compared to the other two. More moisture is absorbed by
reinforcement in the composite, as the moisture regain % of the pure resin sample was only 0.30%.
Untreated jute composite sample absorbed 4% moisture, while composites produced by Hybrid
Fluorocarbs treated reinforcement has the least (0.79%) moisture regain, validating the moisture regain
results of the corresponding reinforcement. There is significant difference between the mechanical
properties of composite sample produced from untreated reinforcement and treated reinforcement.

This work was supported by the research project of Student grant competition of Technical University
of Liberec no. 21197 granted by Ministry of Education Youth and Sports of Czech Republic.
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Abstract. Transportation industry is rapidly developing owing to its size and importance 

which affects on various aspects of life. It includes all the transport means that facilitate 

mobility of people or goods either by air, land or sea like aircrafts, automotives, ships, trains, 

etc. The utilization of textiles in this industry is increasing as a result of moving towards 

achieving sustainability and enhancing performance, comfort and safety. Through substituting 

heavier materials with textiles of high performance specifications and textile reinforced 

composites to reduce weight, fuel consumption and CO2 emissions. Composite materials can 

fulfil the demands for sustainability in the transportation sector through using renewable, 

recycled and lightweight materials, considering the requirements of each category of transport 

vehicles. Textiles used in reinforcing composites are diverse including fibers, yarns or fabric 

preforms such as woven, nonwoven, knitted, braided which varies from 2D to complex 3D 

structures. This paper presents a brief review on the utilization of textiles in reinforcing 

composites for various transportation applications to achieve sustainability. Also, discussing 

the influence of textiles structural parameters like fiber material properties, fabric production 

technique and construction on their mechanical behaviour. Focusing on researches findings in 

this area and highlighting some prospects for further developments domestically. 

1.  Introduction  
Transportation industry is rapidly developing owing to its importance, as it plays an essential role in the 

development of global economy. It facilitates mobility requirements of people and goods either by air, land or 

sea, enabling access to trade, social interactions, education, health care, etc .Transport vehicles include 

automotives, aircrafts, motorcycles, ships, trains, etc. Several aspects needed to be developed in this industry to 

achieve sustainability including vehicles materials performance, structure and design. Sustainability requires 

consideration of human, economic and environmental factors, providing basic demands with equality between 

generations, reducing negative impacts on environment and consumption of non-renewable resources, and 

reuses/recycles its components [1-3]. Europe Union's End-of-Life Vehicle had demonstrated that from 1
st
 

January 2015, 95% by weight of vehicle had to be reused/recovered and 85% by weight needs to be recyclable. 

Recovery involves materials incineration to recover energy, while recycling comprises material processing to be 

reused. Various issues should be considered in designing vehicles like material properties, costs, durability, ease 

of vehicles dismantling, recycling and ensuring that their components don't contain harmful substances .Textiles 

utilization in transportation construction is increasing as a result of moving towards achieving sustainability, 

enhancing comfort and performance and safety. It is estimated that the textiles consumed in an average car will 

rise from 20kg in the year 2000 to reach 35kg in 2020. Through using textiles of high performance specifications 

and textile reinforced composites in various applications like seats, headliners, door and side panels, trunk liners, 

thermal and sound insulation, etc. Their performance is highly depending on fiber properties, fabric structures, 

production techniques and the finishing processes applied during manufacturing [4, 5].   



  

The key drivers for sustainability development in transportation industry are promoting weight reduction, 

lowering gas emissions, fuel consumption and recyclability. Transportation activities are a main source of 

Greenhouse Gases (GHG) such as CO2 & NO2 .Their emissions caused severe health problems ,premature 

deaths, and environmental issues like climate change and global warming. Increased awareness about theses 

concerns leads to focus on using electric vehicles and biofuels.Weight reduction is driven by the need to comply 

with EU legislation to reduce emissions (from <130g CO2/km in 2015 to <95g CO2/km by 2021) . Every 1 kg 

saved on vehicle's weight reduces about 20 kg CO2. Also, weight reduction could be enhanced by optimizing 

vehicle design and materials replacement, since metals accounts about (30-65%) of weight. Safety is a vital 

issue, since passenger carriage requires consideration of safety standards especially fire retardancy and 

crashworthiness [1,6-8].  

2. Composite materials 
Composite materials could fulfil the demands of sustainability. They are preferred for construction of transport 

vehicles, assisting in producing high energy-efficient, lightweight and durable vehicles without affecting on their 

performance. Composites are offering superior properties compared to metals like high strength to weight ratios, 

high flexural and impact strengths, corrosion and weather resistance, durability, dimensional stability, design 

flexibility and aesthetics. Composites have anisotropic properties in which the fibers can be tailored in a specific 

orientation (0º, +/-45ºor 90º) to provide the best mechanical properties in loads direction. Composites could be 

produced in the form of a “Lamina” which is one individual ply or as a “Laminate” consists of many plies of 

fibers stacked with different orientations to attain the desired stiffness and thickness [5,9,10].Polymer matrix 

composites ;Thermosets and Thermoplastics are widely used in composites applications in the transport sector. 

Thermoset resins exhibit high temperature resistance, solvents and corrosives resistance, tailored elasticity, 

excellent finishing and adhesion and low costs, although their recycling remains a challenge. Common types are 

polyester, epoxy, vinyl ester, phenol, etc. Thermoplastic resins advantages comprising stiffness, high 

temperature tolerance and recyclability . Common types are polyethylene, polypropylene, polyamide, etc. 

Generally, carbon, glass and kevlar are the dominant reinforcing fibers used in automotives, aerospace and 

marine applications. Carbon fiber characterized by high strength, low density, although its main drawbacks are 

high cost and brittleness. Glass fibers have very good thermal insulation and electrical properties; however they 

have low modulus and high density. Kevlar fibers are characterized by their high strength, heat resistant, high 

energy absorption, providing quality and reliability that are vital for aerospace applications. Even though, 

production of these fibers causes environmental hazards besides their high costs, which increased the interest for 

using more sustainable materials like biocomposites [5, 9,11]. 

Biocomposites combines using natural fibers such as flax, hemp, sisal, bamboo, jute, kenaf, etc for 

reinforcement with polymer matrices either from renewable or non-renewable resources . They offer numerous 

advantages like biodegradability, low density, high specific strength, reduced dermal and respiratory irritation, 

low cost, better insulation, ecofreindly, etc. Green composites are bio-based resins derived from renewable 

resources such as starch, sugar, vegetable oils and soy oil reinforced using natural fibers. Polylactic acid (PLA) 

is the common type used [12-14]. A major concern regarding using natural fibers is their poor compatibility with 

polymeric matrices, because of their hydrophilic nature and the hydrophobic nature of polymer matrices, which 

result in non-uniform distribution of fibers in the matrix. Also, fibers interchangeable growth conditions leads to 

irregularities in their mechanical properties. So, chemical treatments are applied to reduce water absorption, 

increase fibers consistency and enhancing fiber/matrix interfacial bonding. Biocomposites are used in transport 

vehicles interior and non-structural components. Exterior components in automotives such as bumpers are 

usually produced using glass fiber composites. They could be made of mixed natural and man made fibers 

reinforced composites, which shown to have similar or better mechanical properties [5,9, 12,13 ,15]. Composites 

manufacturing processes are; open molding techniques including spray lay-up, hand lay-up, filament winding, 

sheet molding compound, pultrusion and closed molding techniques like resin transfer molding, injection 

molding, compression molding, etc. Joining different materials structures presents challenges, so reliable 

techniques are needed to join composites to metals, and composites to other types of composites like adhesive 

bonding which are commonly used for multi-material vehicle bodies [5,12,16]. 

4. Textile preforms used in reinforcing composite materials 
The versatility of textile composites contributed in achieving sustainability. Textiles preforms are differing 

significantly in terms of fibers orientations and entanglement, manufacturing processes and fabric structures. 

Unidirectional fibrous preforms comprise rovings or yarns that can be utilized directly in composites using 

filament winding and pultrusion techniques. 2D preforms are generally manufactured using weaving process. 3D 

textiles characterized by their interlacing yarns in the longitudinal, cross and vertical directions. 3D composites 



  

have enhanced out-of-plane properties that allow optimizing design, high delamination resistance and better 

mechanical properties in all directions. They are used in aerospace applications such as wing panels, landing 

gear, rocket nozzles, etc. Also used for automotives and defense applications. Generally, woven and nonwovens 

are extensively used in transportation construction in the form sandwich structures, which considered as essential 

structural materials because of their high skin/core debonding resistance, bending stiffness, lightweight, 

enhanced insulation and damping characteristics [11,15,17,18]. 

4.1. Characteristics of Textile preforms 
Woven fabric is a continuous preform characterized by its higher intralaminar and interlaminar strength and 

damage resistance. Common types are; plain fabric that exhibits good stability, and shear deformation resistance, 

characterized by high crimp due to the highly interlaced and tightest weaves. Twill fabric is characterized by 

forming diagonal lines on its surface, its reduced crimp leads to better mechanical properties compared to plain 

fabrics. Satin fabric is flexible, presents minimum interlacing , reduced shear deformation resistance, high tensile 

and flexural strengths that allows their effective utilization in aerospace applications [17-19].Nonwoven fabric is 

a web of directionally or randomly orientated fibres bonded either by chemical, thermal, or mechanical means. It 

offers good strength, flexibility, lightweight, besides its z-directional properties that reduces delamination 

problems. Cross-ply nonwovens of fibers with different orientations are offering better uniformity of composites 

[17,19]. Nonwoven needle punched mats produced using natural fibers are extensively used in various interior 

components of vehicles. Knitting is a looser and flexible fabric produced either by weft knitting or warp knitting 

processes. It offers high out-of-plane properties and energy absorption capabilities that contribute to their good 

impact and delamination resistance. Knitted fabrics enabled manufacturing of complex shaped products for 

automotives and aircrafts such as jet engine vanes, T-shaped connectors, car wheel wells, aerospace fairings, etc. 

Braiding is a technique where yarns are interlacing each other to produce tubes, narrow flat strips or 3D solid 

structures. Braids show reduced in-plane properties due to the yarn path relative to the axial direction. Braided 

preforms characterized by their durability, strength, reliability and structural integrity. They have been utilized in 

various automotive and aircrafts applications such as airframe spars, F-section fuselage frames, tail shafts, etc. 

Stitching process was developed to join single or multilayered textile preforms to overcome low delamination 

resistance and in-plane shear properties of composites. It provides advantages like strength, impact resistance, 

improving interlaminar fracture toughness, reducing weight and costs. High performance stitching threads are 

made from glass, carbon or Kevlar fibers. Several developments in stitching machines were driven by the 

aerospace industry. NASA and Boeing have designed a 28 m long stitching machine to produce aircraft wing 

components with a reduction 25% in weight and 20% in costs compared to corresponding aluminium 

parts. Also, 3D stitching robot was used to produce textile preforms in the shape of the rear pressure bulkhead of 

Airbus A380 to improve its strength and weight, as well decrease handling and lay-up times [11,17]. 

5. Textile composites applications in transportation sectors towards sustainability  

5.1. Automotives industry  
The early usage of biocomposites in automotive industry in 1940s, when Henry Ford proposed the first car 

body using hemp, sisal and wheat straw fibers for reinforcement and soya oil to produce phenolic resin[6,7]. 

Through the last decades, automotive industry continues in developing its composites products and 

specifications to meet markets requirements. It is estimated that automotive composites market to reach $4.3 Bn 

in 2017 from $2.8 Bn in 2011, signifying annual growth rate 7% [5,20]. Automotive industry used glass fiber 

composites that offered lightweight benefits up to 25% and up to 40% with using carbon reinforced composites 

compared to other metallic materials [9,10]. A 10% weight reduction in vehicle weight leads to improving fuel 

efficiency by (4-8%) or increasing battery range of electric vehicle up to 10% [2,13,16]. As in BMW i3 all-

electric vehicle body constructed from aluminium and carbon reinforced composites, makes it (30-50%) lighter 

and improves driving characteristics (acceleration, braking, cornering, etc) .Moreover lightweighting in heavy-

duty vehicles leads to increase their freight capacity. Also in military vehicles, assist in improving their  

performance, survivability and ability to support operations [16,21]. Biocomposites are recently utilized in some 

of the worlds most revered vehicles brands. Mercedes- E-class door panels was made from sisal needle punched 

nonwoven in epoxy matrix. Mercedes-Benz Travego travel coach equipped with a (polyester/flax) reinforced 

composite engine encapsulations. Abaca (banana) fiber reinforcement was used in the spare wheel pan covers of 

Mercedes A-Class (W169).Wood fibers was used in 2006 Mercedes S-class front door linings and driver’s seat 

back rest, while flax fibers was used in parcel shelves and trunk covers [7, 13]. Toyota used natural reinforced 

composites made of PLA matrix produced from sugar cane and sweet potato, reinforced with kenaf fibers in the 

spare tire cover of the RAUM 2003 model.Mitsubishi motors with Fiat SPA produced interior vehicle 



  

components using bamboo fibers and polybutylene succinate (PBS) bio- resin, and floor mats made from PLA 

and nylon fibers . Ford F-150 wire harness manufactured using composites reinforced with rice hulls. Kenaf 

fibers were employed in reinforcing the interior door panels reducing weight by 25%. Ford and Heinz company 

collaborated to investigate using tomato fiber in wiring brackets and storage of 2014 vehicles .Since 1990s, 

natural fiber composites were used in BMW 3, 5, and 7 series in the interior door linings and paneling. Lately, 

biocomposites were used in BMW structural parts like bumpers, fender liners, shields and suspension system 

components [7,13,14]. Automotive composites recycling is a complex process, including disassembly, de-

bonding and separating parts from the vehicle. Also it is difficult to extract individual materials from composites 

with maintaining their original characteristics [5,6].The existing recycling processes include thermoplastics 

melting to separate them, pyrolysis to extract high value carbon fibers from thermosets, and incineration to 

recover the energy contained in composite materials. Also, some composite materials can be shredded to be used 

as filling materials for other applications [2,5].  

5.2. Aerospace industry 
Aerospace sector had a series of changes with respect of composites utilization in production of civilian 

aircrafts, helicopters, military jets, etc. Textile composites exhibit high strength-to-weight ratios up to 20%, 

reduced fuel consumption and emissions, enhancing aerodynamic efficiency, lowering production  costs, fatigue  

and fire resistance, low dielectric loss in radar transparency, etc. Composites main applications including  

instrument panels, fuselage skin panels, propellers, fuselage fairing panels and in interiors like luggage 

compartments, cargo liners, sidewalls, ceilings, floors, galleys, etc . Glass fibers are used in small passenger 

aircraft parts, highly loaded parts, while aramid fibers are used in fairings, unloaded bearing parts and radomes. 

Carbon fibers are used in all types of components, satellites, antenna dishes, missiles and primary structural 

parts. For most ceilings and walls, interior sandwich panels are used with Nomex honeycomb core faced with 

skin plies of glass/phenolic prepreg, and glass/epoxy or carbon/epoxy composites used for floor panels [8,22-

24].Composites have been used in aerospace industry since 1950s, where glass fiber composites used in 

manufacturing Boeing 707 accounted 2% of its structure .Each developed generation of Boeing aircrafts had an 

increasing percentage of composites in its structure, see figure 1. It is more fuel efficient and had a small 

environmental footprint . Recently, the highest composites percentage was presented in Boeing 787 Dreamliner, 

accounted about 50% of its primary structure which increased its service life and reduced maintenance costs, 

figure 2. Its major structural elements fabricated using carbon/epoxy laminates like fuselage sections, wing box 

and stabilizer boxes. Secondary structures such as rudder, elevators winglets and nacelle cowlings fabricated 

using carbon sandwich composites, while glass/epoxy laminates were used for wing fairings, stabilizers, radome 

and wing-to-fuselage fairings [22,25-28]. Airbus A350 XWB and A380 aircrafts widebody platforms composites 

reduced assembly costs, enhance damping engine noise/vibration, cabin atmosphere less conducive to 

dehydration, longer design life [29].  

Military aircrafts are widely using composites to meet high performance requirements, improve speed and 

maneuverability. For example; Advanced Tactical Fighter (ATF) utilized composites about 50% by weight 

which reduced drag, low radar observability and increased temperature resistance. Advanced Technology 

Bomber (B-2) employed composites enhanced its stealth qualities. Composites usage is suitable for the extreme 

vibratory environment that helicopters operation creates, offering improved aerodynamic geometry and tuning, 

good damage tolerance and low costs. Boeing undertook an experimental program in which 11,000 metal parts 

were replaced by 1500 composite ones. Producibility and maintenance considerations improved along with 

overall structural reliability. Unmanned aerial vehicles (UAVs) such as Global Hawk has nacelle, radomes, rear 

empennage, stabilizers and wing/body fairings constructed from carbon fiber and glass fiber reinforced 

composites . Composites structures are usually constructed of different ply layers, so internal damages like 

delamination and cracks could be occurred between layers. Due to the strict requirements on safety and 

reliability in aircrafts various techniques are used to detect any invisible fault such as Non-destructive inspection 

(NDI) testing, embedded sensors and self-sensing material systems, etc. Structural health monitoring (SHM) 

becomes more integrated especially in multifunctional composites through using carbon nanotubes in composites 

to provide integrated damage sensing capability and enhance mechanical reinforcement [11 ,27,30].As indicated 

also from the study applied on notional Boeing 747-400 and 757-200, Airbus A320, and Embraer E145 

airframes using carbon nanotube composites replacing aluminium counterparts. They exhibit high strength and 

toughness, low weight and high corrosion resistant [31]. Recently, there is a highly shift towards utilizing Green 

Composites in aircrafts interiors. Flax/epoxy prepregs showed 35% lighter than carbon/epoxy prepregs. Flax 

fabrics were treated with flame retardants and used to produce (flax/epoxy) sandwich composites for cabin 

sidewall panel of Boeing 737. Boeing Company is particularly involved in recycling all aircraft composites, 



  

separating composites from other materials and recovering good quality fibers to be re-introduced as a materials 

source in aircrafts manufacturing. Airbus demonstrated In December 2014, that recycled carbon fiber was used 

in a full-scale interior sidewall panel [23,28,32]. 
 

 

 

 

 

 

 

 

 

 

5.3. Marine industry 
Textile composites are extensively utilized as lightweight construction solutions for marine applications, 

including power boats, yachts, fast ferries, passenger ships, naval vessels, submarines and submersibles. 

Racing yachts are using composites more in order to sail with maximum speed, resist waves impacts and 

other elements in marine environments [33,34]. Advances in materials, fabrication techniques and design 

tools have widen the areas of marine composites applications. They are used for superstructures, mast 

systems, bulkheads, decks, watertight doors, propellers, propulsion shafts in addition to internal equipment 

such as engine parts, heat exchangers, machinery foundation, valves, pumps, pipes, ducts, etc. Also, their 

high acoustic transparency resulted in employment in ships rodomes and submarines sonar domes. 

Composites usage in marine industry was initially driven by need for weight reduction, durability and high 

corrosion resistance to overcome problems occurred with using steel and aluminum alloys and the 

environmental degradation caused by wood. During the 1960s, glass reinforced composites were used in 

marine industry for both leisure and commercial sectors. Also in naval vessels to provide low radar signature 

for stealth operations and have low electro-magnetic signature that reduces the probability of detonating 

magnetic sea-mines. Global market for boat composites industry is expected to reach $1.2 bn in 2018 from 

$954 million in 2013 with 4% annual growth rate [35-38]. Over 95% of maritime crafts are fabricated with 

glass reinforced polyester composites, using woven glass fabric and/or chopped strand mat layers in their 

reinforcement. Also glass reinforced vinyl ester composites are used in marine crafts, offshore platforms, 

racing yachts and power-boats.Carbon reinforced epoxy composites are usually used in boat hulls with 

honeycomb or foam core, frames, keels, masts, shafting .They have good absorption to electromagnetic 

waves, giving good stealth properties. Recently, new composites including using carbon nanotubes and 

epoxy mixtures to produce small naval vessel [33,34,36,38,39]. 

Composite structures thickness is usually between (10-150 mm), so issues like joint construction and 

impact damage tolerance should be concerned. Implementation of Structural Health Monitoring systems 

using fiber optic sensors, such as (Bragg grating sensors) in ship composite joints can considerably improve 

the reliability of these structures, reduce weight as well maintenance costs ,maximize performance and 

efficiency [37]. Lately, biocomposites were employed in marine industries combined with low environmental 

impact. Flax fibers were utilized in reinforcement of the first racing boat prototype “Araldite” incorporated up to 

50% of flax fiber in epoxy matrix to prevent water absorption. Moreover, flax fibers promoted higher vibration 

adsorption with respect to Kevlar or glass fibers. Flax and a bio resin EcoComp® UV-L have been used to make 

eco-friendly marine products such as kayaks and canoes[40]. Basalt fiber is optimally suited for marine 

applications due to its superior physical and mechanical properties, as well its eco-friendly nature. Sailing yacht 

hull and deck prototype were fabricated from sandwich construction with skins of Fipofix UD basalt composite 

laminated to balsa wood core [41]. Additionally, driven by recyclability objectives, a sailboat prototype with a 

hull and bridge made from Elium® resin thermoplastic acrylic resin reinforced with carbon fiber. The resin 

mechanical properties are similar to epoxy resins. At end-of-life parts can be ground and reused to manufacture 

new parts [42]. 

6. Conclusion 
Sustainability has gained serious interest for transportation industry development.Textile composites are very 

promising, especially with the continuous development in textile performs technologies and incorporation of 

new materials and innovations, which contributed significantly in achieving sustainability in the transport sector. 

Figure 2. Usage of composites in 

Boeing 787 Dreamliner structure [22]. 
Figure 1. The usage of composites 

overtime in Boeing aircrafts [26]. 



  

On the domestic side, transportation industry has developed considerably over years. Egypt considered one of 

the largest car-producing markets in Africa. The industry had grown exponentially with the production of 

components and assemblies of cars, buses and trucks. Also, manufacturing and assembling of aircrafts 

components had improved, particularly for defense applications, as well in Marine industry, high performance 

boats and luxury yachts are produced. Future prospects comprise exploring utilization of high-tech developed 

textile products in reinforcing high performance applications. More employment of biocomposites through 

making use of the available and effective natural fibers, agriculture wastes, and recycled textile products in 

various vehicles components. Further, increasing coordination between science and industry is needed to 

establish a strong connection to strengthen the industry and promoting competitiveness in global markets.  
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Abstract. The functionalization of the fibre reinforced plastics plays an important role for the
progressive development of lightweight materials. Integrating functional material, Shape
Memory Alloys for instance, in the reinforced structure an adaptive fibre reinforced plastics
can be developed. Adaptive fibre reinforced plastics is deformed due to the shape memory
effect of shape memory alloys. By varying the geometry of adaptive fibre reinforced plastics,
such as cross-section variation, their deformation as well as the deformation speed can be
changed. However, this paper presents the influence of hinge width on the deformation speed
of fibre reinforced plastics with integrated shape memory alloys. In order to achieve this aim,
friction spun hybrid yarn with shape memory alloys as core are produced and the produced
yarn are embroidered by means of tailored fibre placement on the hinged reinforcing structure
before impregnation. The deformation speed of adaptive hinged fibre reinforced plastics is
found to be the proportional to the hinged width.

1. Introduction
The importance of fiber-reinforced plastics (FRP) for different novel products in automobile,
aerospace or wind energy is growing steadily in recent years [1]. The integration of functional
materials in the reinforcement fabrics of FRP is a breakthrough for developing different innovative
products for lightweight applications. Electroactive materials, magnetic materials, piezo electric
bimetals, thermo-pneumatic materials, shape memory polymers or shape memory alloys (SMA) are
some examples of functional materials, which are some potential candidates to act as an actuator in the
FRP. However, SMA shows their novelty than that of other functional materials due to their higher
energy density (107 J/m3) [2]. Moreover, SMA is commercially available in the wire form, which is
one of the most important criteria for the textile technical integration of SMA in the reinforcing fabric.

SMA is a material which remembers its original shape after heating over its phase transformation
temperature [3]. The thermally induced shape-memory effect (SME) is activated by Joule heating.
Below the transformation temperature, the twinned martensite alloy is deformed plastically without
damaging its crystalline structure. By thermal induced activating the detwinned SMA above its
transformation temperature includes a phase change into an austenite state, which is accompanied by
the regression of deformation. By cooling SMA to temperatures below the transformation temperature
triggers the phase transition into martensite and thus into the initial state.

In previous work, the planar two-dimensional and three-dimensional adaptive FRP has been
developed and extensively characterized [4-7], where the cross-section of adaptive FRP are constant.
In order to increase deformation of adaptive FRP with regard to its length, the cross-section of FRP is
varied by developing the adaptive hinged FRP (AHFRP) [8].

However, this work focuses on the deformation speed characterization of adaptive hinged FRP
(AHFRP). The AHFRP is realized by integrated textile-based actuators, which is produced by the
friction spun technology in the form of a core-sheath hybrid yarn (HY). The SMA-HY contracts
during the thermal induced activation of SMA by SME. In order to investigate the influence on the



deformation speed of AHFRP, investigations in this work are varied according to the geometry of
AHFRP by varying the hinged width.

2. Materials and methods

2.1. Materials
As a SMA-actuator, Alloy H ox. sa. (Memry GmbH, Germany) is used in this research for the
development of AHFRP. The transition temperature, diameter, tensile strength and the elongation at
break of the used SMA are 95-110°C, 0.305 mm, 1152.7 MPa and 11.1%, respectively. The parameter
of reinforced fabrics for the realization of AHFRP is stated in Table 1.

Table 1: Parameter for the reinforcing structure

Parameter Value
Material Carbon

Interlacement Plain
Areal weight (g/m2) 245

Rovings fineness (tex) 200
Warp rovings density (rovings/cm) 6
Weft rovings density (rovings/cm) 6

As a matrix material, resin and hardener (MGS RIMR 135 and MGS RIMH 134 – RIMH 137,
Hexion, Inc. USA) in a mixing ratio of 10:3 by weight are utilized.

2.2. Production of SMA-HY
For the free and even mobility of SMA in AHFRP during its thermal induced activation, a barrier
between SMA and the matrix of AHFRP is necessary. This barrier aims at not only to proper utilize
SME of SMA but also to avoid the delamination or cracks in the interface of SMA and matrix in
AHFRP. For this purpose, a core-sheath hybrid yarn structure is developed, where SMA acts as the
core [5]. The glass staple fibres of 2 ktex and the polypropylene staple fibres of 4 ktex forms the
sheath. The SMA-HY is produced on the DREF2000 friction spinning machine (Fehrer AG, Linz,
Austria). The feeding of the sheath material and the produced SMA-HY are shown in Figure 1. The
SMA-HY is produced in three process stages in order to produce even and compact SMA-HY. The
fineness of the sheath in the first, second and third stages are 500, 600 and 400 tex, respectively.
Process parameters for the production of SMA-HY are listed in Table 2.

Figure 1. Feeding of the sheath material for the production of SMA-HY (left) and the produced SMA-
HY (right).



Table 2: Process parameters for the three staged production of SMA-HY

Process parameters Corresponding value
Feeding speed 2.5 m/min

Sheath feeding finesses 8 ktex
Delivery speed 50 m/min

Spinning drum speed 4500 rpm
Opening roller speed 4500 rpm
Central suction speed 4500 rpm

2.3. Concept for the Realization of adaptive hinged preform
The adaptive hinged preform can be realized by laying the patch fabrics with different length but
identical width in a step wise manner between top and bottom fabric layers. In the first step, the
bottom fabric layer can be laid. Then, three patch fabric layers can be positioned in a step-wise
manner. In the last step, the top fabric layer can be positioned on patch fabrics. On the top fabric layer,
SMA-HY can be integrated mechanically. A theoretical concept for the realization of adaptive hinged
preform is demonstrated in Figure 2. In this research, three different hinge widths of 40 mm, 80 mm
and 120 mm are realized in order to reveal the influence of the structural geometry (hinge width) on
the deformation speed of AHFRP.

Figure 2. Concept for the development of adaptive hinged preform.

2.4. Integrating of SMA-HY on the hinged preform
The SMA-HY is mechanically integrated with the preform by the SGY 0200-650D embroidery
machine (ZSK Stickmaschinen GmbH, Germany) using the tailored fibre placement (TFP)
technology. The size of the embroidery frame is 600*300 mm2, on which the reinforced fabrics are
arranged in a step wise manner in order to develop a hinged preform. In the first step of fabric laying,
the bottom fabric layer is laid and aligned in the embroidery frame. Then, three patch fabric layers are
positioned in a step-wise manner. In the last step, the top fabric layer is positioned on patch fabrics and
the entire structure is clamped by the magnetic tensioning device on the embroidery frame. The
alignment of the bottom, patch and top fabrics layers is controlled by positioning aid, which are set
parallel to the x-axis of the feed device on the embroidery machine. The integration of SMA-HY on
the reinforcement fabrics are shown in Figure 3.



Figure 3. Integrating of SMA-HY on adaptive hinged preform by means of tailored fiber placement
technology.

A reproducible meander distance for integrating SMA-HY on the preform is not possible if the
distance between two adjacent SMA-HYs is less than 10 mm [8]. Hence, adaptive hinged preform
with the meander distance of 10 mm, 12.5 mm and 15 mm are produced.

2.5. Impregnation
Considering the cost-effectiveness and to produce high strength and high quality Resin Transfer
Moulding process is used for the impregnation of adaptive pleated preform. In order to ensure the
proper distribution of the resin in the reinforced fabrics and to avoid the dry state over the structure, an
additional flow aid is used. The resin used for impregnation is thermosetting in nature. After laying the
adaptive preform on the mould, it is evacuated by the vacuum pump along with a non-permeable film
placed on it. The resin is entered into the system by the help of negative pressure. Then the whole
sealed system is cured for 12 hours at room temperature and then tempered in a hot gas chamber at
50°C for 3 hours in order to reduce the residual stress of FRP. The impregnated part is tailored by the
laboratory wet saw in a size of 300*100 mm2. For the electrical testing, AHFRP with the average
meander distance of 12.5 mm is considered further. Adaptive hinged preform (before impregnation)
and AHFRP (after impregnation) are shown in Figure 4.



Figure 4. Adaptive hinged preform (left) and AHFRP (right).

2.6. Deformation speed characterization of adaptive hinged FRP
The SMA in AHFRP is activated electro-thermally by a laboratory power supply unit of type EA-PS
3032-10 B with a current flow controlling unit. Due to its ease of use and flexibility, a LilyPad
Arduino is used for periodic switching of current flow. Here, on- and off-time of the current flow are
programmed for 40 s, respectively. During on-time the applied current flow is 1.5 A. No current flows
during the off-time causing a passive cooling of AHFRP by the ambient temperature. The deformation
of AHFRP by the on- and off-time of the current flow is shown in Figure 5. During the periodic
heating and cooling cycle, the resulting deformation of AHFRP is measured simultaneously by a laser
triangulator of type optoNCDT 1401-20 (Micro-Epsilon GmbH, Germany), featuring a contact-free
and therefore mechanically reactionless measuring principle. The deformation and current flow data
are transmitted in real time to a measuring computer with a LabVIEW based data acquisition and
processing software.

Figure 5. Deformational speed behavior of AHFRP by the on (deformed position) and off of current
flow (straight position).



3. Results and discussions
The deformation speed of AHFRP can be calculated using the difference quotient between two
adjacent measurement points according to equation (1).

(1)

Where, V(k) represents the speed in the data point k. s(k+1) and s(k) represents the
deformation of AHFRP in the data point k+1 and k, respectively. t(k+1) and t(k) represent the time in
the data point k+1 and k, respectively.

The deformation speed curves of AHFRP based on structural parameter of hinged width
variation by different heating and cooling cycle are presented in Figure 6.

Figure 6. Deformation speed of AHFRP by different hinge width (left = deformation during heating
cycle and right= deformation speed during cooling cycle).

In general, the deformation speed of AHFRP during the cooling cycle is higher than during the
heating cycle. The phase changing of integrated SMA from martensite to austenite is responsible for
the deformation of AHFRP. During the heating cycle, the deformation speed of FRP is lower due to
the ability of the sample to resist the distorting (deformation) influence. During the cooling cycle, the
deformation stress is removed and since the sample is within the elastic limit, the cooling cycle is
aided by this factor thereby making the sample to return faster to its original shape. In the first 2 s, the
deformation speed of samples can easily be distinguished from one another. After the 2nd s of the
deformation, the deformation speed is almost the same for all samples, which indicates that the
internal stresses of the entire structure leads to equilibrium. The deformation speed of AHFRP tends to
reduce from larger to smaller hinge width of 120 mm to 40 mm, which is also demonstrated in Figure
6. The AHFRP become stiffer by reducing the hinged width is the reason behind this phenomenon [7].

4. Conclusion
The deformation speed characterization of AHFRP by variable hinged width is executed in this work.
For the optimum use of SMA in AHFRP, it is converted in core-sheath hybrid yarn. The adaptive
hinged preform is realized by laying the patch fabrics of different length. On the adaptive hinged
preform, SMA-HY is integrated by the tailored fiber placement technology. Results show that the



deformation speed of AHFRP during cooling cycle is higher than that of during heating cycle. The
deformation speed of AHFRP is higher by increasing the hinge width.
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Abstract
The work consists of analyzing three roving linen of different linear density (200
tex, 400 tex, 2000 tex) and three fabrics (satin, twill weave and plain weave)
which were made on rapiere loom called Picanol. The purpose of the study is to
analyze the mechanical properties of linen roving and the resulting composites that
will be needed in the future to design a lightweight truss or structural frame.

1. Introduction
Construction is one of the largest markets for composites worldwide. A wide range of fiber reinforced
composites are used in the construction industry for their benefits over traditional materials. The main
advantages are: reduced weight, corrosion and rotting resistance, which can significantly reduce the
durability of structures made of steel and wood. Lower operating costs are achieved because they do
not need frequent repairs and maintenance. Lighter materials are easily assembled, which also reduces
production costs. Composites give you more freedom of design, allowing you to produce different
shapes and they can be used in many areas of the construction industry. They are well known as an
effective solution for repairing structural defects and strengthening existing systems. [1]

Nowadays among the various organic materials, natural fibers are one of the potential cheap and
environmentally friendly materials that may be an important component of polymer composites. In
addition to ecological aspects, natural fiber reinforced composite products exhibit low density and
high vibration absorption [2,3]. Flax fibers have greater strength compared to cotton, jute, hemp, and
silk. Taking into account the lower density of flax fiber compared to fiberglass, the strength of both
raw materials is comparable (Table 1).



Figure 1. Flaxfibre structure[4]

Table 1. Density and strength of natural and noble fibres[5]
Flax Jute Hemp Ramie Glass

Fibre Density, g/cm3 1,45 1,3 1,48 1,5 2,5
Fibre strength,cN/tex 27-73 18-57 27-69 27-73 55-100

The tear strength of the linen fiber depends on the growth and processing conditions of the straw.
The straw that is not treated has strong fibers but at the same time is thick and difficult to spin. The
straw that is treated has weaker and shorter fibers due to the middle plate break between the filaments.
[6]

Greater fiber length indicates better quality. Linen fibers are smooth. Higher anatomical indexes
increase the physical-mechanical properties of the fiber, this leads to an increase in the breaking
strength of the linen varieties. The properties of the composites depend on the mechanical properties
of the textile products. An experiment was conducted to determine the effect of linear density of linen
yarn on its strength and the weave used. Research will help to predict the mechanical properties of
composites with this type of textile reinforcement in the future. The work consists of analyzing three
roving linen of different linear density (200 tex, 400 tex, 2000 tex) and three fabrics (satin, twill weave
and plain weave) which were made on rapier loom. The purpose of the study is to analyze the
mechanical properties of linen roving and the resulting composites that will be needed in the future to
design a lightweight truss or structural frame.

2. Materials
Three roving linens with different linear density were tested: 200 tex, 400 tex and 2000 tex. Further to
the experiment, using these three linear densities, three fabrics were created on the rapierloom: satin,
twill weave and plain weave fabric. The fabric shave 400 tex weft and 167 dtex polyester warp.

Figure 2. Flax roving plain a) 200 tex, b) 400tex, c) 2000tex

a b c



In all three fabrics the warp count was 320 threads / dm.
In the satin weave 4/1 step 2 the weft was 75 roving/ dm.
For a twill weave 1/3 diagonal weave S, the weft count was 71 roving / dm.
For plain weave 1/1 weft density was 66 roving / dm

Figure 3. Fabric structurea) satin, b) twill c) plain

In the satin and twisted weave the right and left sides were different. This was due to the difference
in coverage, but in the plain weave both sides were the same.The composite was made using the above
weaving code andusing the vacuum bag method. The composite was made with a single layer and two
layers. For a smooth surface, the fabric was laid flat on the glass, then poured with 1x10 epoxy resin
with a hardener. Double layer composite was obtained by applying two fabrics of the same weave,
placing them in the same direction on each other. Then the impregnated fabrics were applied
sequentially with Teflon fabric, perforated foil and wadding. Then the whole package was sealed in a
vacuum bag and subjected to a vacuum compression process, reaching a vacuum of 1 bar for 4 hours
until the resin cured. After 24 hours the prepared single and double layer composites were removed
from the vacuum bag and cut into samples of the appropriate size needed to perform bending rigidity
tests.

3. Experiment
The experiment consisted of analyzing three different linen rovings of varying linear densities(200 tex,
400 tex, 2000 tex) and three different weave fabrics (satin, twill weave and  weave) woven from a
roving weft of 400 tex. The roving strength tests were carried out in accordance with EN ISO 2062
(Textile - Threads in Fertilizers - Determination of breaking strength and elongation at break of thread
sections).In order to determine the breaking strength and elongation of roving linen, 50 repetitions
were performed for each of the three types of linear density. The sample length was 25 cm. Fabric
strength tests were performed in accordance with EN ISO 13934-1 (Textile - Flat Tensile Properties -
Part 1: Determination of maximum force and elongation at maximum force using the strip method).In
order to determine rupture strength and elongation of the fabric, 5 repeats were performed for the warp
and weft respectively. The sample width was 5 cm. The distance between the jaws was 10 cm. All
roving samples and fabrics were tested after conditioning for 48 hours at 24 ° C and 62% humidity.
The samples were mounted vertically, centrally in the clampof Instron's strength machine. The
breaking force was determined by moving the beam at a speed of 250 mm / min until fabric breakage.

The bending rigidity of the composites produced was tested according to PN-EN ISO 14125 by 3
point bending method. The tests were carried out at a speed of 5 mm / min. Samples were cut in
accordance with the applicable standard for Class III material, unidirectional transverse reinforced
composites. The length of the samples was 60 mm, the distance of the supports 40 mm, the width of
15 mm. The sample thickness for a monolayer composite was about 1 mm and for a two-layer
composite it was in the range of 1.6 mm to 2.1 mm (table 2). For each variant, 5 measurements were
made. The bending stress was calculated using the equation σf = where σf is the bending stress
expressed in mega pascals (MPa), F is the load in Newtons (N), L is the span in millimeters (mm) H is
the thickness of the fitting in millimeters (mm), b is the width of the fitting in millimeters (mm).
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Deformation on the outer surface of the fitting is calculated by the formula ɛ = where ɛ is the
deformation on the outer surface of the body expressed by a dimensionless ratio, s is the deflection
arrow in (mm), h is the thickness of the fitting in millimeters (mm), and L is the span in millimeters
(mm).

4. Analysis of measurements results
The results of the study on the specific strength of roving and elongation at break are given in Table 2.

Table 2. Mechanical properties of roving linen.
200tex 400tex 2000tex

Strength, cN/tex 4,62 4,33 2,98
Standard deviation for strength 1,33 1,22 1,18
Elongation % 0,86 1,00 1,03
Standard deviation of relative elongation 0,13 0,13 0,18

Figure 4. Flax roving strength cN/tex

As can be seen in Figure 4, the strength of the roving linen decreases as the linear density increases.
The strength standard deviation of the roving linen with a linear density of 200 tex is equal to 1.33 cN
/ tex, 400 tex is equal to 1.22 cN / tex, 2000 tex is equal to 1.18 cN / tex. Elongation at break rises with
increasing linear density of the roving linen. The results of the specific strength testing and elongation
at fracture are given in Table 3.

Table 3. Strength and elongation in breakage point of woven fabrics.
Stain
weave

Twill
weave

Plain
weave

Strength
N/cm

Warp 76,7 58,1 77,6
Standard deviation 14,8 6,1 16,4

Weft 114,7 108,3 77,1
Standard deviation 2,4 9,7 19,3

Elongation
%

Warp 21,5 22,5 18,1
Standard deviation 3,0 1,7 2,1

Weft 1,8 1,8 1,4
Standard deviation 0,3 0,3 0,3



Figure 5. Fabric strength depending on weave and standard deviation a) Warp b) Weft

The strength of the plain weave along the weft direction is the lowest in comparison to the satin and
twill. The satin weave fabric has a similar strength value along the weft to the strength of the twill
weave fabric, while the plain weave fabric has the lowest strength. The strength properties of the satin
weave and plain weave along the warp direction are very similar. The lowest strength along the warp
direction was the twill fabric. Table 4 shows the results of the bending rigidity of the produced
composites

Table 4. Composite properties depends on weave.
Weave type
Plain Twill Satin

Directions Monolayer Doublelayer Monolayer Doublelayer Monolayer Doublelayer
warp weft weft warp weft weft warp weft weft

Thickness
mm 0,9 0,9 1,6 1,0 1,0 2,0 1,0 1,0 2,1

Bending
Stress MPa 13,36 54,68 126,48 34,93 58,68 123,89 38,10 60,64 121,09

St. Dev for
Bending
stress MPa

0,80 1,09 6,20 4,06 2,21 6,85 4,00 3,82 8,60

Deformation
in maximum
stress

0,028 0,031 0,038 0,036 0,036 0,045 0,038 0,035 0,046

St. Dev for
deformation 0,004 0,004 0,001 0,004 0,005 0,001 0,003 0,003 0,002

The research was carried out in the Department of Mechanical Engineering of the Technical
University of Lodz. In the case of monolayer composites, for each of the three weaves 5 samples were
cut along the warp and 5 along the weft. For the bilayer composites 5 specimens were cut along the
weft. The support distance was 40 mm. The test speed was 5 mm / min. The surface of the fitting in
contact with the loading pin was 2 mm. The INSTRON 4485 was used for the test.

Figure 6. Banding way for a. Wrap, b. Weft, c. Doublelayer weft.
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Analyzing the bending process of the composite samples, in the case of the monolayer samples a
smooth deflection occurred (Fig.6a, b), whereas in the case of double layer composites a violent
cracking and fracture occurred at the maximum deformation (Fig.6.c).

Figure 7. Bending rigidity for monolayer composites a. Warp, b. Weft.

The stress along the warp direction was the highest for the twill weave composite, lower for satin,
and three times lower for linen weave. These differences are due to the number of warp threads
compared to the number of weft threads in the weave.

When studying the stress along the weave, regardless of the type of weave, the values overlap and
the differences between them on the graph are very small. The greatest stiffness along the weft has the
satin weave composite. Small differences in bending stiffness along the weft direction can be
explained by the fact that a weft thread of 400 tex does not have enough weft threads in the fabric. The
affect of the number of warp and weft threads could only be observed with a thin warp of linear
density 167 dtex, and the amount of warp and weft threads affected the bending stiffness (Fig. 7a).
When combining a thin warp and a thick weft, the number of warp threads tends to be larger than the
number of weft threads and depends on the weave used.

Figure 8. Bending stress for double layer weft.

The stress of double layer composites tested along the weft is approximately twice as large as that
of single layer composites. The graph for the fabric with satin and twill weave overlap each other,
however the plain weave has a higher stiffness (the stiffness module is higher). The maximum rigidity
for the plain weave is similar to the rigidity of the satin and twill weave. When the stress for satin
weave is at its greatest, the deformation is maximum.

5. Conclusion
The following conclusions were drawn when examining three roving linens of different linear weights
and three basic weaves:
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- within crease in linear density the strength of the roving linen decreases,
- increase in linear density increases the elongation of the roving linen,
- the strength along the weft of the linen fabric is lower compared to the twill weave fabric and the
satin weave fabric,
- satin weave fabric has a similar strength value along the weft to the strength of the twill weave
fabric, while the plain weave fabric has the lowest strength,
- The strength of the fabric along the weft direction is considerably higher compared to the strength of
the test fabric along the warp, even though the warp yarn count is more than four times greater.
- The elongation at breaking point in the weft direction of the plain weave is lower compared to the
twill weave and satin weave, however the differences between twill and satin are small.
Satin weave fabrics and twill weave have similar elongation values along the warp. Plain weave fabric
is characterized by the highest value of warp elongation at breaking point.
After studying the composites of three different strands and two variants of the number of layers, the
following conclusions were drawn:
- The bending stress of the composites along the warp is highest for twill weave fabric, smaller for
satin weave fabric, and three times smaller for linen fabric because this weave has the largest number
of warp threads,
- Differences in the bending stress of the composites along the weft, regardless of the type of weave,
are statistically insignificant. This is due to the fact that the thick weft has a similar number of weft
threads for each weave pattern used,
- the highest stiffness along the weft among the samples tested is the satin weave composite
- Double layer composites studied along the weft are characterized by twice as much stress than in
monolayer composites,
- the stiffness of the two-layer composite studied along the weft of satin and twill weave is similar,
however the highest stiffness is found in the plain weave fabric composite. These differences are due
to the fact that the number of warp threads is large compared to the number of weft threads.

These studies are an introduction to the planned research on fabric structure and also multiaxial
structures. The research will help to create and predict the mechanical properties of composites which
can be used for textile reinforcement as lightweight trusses or frameworks in the future.
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Abstract. The production of high-performance carbon fiber-reinforced plastics (CFRP)
involves the draping of the carbon fiber fabrics to a 3D shape, a process which changes the
orientation of the load-bearing fibers in the fabric and therefore has a high impact on the
strength of the final composite part. This paper investigates the change in yarn orientation
during the 3D-draping process of biaxial carbon-fiber non-crimp fabrics to a hemispherical
shape. The draping process is partitioned in several steps, after each of which the yarn
orientation in the fabric is measured by a robot-guided eddy current scanning system. The
results show that the greatest change in yarn orientation occurs in the final stages of the
draping. Furthermore, the yarn orientation change is not linear – in some regions, later draping
steps reverse the yarn orientation change from earlier steps. These results are of high
importance for a better controlling of the textile draping process.

1. Introduction
When draping textile fabrics to three-dimensional shapes, the main deformation mechanism is the
shearing of the fabrics, which results in a change of the yarn orientation. For the manufacturing of
fiber-reinforced plastics, where the fibers carry the mechanical loads in the composite, knowledge of
the yarn orientation after draping is crucial in order to assess the composite's mechanical strength.
Although optical methods [1–3] provide a fast and reliable way to assess the fiber orientation, they are
limited to the upper fabric layer. If the inspection of deeper, optically non-visible layers is desired,
electromagnetic inspection methods like eddy current testing can be applied [4–7]. In eddy current
testing, a sensor with an emitter and a receiver coil is moved over the surface of the conductive
specimen. Since the electric properties of the specimen influence the impedance of the receiver coil, an
image of the local electrical properties is generated. Figure 1 shows an example eddy current scan
result for a biaxial +/- 45° fabric. Notice that individual yarns of both the upper and the lower,
optically non-visible layer, can be distinguished.

Figure 1. Eddy current scan of a +/-45° non-crimp fabric.



From the eddy current scan image, the yarn direction of the individual layers can be determined by a
2D Fourier Transform method [8], a technique which has been extended to 3D draped fabrics recently
[7]. The aim of the presented research is to use this method to investigate the progressive change in
yarn orientation which occurs during the textile draping process. Therefore, the textile draping
experiment with a hemispherical punch is partitioned into several steps, after each of which the yarn
orientation is measured by a robot-guided eddy current scanning system.

2. Materials and methods
Table 1 shows the specifications of the used carbon fiber non-crimp fabrics. The fabrics are biaxial
(+/-45°) and were produced on a Malimo 14024 stitch-bonding machine.

Table 1. Non-crimp fabric specification.

Orientation in ° Area weight in g/m² Fiber
Layer 1 -45 222 Toho Tenax HTS45-E23 800 tex
Layer 2 +45 222 Toho Tenax HTS45-E23 800 tex
Stitching Tricot 13 PES-t 7,6 tex

For the draping experiment, a test stand designed by HTS Coswig (Germany) is used, which pushes
a hemispherical punch with a radius R = 100 mm through the textile from below. The forming is done
in several steps by extending the punch to the heights h = 25, 50, 75 and 100 mm consecutively. At
h = 0 mm and after each of the four draping steps, the surface is scanned with an eddy-current sensor
mounted to an industrial 6-axis robot (Figure 2a). From the 3D eddy current scan results (Figure 2b),
the yarn orientations of both the upper and the lower, optically non-visible layer are determined by an
automatic algorithm and the paths of individual yarns on the surface are reconstructed (Figure 2c), a
process described in detail in [7].

Figure 2. Eddy current scanning (left), eddy current scan (center) and evaluated fiber paths (right).

3. Results
Figure 3, 4 and 5 show the scanning process, the eddy current result and the detected yarn paths for
three example punch heights h = 0, 50 and 100 mm.

Figure 3. Scanning process for punch heights h = 0 mm, h= 50 mm and h = 100 mm (left to right).



Figure 4. Scanning process for punch heights h = 0 mm, h= 50 mm and h = 100 mm (left to right).

Figure 5. Reconstructed yarn paths for punch heights h = 0 mm, h= 50 mm and h = 100 mm.

The extracted yarn paths for all draping steps are overlaid to show the change in yarn orientation
for both layers (Figure 6). It can clearly be seen that the greatest yarn orientation change occurs in the
outer regions of the hemisphere.

Figure 6. Yarn paths at different punch heights.

With the local yarn orientation known before and after each draping step, the change in yarn
orientation initiated by each step can be calculated. This is done by segmenting the 3D surface in small
areas and, for each area, subtracting the yarn angle after each step from the yarn angle before that step.
Figure 7 and 8 show this change in yarn angle for all steps and for both layers. Notice that the yarn
angle here is defined as the angle between the vector of the yarn orientation, projected into the xy-
plane, and the vertical line y = 0 mm. Thus, the yarn angle is the angle which would be recorded by an
observer who is looking straight down onto the hemisphere.



Figure 7. Changes in yarn angle for each draping step, top layer (-45°).

Figure 8. Changes in yarn angle for each draping step, bottom layer (+45°).

4. Discussion
Several important points can be derived from the analysis of the yarn angle change in each draping
step:

1. In this experiment, the greatest change in yarn angle occurs in the last quarter of the forming
(from h = 75 to h = 100 mm). This is true for both layers.

2. The absolute changes in yarn angle are higher for the top layer (+45°)
3. During draping, the yarn angle change in some region reverses its direction: e.g. for the bottom

layer (+45°, Figure 7), the yarn angle in the very left corner increases (red) from 0 to 25 and
50 mm, but decreases (blue) from 50 to 75 and from 75 to 100 mm. The same occurs in the
uppermost area for the top layer, which changes from decreasing angle (blue) for the step from
h = 50 to 75 mm, to increasing angle (red) in the last step from 75 to 100 mm. This reversal in
orientation change can already be seen in the eddy current scans in Figure 4.

The reason for the reversal in yarn orientation change is most likely the formation of wrinkles
outside the scan area, which relaxes highly-sheared regions by pushing the material out-of-plane.

5. Conclusion and outlook
This work presented a process to measure the yarn orientation of two-layer non-crimp fabrics
automatically with 3D eddy current testing. Measurements were taken before and after each draping
step, and yarn paths were reconstructed for each measurement. From these yarn paths, the change in
yarn angle was computed for each step. The results show that in the measured zone of the surface, the
highest fiber reorientation occurs in the final quarter of the draping, and is unequal between the layers.
Some regions reverse the yarn angle change during the draping. These results can serve as an
important tool for the validation of draping simulations and for the optimization of the draping process

Further work will be aimed at using this method for the comparison of the draping performance of
different fabric constructions. Also, comparisons with draping simulations will be done to further
investigate the process of yarn reorientation during draping.
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Abstract. This work compares the use of different sustainable materials in the design of multi-
layer structures for the rehabilitation of buildings in terms of thermal and acoustic properties.
These structures were obtained by compression moulding and thermal and acoustic tests were
further carried out for the quantification of the respective insulation properties of composite
materials obtained. The experimental results show that the use of polyurethane (PUR) foams
and jute fabric reinforcing biocomposites promotes interesting properties of thermal and
acoustic insulation. A multi-layer structure composed by PUR foam on the intermediate layer
revealed thermal resistances until 0.272 m2 K W-1. On the other hand, the use of jute fabric
reinforcing biocomposites on exterior layer promoted a noise reduction at 500 Hz until 8.3 dB.
These results allow to conclude that the use of PUR foams and jute fabric reinforcing
biocomposites can be used successfully in rehabilitation of buildings, when the thermal and
acoustic insulation is looked for.

1. Introduction
After decades of high growth in the construction industry there is currently some stagnation and
decrease in this area, due to several factors such as populational growth or the development of new
materials. Although the world population continues to grow, other constraints have contributed to this
overview, related to the planet’s sustainability and the natural resources consumption, which affects
the people’s standard of life. In this regard, innovative approaches have emerged to rehabilitate older
buildings in order to make them more functional, and also to promote energy savings through the
combination of more sustainable materials.

Forty years after the introduction of compulsory thermal insulation in most European countries,
insulation materials form still the main tool for the improvement of a building’s energy behaviour [1].
The use of insulation materials has increased, both in terms of buildings being insulated and in the
minimum values of insulation required by national regulations [1]. By the way, one of the most
important challenges of future buildings is the reduction of energy consumptions in all their life
phases, from construction to demolition [2]. The United National Environment Program estimates that
buildings consume about 40% of the world global energy, 25% of the global water, 40% of the global
resources [2]. Besides that, buildings are also responsible of approximately 1/3 of greenhouse gas
emissions of the whole planet.

Insulation materials are not independent energy production or conservation systems, but part of the
complex structural elements which form a building’s shell. The energy savings can be measured by
some specific intrinsic properties of the used structures such as thermal conductivity and resistance,



which are related with the characteristics of the materials. For instance, it is known that conventional
materials such as gypsum block or a brick/mortar structure have thermal resistances of 0,017 m2 K W-1

and 0,083 m2 K W-1, respectively [1].
Thus, the goal of this study was to evaluate the thermal and acoustic insulation properties of multi-

layer structures. These multi-layer structures were obtained from sustainable materials, focusing on the
application to buildings rehabilitation.

2. Materials and Methods

2.1. Materials
The multi-layer structures were developed from the combination of three different layers, listed in
Table 1. The non-woven with recycled cotton and polyether sulfone (PES) fibres, A1, had a random
orientation of the fibres, and a weight of 1500 g m-2. This material was used in the final composite
with 17 mm of thickness. Cork agglomerate, B1, used had a thickness of 3.3 mm. The grey
polyurethane (PUR) foam, B2, had a density between 37 – 44.9 kg m-3 and was used in the final
composite with 1.8 mm of thickness. Jute fabric reinforcing polyvinyl chloride (PVC) membrane, C1,
is used with orientation of 0°/90° and this material was used in the final composite material with
thickness of 1.3 mm. Polyester fabric reinforcing PVC membrane, C2, is also used with orientation of
0°/90° and this material was used in the final composite material with 0.5 mm of thickness. Finally, a
polyester fabric only, C4, was also used, with 0.2 mm of thickness.

These layers were adhered to each other through a thermoplastic adhesive web based on
copolyolefin, supplied by AB-Tec, with reference XBO 013. This adhesive web had a weight of 20 –
40 g m-2, a melt flow rate (MFR) of 11 g/10 min and a melting range of 122°C.

Table 1: Characteristics of used materials.

Material Position Reference Composition
1 A: interior A1 Non-woven with recycled cotton and PES fibres
2 B: intermediate B1 Cork agglomerate
3 B: intermediate B2 Grey PUR foam
5 C: exterior C1 Jute fabric reinforcing biocomposite
7 C: exterior C3 Polyester fabric reinforcing PVC membrane
8 C: exterior C4 Polyester fabric

2.2. Composite Materials Production
As previously referred, the different layers were adhered to each other through a thermoplastic
adhesive web based on polyolefin. The final multi-layer structures were obtained by compression
moulding process in a specific equipment, showed in Σφάλμα! Το αρχείο προέλευσης της αναφοράς
δεν βρέθηκε., at 180 ºC, 1 bar, during 46 seconds. After this heating step, the samples were cooled in
the same equipment, turning on the cool water circulation to hot plates, at the same pressure, during 2
minutes. Finally, the final composites were extracted after complete cooling of the final multi-layer
structures.



Figure 1: Moulding compression equipment

In this study, it was intended to study the influence of use different combinations of the available
materials. The compositions of different multi-layer structures produced were schematically presented
in Table 2.

Table 2: Composition of Multi-layer structures.

Multi-layer structure Layer A Layer B Layer C
1 A1 B1 C1
3 A1 B1 C3
4 A1 B1 C4
5 A1 B2 C1
7 A1 B2 C3
8 A1 B2 C4

2.3. Thermal and acoustic insulation Tests
The thermal insulation properties of the obtained multi-layer structures were determined by Alambeta
device, with samples with radius of at least 55 mm. This device measures the thermal resistance of
these materials to the heat flux, and the properties of thermal conductivity and thermal resistance are
obtained.

The acoustic insulation properties were obtained using an acoustic insulation chamber, Figure 2,
according to E90 standard, by measuring the reduction of noise in the interior zone, emitted by a
sound source in the exterior zone.



Figure 2: Acoustic insulation chamber

3. Results and Discussion
The summary of obtained results of thermal and acoustic tests performed with the samples of multi-
layer structures are presented in Table 3, where comparative results between the different
compositions of each one can be discussed. First of all, it is important to refer that the A1 material is
common to all multi-layer structures, in interior position of these ones. For this reason, it is only
possible to compare and discuss about the effects of the different materials used on the layers B and C,
intermediate and exterior positions of the multi-layer structures, respectively. From these results, it can
be observed a trend for B2 material promote better thermal resistance than B1 material. For instance,
comparing the pair of samples 1 and 5, which differ only in the material of layer B, it is observed
thermal resistances of 0.216 and 0.272 m2 K W-1, respectively. This trend is equally verified if the
pairs of samples 3 and 7 or 4 and 8 were also compared. In this context, it can be concluded that the
grey PUR foam has the capacity to promote better thermal insulation than cork agglomerates
materials.

Relatively to the materials on layer C, the same reasoning is not possible to do totally. In samples 3
and 7, which differ only in the material of layer B, it is observed thermal resistances of 0.214 and
0.218 m2 K W-1, respectively. This values are the worst ones registered in these thermal tests, which
allows to conclude that the C3 material, a polyester fabric reinforcing PVC membrane, is not the best
choice when it looking for thermal insulation.
In terms of noise reduction, it is shown a considerable influence of C1 material, a jute fabric
reinforcing biocomposite, after its incorporation. Moreover, it is also possible to verify that the C3
material, a polyester fabric reinforcing PVC membrane, also promotes better acoustic insulation than
C4 material, a polyester fabric. Comparing multi-layer structures 1, 3 and 4, which have the common
materials on layers A and B, it is showed a noise reduction at 500 Hz of 8.3 dB, 6.6 dB and 5.4 dB,
respectively. Similar trend is observed when the samples 5, 7 and 8 were compared to each other.

Table 3: Results for thermal and acoustic tests.

Multi-layer
structure

Layer
A

Layer
B

Layer
C

Thermal Resistance, R
(m2 K W-1)

Noise Reduction at 500
Hz (dB)

1 A1 B1 C1 0.216 8.3
3 A1 B1 C3 0.214 6.6
4 A1 B1 C4 0.223 5.4
5 A1 B2 C1 0.272 8.1
7 A1 B2 C3 0.218 6.1
8 A1 B2 C4 0.233 3.9



4. Conclusions
Our planet is actually getting overloaded with buildings, threatening its sustainability. Besides that, the
quality of life is also affected with this trend, due to the permanent destruction of large green areas,
which are responsible to oxygen production, for buildings construction. In this context, the urban
rehabilitation sector, mainly in old constructions made with traditional and already inefficient
materials, is becoming more important as an alternative to the construction of new buildings. Then, the
introduction of multi-layer structures capable of giving better insulation properties on buildings is a
great opportunity in this sector. So, from this study, it was verified that some materials can be used in
these multi-layer structures with interesting results. Thermal insulation tests of several multi-layer
structures composed by different materials, showed that the use of PUR foams on intermediate layer
can improve until approximately 25% of thermal resistance than other used materials. On the other
hand, acoustic insulation tests performed to these multi-layer structures showed that the use of jute
fabric reinforcing biocomposite on exterior layer can improve the noise reduction at 500 Hz until
approximately 108%, comparing with other materials.
Therefore, from this study it could be concluded that PUR foams and jute fabric reinforcing bio
composites impart good thermal and acoustic properties. Furthermore, it was observed that the thermal
resistances obtained with these materials are superior to conventional materials such as gypsum or
brick/mortar, which is an important indicator for urban rehabilitation sector.
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Abstract. Mostly due to the cost-intensive manually performed processing operations, the 

production of complex-shaped fibre reinforced plastic composites (FRPC) is currently very 

expensive and therefore either restricted to sectors with high added value or for small batch 

applications (e.g. in the aerospace or automotive industry). Previous works suggest that the 

successful integration of conventional textile manufacturing processes in the FRPC-process 

chain is the key to a cost-efficient manufacturing of complex three-dimensional (3D) FRPC-

components with stress-oriented fibre arrangement. Therefore, this work focuses on the 

development of the multilayer weft knitting technology for the one-step manufacturing of 

complex 3D net-shaped preforms for high performance FRPC applications. In order to 

highlight the advantages of net-shaped multilayer weft knitted fabrics for the production of 

complex FRPC parts, seamless preforms such as 3D skin-stringer structures and tubular fabrics 

with load oriented fibre arrangement are realised. In this paper, the development of the textile 

bindings and performed technical modifications on flat knitting machines are presented. The 

results show that the multilayer weft knitting technology meets perfectly the requirements for a 

fully automated and reproducible manufacturing of complex 3D textile preforms with stress-

oriented fibre arrangement. 

1.  Introduction 

„Less is more“: the famous oxymoron pronounced by Ludwig Mies van der Rohe to praise 

minimalism in architecture could actually be revived to qualify the current effort of the industry to 

increase the energy efficiency by means of decreasing the weight of movable masses. For this reason, 

the demand of fibre reinforced plastic composites (FRPC), which enable high performance lightweight 

constructions, is growing steadily in recent years, especially in aerospace, aeronautical, vehicle and 

mechanical engineering. 

However, the production of net-shape textile preforms with complex geometries is currently cost 

intensive, mainly due to the processes for the fabrication of laminates, which usually generate a high 

proportion of scrap and induce a large range of cost-intensive manual handling and draping operations. 

This confines complex-shaped FRPC components mostly for the production of niche products. As a 

result, the breakthrough of fibre reinforced composites for medium- and high-volume series 



 

 

 

 

 

 

production can only be achieved when the requirements concerning the cost-effective production of 

complex textile preforms with stress-oriented fibre arrangement are met [1, 2]. 

Therefore, one major field of research at the Institute of Textile Machinery and High Performance 

Material Technology (ITM) concerns the development of the conventional textile technologies and 

their integration in the manufacturing processes of 2D and 3D net-shape preforms for FRPC 

applications. Especially the flat knitting technology offers/ensures excellent conditions/prerequisites 

for the one-step manufacturing of complex shaped 3D preforms. This article presents the further 

development of the multilayer weft knitting technology for the manufacturing of innovative net-shape 

3D-multilayer weft knitted fabrics (MLG) such as complex shaped 3D skin-stringer structures or 

tubular fabrics with biaxial reinforcement. 

2.  Multilayer weft knitted fabrics 

Biaxial reinforced multilayer weft knitted fabrics (MLG) are knitted structures usually based on a 

single or double-jersey binding – although different kinds of MLG can be produce by changing the 

basic knitting structure – with integrated straight reinforcement yarns both in wale (warp yarn) and 

course direction (weft yarn). Figure 1 illustrates a single jersey MLG with respectively one warp and 

one weft ply. Through the straight and parallel arrangement of noncrimped yarns within the knit 

structure, enhanced tensile strength properties at low elongation rate in the required orientation are 

achieved. This makes MLG appropriate for their use in high performance FRPC applications [3]. 

 
Figure 1: Set-up of a biaxial reinforced multilayer weft knitted fabrics 

Previous research activities demonstrate that multilayer weft knitting offers a huge potential for the 

direct manufacturing of 3D near-net-shaped preforms, e.g. through the development of innovative 3D 

spacer fabrics [4, 5] or complex-shaped fabrics for high performance thermoplastic FRPC applications 

[6–8]. But according to the state of the art, there are so far no convincing solutions available for the 

one-step manufacturing of biaxial reinforced tubes or complex 3D skin-stringer structures. 

2.1.  Tubular preforms 

Due to the capabilities of individual needle selection, loop transfer and multiple system knitting, flat 

knitting is one of the most flexible technologies for producing tubular structures with adjustable 

diameters, including single, curved or bifurcated tubes [9]. However, there are currently no solutions 

available for the integration of a continuous rotating weft yarn on the circumference of the tubes 

without laborious loop transfer operations [4]. The binding of both layers of biaxial reinforced tubes 

required therefore two different weft yarns, which necessarily turned around at the end of the stitch 

course, as shown in Figure 2. 

Thus, solutions are needed to enable the integration of a rotating weft yarn and thereby a fibre 

arrangement according to Figure 2.c. This requires fundamental modifications of flat knitting 

machines, which was here successfully accomplished. One major improvement is the development of 

a feeding system for the insertion of a rotating weft yarn. 

Figure 3.a illustrates the modified flat knitting machine with an oval guide system for the insertion 

of a rotating weft yarn. Figure 3.b enlightens the segmented 3D take-down system, developed within 

previous work [10], that enables the realisation of curved 3D MLG tubes. 
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Figure 2: Cross section of a biaxial reinforced MLG tubular fabric (a) [11], process inherent 

turnaround of the weft yarn according to the state of the art (b) and required disposition of the 

reinforcement material (c) 

  
a b 

Figure 3: Modified flat knitting machine for the realisation of biaxial reinforced 3D MLG tubes (a) 

and detail of the segmented 3D take-down system (b) 

This system enables the realisation of innovative 3D tubular MLG fabrics with biaxial 

reinforcement, i.e. with continuous yarn at the circumference (approximately 90°) and in lengthwise 

direction (0°) of the tubes (Figure 2.c). Using the new technology, straight and curved 3D tubular 

MLG fabrics can be realised. Figure 4.a shows realised tubular MLG fabrics with different diameters. 

Figure 4.c illustrates a curved 3D MLG tube with a most complex geometry. Figure 4.b shows a detail 

of the bending zone with the continuous integrated weft yarn. 

 
Figure 4: Realised innovative 3D net-shaped MLG tubular fabrics with adjustable diameters (a) and 

complex geometry (b, c) 

Figure 5 illustrate the process steps for the realisation of thermoplastic FRPC-pipes based on net-

shaped MLG tubes (preform lay-up (5.a), layer stacking (5.b), blow moulding with internal pressure 

(5.c) and finished pipe after consolidation (5.d). The results attest that 3D MLG tubes are appropriate 

for a cost-effective realisation of FRPC-pipes with stress-oriented fibre arrangement. Thereby, the 

manual handling operations are restricted to the cutting and lay-up of the preform. 



 

 

 

 

 

 

 
Figure 5: Process steps for the realisation of thermoplastic FRPC-pipes (a-c) 

with detail of the fibre arrangement in the finished pipe (d) 

Because of the continuous peripheral reinforcement at the circumference and the straight 

reinforcement in lengthwise direction, 3D net-shaped MLG tubes are most appropriate for the 

realisation of tubular preforms for FRPC applications, where high internal pressure and/or high 

longitudinally compression rigidity is required. Applications for the innovative fabrics are seen in the 

aircraft (e.g. ducting systems for fuel, oxygen, water or wastewater transportation), in mechanical 

engineering (e.g. profile construction) or in civil engineering (e.g. glass-fibre reinforced plastic liner 

for trenchless sewer rehabilitation). 

2.2.  Skin-stringer preforms 

Currently, the processes for the fabrication of skin-stringer preforms are mostly based on a laborious 

joining of the skin structure on the one hand and the stringer parts on the other hand. In addition to the 

considerable amount of generated scrap material, an overdimensioning of the preforms is inevitable to 

ensure sufficient mechanical properties, especially in the joint area. For these reasons, the 

manufacturing of skin-stringer preforms is presently extremely expensive. 

Therefore, solutions are needed for the one-step manufacturing of net-shaped 3D skin-stringer 

fabrics with stress-oriented fibre arrangement and variable geometries (Figure 6) [12, 13]. 
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Figure 6: Intended 3D skin-stringer prototypes with variable skin and/or stringer geometries [12] 
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To manufacture this kind of 3D net-shaped skin-stringer structures, another significant 

development of the binding technology and modifications of flat knitting machines are required. First 

of all, the load situation of conventional skin-stringer parts is simulated in order to be able to identify 

the load paths in common preform geometries. The results of the numerical analysis corroborate, that a 

direct connection and hence a continuous reinforcement between skin and stringer at the joint area is 

essential to ensure good mechanical properties of the realised FRPC parts. 

According to the required arrangement of the reinforcement material, solutions for a suitable 

binding of 3D MLG skin-stringer fabrics are deduced. Figure 7 represents alternative possible 

solutions for the integral knitting of skin-stringer structures in course direction, respectively by means 

of folding lines (Figure 7.a), partial loop transfer (Figure 7.b), suspension of the warp yarn feeding 

(Figure 7.c) or through combination of variant b and c (Figure 7.d). 
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Figure 7: Alternative solutions for an integral knitting of 3D skin-stringer fabrics 

in course direction [12] 

Although no specific development for the realisation of fabrics according to variant a is needed, the 

implementation of fabrics according to variant b and c requires technical modifications of flat knitting 

machines. These modifications concern on the one hand the adaptation of a take-down system that 

enables to pull off the integral knitted ribs without distortion. On the other hand the development of an 

appropriate warp yarn feeding system that provides suitable thread length depending on the knitting 

process is indispensable. These modifications are completed at ITM. 

At last, knitting patterns are developed and net-shaped 3D skin-stringer fabrics are realised. Figure 

8 represents achieved 3D skin-stringer MLG with constant (Figure 8.a) and variable (Figure 8.b) 

stringer height according to Figure 6.a and 6.b. 

  
a b 

Figure 8: Net-shaped 3D skin-stringer fabrics with constant and variable stringer height 

The characterisation of the fabrics confirms that the targeted load-adapted fibre arrangement and 

especially a continuous reinforcement from the skin to the stringer and vice versa are achievable. 

Besides, through the possibility to manufacture net-shaped skin-stringer preforms in one production 

step and without any additional manual handling operations, the basic requirements for a cost-effective 

production of complex textile preforms with stress-oriented fibre arrangement are fulfilled. 

3.  Conclusion 

The development, realisation and characterisation of 3D innovative multilayer weft knitted fabrics 

have been executed in this work. The results highlight the benefits of the integral manufacturing of 

complex 3D net-shaped tubular and skin-stringer preforms for FRPC applications. Through the one-

step manufacturing of net-shaped MLG preforms, additional manual handling operations can be 

widely overcome, scrap material can be eliminate and at last an overdimensioning of the preforms can 



 

 

 

 

 

 

be avoided. Furthermore, 3D net-shaped MLG preforms are characterised by a good reproducibility as 

well as by a precise adjustment of the fibre orientation. Hence, the MLG technology is one of the most 

competitive solutions for the one-step manufacturing of net-shaped 3D textile preforms for high 

performance composite applications. Thus, this can lead to significant cost reduction throughout the 

process chain for the fabrication of FRPC and at last open new market opportunities. 

Future challenges consist in the development of multi-bifurcated MLG tubes, seamless node 

elements or MLG fabrics with enhanced additional functionalisation, e.g. for medical textile 

applications. 
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Study of the internal confinement of concrete reinforced (in
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Abstract: Concrete is generally the most used material in the field of construction. Despite its
extensive use in structures, it represents some drawbacks related to its properties including its
low tensile strength and low ductility.
To solve this problem, the use of steel reinforcement in concrete structures is possible. Another
possibility is the introduction of different types of continuous fibre / staple in the concrete,
such as steel fibres or synthetic fibres, to obtain "Concretes bundles".
Many types of fibre concrete, which have been developed and for many of them, the gain
provided by the fibre was rather low and no significant improvement in tensile strength was
really reaching. By cons, the ductility was higher than that of ordinary concrete.
The objective of this study is to examine concrete reinforcement by inserting reinforcements
woven polyester. These are either woven bidirectional (2D) or three-dimensional woven (3D).
So we will report the properties of each type of reinforcement and the influence of the method
of weaving on the strength reinforcements and on the strength of concrete in which they are
incorporated. Such influence should contribute to improving the sustainability and
enhancement of reinforcement
Keywords: concrete structures, woven reinforcements

1. Introduction
The fibres, when added to concrete, could allow its strengthening opposing crack propagation and

thus they increase its ductility. This solution provides a composite with superior traction capacity in
ordinary concrete. With the random disposition of the fibres, the use of single fibres varies largely.
This lack of order in the arrangement of the fibres causes some fibres become positioned
perpendicular to the direction of the load while others are found in small sections solicited as shown in
figure (Fig.1).

Figure 1. Fibres Arrangement
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To remedy this, the use of textile structures to organize more orderly fibre has been studied and
evaluated RWTH Aachen University and Dresden University of Technology [1]. This solution has
therefore been developed in order to increase the load bearing capacity of the structure with the same
amount of reinforcing or reducing the amount of reinforcement required for the same load capacity.
In the same vein the use of woven reinforcements ("textile reinforced concrete" TRC) has been the
subject of scientific research to produce high performance concrete composites with controlled
geometry that could allow the construction of sustainable structures, more economical and more
environmentally friendly.

Concrete reinforced with textile or textile-mortar composite (TRC) is a new class of sustainable
building materials with high tensile strength, better toughness, higher ductility and good energy
absorption under static and dynamic [2].
Resistance and improved ductility are governed mainly by the fibres which retard cracks in the matrix
and to transfer loads, allowing the development of a micro-crack system distributed (Fig. 2)

Figure 2. Cracks distribution.

A comparative study between the tensile strength of a cement matrix reinforced with glass fabric
and that of the same matrix reinforced by glass fibres revealed that the woven reinforcements provide
the superior tensile strength [3 ]. (Figure 3). Subject to loads, these composites exhibit a better
performance than the composite reinforced with short fibres (glass) (Fig.3) [5].

Figure 3. Response to static traction and dynamic loads.

The modern textile technology offers a variety of fabrics produced by different methods, which
allows great flexibility in the design of the fabric. This flexibility allows precise control of the
geometry and design of the fabric, thread geometry, orientation of the wire, and the combination of
thread materials. These many options in designing the fabric create an opportunity to produce new
building products that are structurally safe and durable.
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Several publications [3] [4] discuss the state of the art on the subject of concrete reinforced by textiles
(TRC). The following paragraphs present our own description of a bibliographic review of previous
studies.

2. Mechanics characterization of woven reinforcements
The behaviour of a fabric is mainly controlled by three types of rigidities: stiffness voltage which is
related to the extension of the fibre, shear stiffness that comes from the variation in angle between the
strands and their crush on each the other, and the flexural rigidity which is very low compared to the
other two forms of rigidities. One can determine the behaviour of a tissue either by experimentation,
either by analytic methods or by simulation at the scale of representative unit cells (REC). [5] A REC
is defined as a pattern for a simple translation to reconstruct the entire weaving

The diameters of fibers constituting the strands are very small in relation to their lengths.
Therefore, the wicks cannot be subjected to tension in their longitudinal direction. The tension in the
wicks depends mainly on two factors: stretching of the fibres, but also the shrinkage (corresponding to
the difference between the actual length of a wick once extracted from the tissue and the length which
it occupies in the fabric, expressed as a percentage).

The drawing a fibre in an orientation will lead to the withdrawal of the fibre in the other direction.
Thus, the voltage in a wick will depend on the deformation of the wick, but also the deformation of the
wick is located in the other orientation.

To characterize the behaviour of a tension fabric we use is experimental techniques, either finite
element simulations at the mesoscopic scale. [6] For the experimentation, one of the techniques is to
define the law of behaviour of the tissue using a biaxial tensile testing machine (Fig.4). This is to
perform tensile tests in a direction while maintaining a constant deformation in the other direction.
Thus, for each ratio k is obtained a traction diagram (Fig.5 (a)), and that finally allows to draw tension
surfaces (Fig.5 (b)).

warp

weft

k



 (Eq. 1)

Figure 4. Biaxial tension to a fabric in Croix [7].

Figure 5. Biaxial traction surface [7].
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The second method mentioned is to perform a 3D simulation of a REC at the mesoscopic scale
(Figure 6), and further define once the tensile curves. The experimental results agreed well with the
results from finite element.

Figure 6. Representative unit cell of an unbalanced fabric.

The third method is, starting from the geometry of the weave profile to describe stress-strain curves
analytically [8-9].

2.1 Concret
The requirements on the concrete may vary depending on the geometry and the textile mesh
properties. Aggregates of sizes are often limited by the size of the mesh layer.
The cement matrix CRT is different from that generally used in reinforced concrete with steel bars.
Concrete grained, also defined as mortar, is the type of concrete required for the TRC, where the
maximum aggregate size is less than 2 mm. The fluid concrete is needed to adequately penetrate the
openings of the textile reinforcing structure, to provide sufficient binding and to allow transfer of the
load of the matrix to the reinforcement (Fig. 7).

In addition, the cement matrix must be chemically compatible with the selected textile
reinforcement, while providing the desired load bearing capacity, mechanical characteristics and
behaviour appropriate to the geometry of the specimen and the production method [2].

Figure 7. Overview of the textile composite mortar: casting process (left) and the cured TRC
component (right)

2.2 Textile
There are a large number of variations of wicks constituting the reinforcing material. Various
materials can be used such as carbon fibre, glass or basalt fibre. A textile thread consists of many
single fibres in a range of 800 (typically glass fibre) to 24,000 (carbon fibres) [2]. A thread may vary
in cross section, shape and circumference as well. Son these can then be arranged in the meshes of
different types and sizes; 2D or 3D, sparse or dense, woven, glued or held together using additional
son. How the stitches are arranged can affect mainly the ability to pull and the mechanical behaviour
of the composite. [2]

In our study, we will use polyester fibres as a reinforcing material and we will discuss the different
types of 2D and 3D weaving to identify, initially, their influence on the mechanical behaviour of the
resulting fabric. The treated textile fiber is a synthetic fiber. She has good qualities of mechanical
strength and is easily recyclable. Also, it is known for its fire retardant properties.



5

2.3 Mechanics of TRC
Many composite materials, such as polymer matrix have a strong adhesion matrix wire. Their
behaviour laws expressed in tensile deformation, stress can then be modelled easily and accurately
between the textile and the matrix. In this case, the intrinsic properties of the materials present
sufficient to account for the behaviour.

In contrast, in the case of textile-mortar composites, filaments adhesion-matrix remains usually
very limited. In addition, the impregnation of the thread (consisting of hundreds of filaments) is
essentially restricted to filaments located on the periphery. The forces applied to the matrix are thus
transmitted to the "external" filaments impregnated by the matrix (matrix adhesion filament) which
themselves redistribute, in part, to the filaments 'internal' (membership filament-filament).
Understanding these mechanisms of adhesion is thus required to take the behaviour of TRC traction.
Given the complexity and importance of these mechanisms of adhesion between the textile and
mortar, they were studied at different scales.

Also, in order to improve this adhesion, the thread can be pre-impregnated with various products.
Their influence on the resistance to adhesion between the son and the matrix will also be considered.
[11]

Figure 8. Illustration of a coated filament in its matrix. Viewing not impregnated and external inner
filaments impregnated [12-13]

3. Conclusion
The literature review highlighted the growing interest of the scientific community for the textile-
mortar composites (TRC) and thus their credibility in the performance-oriented terms (tensile strength
of up to tens of mega Pascal, coupled with low openings cracks Service tenth of a millimetre).
n addition, a general explanation of the two main constituents of the TRC namely the concrete matrix
and the textile reinforcement, was exposed in this article. Also, experimental methods applied to
characterize the mechanical properties on the textile reinforcement were also cited. In the end, other
factors (membership, impregnating son, etc.) can affect the behaviour of textile-mortar composite,
were mentioned and will also be considered in carrying out the tests
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Abstract. Scientific description of porosity/inner porous structure of textile fabrics is very 

complex mater and usually is made through description of so called porosity parameters. In 

general these are the size, number and distribution of pores in textile fabrics. Woven fabrics are 

the easiest case comparing them with knit and nonwovens fabrics since their structure is closer 

to any model representing textile fabrics. In spite many methods for determining porosity 

parameters no method is giving the full range of necessary results. The paper is dealing with 

introduction of newly developed method for determining equivalent average size of pores in 

woven fabrics. Equivalent average diameter of pores is defined as diameter of certain number of 

cylindrical pores that allow the same air permeability as real woven sample with the same 

number of pores (macro pores). It gives the real correlation with air permeability taking in 

account all characteristics of pores that participate in loose of energy i.e. the length of pores, 

their structure, their tortuosity and their bottle necks. The method combined with geometrical, 

porosity parameters determined by planar structure of woven fabrics can give connection 

between them and better understandings of porous structure in connection with its transmission 

properties. 

1. Introduction 

Air permeability is one of the important parameters of woven fabrics contributing to different practical 

application as clothing fabrics or technical fabrics (e.g. filtration, drying processes). It is the function of, 

so called, porosity parameters which are: the number, size and distribution of pores in the woven fabrics 

structure. Beside geometrical [1] and optical [2], there are several other methods for determining 

porosity parameters as are: mercury intrusion [3], liquid extrusion [4], fluid flow [5, 6, 7] methods. All 

of them are using some liquid material to be intruded in or extruded from previously saturated fabric [2, 

3, 4]. From the connection between surface tension of used liquid and used pressure for its 

intrusion/extrusion is calculated the size and distribution of pores. As is obvious from the number of 

methods, no one is giving full range satisfactorily results. That because of measuring principle and 

measuring condition adapted for the primary measured parameter necessary for the purpose in use. 

Almost in all cases it is the size of pores but not always the same parameter of pores that could be the 

volume, the diameter or the throat of pores their minimal, maximal, average value and its distribution. 

The structure of pores in woven fabrics is complex and different which make them difficult to be 

described. For that reason many researches are treating them as cylinders with certain constant diameters 

and length equivalent to the fabric thickness. The definition of equivalent average pore diameter is such 

diameter of cylindrical pores structure with known number that allows the same air permeability as real 

woven fabric sample with the same number of pores. This is the basis of our approach to the problem 

which gives us the connection between equivalent average pore diameter and air permeability. 



 

 

 

 

 

 

Equivalent pore diameter is a new introduced variable which takes in account not only diameter of pore 

but also all its internal structure like direction, walls of pores, throat, tortuosity. It can be obvious from 

the set of open woven fabrics in same warp and weft densities but in plain and 2/2 twill weave. 

Geometrically the size and consequently diameter of pores should be the same but in reality because the 

different type of pores the air permeability of fabrics in twill weave will be, depending on densities, up 

to 20% higher. Equivalent average pore diameter calculated from the air permeability measurements 

should show about 20 % bigger diameter. 

2. Theoretical 

As basis for development of model for determining average equivalent diameter of pores we used some 

facts of planar, geometrical presentation of one layer woven fabric structures and some facts from fluid 

mechanics that describe the nature of flow through the fabrics.  

2.1. Pores structure of woven fabrics  

There are four types of pore in one-layer woven fabrics. Depending on weave one woven fabric can 

consists of only one (plain and twill 2/2), two types of pores (twill 1/2), three types of pores (twill 1/3) 

or sometimes even four types of pores [1]. The pores are rectangular shape and differ in dimensions, 

texture of pores walls, length and positioning of their bottle neck. Planar structure of pores presented in 

Figure 1b, does not take in account the third dimension of pores, but allow calculation of hydraulic 

diameter of pores that transfer the two dimensions (length and width) of rectangular pores to only one 

(diameter) of cylindrical shape according to equation (1).  

 𝐷ℎ = 2 × 𝑎 × 𝑏 (𝑎 + 𝑏)⁄  (1) 

Where: a – the width and b – the length of rectangular pores      

 

It simplifies presentation of pores and makes it closer to prediction of some permeability properties (air 

permeability). The biggest disadvantage of such defined hydraulic diameter of pores is that with the 

same constructional parameters in woven fabric construction ( fineness of yarns and densities) always 

gave the same resulting value no meter what kind of pore are in the woven structure. 

 

 
 

Figure 1 Four types of pores in woven fabrics showed three-dimensionally (a), in a planar way (b), 

and on the weaving paper (c) [1]. 

 
The lack of the third dimension properties of pores does not allow direct accurate connection between 

hydraulic diameter of pores and air permeability. Thera is need for other variable to be included in 

equation for more precise prediction of air permeability. In previous work we used for that, beside 

number of pores on square area the total porosity of woven fabric as compensation for missing data of 

third dimensions. The three variables were chosen because they can be determined easily from the 



 

 

 

 

 

 

primary constructional parameters and physical properties of woven fabrics: theoretical diameter of 

yarns, the density of yarns and thickness and mass per square meter from which the total porosity is 

calculated. Linear combination of all three variables covers large amount of accurate prediction of air 

permeability of woven fabrics (2), (3).  

 𝑄 = 𝑓( 𝑑ℎ , 𝑛, 𝜀) (2) 

 𝑄 = 𝑘1 × 𝑑ℎ  ± 𝑘2 × 𝑛 ± 𝑘3 × 𝜀 (3) 

Where: Dh – hydraulic diameter of pores; n – number of pores in square area, ε – the total porosity of 

woven fabric and k1, k2 and k3 – coefficients. 

2.2. Theory of fluids flow 

There are two types of flow in fluid mechanics theory - laminar and turbulent. Laminar flow is linear 

function of pressure drop and turbulent power function of pressure drop with exponent lower than 1. 

The nature of flow in circular tubes is defined by so called Reynolds number. For Laminar flow 

Reynolds number must be lower or equal to 2200. 

 𝑅𝑒 = 𝑣 + 𝑑/𝜗 ≤ 2200 (4) 

where: v is the fluid velocity (m/s), d is the diameter of tube (m) and ʋ dynamic coefficient of viscosity 

(m2/s). 

 

Exact solution of fluids flow through circular tubes in the range of laminar flow is giving Hagen- 

Poiseuille equation 

  𝑄 = 𝜋 × 𝑑4 × 𝑛 × ∆𝑝 128 × 𝜇 × 𝑙⁄ = 𝐴 × ∆𝑝 (5) 

Where: Q – volume flow rate (cm3/s, cm2), d – diameter of pores (cm), n – number of pores, µ – 

kinematic coefficient of viscosity (Pas) in our case 1,8369 * 10-5, l – thickness of fabric/length of pores 

(cm) and Δp – pressure drop (Pa). 

 

2.3. Development of idea for determining average equivalent pore diameter in woven fabrics 

From the equation (5) is evident that if someone succeed to keep the flow through woven fabric in the 

range of laminar flow using very low pressure, from the very few measured pars of fluid flow - pressure 

can identify the coefficient A and from its value when number of pores n is known can calculate 

equivalent average diameter of pores according to equation (6). 

 𝑑𝑒 = (128 × 𝐴 × 𝜇 × 𝑙 𝜋 × 𝑛)⁄ 1 4⁄
 (6) 

 

3. Experimental 

3.1. Materials and Methods 

To check theory we provided measurements on the set of referential samples. The samples were chosen 

among real cotton fabrics in certain domain of warp and weft densities in three basic weaves plain, twill 

2/2 and twill 1/3. The weaves were chosen intentionally since plain and twill 2/2 weaves have only one 

type of pores and twill 1/3 have in its structure 3 types of pores. On the other hand the weaves differ in 

floating length which participate to their thickness and consequently to three dimensionality of pores. 

This is evident from Table 1 where all relevant parameters of investigated woven fabrics are given. 

 

 



 

 

 

 

 

 

 

Table 1. Constructional characteristics of referential samples. 

 Densities (Dw/Df) Measured densities (Dw/Df) Fineness Weave Thickness Mass 

 Ends,picks/cm Ends,picks/cm Texw,f  cm g/m2 

1 22/15 21/15  

 

 

 

17 x 2 

Plain 0,439 143,91 

2 22/20 21/20 0,438 166,59 

3 29/15 28/15 0,468 180,41 

4 29/20 28.5/20 0,514 209,50 

5 22/15 22/15 Twill 

2/2 

0,508 141,78 

6 22/20 21/20 0,504 160,66 

7 29/15 29.5/15 0,604 173,34 

8 29/20 29.5/20 0,568 197,48 

9 22/15 21/15 Twill 

1/3 

0,565 141,36 

10 22/20 21.5/20 0,558 162,24 

11 29/15 29/15 0,596 176,61 

12 29/20 29/20 0,586 198,11 

 

Table 1 is giving the relevant characteristics of referential samples. Methods used for determining 

measured characteristics were standard methods for evaluation physical characteristics of woven fabrics 

as are thickness, mass per unit area, warp and weft densities of woven fabrics and fineness of warp and 

weft/filing yarns. For measurements of air permeability through samples was used air permeability tester 

AIRTRONIC 4567 – Mesdan supplier. Tests were made on the area of 100 cm2 under different very low 

pressure drops – up to 25 Pa. 

4. Results and discussion 

4.1. Results of measurements 

Results of measurements are given in Figures 2. They present the linear part of curves pressure drop 

versus air flow with linear equations that include inclination angle and coefficient of regression. From 

the coefficient of regression is obvious that the measurements follow linearity in this part of curves.  

Using equation (6) and from the curves determinate coefficient A in the linear part of curves and 

thickness of fabrics as a pores length we calculated equivalent pore diameters for every investigated 

sample. We also calculated hydraulic diameter of pores using same data and theoretically determined 

yarns diameter. The results of calculations are given in Table 2. 

 

Table 2. Calculated average equivalent diameter (eq. 6) and hydraulic diameter of pores according to 

densities and weaves. 

  
Densities Equivalent diameter of pores de (µm) Hydraulic diameter of pores dh (µm) 

 plain Twill 2/2 Twill 1/3 plain Twill 2/2 Twill 1/3 

22/15 205,851 246,1053 265,3497 274,25 274,25 255,67 

22/20 185,5703 198,133 204,4385 215,41 209,6 215,41 

29/15 173,9767 191,5005 190,0493 151,24 134,93 126,88 

29/20 126,8625 144,3573 138,4029 125,21 118,94 110,94 

 



 

 

 

 

 

 

  
a) b) 

 
c) 

 

Figure 2: The regression curves of samples in plain weave (a), twill 2/2 weave (b) and  twill 1/3 

weave (c) with coefficient A and regression coefficient r2. 

 

4.2. Discussion 

Because of differences between declared and real densities of referential samples the number of pores 

and also the hydraulic diameter of pores among weaves differ even should be equal if were used declared 

values of densities. In both cases, within calculating equivalent diameter of pores and hydraulic diameter 

of pores were used real, measured values.  From table 2 is obvious that both, average equivalent diameter 

and hydraulic diameter of pores in plain weave are the smallest comparing them to twill weaves. 

Expectably all values of diameter of pores decrease with increasing of number of pores. We expected 

always the bigger value of average equivalent diameter but surprisingly were only partly right. It was 

valid only for the samples with higher densities of yarn in their construction (29/15 and 29/20). In 

samples with lower densities of yarns in their construction, in all cases we had bigger hydraulic diameter 

than equivalent diameter of pores (Figure 3). The explanation for that phenomenon lays in fact that in 

samples with higher densities yarns have limited possibility to deform in plain direction, Because of that 

the thickness and three dimensionality of pore is getting bigger which reflect in higher equivalent 

diameter of pores comparing to hydraulic diameter. In more open, low densities samples the yarns has 
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more possibility to deform in plain direction, diminish the thickness and make the equivalent diameter 

smaller than hydraulic diameter. 

 

 
 

Figure 3: Comparison of identified equivalent de in hydraulic diameter dh of pores in investigated 

samples 

5. Conclusions 
In the paper was presented a method for determination of newly introduced parameter of porosity – 

average equivalent diameter of pores. It explains the internal structure of pores in woven fabric better 

than geometrical hydraulic diameter since its determination comes from real measurements of air 

permeability. That way is taking in account all possible deformations of yarns in the fabric structure 

caused by yarns, weave and its particularity as well as weaving conditions. For justifying the reality of 

the equivalent diameter of pores we used hydraulic diameter of pores. The comparison showed that 

values are of same range. Based on equivalent diameter of pores, can be calculated more accurate value 

of open area for flow. The good thing is that such way of determination of porosity parameters is very 

fast and, cheap and at the same time accurate. The accuracy and additional description of woven fabric 

internal structure can be confirmed with geometrical, planar methods or optical methods. All of them 

are fast, non-destructive methods suitable to combine the results, which give the real picture of porous 

structure of woven fabrics and connect it with different kind of permeability. 
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Abstract. The final geometry of 3D warp interlock fabric needs to be check during the 3D 

forming step to ensure the right locations of warp and weft yarns inside the final structure. 

Thus, a new monitoring approach has been proposed based on sensor yarns located in the 

fabric thickness. To ensure the accuracy of measurements, the observation of the surface 

deformation of the 3D warp interlock fabric has been joined to the sensor yarns measurements. 

At the end, it has been revealed a good correlation between strain measurement done globally 

by camera and locally performed by sensor yarns. 

1. Introduction 

3D shapes of composite material can be obtained by different options. One of them consists in using 

near-net-shape textile reinforcements which are mainly based on 3D structures with their adapted 

textile machinery [1] [2]. Another technic consists in using existing planar textile structures to be 

formed into the required 3D shape by a forming process. The latter approach needs to understand the 

forming behaviour of the textile reinforcement, especially for thick structure as 3D warp interlock 

fabric [3]. Indeed, depending on the initial woven pattern, the final 3D shape of the textile 

reinforcement can lead to different yarns’ location which could affect the resulted mechanical 

properties [4].  

Many studies have been focused on the analysis of the deformability of textile reinforcements during 

the forming stage [5] [6] [7], but they are generally restricted to the in-plane characteristic analysis of 

thin preforms. However, the forming behaviour of thick 3D fabric during the forming step seems not 

to be yet explored, and especially the kinematic of the fabric deformation. Thus, the present paper will 

investigate the deformability behaviour of the 3D warp interlock reinforcements made of commingled 

yarns during the forming step by measuring continuously the local and global deformation of yarns. 

Automotive industry involved in the EU-research program FP7 MAPICC3D [8] has investigated the 

design and production of composite materials with fibrous reinforcement made with commingled E-

glass/Polypropylene yarns inserted in 3D warp interlock fabric to cope with fast and low cost 

production requirements. To obtain 3D final shape of the composite part, the forming of the 3D warp 

interlock preforms constituted by commingled yarns [9] has been performed at room temperature on 
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dedicated mould. Then a thermo-compressing step has been applied to the 3D formed fabric in order 

to melt the polypropylene filaments all around the E-glass filaments to ensure a complete 

consolidation of the composite material. 

 

 

2. Materials & Methods 

To measure the deformations of the 3D woven structure, two different measurement methods have 

been done simultaneously: 

 By measurements of the electrical resistance variation of piezo-resistive sensor yarns 

integrated in 3D warp interlock fabrics during the weaving process step. 

 By measurements of the position of points by image correlation. 

The elongation measurements made by image correlation allow to measure spatial position of points 

which are visible by the different cameras. Contrary from the previous method, elongation 

measurements made by resistance measurements of sensors can be made everywhere in the 3D warp 

interlock fabric by location of sensor yarns where data’s of elongation are desired. 

2.1 Description of the forming bench test 

The bench test (Figure 1.a) has been developed at ENSAIT to better understand any type of textile 

behaviour during the stamping process at room temperature. The textile preform to be tested is initially 

integrated between two transparent blank holders in poly-methyl-methacrylate (Figure 1.b) and placed 

onto the bench test in order to respect the warp and weft directions alignment. The punch shape was a 

“gusset” for all stamping tests of this study (Figure 1.c). 
 

 

a 

 

b 

 
c 

Figure 1 : a. Stamping bench test developed at ENSAIT, b. blank-holder and c. “gusset” punch 

2.2 Sensor yarns production and calibration 
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In order to measure locally the forming behaviour of the 3D warp interlock fabric without any 

modification of the initial geometry, sensor yarns have been located in the two woven directions (warp 

and weft) as well as in the surface and in-situ of the textile structure. By the same, in order to keep the 

same mechanical characteristics of yarns used in the 3D warp interlock fabric, a specific conductive 

coating has been applied on the E-glass/Polypropylene commingled yarns [10] [11] [12]. In previous 

works, sensor yarns, made with different types of raw material as: E-glass [13] [14], para-aramid, 

polyethylene, carbon [15] [16], have proven their efficiency and accurate measurements during 

different mechanical characterizations [17] [16] [18] [19] [20]. 

The main interest of using the specific coating on the E-glass/polypropylene commingled yarn lies in 

the percolation threshold presented in Figure 2. Indeed, the sensitive measurement of the yarn strain 

during its elongation is directly linked to the important electrical resistance variation for the same 

elongation. Thus, using low concentrations of conductive particles (Figure 2 – Phase I), the resistivity 

comes to high value due to the long distance between conductive particles, which contributes to 

restrict the electrical current conduction. Using high concentrations of conductive particles (Figure 2 – 

Phase III), the resistivity of the coating reaches a low value due to a complete and well connected 

electrical network. Between these two configurations, the resistivity varies much more with the 

conductive particles concentrations because electrical paths are almost complete and a small increase 

of conductive particles concentration closes electrical paths; this can be qualified as the percolation 

threshold (Figure 2 – Phase II). 

 

 

Figure 2 : Typical curve of percolation threshold (X axis: particles concentration – Y axis: Resistivity) 

 

To apply the conductive layer on the yarn, a first coating is realised using the latex solution which 

helps to glue all the filaments located inside the yarn to ensure a more accurate mechanical load 

transfer. Based on this layer, the conductive layer is then applied onto then yarn surface with a precise 

thickness value following the experimental protocol. After this step, two connection wires are placed 

at each extremity of the sensor yarn and a drop of conductive coating is applied over the connection 

points. Then, a second layer of conductive coating is applied and, at the end, a last protective layer of 

latex solution is done all around the sensor yarn to prevent from abrasion and electrical interferences 

due to contact between sensors and metallic parts or between two sensors. 

Before the insertion of these sensor yarns into the final fabric, a calibration step is necessary to check 

their capacity to detect the mechanical strain of the yarn. Then, the produced sensor yarns are clamped 

onto the tensile bench and a cyclic training period of strain elongation values located in the elastic 

zone of the yarn is applied to check their constant and reproducible electrical response as represented 

into Figure 3. 
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Figure 3 : Electromechanical tests performed for calibration of sensor yarn 

As represented in Figure 4, a quite linear behaviour is deduced from the evolution of the elongation  
𝐿−𝐿0

𝐿0
 compared to the variation of resistance 

𝑅−𝑅0

𝑅0
 of the sensor yarn. 

 

Figure 4 : Determination of linear behaviour between resistivity and elongation of the sensor yarn 

 

The gauge factor (K) is then calculated using  Equation 1 between two points P0 (time t0, electrical 

resistance R0, length L0) and P1 (t1, R1, L1). 

 

𝐾 =
(𝑅−𝑅0)

𝑅0
×

𝐿0

𝐿−𝐿0
  Equation 1 

 

After this calibration step, sensor yarns are qualified to accurately measure the strain elongation with 

their own sensitiviy given by the gauge factor. 
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2.3 Measurement of displacement by camera 

In order to measure globally the forming behaviour of the initial and flat 3D warp interlock fabric, a 

set of three cameras has been used to measure the displacement of specific points painted on the fabric 

surface (see Figure 5).  

 

Figure 5 : Locations of the three cameras to observe the kinematic of the 3D fabric forming. 

To measure the displacement of specific points, their spatial positions have been calculated by using 

the tracking software which helps to combine obtained images by the three cameras. 

The initial position of points calculated by the tracking software is represented in Figure 6 left with the 

combination of pictures from camera 1 and camera 2 as shown in Figure 6 middle and right. 

 

 

Figure 6 : Initial position of points calculated by the tracking software 

2.4 3D warp interlock fabric production 

A 3D warp interlock fabric made with E-glass and Polypropylene commingled yarns have been used 

corresponding to the following definition: 3D warp interlock A-L 6 2-2 Twill 2-2 [21]. This type of 

architecture has been previously selected based on several criterion of global forming behaviour for 

the production of 3D shape of thermoplastic composites investigated in the MAPICC project [8]. 
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Different sensor yarns have been implemented inside the 3D warp interlock fabric, particularly at the 

centre and at the edges, both on the upper side and in the central layer, as represented in Figure 7. 

 

Figure 7 : Locations of the different sensor yarns in the warp and weft directions 

Thanks to these 8 inserted sensor yarns, simultaneous measurements of their strain elongations provide 

in-situ and local understanding of the 3D forming behaviour of the 3D warp interlock fabric. 

 

At the same time, elongation measurements of the 8 different sensor yarns are recorded, respectively: 

 in the warp direction at the centre and upper layer for WP1 Ct, central layer for WP2 Ct, 

 in the warp direction at the fabric edge and upper layer for WP3 Ed, central layer for WP4 Ed, 

 in the weft direction at the centre and upper layer for Wf1 Ct, central layer for Wf2 Ct, 

 in the weft direction at the edge and upper layer for Wf3 Ed, central layer for Wf4 Ed. 

3. Experimental results 

In the warp direction, the measurements of the sensor yarns (Wp1 Ct and Wp3 Ed) (locations 

described in Figure 7) are compared with the relative elongation in zones around the painted points at 

the upper surface of the fabric and recorded by the cameras. 

 
Figure 8. Measurements comparison between sensor yarns (Wp1 Ct and Wp3 Ed) and specific located 

points at the fabric surface in the warp direction.  
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In the weft direction, the measurements of the sensor yarns (Wf1 Ct and Wf3 Ed) (locations described 

in Figure 7) are compared with the relative elongation in zones around the painted points at the upper 

surface of the fabric and recorded by the cameras. 

 
Figure 9. Measurements comparison between sensor yarns (Wf1 Ct and Wf3 Ed) and specific located 

points at the fabric surface in the weft direction 

It has been observed that the measurements done by the sensor yarns are following the same trend as 

the measurements of painted points located at the fabric surface. Values of measurement are much 

higher in the warp direction than in the weft direction. Measurements done at the centre are also more 

important than those at the fabric edge. Elongation values of sensor yarns in the weft direction are 

lower than in warp direction due to their position in the 3D warp interlock fabric architecture. 

4. Conclusion 

In this study, we have investigated the forming capacity of thick 3D warp interlock fabric. Existing 

measurement of forming behaviour can be done by following painted points located at the top surface 

with specific equipment with cameras. Another possibility consists in using sensor yarns, inserted 

during the weaving process inside the 3D woven structure, to monitor during the forming process and 

measure their elongations corresponding to local deformation of the 3D warp interlock fabric. It has 

been observed a good correlation between strain measurement done globally by camera and locally 

performed by sensor yarns. The main advantage of this new monitoring of the 3D warp interlock 

fabric during the forming lies in the additional and accurate measurements of yarn strains located 

inside the thickness of the structure. Thus, an improved knowledge of 3D warp interlock fabric during 

forming process using gusset has been reached and helps us to define the suited architecture with 

respect to yarn’s yield, end and pick densities, number of layers and weave diagram. 
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Abstract. In order to minimize the damage caused by the 2D structures, several research have 

been done on more complex structures (3D-preforms) which have more interesting mechanical 

characteristics. Divers textile technologies are used to manufacture 3D preforms such as 

weaving, knitting, stitching, z-pinning, tufting… This kind of reinforcement aims to achieve a 

balance between the in-plane and out-of-plane properties. Recently, the tufting technology 

shows more opportunities to develop 3D reinforcements especially with the advances in 

robotics. The present paper focuses not only on the various technologies of reinforcement 

through the thickness but also on the mechanical behaviour of a tufted preform in a stamping 

process.   
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1. Introduction 

Composite material are widely used especially in the aeronautics, space and defence sectors where the 

need to manufacture a lighter pieces with a rigidity control. However, the weak properties in the 

thickness of laminates, in terms of stiffness, fatigue resistance, imply in the framework of thick pieces 

sensitivity to delamination. This problem has led to the large use of three-dimensional (3D) preforms 

with reinforcement through-the-thickness, thus making it possible to combine good mechanical 

properties while improving the resistance to delamination and resistance to impact.  

Various technologies were developed in order to manufacture 3D preforms such as weaving, 

stitching, Z-pinning, tufting… 3D structures show a major challenge in many fields due to their 

reinforcement through the thickness (in Z direction).  

However, this kind of reinforcement presents a compromise where a bad manufacture of 3D 

preforms obviously generates a fall in the mechanical behaviour of the final structure. That’s way a 

detailed study of the manufacture process as well as the parameters involved are quite required to 

ensure a 3D structure with better mechanical properties. 

The present work focuses on the various technologies of reinforcement through the thickness, and 

it presents in detail the preforming behaviour of tufted 3D reinforcement as well as the various 

parameters involved.  

2. Reinforcement technologies 

This section highlights the most widely used technologies of reinforcement through the thickness 

namely, weaving, Z-pinning, stitching and more in detail the tufting process. These kinds of 

reinforcement have the potential to develop, at lower cost, structures with great mechanical 

performance. 

2.1. 3D weaving technology 

3D fabrics are generally characterised by a stacking of several layers and a binder thread. This binding 

is done by the addition of a binder yarns in the Z direction, making it possible to link the various 

layers together. There are several studies that focus on the classification of 3D woven structures [1-4]. 

Different weaving architectures are developed according to the interlacing and orientation of the yarns 

within the structure as well as the weaving pattern.  



At this level, three main categories of 3D weaving categories can be distinguished: 

-Layer-to-layer angle interlock: the interlacing takes place only between two successive layers where 

the binding thread returns to its initial position (the first layer) after the binding of these two layers. 

This architecture is characterised by an undulating interlacing where the warp yarns keep an 

undulating shape between two layers of stacking. This category of interleaving is presented in figure 1 

(a).  

-Through-the-thickness angle interlock: during the weaving process, the binding thread passes 

through the entire thickness of the preform through more than two columns of weft threads as shown 

in figure 1 (b). 

-Orthogonal interlock: this type of weaving requires the passage of binding thread not only 

throughout the thickness of the preform but also for each column of the weft yarns. The layers are 

assembled by means of binding threads. Figure 1 (c) illustrates the orthogonal weaving structure. 

 
Figure 1. 3D woven architectures: (a) layer-to-layer angle interlock, (b) through-the-thickness angle 

interlock, (c) orthogonal interlock. [5] 

3D weaving process does not require a special looms to produce 3D structures. It is possible to use 

standard weaving looms for 2D laminates with some simple modifications. 

Regarding the several studies [6-8] show a better resistance to interlaminar shear and obviously a 

greater resistance in the thickness. Mouritz et al. [6] highlight not only a high damage resistance to 

ballistic impact for 3D fabrics but also a low-velocity impact damage tolerance. The greater resistance 

to impact of 3D weaving structures is guaranteed by the binder yarns (yarns inserted through the 

thickness) which can stop or slow the growth of delamination cracks. 

Expect all these advantages of 3D woven fabrics, it cannot ignore the in-plane properties which are 

generally lower than the 2D preforms as well as the failure characteristics [5, 6].  

In the following part, the three main technologies of reinforcement through-the-thickness are 

represented. 

2.2. Z-pinning 

The Z-pinning technology (also known under Z-fibres reinforcement) consists on the insertion of rigid 

rods called “pins” in the Z-direction. Z-pins are made with high stiffness and high material strength 

such as carbon, titanium and steel with a diameter between 0.2-1mm [9]. The Z-pinning process is a 

simple and reliable method where it requires the placement above the stack of foam containing the 

pins as shown in figure 2. The upper face of the foam is then swept by an ultrasonic impactor which 

provides the well insertion of pins into the laminate and then it remains to remove the collapsed foam 

and to cut the protruding. It is necessary to mention that the pins inserted in the foam, act as a fine 

nails that intertwine the laminate layers together. [9] 

The most important advantage of Z-pinning technology is the high delamination toughness which 

increases damage tolerance and impact resistance as well as the joint strength [9-11]. In addition, Z-

fibres process requires just one-sided access to the preform unlike the weaving or stitching process. 

Several research [9-26] have been carried out on the Z-pinning technology shown that this kind of 

reinforcement improves the interlaminar toughness under different shear modes (I, II, mixed mode). 

Mouritz et al. [9] assert that Z-pinning technology leads not only to an increase of through-thickness 

elastic properties of laminates but also to higher impact strength due to its low damage rate.  

However, the insertion of pins through laminates thickness may generate a reduction of the in-

plane mechanical characteristics. This reduction is due to microstructural damage owing to fibre crimp 

and waviness which reduces the fiber volume content and obviously the presence of resin-rich zones 

[9, 27]. Figure 3 illustrates some microstructure damages caused by pins insertion.   



 
Figure 2. Z-pinning technology [28]. 

 
Figure 3. Microstructural damages caused by Z-pinning (a) Fibre waviness and creation of resin-rich 

zones (b) Fibre crimp [9]. 

 
2.3. Stitching technology 

Stitching technology is one of the most effective technology through-the-thickness reinforcement that 

has been widely reviewd by Mouritz et al. [27], Tong et al. [29] and Dransfield et al. [30]. It is based 

on the sewing process where a dual-threading system (bobbin & needle threads), as shown in figure 4 

(a, b), makes the seam by forming loops and knots through laminates or fabric plies. Stitching involves 

the insertion of high performance yarns, such as carbon, glass, Kevlar or any other high strength 

fibrous, through the laminate thickness in order to improve the interlaminar and delamination 

properties. Typically, there are three different types of stitching techniques: 

- Chain stitch: the binding of the loops is carried out at the surface laminate via a single thread. The 

principle of the chain stitch is summarized in figure 4 (a). 

- Lock stitch: it enquires a double access to the laminate (both bottom and top). The bobbin and needle 

threads are linked inside the preform which may generates a high stress concentration and resin rich 

areas. Figure 4 (b) illustrates the principle of the lock stitch technique. 

- Modified lock stitch: it is well known as the stitching type which causes the least damage and stress 

concentration of the laminate. The intersection is carried out at the top of the preform by varying the 

tension between bobbin and needle threads as shown in figure 4 (c).  

 
Figure 4. Illustrations of (a) chain stitch (b) lock stitch (c) modified lock stitch [31]. 

One of the advantages of the sewing technology is the possibility to stitch both dry and prepreg 

fabric. Stitching can also be used to manufacture complex three-dimensional shapes which increase 

through-the-thickness strength of the final structure. Moreover, the stitching technique presents a great 

deal of flexibility in the arrangement of through-the-thickness reinforcement by varying sewing 

parameters such as stitching density, pattern and the fibre thread. [29] 

One of the most effective benefits is that stitch laminates have shown significant improvements in 

interlaminar fracture toughness [30, 32], fatigue resistance [33] and impact damage resistance [30, 34].  

In the other hand, the main disadvantage of stitching technology is the reduction of the in-plane 

mechanical performances such as tension, compression and shear properties due to the needle 

penetration. In particular, the insertion of the needle may generate fibre breakage, misalignment and 



fibre crimping, hence, a creation of resin-rich pocket within the composite. Mouritz et al. [27] and 

Tong et al. [29] have summarized these damages (figure 5). The fact that the stitching technology 

enquires a dual-threading system in order to make loops and knots which begets a significant 

weakness in the mechanical properties of the final structure.  

                    

              
 

Figure 5. Illustrations of stitching damages (a) crimping of in-plane threads (b) misalignment of 

in-plane fibres around a stitch in the interior of the laminate (c) distortion of through-thickness 

segments of stitches (d) creation of resin pocket between two strands of stitch. x1, x2 in-plane 

laminate directions and x3 through-thickness direction [31]. 

2.4. Tufting technology 

Previously, the tufting technology was used only for carpet and warm garments manufacturing. Now, 

it has become one of the most efficient technologies for through-the-thickness reinforcement. It is 

based on the stitching process as shown in figure 6 (a). However, this one requires only one-sided 

access to the preform. The insertion of tufts is carried out via a hollow needle without generating any 

tension at the surface of the laminate which avoids the shearing and crimping aspects. This kind of 

reinforcement is more efficient and easier than the stitching technology which requires a second thread 

as locking thread. In fact, loops are created with simple friction of the tufting thread, which is 

maintained inside the preform, during the retraction of the needle. Obviously, the tufting process is 

quiet similar to z-pinning principle, but used to reinforce dry fabrics. Furthermore, the tufting process 

can be carried out in two different ways. The first one is called ‘Global-tufting’ where the tufts exceed 

the depth of the preform and the loops are visible at the bottom of the fabric. The other one is called 

‘Partial-tufting’ where the tufts are fully retained within the laminate. Figure 6 (b) shows the 

difference between these categories of tufting. In this context, Préau et al. [35] assert that ‘Partial-

tufting’ is an efficient technique since it makes it possible to avoid the creation of resin pocket and 

makes mechanical modeling much simpler. 

 
Figure 6. Illustrations of (a) tufting technology (b) partial & global-tufting [36]. 

Several works [37-39] have been carried out in order to automate the tufting device. Figure 7 

presents the automatic equipment developed in our laboratory in order to handle tufting structures. The 

present device is equipped with the following elements [40]:  



- Tufting device can move along the x and y axes. It is made with a tufting needle which is connected 

to a pneumatic jack, which makes it possible to control the tufting deepness. The choice of the needle 

depends on the type of the preform as well as the characteristics of the tufting thread. 

- Presser foot device is controlled by another pneumatic jack allowing both the attachment of the 

preform and the application of a pressure during the tufting process. 

- Feeding device provides the tufting thread with a certain length and tension.  

- A mobile framework allowing the movement of the various equipment. 

 
Figure 7. Tufting device (ENSAIT) [40]. 

 

In the case of a global-tufting, it should be noted that the choice of the most suitable foam is an 

essential parameter for the proper handling of the tufting procedure. However, a bad choice of the 

support generates an irregular formation of the loops and subsequently a complete damage of the 

loops. Polypropylene or silicone foams are the most widely used [41]. There are several parameters 

which can influence the final structure such as tufting density, loop length, tufting direction, tufting 

deepness and pressure of the presser foot. 

The next paragraph is related to the mechanical properties of tufted structure at the dry 

reinforcement (especially forming test) as well as the composite scale. 

3. Mechanical characterisation 

The present section concentrates firstly on the mechanical properties of tufted composites and then, it 

highlights the mechanical behaviour at the dry reinforcement notably the forming behaviour. 

3.1. Dry scale 

The mechanical behaviour at the dry scale has a significant influence on the processing parameters 

such as porosity, permeability and obviously the mechanical properties of the final composite. 

Therefore, a detailed study of the preform performance leads to a good understanding of the 

mechanical behaviour of the final structure. In this context, Saboktakin [42] has studied both tension 

and compression behaviour of tufted twill woven fabrics. The tension test shows that the tufted 

preforms present a stronger deformation resistance where the maximum load of tufted structure is 

greater than the untufted one, contrarily to the failure displacement. The curve Load/Displacement can 

be divided into four specific regions: firstly, the crimp region where the load increases slightly follows 

the increase of the displacement due to the fibre breakage, followed by an elastic region where the 

curve present a linear slope. The tensile behaviour exhibited a nonlinear phase between the elastic 

region and ultimate strength point (peak point) followed by the post-failure region. However, the 

compression test shows a similar behaviour of tufted and untufted fabrics where both curves present 

three regions: a first linear part generated by the fibre crimping and the reduction of porosity within 

the structure, an exponential part related to the bending of woven fibres and tufting yarns and the final 

linear zone stand for the total compression of the preform. Saboktakin [42] has demonstrated that the 



compression behaviour is widely influenced by the tufting technology where an increase of the fibre 

volume fraction was noted due to the augmentation of the compaction load.   

As detailed in the introduction, the present paper highlights the mechanical behaviour of tufted 

structure at the dry reinforcement through the preforming test on the basis of the results presented in 

[40]. The experimental forming with a hemispherical punch is performed in a specific device as shown 

in figure 8. This equipment allows to analyse the double-curved shape of manufacturing with a given 

textile reinforcement in different conditions. The device is equipped with four pneumatic jacks 

applying an adjustable pressure on the blank-holder. Several parameters can be calculated from the 

stamping test such as the punch force, material draw-in, inter-layer sliding and wrinkles. It should be 

noted that the reinforcement fabric was an E-glass plain weave composed of four layers [±45°, 

0°/90°]2 tufted with a carbon thread.  

  

 
Figure 8. Illustrations of (a) preforming device (b) main dimensions of forming device [40]. 

 

The experimental data presented in Liu et al. [40] show that the punch force increase as a function 

of the tufting density where they record a significant increase of the maximum punch force ( 33%) 

for a tufting spacing of 5 mm (figure 9 (b)). Thus, the increase of the tufting density may leads to an 

increase in the rigidity of the preform. However, the graphics of the material draw-in present an 

extremely different behaviour where it decreases following an increase of the tufting density (figure 9 

(a)). Furthermore, they highlight the forming defects following the insertion of tufting yarns, 

particularly, the wrinkling aspect. It was observed that the preforms having a tufted spacing about 5-

10mm present the most regular structure and the fewer number of wrinkles, consequently, the increase 

of the tufting density may leads to a reduction in the number and the size of wrinkles (figure 10). 

One of the most important points studied by Liu et al. [40] is the influence of tufting density on the 

inter-layer sliding during the forming process where they notice a big slippage of 19.7 mm for non-

tufted structure in comparison to the tufted ones, especially, for the specimen having a tufting spacing 

about 5 mm, the inter-layer sliding is negligible ( 0.2 mm) where the four layers deformed in the 

same way. Subsequently, the increase of the tufting density generates a reduction in the inter-layer 

sliding during the preforming test.  

 
Figure 9. Illustrations of maximum (a) material draw-in (b) punch force [40]. 



 

3.2. Composite scale 

In terms of mechanical properties of tufted structure, numerous studies have been carried out in order 

to characterise the mechanical behaviour of tufted composites. For example, Dell’Anno et al. [38] 

have tested samples made from woven carbon tufted with glass or carbon thread, using the RTM 

(Resin Transfer Molding) process for composite manufacturing. They record a reduction of 10% on 

the tensile strength of the tufted sample where the initial slopes are similar, giving the same Young’s 

Modulus. However, at a strain of 0.35%, they highlight a deviation from the linearity as shown in 

figure 11 (a). This reduction was explained not only by the fibres breakage and misalignment due to 

the needle penetration but also to the presence of resin pockets and voids around the tufts (figure 11 

(b)). Moreover, De Verdiere et al. [43] reveal a reduction of the in-plane properties, about 10-15% in 

both tension and compression behaviour of tufted NCF composites. De Verdiere et al. [43] assert that 

the tufting technology reduces the in-plane stiffness of material due to the presence of resin rich zones 

and fibre crimping. In the other hand, they prove that the presence of tufts leads to an increase of the 

mechanical properties in the bias direction of NCF composites which they record an increase of both 

tensile and compressive strength. The main finding of both studies [38, 43] is that the reinforcement 

through-the-thickness, precisely the tufting technology, presents a compromise. It is quite logic to 

have a decrease of the in-plane properties due to the presence of tufts and obviously a higher 

performance on Z direction. Thus, a detailed study of all parameters related to the tufting device, the 

textile structure as well as the manufacturing of composites will be more efficient to achieve a balance 

between the in-plane and out-of-plane properties.  

 
Figure 11. Illustrations of (a) Tensile behaviour of untufted and tufted samples (b) Resin pockets and 

impregnations defects in tufted composite [38]. 

 

Among the most performed tests on the tufted composite is the CAI (Compression After Impact) 

behaviour where in the papers [38, 43], they assert that the presence of tufts leads to a significant 

increase in the resistance of delamination which generates a great increase of the CAI performance. 

For example, Dell’Anno et al. [38] record a raise in the CAI strength by 25% and 27% in the presence 

of tufted carbon or glass threads, respectively.  

Furthermore, Préau et al. [35] have studied the mechanical behaviour of tufted composites where 

they mention a significant decrease of the in-plane characteristics, particularly, the tensile and bending 

behaviours due to the presence of resin rich area. However, the tufting specimens show a significant 

increase of the interlaminar fracture toughness (mode I). In addition, the paper [35] emphasises the 

 
Figure 10. Wrinkling aspect in (a) untufed structure (b) tufted 10mm (c) tufted 5mm [40]. 



concept of “Global-tufting” where the tufts are completely inserted in the preform (the loops are 

visible at the bottom) and “Partial-tufting” where tufts are partially inserted in the structure. The paper 

[35] indicates that “Partial-tufting” is a very interesting technique since it makes it possible to avoid 

the creation of resin pocket which allows a better mechanical performance. Moreover, Treiber [44] 

highlighted the mechanical properties of tufted carbon fibre/epoxy composite and the results show a 

great increase especially in the delamination resistance, by a factor of three, within a laminate. One of 

the most important points presented in the paper [44] is the concept of the transverse elastic modulus 

(90) where it shows an increase by 7% and 45% for 0.5% and 2% areal tuft densities respectively for 

the unidirectional composite. The main raisons of this increase appear to be the locally increased 

fabric density around the tuft and the addition of tufting thread and loops parallel to the loading 

direction. In the same context, Henao et al. [39] have also focused on the compression and bending 

properties of tufted sandwich where they highlight an increase in both bending and edgewise 

compression strength as a result of adding a tufted thread. For instance, the increase of the 

compression strength was about 25.23%, 13.22% and 7.54% for tufting spacing values of 5 mm, 10 

mm and 15 mm, respectively. Regarding the bending behaviour, they assert an increase in the failure 

load for the tufted specimens over 106% in comparison with the non-tufted ones. However, Hartley et 

al. [45] have studied the crushing performance of tufted sandwich structures where they reveal an 

increase in the crush strength between 11-19%. Indeed, the increase of the number of tufts generates a 

significant enhancement of the crushing performance about 25% in comparison to the untufted 

sandwich. Nevertheless, the variation of the loop length appeared to have a negligible effect on the 

loading response.  

4. Conclusion 

The various technologies of reinforcement through-the-thickness as well as the mechanical behaviour 

of tufted structure are studied in the present paper. The literature proves that the mechanical behaviour 

of tufted structure depends strongly on the process parameters and the preform characteristics where 

the presence of tufted threads generates an increase of the out-of-plane properties. However, a detailed 

study of all parameters may lead to a balance of both in-plane and out-of-plane performances. 

In the future work, the studies about the tension, compression and bending behaviours at different 

tufting densities as well as the forming behaviour by using various punches (square box, tetrahedral, 

triangular…) are quite necessary. Indeed, the manufacture and the analyse of the mechanical 

behaviour of composite tufted structure represent the target of the upcoming work. The correlation 

between the numerical and experimental modelling of tufted 3D structure is quite necessary to 

improve the use and the knowledge of the tufting technology. 
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Abstract. In this contribution, the characteristic of yarns that have intrinsically conductivity as
well as such with coaxial conductive coatings acting as in situ strain sensors are described. The
objective of the based research projects is the real-time in situ sensing of both global stresses
acting on fibre reinforced plastic (FRP) components and the detection of resulted local
microscopic damages due to creep, delamination and micro-cracks in the fibre-matrix
interphase of glass fibre (GFRP) and carbon fibre (CFRP) composites. Sensor materials similar
to the particular FRP and its mechanical behaviour have been chosen. In the first approach,
GF- and aramid-based sensor yarns have been developed with multiple tailored silver layer
coating system capable to distinguish multiple scaled damage mechanism due to these effects
globally and locally. The second approach bases on the piezoresistive effect of CF rovings for
their usage as in situ strain sensors. In the next step, suitable fibre and polymer film-based
cleading have been tested and evaluated, granting sufficient electrical isolation to avoid short-
circuits between the conductive sensor layers itself or between the sensor and intrinsically
conductive CFRP respectively. Initially, the sensor performance of global strain measurement,
means the accumulated strain along the integration length of the sensor yarn, has been
evaluated during tensile stressing of FRP with integrated suchlike functionalised sensor yarns.

1. Introduction
Fibre reinforced plastics (FRPs), especially those with thermoplastic matrices, have sparked the
interest of mass markets, e.g. in the automobile or in the sports sector. Due to its adjustable material
behaviour and its outstanding processing properties – like high fracture toughness against impact
damages, hot workability, reforming and therefore short processing time, weldability and easy
recycling – in comparison to thermoset composites or conventional metal constructions, FRPs are
attracting growing interest and therefore demands from both the scientific community and the
industry. With the increased application of FRPs in diverse fields, the monitoring of structural damage
and serious material degradation that occur due to loading during in-service operation is getting more
importance.

However, for the purpose of structural health monitoring (SHM), the development and structural
integration of suitable sensor components for FRPs is still a challenge for materials science. Although,
the embedding or attachment of the non-destructive evaluation systems, like strain gages or acoustic
emission transducers, into/onto FRPs is possible, they are usually expensive and their application
potential as an integral part of the textile reinforcement structure is limited due to higher temperatures



and higher pressures for the consolidation compared to those in case of thermoset composites. For the
purpose of both, the operational load monitoring and the SHM of FRP components, the literatures
reports two approaches using the principle of electrical resistance measurements. The first approach
includes the use of CNTs distributed throughout the bulk matrix for sensing mechanical strains [1]-[6].
The second approach involves the insertion of either inherently conductive fibres, e.g. CF [7]-[9] or
GF coated with CNTs [10].

Since the breaking strain of GF reinforced composites can vary in the range of 2.5 – 5 %,
reproducible sensor signals for SHM with CNT based methods cannot be guaranteed for these
composites because of their limited strain of 0.5 % due to the percolation threshold. Because of its low
breaking strain in a range of 0.8 – 1.5 % and higher stiffness compared to GF, CF strain sensors
provides a high temperature stability suitable for thermoplastic applications, but reproducible sensor
behaviour (i.e. gage factor k, hysteresis) are limited to maximum of 1 % elongation of the bulk GF
reinforced composites [8]. Therefore, the need for a textile-based sensor able to detect local micro
cracks (in the interphase region between matrix und fibre) and simultaneously able to monitor global
loading condition even at higher straining region up to 5 % of the GFRPs is very high.

2. Materials and methods

2.1. GF sensor yarns with silver layer coatings for GFRP
The first approach, GF rovings with yarn count of 300 tex, 900 tex and 1,200 tex were used as base for
the continuous wet-chemical deposition of metallic sliver. Therefore, the GF is guided with
0,385 m/min through a solution tempered to 95 °C consisting of (480 or 710) mg/l silver nitrate,
0.27 mol/l N,N,N',N'-tetrakis (2-hydroxypropyl) ethylene diamine (complexing agent) and 0.027 mol/l
hexamethylenetetramine (reducing agent). The reached layer thickness was empirically determined
using digital light microscopy and is in a range between 1.4 – 1.7 µm. The structural and surface
analysation of the sensor yarns includes EDX, SEM (figure 1-2) and additional fibre tensiometry for
the evaluation of both surface energy and tension.

(a) (b)

Figure 1. EDX of the bare 1,200tex GF roving (a) and
coated with 5.9 % of silver (b)

Figure 2. SEM of the fibre surface
of idem sensor yarn

2.2. CF-based sensors for CFRPs
The second approach focuses on the usage of intrinsically conductive CF rovings Tenax HTA40 H15
with a yarn count of 67 tex. For the forming of filament-based cleading by using the DREF friction
spinning technology, PES staple fibre with 60 mm length is processed to two 4.0 ktex slivers that then
have been spun around the CF core to form a cleading of approx. 210 tex (cf. figure 3). This isolated
CFS reach a leakage resistance of approximately 365 MΩ in standard climate DIN EN ISO139 at a
lineic resistance of 440 Ω/m.



Figure 3. Cross-section of CF sensor (core) with DREF-spun cleading consisting of PES staple fibre

2.3. Integration of textile-based sensors in reinforcement fabrics for FRP
The integration of the above described textile-based sensors into reinforcement structures during its
manufacturing process, has been realised successfully at ITM [9,11,12] using open reed weave ORW
technology and multi-axial warp knitting process with warp yarn path manipulation unit for the lateral
displacement of single or band of sensor yarns in user-defined angles to the warp direction of the non-
crimp fabric. For a fast characterisation of the sensory behaviour under mechanical stressing of the
FRP, the sensor yarns can be embroidered in straight aligned form onto any reinforcement structure,
which then are processed to tensile test specimens (cf. schematic in figure 4) according to standard
DIN EN ISO 527-4. After the textile-technological manufacturing process but before the FRP
consolidation, the textile-based sensors have to be electrical contacted manually (figure 5) by
clamping each of the sensor yarn ends between cupper thin sheets with attached piece of metal thin
wire for the interconnection with conventional measurement equipment, e.g. ohmmeter or amplifier.
The used GFRP is made of three layers of a GF-polypropylene commingling yarn based biaxially
knitted fabric with applied sensor yarn in major load direction (0°) of the central layer. For testing
CFS, non-standardised tensile specimens [13] were made from unidirectional CFRP with thermoset
matrix. Using a conventional tensile testing machine Zwick Z100, destructive quasi-static tensile tests
are performed. The resistance measurement is simultaneously done to the tensile tests using a
precision ohmmeter FLUKE 8846.

Figure 4. FRP Specimen design according to DIN EN ISO 527-4 for the characterisation of the
sensory behaviour of the composite integrated textile strain sensors

Figure 5. Electrical contacting of CFS onto textile reinforcement structure for further FRP
applications

3. Results and Discussion

3.1. Silver coated GF based strain sensors for the application in GFRP
Nondependent of GF yarn count, the measured layer thickness is in a range of 1.32 – 1.69 µm. Using
710 mg/l solutions of silver nitrate, the highest lineic conductivity can be observed for 1,200 tex GF



with mass fraction of 5.9 % (m/m) of silver, reaching 60 – 80 S/m. Using 300 tex GF roving with
6.2 % (m/m) of silver, a conductivity of only 20 – 30 S/m has been measured.

The measurable resistance-strain behaviour (figure 6-7) of suchlike silver-coated GF strain sensors
in FRPs is non-linear but continuous until GFRP specimen rupture at 3.0 % of strain at a maximum
tensile stress of 300 MPa. Linearity of the sensor’s transmission behaviour is improved with
increasing the mass fraction of silver. By using power functions for nonlinear fitting of the measured
change-in-resistance curves ΔR/R with the tensile-strain curves ε, the specific reached sensitivity can
compared indirectly with regard to the prefactor a and the exponent b of the calculated fit functions,
cf. equation (1).

ΔR
R

=f(ε)=a·ε b (1)
As resumed in Table 1, that higher the yarn count of the silver coated GF roving that more linear is

the sensor behaviour, means the prefactor a is increasing while the exponent b decreases. It is
assumed, that the measured tensile-strain-resistance-behaviour is because of the multi-filamentous
structure of the investigated the sensor yarns. With increasing number of filaments the number of
interconnected parallel resistances, means the conductive filaments, increases too. By applying tensile
loads on the sensor carrying GFRP, filaments of the GF sensor are strained while continuously
increasing their resistance until reaching the fibre specific tenacity.

Table 1. Coefficients of fitted power functions for the measured change in resistance of GF sensors in
tensile stressed GFRP.

GF sensor type ΔR/R=f(ε)=a∙ε b coefficient of
determination R²a b

480 mg/l solution of silver nitrate
300 tex 1.20 2.91 0.75
900 tex 3.23 1.58 0.50
1200 tex - - -

710 mg/l solution of silver nitrate
300 tex 1.83 2.52 0.79
900 tex 2.09 1.89 0.97
1200 tex 2.62 1.39 0.67

Figure 6. Measured change-in-resistance curves for
300 / 900 tex Ag-coated GF sensors in GFRP using
480 mg/l solutions of AgNO3

Figure 7. Measured change-in-resistance curves
for 300 / 900 / 1,200 tex Ag-coated GF sensors
in GFRP using 710 mg/l solutions of AgNO3

Transferred this behaviour to the postulated model of a parallel resistance, the resulting change of
the single filaments resistances under tensile stress is approx. only a split of the amount of their



accumulated change in resistance in serial interconnection. That higher the yarn count or the number
of filaments respectively, that less significant is the measured change in the sensors resistance and that
more linear the obtained strain-resistance curve, because of their telescopic and electrical
interconnection within the roving.

3.2. Isolated CFS for the application in CFRPs
First test series of CFS with DREF-spun cleading consisting of PES staple fibre show that the
thickness of the fibre cleading is insufficient. It is assumed, that short circuits between single filaments
of the CFS and the electro conductive CFRP structure occur in statistically undefined intervals along
the CFS integration length. Dependant on the number of CF filaments that are directly in contact with
the CF fabric, the leakage resistance can varies in a range of 10-3 – 104 Ω.

With regard to the measured resistance-strain-behaviour of the CFS integrated in unidirectional
CFRP during cyclical tensile tests, effects of short-circuited filaments of the CFS and the CFRP
becomes visible. Figure 8b depicts the change in resistance of such a CFS schematically. There is no
direct correlation between increasing strain and measured change in resistance of the CFS as it ca be
observed for functional CFS (figure 8a) or GF sensors in GFRP (cf. figure 5, 6) respectively. The
transfer function of CFS in CFRP is fitted to a power function. The reached prefactor a and the
exponent b are assumed in Table 2.

Table 2. Coefficients of fit (power function) for measured change in resistance of CF sensors in
tensile stressed CFRP.

CF sensor type ΔR/R=f(ε)=a∙ε b coefficient of
determination R²a b

210 tex PES
cleading 0.69 1.91 0.61

(a) (b)

Figure 8. Measured change-in-resistance curves for carbon fibre sensors (CFS) with DREF-spun PES
staple fibre cleading during cyclical tensile stressing of unidirectional CFRP: (a) functional CFS with
sufficient isolation and (b) with insufficient fibre cleading due to assumed short circuits with the CFRP
basis structure

4. Conclusions
It has been shown, that GF based strain sensors can be realised by applying metallic sliver coats

with a layer thickness of 1.4 – 1.7 µm in a wet chemical redox reaction applying N,N,N',N'-tetrakis (2-
hydroxypropyl) ethylene diamine as the complexing agent and hexamethylenetetramine as the
reducing agent. Machine-made integrated in glass fibre reinforcement fabrics of therewith fibre
reinforced plastic (GFRP), a good correlation between applied tensile strain an measured change in



resistance of such like of strain sensors, has been observed. It was determined that higher the yarn
count of the GF sensors and that higher the content of silver nitrate in the used solution in the wet
chemical coating process that more linear is the transfer behaviour of measureable change in sensor’s
resistance to applied tensile strain. The best sensory behaviour is determined for 1,200 tex GF roving
coated with a metallic silver layer applying 710 mg/l silver nitrate in solution. However, GF rovings
with a smaller yarn count of 1,200 tex will be chosen for further investigations but with a higher silver
layer thickness. Therefore, the coating process has to be optimised. Further investigations are
necessary for the realisation of the multi-layer structure of the GF sensors, means a first dielectric
cleading for the first screen, a second silver conductor screen with varying cross-section thus
adjustable sensitivity and a sealing sizing or coupling agent cleading respectively.

First researches on carbon fibre based sensors (CFS) with dielectric fibre cleading for their usage as
in situ strain sensors in intrinsic electro-conductive carbon fibre reinforced plastics (CFRP) have
shown that only an insufficient isolation has been reached caused by the packaging design of the
cleading, means the DREF friction spun PES staple fibre cleading in this case. Short-circuits have
been detected due to filaments protruded out of the fibre-based cleading and it was assumed, that the
observed nonlinear transfer behaviour of suchlike CFS is caused consequently. Further research efforts
will be spent to reach homogenous and fully sealed cleading for suchlike CFS.
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Abstract. Spacer fabrics are prefered to other types of textile fabrics in energy absorption 

applications due to existence of pile yarns. The particular geometry of spacer fabrics induce to 

increase resisting out of plane forces such as impact along their thickness. In order to 

investigate the low-velocity impact behaviour of composites reinforced with  spacer fabric, 

weft-knitted spacer fabrics with different types of pile orientation and pile length were 

produced using E-glass yarns. Using produced fabrics and epoxy resin, composites samples 

were provided by hand lay-up method.  Low-velocity impact test was carried out on the 

prepared samples based on a drop-weight method using spherical steel projectile. The 

indentation at maximum force was extracted as - comparative criteria used to calculate 

absorbed energy.The results show that the energy absorption of composites increases by 

increasing the pile density and pile length. 

1. Introduction 

Impact nature of some mechanical phenomenon such as physical strike and falling objects was led to 

study about impact behaviour of them. The material properties only aren’t enough to gain needed 

resistance, therefore the structure of them was reinforced to achieve more resistance. Composite is one 

of the structure that combines material properties to make a strong structure. Textile composites are 

preferred in many fields because the textile structure leads to desired design structure according to 

total properties. For example, the 3D structure seems to be suitable for resisting out of plane forces. 

With this approach, the present study is focused on the weft-knitted spacer fabric as a 3D structure 

against low-velocity impact as an out of plane loading. Spacer fabric is a three-dimensional knitted 

fabric consisting of two separate knitted substrates which are joined together or kept apart by spacer 

yarns. Some attempts have been performed to investigate the impact behaviour of fabric reinforced 

composites[1-3]. Yip et al [2] was studied on the physical and mechanical properties of three-

dimensional spacer fabrics and they reports that the compression properties depend very much on the 

spacer yarn type and the spacer yarn arrangement, also bending properties are closely related to the 

fabric type, structure, spacer yarn type and density while stretch and recovery properties depend very 

much on fabric type and spacer yarn type. Wang et al [3] compared the low-velocity impact behaviour 

between two types of 3D woven basalt/aramid hybrid composites. According to their study, the 

interply hybrid composite had higher ductile indices, lower peak load, and higher specific energy 

absorption in both warp and weft directions than those of the interply hybrid composite. The load time 

curves of the interply hybrid composite showed a step by step decrease of the load while those of the 

interply hybrid composite showed a more sudden drop of the load. 



 

 

 

 

 

 

The present study focused on the effect of some structural parameters of spacer fabric as 

reinforcement parameters on the low-velocity impact behaviour of weft-knitted spacer composite. 

Many studies show that through the thickness parameters of a target has an effective role in the impact 

loading [4]. It seems that changing - the thickness parameters of weft-knitted spacer fabric such as 

spacer yarn density and spacer yarn length can change the absorbed energy during the impact.  

2. Material and Methods 

In order to investigate the low-velocity impact behaviour of weft-knitted spacer fabric reinforced 

composites, spacer fabrics with different types of pile orientation and pile length were produced using 

E-glass yarns. Details of yarns are presented in Table1. 

 

Table1. Yarn properties 

Yarn 

Type 

Diameter  

(mm) 

Count 

(Tex) 

Young 

Modulus 

(Mpa) 

Bending 

Modulus 

(N.mm
2
) 

E-Glass 0.4 87  2767 3.48 

 

Figure1 shows side-view and needle pattern schematic of different types of fabrics knitted by flat 

knitting machine (CMS 330 TC) with the guage of 7. As shown, spacer fabric is created by joining 

two separate fabrics using spacer yarns. The structure of top and bottom layer of samples is similar, 

but the length1 and density2 of spacer yarns are different.Using epoxy resin and produced fabrics 

different types of the composite were made by hand lay-up method. The prepared composites have 

been cured at room temperature for 7 days. Wales and Course density per unit length of all samples 

are 3.8 (𝑐𝑚−1) and 7  (𝑐𝑚−1), respectively. More details of composites geometry and structure are 

presented in Table2. 

 

Sample 

Code 
A1D1 A1D2 A2D1 A2D2 A3D1 

Side-view 
     

Needle 

pattern 

  
   

Figure1. Schematic of side-view and needle pattern of fabrics 

 

Table2. Geometrical and structural properties of composites  
Sample Code A1D1 A1D2 A2D1 A2D2 A3D1 

Thickness (mm) 4 3.5 3.2 3 2.7 

Fabric Volume Fraction 70%     60% 66% 73% 66% 

Pile Density (𝒄𝒎−𝟏) 64 32 64 32 64 

 

 

                                                      
Length of joining yarn between top and bottom layer of spacer fabric1  

Number of joining yarns between top and bottom layer of spacer fabric per centimeter 2  



 

 

 

 

 

 

In order to determine the tensile properties of produced composites, the tensile test has been carried 

out on prepared samples in both wale and course directions by the speed of 10 mm/min on INSTRON 

tensile tester (Model: 5566). It is well known that the young modulus is one of the effective 

parameters on impact behaviour of composites. Hence the young modulus of composites in the course 

and wale direction i.e. Ec and Ew- were measured and presented in Table3. 

Samples with a dimension of 10 cm × 10 cm were prepared. Low-velocity impact test was carried out 

on the prepared samples based on a drop-weight method using spherical steel impactor. The impactor 

mass was 2.712 Kg and falling height was kept constant at 36 cm for all samples. The results of 

impact test device which are in term of acceleration-time are converted to the force-displacement 

relation. So, the indentation at maximum force was extracted as-comparative criteria used to calculate 

absorbed energy. Figure2 shows force-displacement curves of samples that achieved by twice 

integration of acceleration-time curve. 

 

  

(a) (b) 

  

(c) (d) 

 

 
(e) 

Figure2. Force-Displacement curve of composites: 

a) (a) A1D1, (b) A1D2, (c) A2D1, (d) A2D2, (e) A3D1 



 

 

 

 

 

 

 

 

 

Table3. Young Modulus of composites 

 

Sample 

Code 
A1D1 A1D2  A2D1 A2D2 A3D1 

𝑬𝒄(𝑴𝑷𝒂) 131 359  340 57 213 

𝑬𝒘(𝑴𝑷𝒂) 421 451  498 251 611 

 

3. Results and Discussion 

Absorbed Energy has been used as a benchmark for comparison impact resistance between samples 

with a different type. The absorbed energy of samples was calculated as area under the force-

displacement curve and presented in Table4 and Figure3.  

 

 

Table4. Young Modulus of composites 

 

Sample 

Code 
A1D1 A1D2  A2D1 A2D2 A3D1 

Absorbed 

Energy (J) 
7.29 4.22  13.38 7.47 21.80 

 

 

 
Figure3. Force-Displacement curve of composites 

 

 

According to Figure3, the comparison of A1D1, A2D1 and A3D1 samples shows that the absorbed 

energy increases by increasing of pile length. The same trend is seen for A1D2 in comparison to 

A2D2. Since the only geometrical difference between A1D1, A2D1 and A3D1 or between A1D2 and 

A2D2 is the pile length, hence it can be deduced that the energy absorption increases with pile yarn 

increasing.  

Furthermore, a comparison between A1D1 and A1D2, or A2D1 and A2D2 shows that absorbed 

energy in samples with high pile density is more than whose pile density is lower. Accordingly, as the 

second result, it’s obvious that absorbed energy increases with pile density increasing.  

Altogether these comparative experiments indicate that two geometry variables, pile length and pile 

density, are effective in impact loading response of weft-knitted spacer fabrics reinforced composites. 

So that when length and density of spacer yarns increase, the number of impact resisting elements 

increase and more energy is absorbed. The lowest absorbed energy (4.22 J) relating to A1D2 that it 

has lower pile length (5.05 mm) and low pile density (32 𝑐𝑚−1) and the highest absorbed energy 



 

 

 

 

 

 

(21.80 J) relating to A3D1 that it has the highest pile length (5.21 mm) and high pile density (64𝑐𝑚−1) 

confirm this deduction.  

 

 

4. Conclusion 

The Low-velocity impact behaviour of weft-knitted spacer fabrics reinforced composite has been 

studied. For this purpose, 5 different types of spacer fabrics structure designed and after impregnating 

with resin are converted to composite. Both tensile and low-velocity impact tests are carried out to 

discovering impact resistance of them. The absorbed energy has been used as a comparative 

benchmark to detecting the structural parameters contributing to impact strength. Finally, it is 

observed that: 

i. Some geometrical properties of weft-knitted spacer fabric as reinforcement element of the 

composite such as pile yarn length and pile yarn density affect the low-velocity impact 

resistance of the composite. 

ii. The absorbed energy during impact increased when the pile yarn length is increased. In the 

other words impact resistance of composite increased with reinforcing pile yarn as an effective 

structural parameter through the thickness and supporting out of plane loading.  

iii. The absorbed energy during impact increased when the pile yarn density in the unit area is 

increased because the number of resisting elements against the impact loading increased. 
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Abstract. The present study was aimed to investigate the effect of nanocellulose coating on the
mechanical behavior of jute/green epoxy composites. Cellulose was purified from waste jute
fibers, converted to nanocellulose by acid hydrolysis and subsequently 3, 5 and 10 wt % of
nanocellulose suspensions were coated over woven jute reinforcement. The composites were
prepared by hand layup and compression molding technique. The surface topologies of treated jute
fibers, jute cellulose nanofibrils (CNF), nanocellulose coated jute fabrics and fractured surfaces of
composites were characterized by scanning electron microscopy (SEM). The prepared composites
were evaluated for tensile, flexural, fatigue and fracture toughness properties. The results revealed
the improvement in tensile modulus, flexural strength, flexural modulus, fatigue life and fracture
toughness of composites with the increase in concentration of nanocellulose coating over jute
reinforcement except the decrease in tensile strength.

1. Introduction

Natural fiber reinforced polymer composites (NFPC) have gained considerable attention in the recent
years due to their environmental and economic benefits and low energy consumption [1, 2]. Natural fibers
offer many advantages over their synthetic counterparts (e.g. glass and carbon) such as cost effectiveness,
easy to process, renewable, recyclable, available in huge quantities and low fossil-fuel energy
requirements [1, 3]. Thus natural fibers are considered promising candidates for replacing conventional
synthetic reinforcing fibers in composites for semi-structural and structural applications [4].

Cellulose is an abundant, renewable and biodegradable naturally occurring material on earth that can
be obtained from numerous resources [5]. It is an infinite source of raw material for environment friendly
and biocompatible products. Lignocellulosic fibers such as jute, hemp and flax etc. are rich in cellulose,
abundantly available and easy to handle and process. Cellulose micro/nano fillers in polymers have
already attracted considerable interest by improving the strength and stiffness of resulting composites [5-
7]. Various types of cellulosic resources are used as precursors to extract and purify cellulose fibrils from
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lignocellulosic fibers. In the previous literature, cellulose micro/nano fibrils obtained from different
precursors such as hemp fibers [8], pineapple [9], isora fibers [5] and jute fibers [10] are used as
reinforcing filler in polymer matrices and resulted in the improvement of composite properties. However,
in the present study, waste jute fibers are used as precursor to extract and purify nanocellulose which is
subsequently coated over the woven jute fabric instead of using it as filler in matrix. Afterwards, the
nanocellulose coated jute fabric is used as reinforcement in green epoxy polymer to form a composite
material. Therefore, the objective of the present study is to characterize the mechanical properties of
composites reinforced with nanocellulose coated jute fabric. To the author’s best knowledge, there is no
study available in open literature yet that fulfills the above mentioned objective using nanocellulose
coated jute fabric as reinforcement and green epoxy resin as matrix system.

2. Materials and methods

2.1. Material

Woven jute fabric produced from tossa jute (C. olitorius) fibers having an areal density of 600 gm-2 with
5-end satin weave design was produced on a shuttle loom with 386 tex yarn. Warp and weft densities of
the fabric were 6.3 threads per cm and 7.9 threads per cm respectively. Waste jute fibers, sourced from a
jute mill, were used as precursor for purification and extraction of nanocellulose. Green epoxy resin CHS-
Epoxy G520 and hardener TELALIT 0600 were supplied by Spolchemie, Czech Republic. Sulphuric acid
(H2SO4) and sodium hydroxide (NaOH) were supplied by Lach-Ner, Czech Republic. Sodium sulfate
(Na2SO4) and sodium hypochlorite (NaOCl) were supplied by Sigma-Aldrich, Czech Republic.

2.2. Purification and extraction of nanocellulose from waste jute fibers

The main steps followed to purify and extract nanocellulose from waste jute fibers are depicted in Figure
1. Waste jute fibers were chopped to approximate length of 5-10 mm and immersed in 2 % sodium
hydroxide (NaOH) solution for 2 h at 80 ˚C temperature maintaining a liquor ratio of 50:1. The process
was repeated three times. The fibers were then washed with tap water several times The jute fibers were
then bleached with 7.0 g/l sodium hypochlorite (NaOCl) solution at room temperature for 2 h under pH
10-11 and subsequently antichlored with 0.1 % sodium sulphate (Na2SO4) at 50 °C for 20 min. Finally,
the fibers were washed with tap water several times until the final pH was maintained at 7.0 and then
allowed to dry at room temperature for 48 h and at 100 °C in an oven for 2 h. Alkali and bleaching
treatments were used to purify cellulose and to remove maximum amount of hemicellulose and lignin
from the fibers. The bleached jute fibers were milled using a high-energy planetary ball mill of Fritsch
pulverisette 7. The sintered corundum container of 80 ml capacity and zirconium balls of 10 mm diameter
were chosen for 20 min of milling. The ball to material ratio (BMR) was kept at 10:1 and the speed was
kept at 850 rpm. Acid hydrolysis of milled jute fibers was conducted for 1 hour at 45 °C under
mechanical stirring using 65 % (w/w) H2SO4. The fiber content during acid hydrolysis was 5 % (w/w).
The whole process flow chart is shown in Figure 1. After hydrolysis, the suspension was diluted with cold
water (4 °C) to stop the reaction, neutralized with NaOH solution and discolored by NaOCl solution. The
supernatant was removed from the sediment and replaced by new distilled water several times. Finally, 3
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%, 5 % and 10 % (w/w) nanocellulose suspensions were prepared by increasing cellulose concentration
and decreasing water concentration through vacuum filtration using Buchner funnel.

Figure 1. The process flow chart for the purification and extraction of nanocellulose.

2.3. Coating of jute fabric with nanocellulose

The prepared nanocellulose suspensions (3, 5, and 10 wt %) were ultasonicated for 5 min with Bandelin
ultrasonic probe and then applied on the surface of jute fabric by roller padding at room temperature.
Finally, the coated fabrics were dried at 70 °C for 60 min.

2.4. Preparation of composites

The composites were prepared by hand layup method. The resin and hardener were mixed in a ratio of
100:32 (by weight) according to manufacturer recommendations, before hand-layup. The prepared resin
mixture was poured on fabric layers and spread out by a hand roller. The gentle rolling action of hand
roller confirmed the wetting of jute fabrics and the excess resin was squeezed out of the panel layup by
the roller. The composite layup along with Teflon sheets were sandwiched between a pair of steel plates
and cured at 120 °C for 1.0 h in mechanical convection oven with predetermined weight on it to maintain
uniform pressure of about 50 kPa. The fiber volume fraction (Vf) of all composites was in the range of
0.25-0.27. The prepared composite samples were designated as CF0 (uncoated), CF3 (3 wt %
nanocellulose coated), CF5 (5 wt % nanocellulose coated) and CF10 (10 wt % nanocellulose coated).
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2.5. Characterization and testing

2.5.1.Scanning electron microscopy (SEM)

The topologies of alkali treated and bleached jute fibers, cellulose nanofibrils and nanocellulose coated
jute fabrics were observed with Vega-Tescan TS5130 Scanning Electron Microscope at 30 kV
accelerating voltage. The surface of fibers was gold coated prior to SEM inspection. Additionally, in
order to measure the size distribution using SEM image, the topology of cellulose nanofibrils was also
observed on Zeiss Ultra Plus field emission scanning electron microscope (FE-SEM) at low accelerating
voltage (1.0 kV) and low probe current (≈ 10 pA) to eliminate charging effect and sample damage due to
interaction with primary electrons. The software used for image analysis was NIS Elements BR 3.22.

2.5.2.Mechanical characterization of composites

Tensile properties of composites were characterized on an MTS series 370 servo-hydraulic load frame
equipped with 647 hydraulic wedge grip of 100 kN load capacity at a cross head speed of 2 mm/min and
gauge length of 100 mm in accordance with ASTM D3039-00 using rectangular specimens of dimension
200×20×h mm3, where “h” is the actual thickness of specimen in the range of 4.0 to 4.5 mm. Flexural test
was performed in three point bending mode on a universal mechanical testing machine, Shimadzu AGS-J
with 5kN load cell, following ASTM D790 standard. The specimens of dimension 160×12.7×h mm3 were
used maintaining a span to thickness ratio of 32:1 according to standard recommendations.

The tension-tension fatigue performance of composites was experimentally evaluated at two different
stress levels (80 % and 70 % of the ultimate tensile stress σu) assuming the same geometry of specimens
as the one adopted in quasi-static tensile tests. Tests were performed at gage length of 100 mm under
constant stress amplitude, stress ratio (R) of 0.1 (ratio of maximum to minimum stress during a loading
cycle) and frequency of 5 Hz. Three specimens were tested for each stress level up to final failure of
specimens. Tests were realized on the same MTS series 370 servo-hydraulic loading machine equipped
with 647 hydraulic wedge grip of 100 kN load capacity.
Fracture toughness, KIc, of composites was determined by three point bending method using the single
edge notch bend (SENB) specimens in accordance with the standard test method ASTM D5045-99. A
sharp crack of length “a” between 0.45 W and 0.55 W was introduced by using a notch maker CEAST
NOTCHVIS and a fresh razor blade at the notch tip (‘W’ is the width of specimen). The specifications of
fixture and specimens are shown in Figure 2.
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Figure 2. SENB (single edge notch bending) specimen and fixture dimensions for fracture toughness test
(dimensions in mm).

The tests were performed using universal mechanical testing machine, Shimadzu AGS-J with 5 kN
load cell, at a cross head speed of 10 mm/min. Five specimens were tested for each condition to get an
average value. Statistical analysis of tensile, flexural and fracture toughness properties was done by one-
way analysis of variance (ANOVA) and probability value p  0.05 was considered as an indicative of
statistical significance compared to the control sample (CF0 composite).

3. Results and Discussion

3.1. SEM Study of Chemically Treated Jute Fibers and Jute Cellulose Nanofibrils

Surface topologies of jute fibers after alkali treatment, bleaching and milling are presented in Figure 3.
Figure 3a shows the jute fibers bound together in the form of fiber bundles by cementing materials e.g.
hemicellulose and lignin but after repeated alkali treatment, splitting of fibers is observed due to
destruction of mesh structure with a little rough and clean surface, may be due to majority of the removal
of non-cellulosic materials [11, 12] as shown in Figure 3b.

The alkali treated fibers are further separated to individual fibers with more clean surface and
fibrillation on the surface, may be due to more delignification after bleaching treatment [13], as shown in
Figure 3c. Figure 3d displays the milled jute fibers with size distribution of fibers in the micron range.
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Figure 3. SEM images of jute fibers (a) untreated, (b) alkali treated, (c) bleached and (d) pulverized
(milled).

A high resolution FE-SEM image at nanoscale level is precisely analyzed to measure the size (width)
of jute cellulose nanofibrils (CNF), after acid hydrolysis, as shown in Figure 4a. The histogram of size
distribution of 50 measurements is shown in Figure 4b. The calculated average diameter (width) of CNF
was found to be 57.40 ± 20.61 nm.

3.2. Surface Topology of Nanocellulose Coated Fabrics

The topological changes that occur on the surface of jute fabric after nanocellulose coating are shown in
Figure 5. It is apparent that there is depositing of nanocellulose on the fabric surface forming a layer. The
layer thickness increases gradually with the increase in nanocellulose concentration as clear in Figure 5b-
d and the fabric surface coated with 10 wt% nanocellulose suspension is covered almost completely with
cellulose as shown in Figure 5d.
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Figure 4. (a) FE-SEM image of jute cellulose nanofibrils. (b) Histogram of width distribution of cellulose
nanofibrils.
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Figure 5. Surface topology of jute fabric coated with; (a) 0 wt%, (b) 3 wt%, (c) 5 wt%, (d) 10 wt% of
nanocellulose suspensions.

3.3. Tensile Properties

Figure 6a shows the typical stress-strain curves of uncoated and coated jute composites with different
nanocellulose content. The stress-strain curve for uncoated (CF0) composite shows almost linear behavior
until failure whereas the curves for composites coated with different nanocellulose content show linear
behavior followed by change in slope showing nonlinear behavior, thus presenting plastic deformation
and gradual debonding of fibers from the matrix just before failure. The tensile failure behavior also
reveals more brittle nature of CF0 composite as compared to nanocellulose coated composites (Figure
6a).

Figure 6b presents the average values and standard deviation of ultimate tensile strength and tensile
modulus of composites. The tensile properties indicate the decrease in strength and increase in modulus
(stiffness) of composites with the increase in nanocellulose concentration. For CF10 composite, the
tensile modulus increases from 4.6 GPa to 5.58 GPa showing 21 % increase, thus presenting better
fiber/matrix interfacial interaction and bonding which would be effective at the early stages of loading.
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Figure 6. (a) Tensile stress-strain curves and (b) tensile strength and modulus of uncoated and
nanocellulose coated jute composites.

However, the decrease in tensile strength of composites with the increase in nanocellulose
concentration may be explained by the differences in failure strains of nanocellulose coated jute fabric
reinforcement and the matrix. In other words, the reinforcement does not come into effect when the
failure strain of matrix is much greater than that of reinforcement. So the composite shows a failure
before the stress is transferred from matrix to reinforcement [6]. The ANOVA for the tensile strength (p =
0.000) and tensile modulus (p = 0.008) showed the statistically significant difference between the means
at the 95.0% confidence level.

3.4. Flexural Properties

The flexural strength and modulus increase with the increase in nanocellulose concentration in
composites. The flexural strength increases from 32.94 MPa for CF0 composite to 32.94 MPa, 43.53 MPa
and 48.66 MPa for CF3, CF5 and CF10 composites, respectively thus allowing 26 %, 32 % and 47 %
increase on average as shown in Figure 7. Similarly, flexural modulus increases from 3.83 GPa for CF0
composite to 4.81 GPa, 4.73 GPa and 5.67 GPa for CF3, CF5 and CF10 composites, respectively thus
permitting 25 %, 23.5 % and 48 % increase on average. These findings may suggest the strong interaction
between matrix and reinforcement after nanocellulose coating which increases with the increase in
nanocellulose content. The other possibility of the enhancement of flexural properties may be the increase
in bending stiffness/rigidity of jute reinforcement after coating with nanocellulose which also increases
with the increase nanocellulose concentration [14, 15]. The ANOVA for the flexural strength (p = 0.000)
and flexural modulus (p = 0.000) also showed the statistically significant difference between the means at
the 95.0% confidence level.
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Figure 7. Flexural strength and modulus of uncoated and nanocellulose coated jute/green epoxy
composites.

3.5. Fatigue Life

The S-N (fatigue life) curves of all composites in the considered stress range are shown in Figure 8. The
experimental fatigue data was fitted by semi-logarithmic function, σmax = klog Nf + a [16] (where k and a
are the parameters to be defined by the least square method as given in Table 5.1) to have a reliable
predicting of the fatigue life corresponding to other stress levels in the considered stress range, which are
not directly determined by testing. The quality of the fitting is related to the coefficient of determination
R2 [17]. Values of R2 close to 1 confirm the better goodness-to-fit of experimental and predicted data. The
curves in Figure 8 have R2 values in the range 0.92–0.98 (Table 1). The negative slope k values of the
linear fitting curves, listed in Table 1, show a decreasing trend with the increase in nanocellulose content
of the composites. This predicts an increase in fatigue life for composites containing higher contents of
nanocellulose coated over woven jute reinforcement than that of uncoated jute composite. This is clearer
in Figure 9 when comparing the average number of cycles to failure for the two applied stress levels. CF3
composite has higher fatigue life at 80 % stress level (low cycles regime) whereas decreasing the stress
level to 70 % (high cycles regime) causes a significant increase in the fatigue life of CF5 and CF10
composites.
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Figure 8. Maximum stress (σmax) vs. logarithm of number of cycles to failure log(Nf) and semi-logarithm
fitting for each composite.

Table 1. Parameters of the linear fitting of S-N curves.

Composites k a Adj. R2

CF0 -9.73 ( 3.06) 73.63 ( 11.90) 0.92287

CF3 -6.82 ( 1.69) 59.74 ( 7.73) 0.95104

CF5 -1.80 ( 0.32) 33.43 ( 1.55) 0.97462

CF10 -1.80 ( 0.26) 30.03 ( 1.30) 0.98312

Note: Standard deviation in parentheses

The reliability of the above results on the fatigue life can be assessed by the confidence level index,
based on the Student’s t-distribution [17]. The confidence levels in Table 2 show that, in strict statistics
terms: the hypothesis ‘‘the nanocellulose coated jute composites have a longer fatigue life than the
uncoated jute composite (CF0)” is valid with confidence level higher than 99 % for both stress levels
except for CF5 composite which has confidence level > 88 % at 80 % stress level. The better fatigue life
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of nanocellulose coated jute composites can be interpreted as a better damage tolerance of these materials
mainly due to increase in intermolecular and physical interactions thus forming a rigid and stiff network
due to nanocellulose coating over woven jute reinforcement.

Figure 9. Comparison of average fatigue life of composites: (a) 80% and (b) 70% of σu.

Table 2. Confidence levels for three hypotheses (‘>’ means longer fatigue life)

Stress level [%] ________Confidence level for hypotheses_________

CF3>CF0 [%] CF5>CF0 [%] CF10>CF0 [%]

70 99.8 99.4 99.9

80 99.9 88.8 99.3

3.6. Fracture Toughness

Figure 10a shows the typical KQ vs. displacement curves presenting the crack growth behavior of
composites and Figure 10b presents the fracture toughness (K1c) with respect to nanocellulose content in
composites. The fracture mode was brittle for CF0 composite showing slip-stick behavior but as the
nanocellulose content over jute reinforcement increased, the fracture mode changed from brittle to a little
ductile and K1c values increased from 2.64 MPa.m1/2 for CF0 composite to 3.20 MPa.m1/2, 3.21 MPa.m1/2

and 3.49 MPa.m1/2 for CF3, CF5 and CF10 composites, respectively resulting in 21 %, 21.5 % and 32 %
increase on average (Figure 10b). Thus, fracture toughness increases linearly with the increase in
concentration of nanocellulose coating over reinforcement. The ANOVA for the fracture toughness, K1c

(p = 0.024) showed the statistically significant difference between the means at the 95.0% confidence
level.
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Crack deflection, plastic deformation, voids, crack pinning/bridging, fiber pullout and debonding are
the known toughening mechanisms in epoxy matrices, found in literature [18]. Figure 11a-d exhibits SEM
images for all nanocellulose contents which clearly shows fiber fracture, fiber pullout and some voids for
all composites. However, fiber pullout is a little more prominent mechanism for nanocellulose coated
composites, may be due to increased fiber debonding during fracture resulting in increased crack
propagation length during deformation and hence fracture toughness.

Figure 10. (a) Typical KQ vs. displacement curves and (b) fracture toughness (K1c) of uncoated and
cellulose coated jute/green epoxy composites.

Figure 12 shows the fracture surface topologies in the matrix region. It can be seen from Figure 12a
that the fracture surface of green epoxy matrix of CF0 composite is very smooth and featureless, which
indicates typical brittle fracture behavior with lack of significant toughness mechanism [19]. However,
Figure 12b-d show rougher fracture surfaces and river patterns in the matrix regions of nanocellulose
coated jute composites. An increase in fracture surface roughness can be used as an indicator to the
presence of plastic deformation and crack deflection mechanisms, which increase fracture toughness by
increasing crack propagation length during deformation [20].
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Figure 11. Fracture surface topology of nanocellulose coated jute/green epoxy composites; (a) CF0, (b)
CF3, (c) CF5 and (d) CF10.



15

Figure 12. Fracture surfaces in the matrix region of jute/green composites; (a) CF0, (b) CF3, (c) CF5 and
(d) CF10.

4. Conclusion

Tensile modulus, flexural strength, flexural modulus, fatigue life and fracture toughness of composites
were found to improve with the increase in concentration of nanocellulose coating over jute reinforcement
except the decrease in tensile strength. Based on the analysis of results, the improvement in mechanical
properties were likely attributed to the increase in interfacial interaction between reinforcement and
matrix due to large surface area exposed by nanocellulose coated over jute reinforcement, the formation
of rigid and stiff network interconnected by hydrogen bonds and the increase in the stiffness of
reinforcement with increasing nanocellulose concentration. Whereas, the differences in failure strains of
coated jute reinforcement and the matrix might be the reason of reduction in tensile strength of these
composites.
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Abstract. Lightweight materials are a necessity in various industries. Lightweight design is in 

the key interest of the mobility sector, e.g. the automotive and aerospace industry. This trend 

applies also for the consumer industries, e.g. sporting goods. In addition, the worldwide 

demand for replacing fossil-based materials has led to a significant growth of bioplastics. Due 

to their low mechanical performance and durability, their use is still limited. Therefore, it is 

necessary to develop biobased, sustainable polymeric materials with high stiffness, high impact 

and high durability without impairing recyclability at a similar price level of non-biobased 

solutions. Biobased self-reinforced polymer composites offer these unique properties. 

1.  Introduction 

In general, fibre reinforced composites consist of at least two different materials. A reinforcing 

material is embedded in a polymeric matrix material. Usually glass or carbon fibres are being used as 

the reinforcement material. These fibres carry the loads applied to the composites. The matrix mainly 

holds the reinforcing fibres in place and protects them from environmental conditions. Adding 

reinforcing fibres cause an increase in mechanical properties of the matrix phase. As a result, fibre 

reinforced composites combine the advantage of high mechanical properties (strength and stiffness) 

with low weight compared to metals such as steel or aluminium. [1] 

 

Self-reinforced polymer composites (SRPCs) are a special type of composite. In SRPCs the same 

polymer is used for the reinforcing and the matrix phase [2]. Capiati and Porter introduced the concept 

already in 1975 [3]. Due to the use of a thermoplastic reinforcing fibre, SRPCs combine high impact 

and high durability. The density of SRPCs is lower compared to for example glass fibre reinforced 

composites. The recyclability of such composites is also increased by using the same polymer type as 

reinforcing and matrix material [4]. 

 

Self-reinforcing a polymer with fibres of the same polymer type results in an increase of the 

following material properties: 

 strength, 

 stiffness, 

 durability, 

 and impact behaviour [5]. 



 

 

 

 

 

 

 

The most significant improvement is observed for the impact behaviour [5]. SRPCs also offer 

superior fibre-matrix-adhesion compared to traditionally fibre filled polymers as fibre and matrix are 

made of the same material. The high chemical similarity leads to a strong composite as well as to a 

high nucleation density for the transcrystallization of the fibres into the matrix. The mechanical 

properties are strongly affected by the fibre-matrix-adhesion. Poor fibre matrix adhesion leads to 

peeling, cracking and reinforcement fibre pull-out. [5] 

 

Using thermoplastic reinforcing fibres for self-reinforced composites also introduces some 

disadvantages. The main problem is the dependency of the reinforcing fibre’s mechanical properties 

on temperature. Therefore, the processing window for consolidation is limited. It has to be precisely 

controlled in order to receive the best mechanical properties. The small processing window 

(consolidation temperature and cycle time) is the major challenge for producing SRPCs.  

 

In order to reduce the cycle time and therefore heat exposure, hybrid yarns with short melt flow 

paths can be used. The reinforcing fibres as well as the matrix fibres are mixed on a filament level 

during the Commingling process. The use of commingled yarns allows the combination of a large 

variety of fibres and therefore a wide range of material properties. The melt flow paths of the matrix 

material are considerably lower compared to the Film-Stacking process [6]. COMFIL ApS, Gjern, 

Denmark currently produces SRPCs in form of high-tenacity PET mixed with low melting PET in 

form of yarn, fabrics, consolidated plates and rods/tapes. Self-reinforced Polypropylene (PP) is also 

available [7]. The production process of SRPCs using commingled yarns is illustrated in Figure 1. 

 

 
Figure 1. Consolidation process of commingled yarn based production process for SRPCs 

2.  Experimental 

The material provided for the development of self-reinforced PLA is procured directly in filament yarn 

form as part of the EU project BIO4SELF [8]. Two project partners are developing the fibres in their 

research facilities. The reinforcing fibres (High Tm) are provided by by Centexbel, the Belgian 

research centre for textiles and plastics, Gent, Belgium. The matrix filaments (Low Tm) have been 

acquired from the AMIBM Aachen-Maastricht Institute for Biobased Materials, Maastricht, 

Netherlands. 

 

Both multifilament yarns (reinforcing and matrix fibres) are mixed using a modular commingling 

machine at ITA. A mixing ratio of 50:50 is chosen. The filament yarns are delivered separately and 

commingled inside a mixing box using an air jet nozzle. Compressed air is used to open and to 

intermingle the fibres. This results in the production of a hybrid yarn. The turbulences causing the 

mixing are controlled by increasing or decreasing the air pressure. The amount of filament breaks as 

well as production costs rise with increasing air pressures. Both multifilament yarns can be overfed. 

This influences the quality of the yarn (fibre distribution and orientation). The overfeeding is caused 

by the relative speed between the delivery godets and the take-off godet. In addition, the production 
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speed constitutes a relevant process parameter for the hybrid yarn quality as well as production costs. 

The production process is shown in Figure 2. The production speed, pressure and overfeeding rate are 

varied during the commingling trials to identify a parameter set that offers best properties for the 

commingled yarn. 

 

 
Figure 2. The commingling process 

 

3.  Results 

The reinforcing fibres and matrix fibres used in this paper are characterised regarding their thermal 

and mechanical properties. Differential Scanning Calorimetry (DSC) from Mettler-Toledo GmbH, 

Greifensee, Switzerland has been used to analyse the melting temperature of the fibres. It was not 

possible to determine the melting temperature of the low melting PLA. Therefore, the melting 

temperature from the data sheet is given. The yarn count of the fibres is tested according to DIN EN 

ISO 2060. The tensile strength is analysed according to DIN EN ISO 2062 using a STATIMAT 4U 

from Textechno, Herbert Stein GmbH & Co. KG Textile Mess- und Prüftechnik, Mönchengladbach, 

Germany. The relevant fibre characteristics are presented in Table 1. 
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Table 1. Materials used for the experiments 

 Low Tm PLA High Tm PLA 

SRPC phase Matrix phase Reinforcing phase 

PLA grade 
Ingeo™ Biopolymer 

6302D 
PURAPOL L130 

PLA manufacturer Nature Works Corbion 

Yarn count Tt [dtex] 211,87 ± 0,64 248,52 ± 3,17 

Tensile strength σt [cN/tex] 10,22 ± 2,15 30,09 ± 2,84 

Melting temperature Tm [°C] 125 - 135 176,99 

Filaments produced by AMIBM Centexbel 

 

The development of the hybrid yarns is successful. Reinforcing fibres and matrix fibres are doubled 

prior to the Commingling process in order to increase the yarn count of the hybrid yarn. In total 54 

different parameter combinations are investigated. The first analysis of the hybrid yarns is a visual 

examination. The hybrid yarns are graded regarding the intermingling as well as the yarn structure 

(ondulation). The matrix fibres are coloured to ease the evaluation. An exemplary image of the hybrid 

yarns is displayed in Figure 3. 

 

 
Figure 3. PLA-PLA hybrid yarns 

 

The yarn count of the fibres is characterised according to DIN EN ISO 2060. The tensile strength is 

analysed according to DIN EN ISO 2062 using a STATIMAT 4U from Textechno, Herbert Stein 

GmbH & Co. KG Textile Mess- und Prüftechnik, Mönchengladbach, Germany. Three well performing 

hybrid yarns are chosen for UD-composite production. The production of UD-composites is possible. 

The manufacturing parameters and material properties of these hybrid yarns are displayed in Table 2. 
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Table 2. Manufacturing parameters and material properties of hybrid yarns 

 A B C 

Pressure p [bar] 6 6 6 

Manufacturing speed v [m/min] 150 200 200 

Difference of overfeeding rate between 

fibres ΔORrf/mf [%] 
0,5 0,5 2 

Yarn count Tt [dtex] 2070,71 ± 13,25 2070,10 ± 8,52 2079,81 ± 11,74 

Tensile strength σt [cN/tex] 12,83 ± 0,97 12,33 ± 1,30 11,92 ± 1,38 

 

4.  Discussion 

High production speeds during the commingling process can be used to produce hybrid yarns. The 

best mechanical properties of the three processing parameter sets displayed in Tab. 3 are received at 

low overfeeding rates (0.5 %) at a processing speed of 150 m/min. However, higher production speeds 

(200 m/min) do not lead to a significant loss in tensile strength. The impact of an overfeeding ratio of 

2 %, between reinforcing and matrix fibre, also does not reduce the tensile strength of the hybrid yarn 

significantly. 

A differentiation between the commingled yarns is difficult. Therefore, the production of UD 

composites from the hybrid yarns is required. The production of such composites is possible. The 

SRPCs are currently being tested according to DIN EN ISO 527-5. Previous results indicate high 

quality PLA SRPCs [9]. 

5.  Conclusion and Outlook 

The research conducted demonstrates the possibility to produce hybrid yarns for biobased SRPCs. 

Current research is conducted on the production of UD-composites to further investigate the quality of 

hybrid yarns. The next research step includes the evaluation of different mixing ratios of reinforcing 

and matrix fibres. In addition, the production of fabrics is investigated. The fabrics will also be 

consolidated and tested as well. The effect of the processing window of the consolidation process on 

the mechanical properties of the SRPC is going to be analysed. Further improvements on the material 

side may include adding nanofillers in order to increase mechanical properties. Additional research has 

to be conducted regarding the environmental impact of the biobased SRPCs. 
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Abstract 
Carbon fibres have strengths of 2.5 to 5 GPa in the fibre direction and an elastic 

modulus of 200 to 500 GPa. Carbon fibres have equal mechanical properties as steel 

but 20% of the weight. But the material is more expensive than steel. Therefore, they 

are only used in industry sectors where the benefits legitimate the high costs. The use 

of hollow rather than solid fibres allows an even lower weight of the components. At 

the same time, similar mechanical properties are achieved by the circular cross 

section. Carbon fibres are obtained from polyacrylonitrile fibers (PAN). These can be 

produced as hollow fibres. As a first step stabilization and carbonization of hollow 

PAN precursors is investigated to produce hollow carbon fibres. 

 

 
Introduction 
The efficient use of the remaining energy reserves is of great importance due to climate 

change. In vehicles, the use of low weight structures reduces fuel consumption to reduce CO2 

emissions. Carbon fibre reinforced plastic (CFRP) is suitable as a substitution material for 

metal constructions. The material is made of a composite of carbon fibres and a matrix. The 

fibres have a tensile strength of 2.5 – 5 GPa and an elastic modulus of 200 – 500 GPa [2]. 

Carbon fibres have equal mechanical properties as steel but 20% of the weight [4]. The 

material price of conventional carbon fibres is about 20 €/kg (the price of steel is about 

0.5 €/kg) [5,6]. Therefore, they are only used in industry sectors where the benefits legitimate 

the high costs. The use of hollow fibres instead of solid fibres lead to an even lower weight of 

the components. Similar mechanical properties are achieved by the circular cross section. 

Carbon fibres are obtained from polyacrylonitrile fibres (PAN). These can already be 

produced as hollow fibres. The aim is to produce hollow carbon fibres from hollow PAN 

precursors. 

[1] and [3] describe the production of fibres with a non-solid cross section. In [1] the PAN 

precursor is spun out with c-shaped cross section. It is stabilized at 200 - 300 °C and 

carbonized at 1000 - 2000 °C. It can be seen that the chemical reaction run faster than at 

conventional solid fibres [1]. In [3] the PAN precursor is spun out with several hollow cores 

to reduce the density of carbon fibres. It is managed with the island-in-a-sea method with a 

poly(methyl methacrylate) solution as island component. The fibres have a honey comp 



shaped cross section. It turns out that an amount of seven islands leads to a stable structure 

during stabilization and carbonization. The precursors are stabilized and carbonized with 

different temperature profiles. For a stable structure the stabilization was carried out in two 

stages. First the precursors were heated from room temperature up to 260 °C with a rate of 

5 °C/min and held isothermally for 60 min. In the second stage the fibres were heated to 

305 °C with a rate of 5 °C/min and held isothermally for 20 min. The carbonization is 

conducted 10 min at 1257 °C under argon atmosphere. The density of the produced fibres is at 

1,2 g/cm³. The properties are compared with a conventional fibre (T300 with a density of 

1,79 g/cm³) in table 1 [3]. 

 

Table 1. Properties of different trials of the honey comp fibres (1 - 4) and carbon fibre T300 [3] 

trial diameter 

[µm] 

tensile strength 

[GPa] 

density related 

tensile strength 

[GN*kg/mm] 

E-modulus 

[GPa] 

elongation at 

break [%] 

1 8,3 ± 0,3 2,3 ± 0,8 1,92 ± 0,7 267 ± 96 0,9 ± 0,3 

2 9,6 ± 0,3 2,4 ± 0,5 2,00 ± 0,4 342 ± 28 0,7 ± 0,1 

3 10,1 ± 0,3 2,1 ± 0,5 1,75 ± 0,4 322 ± 25 0,6 ± 0,1 

4 9,3 ± 0,3 2,4 ± 0,6 2,00 ± 0,5 368 ± 58 0,7 

T300 7 3,5 1,96 230 1,5 

 

It can be seen that the tensile strength of all fibres in relation to their density are in the same 

amount. The E-moduluses of the honey comb fibres are even higher. 

Due to the previous works, some theses are formulated. In [3] the tensile strengths are 

compared. The bending stiffness is not tested. It can be assumed that there is a difference 

between hollow and solid fibres due to their different geometric moments of inertia. It is 

expected that hollow fibres have a higher bending stiffness in relation to their weight. In [1] 

was found that stabilization and carbonization of hollow fibres run faster. It can be assumed 

that the smaller cross section area is a reason. Also, hollow fibers have an additional surface 

inside where chemical reactions with oxygen can run. In [1] and [3] the non-solid precursors 

stay stable during stabilization and carbonization. It can be assumed that the production of 

hollow carbon fibres is possible. 

Theoretical 

The examination of mechanical properties is done theoretically. Bending stiffness and weight of 

hollow and solid fibers are compared. The bending stiffness is proportional to geometric moment of 

inertia. The weight is proportional to the cross-sectional area. According to the fibre diameters two 

functions are set up. The first function sets the diameters of hollow and solid fibres in relation while 

their weight is equal. the second function sets the diameters of hollow and solid fibres in relation while 

their bending stiffness is equal. They are shown in figure 1. The hollow fibres of the same weight as 

solid fibers have a higher bending stiffness. Also, it is possible to produce a hollow fiber with a higher 

bending stiffness and lower weight than a solid fibre. 
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Figure 1. Bending stiffness and weight according to fibre diameters 

Experimental 

Two different PAN fibres are examined. The first fibre is purchased from MICRODYN-NADIR 

GmbH, Wiesbaden, Germany. It is used as a hollow precursor. It is hereinafter referred to as industrial 

fibre. The other hollow PAN precursor is spun out at the ITA and is referred to as ITA-fibre. To 

consider the surface and cross section of the precursors a Scanning Electron Microscope Leo (Zeiss) 

1450 VP is used. 

The fibres are stabilized discontinuously. Therefor a LM 312 laboratory muffle of LINN High Therm 

GmbH is used. Two trials are carried out for stabilization. The first test is made to analyse the 

behaviour of the fibre structure under the influence of different temperatures. The fibres are stabilized 

with three different temperature profiles. The first temperature profile is defined by the ITA and is 

based on the experience with the production of carbon fibres. The starting temperature is 160 °C. and 

the final temperature is 260 °C. A constant heating rate of 1 °C./min is used. It is referred to as 

260 °C-profile. As described carbon fibres with honey comp cross section are produced in [KNG13]. 

The described temperature profiles with a final temperature of 305 °C is used for comparison and 

referred to as 305 °C-profile. For the third temperature profile, the 260 °C-profile is used with an 

adjusted trial time. A correction factor c is determined by the following equation: 

   

where d is the inner diameter of the fibre and D the major diameter of the hollow fibres. The adjusted 

trial time is determined by following equation: 

   

where t is the trial time of the 260 °C-profile and is set to 100 min. With the measured diameters for 

the industrial fibre a factor c of 0.67 is determined and an adjusted trial time of 67 min. For the ITA-

fibre a factor c of 0.53 is determined and an adjusted trial time of 53 min. 

Furthermore, it is stated that hollow fibres have an additional surface inside, on which reactions can 

take place. Oxygen in the core of the fibres is necessary so that dehydration and oxidation can take 

place. To investigate this effect, a second trial is carried out. It is investigated whether the reactions in 

the interior are weaker when the oxygen is cut off. For this purpose, the fibre ends are closed airtight 

at one sample each. A sample with open fibre ends serves as a comparison. The fibres are stabilized 

with the 260 ° C profile. 

For discontinuously carbonization a tube furnace from type FRH-70/500/1600 is used. Fibre samples 

stabilized with the 260 °C-profile are carbonized at 1200 °C under nitrogen atmosphere. To 

microscopy all produced fibre samples a stereo microscope from type Leica M205C is used. 



Results and discussion 

At first the cross-sections of the precursors are watched under the scanning electron microscope 

(SEM). In figure 2 both precursors have a circular cross section with a hollow core in the center. 

 

 

Figure 2. Cross sections of precursors under SEM; industrial fibre (left) and ITA-fibre (right) 

 

The ITA-fibre has a thicker wall on one side. Both precursors do not have a homogeny cross section 

area but show many hollow spaces between inner and outer surface. The industrial fibre has an 

average inner diameter of 1,2 mm and major diameter of 2,08 mm. The ITA-fibre has an average inner 

diameter of 0,78 mm and major diameter of 1,18 mm.  

In figure 3 the industrial fibre is pictured after 50% and 100% trial time of stabilization. In all cases 

the hollow structure stays stable. During stabilization, there is formed a core-mantle structure in the 

cross-section area. The core area is surrounded by two mantle areas. These are in contact with oxygen 

during the process. This leads to the assumption that the reactions with oxygen are the reason for 

building this structure. Also it can be seen that the fibres changes the color from white to black with 

higher temperature. In case of the 305 °C-profile, 260 °C are reached after 50% of time. The color of 

the fiber is quite different to the other samples at this time. This suggests that the stabilization process 

may be completed after 50% and the final temperature is set too high. 

 

 

Figure 3. Industrial fibre after 50% and 100% trial time of stabilization; 260 °C-profile (left), 

adjusted 260 °C-profile (center), 305 °C-profile (right) 

 

In figure 4 the ITA-fibre is pictured after 50% and 100% trial time of stabilization. As in the case of 

the industrial fibre no change of the hollow structure can be seen. The core-mantle structure is formed 

too. The effect of color changing is shown too. Unlike the industrial fibre the ITA-fibre shows a 

thickening in the wall at one side. It can be seen at the precursor too which means, it does not appear 

during the stabilization. 



 

Figure 3. ITA-fibre after 50% and 100% trial time of stabilization; 260 °C-profile (left), adjusted 

260 °C-profile (center), 305 °C-profile (right) 

 

In the second trial samples with airtight closed and open fibre ends are compared. After stabilization, 

there is no difference between both. Two explanations are possible. First the oxygen locked inside 

after closing the fibre ends could suffice for the reactions with oxygen. The other explanation is that 

oxygen still streams through the fibre walls by diffusion. The hollow spaces seen in figure 2 could 

allow oxygen to diffuse fast to the inside.  

In figure 5 cross-sections of the industrial fibre after carbonization are pictured. 

 

 

Figure 5. Cross-sections of the industrial fibre after carbonization at 1200 °C 

 

In some cases, there are changes in the structure after carbonization. In some cases, the circular core 

transformed into a slim gap. In some cases, the inner fibre walls cut off and created two hollow spaces 

in the center. One reason could be the high mass loss during carbonization which can be up to 40%. 

This leads to inner tensions and to a deformation of the geometry. Another explanation are gases 

which are ejected during carbonization. It is conceivable that these gases pond in some hollow spaces, 

create high pressure and blow up the inner fibre walls. 

In figure 5 the cross-section of the ITA-fibre after carbonization is pictured. Unlike the industrial fibre 

there are no transformations after the carbonization. One reason for this difference could be the lower 

wall thickness of the ITA-fiber. Thus, the ejected gases can diffuse faster to the outside and do not 

pond.  



 

Figure 6. Cross-section of the ITA-fibre after carbonization at 1200 °C 

Conclusion 

The results show that the hollow fiber structure is largely retained during the stabilization reactions. 

Small irregularities, which can be seen after stabilization, also occur in the precursor. This means that 

they do not appear during stabilization. The hollow fibers form a core-mantle structure with three 

areas. There is no difference between fibers with open and closed fiber ends. In the case of 

carbonization, some samples show changes in the geometry. 

Stabilization and carbonization are carried out discontinuously in the laboratory scale. In continuing 

projects the continuous process should be considered. For this, it must be examined whether air 

diffuses through the fiber wall or not. One possibility is to separate the three regions of the core-

mantle structure and compare their chemical composition. Interesting is also whether nitrogen diffuses 

through the stabilized fibers. The carbonization should take place under an inert atmosphere to prevent 

reactions with oxygen. Incorporated oxygen in the fiber interior can lead to an undesirable effect in 

carbonization. Furthermore, a check of the mechanical properties of the hollow carbon fibers must 

follow to validate the theoretical statements. 
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Abstract. Based on their extraordinary properties, carbon fibres nowadays play a significant 

role in modern industries. In the last years carbon fibres are increasingly used for lightweight 

constructions in the energy or the transportation industry. However, a bigger market 

penetration of carbon fibres is still hindered by high prices (~ 22 $/kg) [3]. One crucial step in 

carbon fibre production is the process of carbonization of stabilized fibres. However, the cause 

effect relationships of carbonization are nowadays not fully understood. Therefore, the main 

goal of this research work is the quantification of the cause-effect relationships of process 

parameters like temperature and residence time on carbon fibre strength. 

1.  Introduction 

Because of their outstanding mechanical properties combined with low density carbon fibres are in the 

last years increasingly used for light-weight applications in the transport or the energy industry. 

Through the use of carbon fibre in wind power plants, an enhanced and more efficient rotor blade 

design can be achieved. This results in a decreased rotor blade weight, by which the total efficiency is 

enhanced. Modern airplanes, like the Airbus A350 or the Boing 787 “Dreamliner” consists of more 

than 50 % carbon fibre reinforced plastics (CFRP). One milestone in the automotive industry was the 

development of the BMW i3/i8. The passenger cabin of both cars is fully produced of CFRP, by which 

the weight and therefore the fuel consumption of the whole car are reduced. 

The market outlook for carbon fibres is very promising [2]. In 2014 the production capabilities of 

carbon fibres manufactures exceeded 100.000 tons per year. Currently, a constant annual growth rate 

of more than 10 % is projected for the carbon fibre market [2]. All in all, the carbon fibre market and 

its outlook can be described as very promising. However, due to the very energy demanding 

production process the production costs of carbon fibres are very high (15 – 25 €/kg). Therefore, 

carbon fibres are nowadays still not used for mass application. One crucial production step during 

carbon fibre production is the process of carbonization. The mechanical properties (strength, young’s 

modulus and breaking elongation) of the produced carbon fibres are adjusted in this process step. 

However, the cause-effect relationships of the different process parameters (e.g. temperature, 

residence time, fibre tension) are still not fully understood. Therefore the main aim of this research is 

the investigation of the influence of the process parameters temperature and residence time during 

carbonization on the mechanical properties of the produced carbon fibres. Final goal is the 



 

 

 

 

 

 

development of process parameters, by which the mechanical properties of produced carbon fibres can 

be adjusted. Furthermore, carbon fibre strength and young’s modulus are maximized.´ 

 

 
Figure 1: Carbon fibre manufactures and production capacities in 2013 [2] 
 

2.  Materials and Methods 

For the investigation of the cause-effect relationships of carbonization a continuous technical 

scale production line in the technical centre of the “Institut für Textiltechnik der RWTH 

Aachen” is used. As raw material an industrial 12k precursor from Bluestar Limited GmbH 

(Grimsby, UK) is used.  

 

Table 1. Properties of the analysed precursor material 

Property Unit Value 

Strength GPa 0,5 

Young’s modulus GPa 10 

Breaking elongation % 15 

Density g/cm³ 1,2 

Diameter µm 12 

 

The precursor is stabilized on a continuous technical line with “standardized” process parameters. A 4 

Zone temperature profile with a maximum temperature of 260 °C and a total residence time of 100 

minutes is used. Next step is the research of the cause-effect relationships during LT carbonization. 

Final step is the optimization of the process parameters during HT carbonization. The mechanical 

properties (Strength, Young’s modulus, fineness, breaking strain) are measured by single filament 

tests in a Favimat+ from Textechno Herbert Stein GmbH & Co. KG (Mönchengladbach, Germany). 

Figure 2 shows the general approach of this research work. 
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Figure 2: General approach of this research work 

 

3.  Experimental results 

Figure 3 shows the results of temperature variations during carbonization on the evolution of carbon 

fibre strength. The x-axis shows the maximum temperature during LT and HT carbonization. 

Residence time in both heating zones was set to 5 minutes. 

 
Figure 3: Change of carbon fibre strength during LT and HT carbonization 

 

The figure shows, that carbon fibre strength increases with increasing temperature during LT 

carbonization. In contrast to this result the same effect can’t be seen in HT carbonization. In general, 

the standard deviation of the tested single filaments after HT carbonization is very high. The standard 

deviation increases for lower LT carbonization temperatures. Reason for this could be an 

inhomogeneous fibre structure due to not finished reactions in LT carbonization. Figure 4 shows the 

results of temperature variations during carbonization on the evolution of young’s modulus.  

 

Variation of process parameters during LT carbonization
1

Measurement of mechanical properties
2

Variation of process parameters during HT carbonization
3

Measurement of mechanical properties
4

Maximizing of mechanical properties
5

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

550 650 750 850 950

Stab. Fibre

 LT

 HT 1100

 HT 1250

 HT 1350

 HT 1500

S
tr

en
g
th

[G
P

a]

Max Temperature [ C]

PAN, BS 12K

F



 

 

 

 

 

 

 
Figure 4. Change of young's modulus during LT and HT carbonization 

 

 

The figure shows very clearly, that young’s modulus increases with increasing maximum temperature 

during HT carbonization. This is in accordance to literature values [1] [3]. The figure also shows that 

the maximum temperature doesn’t have any influence on young’s modulus during HT carbonization. 

For a maximum temperature during LT carbonization of 600 °C and 900 °C, the young’s modulus 

which evolves during HT carbonization is nearly the same. The conclusion is, that young’s modulus 

only depends on the max. temperature during HT carbonization. 

4.  Conclusion 

The results show, that the maximum temperature in LT carbonization does have only little influence 

on the resulting carbon fibre properties (strength and young’s modulus). During the experiments it was 

observed, that the fibre tension during LT and HT carbonization has a bigger influence on the resulting 

carbon fibre properties. The cause effect relationships of this process parameter on the mechanical 

properties of carbon fibres will be studies in a future research work. 
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Abstract: Lightweight design has gained more and more relevance over the last decades. 

Especially in automotive industry it is of paramount importance to reduce weight and save fuel. 

At the same time the demand for safety and performance increases the components’ weight. To 

reach a trade-off between driving comfort and efficiency new lightweight materials have to be 

developed. One possible solution is the usage of carbon fibre reinforced thermoplastics 

(CFRTP) as a lightweight substitute material. In contrast to conventional carbon fibre 

reinforced plastics (CFRP), CFRTPs are cheaper and have a higher impact resistance. 

Furthermore they are characterized by hot forming ability, weldability and recyclability. 

However, the impregnation of the textile requires high pressure, because of the melted 

polymer’s high viscosity. A new innovative approach for CFRTP is the usage of in-situ 

polymerization with ϵ-caprolactam as matrix, which has a much lower viscosity and thus 

requires much lower pressure for impregnation and consolidation. 

1. Introduction and Motivation 

The need for lightweight structural materials has become increasingly important in the past years. 

Especially in automotive industry it is paramount to reduce weight. Due to enforcement of new 

emission regulations, rising fuel costs and the emerging electromobility manufacturers are forced to 

redesign their materials. At the same time higher safety standards, increasing demands in comforts and 

driving performance as well as space and quality arose. Thus, almost every new car generation shows 

a higher weight. This is depicted in the principle of the “weight spiral” (cf. Figure 1). 

The demand for a cost-efficient high-performance lightweight material is given. In aerospace 

applications carbon fibre reinforced plastics are used to reduce the weight and therefore enable to 

build more efficient vehicles. CFRPs consist of two main components. These are the textile of 

reinforcement fibres and the surrounding matrix system. Nowadays the most common matrix systems 

are thermoset-based and could not enter the automotive market. This is mainly because of their long 

cycle time during production, moderate recyclability and reparability as well as high production costs. 

Using thermoplastic materials like polyamide (PA) as matrix material is a promising new 

approach to overcome these drawbacks. In contrast to conventional thermoset-based composites 

CFRTPs are recyclable, weldable and can be warm reshaped, thus increasing the profitability. CFRTPs 

are manufactured in the film stacking process. As the thermoplastic matrix material has a high 

viscosity, high pressures as well as high temperatures are necessary to completely impregnate the 



textile. One option of reducing the temperature and pressure requirements is the usage of in-situ 

polymerization of the thermoplastic matrix. 
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Figure 1. Reversing of „Weight Spiral“ [1,2] 

 

2. Advantages of carbon fibre reinforced thermoplastics 

In contrast to conventional carbon fibre reinforced plastics, CFRTPs offer manifold advantages. One 

major advantage is the fast manufacturability as thermoplastics do not need long curing times for the 

chemical crosslinking reactions. Furthermore reasons to use thermoplastic resin systems are: 

 Higher toughness and impact strength as compared to thermoset-based composites 

 Hot forming ability and weldability ► joining of different components 

 Good storage stability ► shelf life of intermediate materials is unlimited 

 Recyclability 

 Possibility of back injection 

The future of global CFRTP market looks promising with opportunities in transportation, 

aerospace & defense, industrial, and sporting goods industries. The market is expected to grow at a 

CAGR of 6.9% from 2015 to 2020 (cf. Figure 2). The major driver for the growth of this market is 

growing demand for thermoplastic composites in different end use industries due to increasing 

requirement of lightweight, recyclable, and environment friendly products. In this market, the major 

reinforcements are glass and carbon fibers, whereas polyamide, polypropylene, polyetherimide, 

polyphenylene sulfide and polyetheretherketone are used as resins. [3] 

Europe is expected to remain the largest market for CFRTPs due to growing demand for high 

performance, lightweight, and environmentally sustainable thermoplastic composites in different end 

use industries. However, North America is expected to witness the highest growth rate during the 

forecast period due to an expected increase in the production of advanced aircraft models, growing 

vehicle production and an increasing focus on lightweight composite materials. [3] 
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Figure 2. Estimated Market Value of carbon fibre reinforced thermoplastics [3] 

 

3. Approach and challenges of using thermoplastic resin 

The usual process chain of CFRTP consists of five process steps: Unwinding the fibre, 

spreading of the fibre, manufacturing of a semi-finished textile fabric, impregnation and consolidation 

under high pressure. Melted thermoplastic polymers used as matrix have usually viscosities in the 

order of 100 to 1.000 Pa∙s and high melting temperatures (>200 °C) because of their long molecular 

chains. Therefore, a high pressure and relatively long consolidation time is necessary to remove voids, 

get a good impregnation of the reinforcing textile, disperse potentially included fillers in the matrix or 

achieve complex geometry shapes. Furthermore, the usage of the high pressures limits the maximum 

part thickness, needs expensive temperature resistant tooling and introduces high thermal stresses 

which degrade the material properties of the polymer and results in low fatigue performance.  

 

With the technology developed in our ongoing project it is possible to shorten the process 

chain and to use lower pressure in the final consolidation step. By introducing the reinforcing textile 

into the matrix prior to polymerization the high viscosity of the thermoplastic does not impede the full 

impregnation of the fibres. Subsequent to the incorporation of the mixture comprising monomers, 

activators and initiators the impregnated textile is consolidated under low temperature and low 

pressure. The most common used in-situ polymerization system in automotive applications is the 

anionic polymerization of ϵ-Caprolactam to polyamide-6 (PA6). Because of the fast process speed and 

the low viscosity the ϵ-Caprolactam process can be easily adapter to existing resin transfer molding 

facilities. The improved process chain with in-situ polymerization is shown in Figure 3. 
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Figure 3. Innovative system for producing intermediates via in-situ polymerization 

 

3. Conclusion and outlook 

Via the use of in-situ polymerization for the production of CFRTPs the deficiency of the high 

temperature and the high pressure during consolidation can be solved. In this ongoing project a new 

unit is developed, which combines several steps of the conventional production process. The main 

advantage is the small size and thus its applicability in small research facilities. It is possible to 

produce small size composite parts without much offcuts, which makes the process very interesting for 

small and medium sized companies as well as academic research in university faculties. 

 

The advantages of the developed system can be concluded to: 

 In-situ polymerization overcomes many of the challenges using thermoplastic matrix systems 

 New system is suitable to produce intermediate parts in short cycle times and good quality 

 Existing resin transfer moulding facilities can be adapted 

 High quality surfaces and lower thermal stress on the final parts 

 Lesser limitations on the thickness of the final part  

 

However, some challenges have to be overcome to reach mass production: 

 Compatibility of caprolactam-system and carbon fibre sizing has to be tested 

 Best suitable caprolactam-system (monomer, activator and catalyst) has to be found 

 The precise dosing equipment and enclosure of the injection system is being developed 
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Abstract. Fibre reinforced composites are differentiated by the used matrix material 

(thermoplastic versus duroplastic matrix) and the level of impregnation. Thermoplastic matrix 

systems get more important due to their suitability for mass production, their good shapeability 

and their high impact resistance. A challenge in the processing of these materials is the 

reduction of the melt flow paths of the thermoplastic matrix. The viscosity of molten 

thermoplastic material is distinctly higher than the viscosity of duroplastic material. An 

approach to reduce the flow paths of the thermoplastic melt is given by a commingling process. 

Composites made from commingling hybrid yarns consist of thermoplastic and reinforcing 

fibres. Fabrics made from these hybrid yarns are heated and consolidated by the use of heat 

pressing to form so called organic sheets. An innovative heating system is given by 

microwaves. The advantage of microwave heating is the volumetric heating of the material, 

where the energy of the electromagnetic radiation is converted into thermal energy inside the 

material. In this research project microwave active hybrid yarns are produced and examined at 

the Institute for Textile Technology of RWTH Aachen University (ITA). The industrial 

research partner Fricke und Mallah Microwave Technology GmbH, Peine, Germany develops 

an innovative pressing systems based on a microwave heating system. By implementing the 

designed microwave heating technology into an existing heat pressing process, FRTCs are 

being manufactured from glass and nanomodified polypropylene fibre woven fabrics. In this 

paper the composites are investigated for their mechanical and optical properties. 

1.  Introduction 

In the context of the “Micropress” project, which is supported by the central innovation programme 

(ZIM) of the federal ministry for economic affairs and energy, the manufacturing of FRTCs with an 

innovative heating method is being investigated by the ITA. This project is based on researches 

dealing with nanomodification and commingling of hybrid yarns to achieve reduced processing times 

in the final manufacturing process [1]. The reduction of manufacturing cycle times is essential for 

targeted series-production of fibre reinforced plastics (FRP) in general. Therefore, innovative 

materials and material combinations as well as manufacturing methods are being developed. The 

considered research is focused on the application of a heat pressing process modified with microwave 

technology. A review of the crucial aspects with focus on the FRTC production and analysis of the 

research is given in this paper. 



 

 

 

 

 

 

FRTCs display several advantages compared to thermosetting composites, e. g. a potential for 

shorter manufacturing cycle times, a higher shelf life and an improved recyclability [2] [3]. By 

commingling thermoplastic and reinforcing material on fibre basis, even high-viscosity matrices 

become processable and suitable for mass production. This is enabled by short flow paths of the 

thermoplastic matrix material, which are limited to a maximum of few millimetres [2] [3]. The chosen 

hybrid yarn type for this research is a multifilament hybrid yarn consisting of polypropylene (PP) and 

glass filaments (GF). The blending of the two components is achieved by air jet mixing (commingling) 

[4]. Heat pressing is also suitable for series-production due to a high degree of automation, short cycle 

times and a high reproducibility. Since the low thermal conductivity of plastics, the applied heating 

methods cause long heating times increasing the overall manufacturing cycle time [3]. 

Despite their widespread proliferation, infrared and hot plate heating methods exhibit particular 

disadvantage like a decreased controllability or increased space requirements [3] [4]. In addition to 

that, the surfaces of the applied moulding tools are supposed to be coated with appropriate materials to 

avoid adhesion of the matrix material on the moulding tool [4] [5]. In contrast to the application of 

heat through conduction, the microwave based heating method is dependent on activatable additives in 

the thermoplastic material. 

The main advantage of this method is a volumetric heat application inside the moulding part 

reducing the heating time. The microwave technology exhibits further advantages like high energy 

efficiency and contactless energy application. Applicable additives are carbon based structures, silicon 

carbide, titanium dioxide and metal flakes. Beyond that, nanoscale particles like carbon nanotubes 

(CNT) with a large surface area have been found to be very effective at a suitable distribution inside 

the plastic [6] [7]. 

 

2.  Experimentation 

In the following chapters, the experiments which are carried out along the manufacturing process of 

the FRTCs are described. These experiments are focused on the consolidation process by microwave 

technology. 

2.1.  Applied materials 

The thermoplastic component of the FRTC is a PP, which is modified with nanoscale CNTs. The mass 

fraction of CNTs is about 1 %. The PP is available in the form of a multifilament yarn with a linear 

density of approximately 396.53 tex and a mean density of about 0.9106 g/cm3. The multifilament 

yarns have been manufactured at the ITA to achieve low agglomeration of CNTs improving the heat 

development in heat pressing. The reinforcing fibres are glass filaments, which are available in the 

form of a multifilament yarn with a linear density of ca. 597.2 tex and a mean density of about 

2.617 g/cm3. The multifilament yarn is a product of PPG Industries, Inc., Pittsburgh, Pennsylvania, 

USA with the type designation TUFRov 4599. Moreover, the fibre is provided with a sizing to 

improve bonding with the PP matrix. Both fibres are mixed by commingling to hybrid yarns that 

consist of 40 wt% PP and 60 wt% glass fibres with in total 994 tex. In a second step this hybrid yarns 

are processed to woven fabrics. 

 

2.2.  Microwave heat pressing 

Unidirectional fabrics from chosen hybrid yarns are processed to FRTCs by microwave heat pressing. 

The microwave technology is implemented into a press by Fricke und Mallah Microwave Technology 

GmbH, Peine, Germany. The installed tool can be used to manufacture FRTCs with a maximum size 

of 400 x 400 mm2 and the power can be controlled from 500 W to a maximum of 5000 W. The 

manufactured FRTCs consist of two or four layers of unidirectional fabrics. These preforms are heated 

and consolidated by the microwave heat pressing process and optically and mechanically examined 



 

 

 

 

 

 

subsequent to manufacturing. This includes light microscopic images of cross-sectional areas, tensile 

and flexural tests. 

 

3.  Results of microwave testing 

The results of the executed experiments are presented and discussed in the following chapters. 

3.1.  Microwave heating experiments 

The measured temperatures in these experiments describe rather the surface temperature of the quartz 

glass load than the actual temperature of the specimen. In this context, the temperature difference to 

the starting temperature is shown in the diagram (Error! Reference source not found.). In addition to 

that, several thermal images recorded along the heating experiment are shown as well to clarify the 

heat development. The experimental setup in the microwave oven is schematically illustrated in 

Figure 1. 

 

Figure 1. Temperature differences of a hybrid yarn specimen measured by thermal imaging of a 

heating experiment with a power of 325 W 

 

The hybrid yarn specimen of this experiment is irradiated by microwaves with a power of 325 W. The 

two graphs in the diagram show increasing temperatures with advancing irradiation time. The 

maximum temperature difference ΔTmax indicates a high temporal temperature gradient at first which 

decreases after ~ 10 s. Moreover, the temperature difference rises steadily till 100 s and sinks 

afterwards to show a second rise at about 120 s irradiation time. Also, the mean temperature difference 

ΔTmean shows a positive temporal temperature gradient which increases at about 120 s. It can be 

concluded from the temperature differences and the thermal images that the specimen is heated locally 
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at first. The heated area is shifted along the specimen with advancing time, before a volumetric heating 

begins. This volumetric heating is determined by the increasing temporal temperature gradient of the 

mean temperature difference. Furthermore, the reached temperature difference of about 165 K clearly 

indicates that the PP filaments have been heated sufficiently to gain the melt temperature of 160 °C to 

165 °C. The actual temperatures are presumably higher, because the specimen shows signs of thermal 

degradation after the heating experiment. 

3.2.  Heat pressing of specimens 

To perform a start-up of the innovative processing technology, specimens with various sizes of surface 

area and number of layers are produced by a stepwise adjustment of applied pressure and irradiation 

time. The interaction of the microwave radiation with the preform is based on a complex relation 

between the electromagnetic field, the filaments and the nanoparticles. As these are all 

inhomogenously distributed, the preforms are heated carefully reducing the risk of hot spots which can 

lead to thermal degradation of the matrix. The performed tests which lead to a sufficient heating of the 

specimens are shown in Table 1. 

Table 1. Microwave heat pressing tests. 

Test 

notation 

Surface 

area A 

[mm2] 

Applied 

pressure p 

[bar] 

Power P 

[% of 

maximum] 

Number of 

layers n [-] 

Irradiation 

time tI 

[min] 

Starting 

tool 

temperature 

T0 [°C] 

MW1 200 x 180 10.9 70 2 15 25 

MW2 200 x 180 8.2 60 2 6 145 

MW3 300 x 190 5.5 40 4 5 150 

MW4 330 x 200 5.9 35 to 45 4 42 50 to 160 

MW5 120 x 80 8.2 45 4 10 25 

MW6 300 x 130 6.0 45 4 8 130 

MW7 300 x 130 6.0 45 4 9 130 

MW8 300 x 130 6.0 45 4 10 130 

A certain tool temperature has to be reached before a sufficient amount of energy can be transformed 

to melt the thermoplastic filaments. This is conditioned by the surface area of the tools causing a high 

heat flow away from the specimen by heat conduction. The produced FRTCs of tests MW1, MW2 and 

MW3 exhibit degraded matrix material due to the development of hot spots. Moreover, the applied 

pressure forces the matrix to flow out of the specimens. A further adjustment of specimen size and 

applied pressure along with a reduced power leads to insufficient heating of the specimen at the 

beginning of test MW4. The power is increased stepwise to 45 % also causing an increasing tool 

temperature. The minimal power level providing sufficient heating is found at 45 % of the maximum 

power. According to this result, three proper FRTC specimens are produced (MW6 to MW8). Test 

MW5 serves as tool heating intermediate step. 

3.2.1.  Optical analysis 

 The manufactured FRTCs are optically examined by light microscopic images of cross sectional 

areas. This delivers insight into the specimens and allows an evaluation of the impregnation and 

consolidation quality of the microwave heat pressing. Two images of cross-sectional areas of 

specimen from tests MW6 and MW7 are shown in Figure 2. In addition to that, the dotted areas are 



 

 

 

 

 

 

zoomed in for enhanced visibility. The images show that the impregnation and consolidation quality is 

partially insufficient. There are sections with imperfect impregnation. These sections are located inside 

of the glass rovings. Moreover, there are air bubbles and voids inside of the specimens. The lower 

thickness of the specimen from test MW7 indicates that inhomogeneous material distribution also 

leads to a varying pressure distribution inside the preform. The width of the voids is significantly 

higher compared to the specimen from MW6. It can be determined that suitable process parameters 

have to be found in future research to utilize the advantages of microwave heat pressing. These 

include the applied pressure, power level, irradiation time as well as applicable materials and material 

combinations. 

 

Figure 2. Light microscopic cross-sectional images of probes from MW6 and MW7 

 

3.2.2.  Mechanical analysis 

 The mechanical analysis of the manufactured FRTCs provides important characteristic values like 

breaking strength and Young’s modulus. Probes for the mechanical tests are cut out of the specimens 

of MW6 and MW7 because of their high impregnation and consolidation quality. Furthermore, the 

mechanical tests are performed according to DIN EN ISO 527-5 (tensile test) and DIN EN ISO 14125 

(flexural test). The volume fraction of the glass filaments is at 34 %. The gathered data of the executed 

tests is summarized in Table 2. 

Table 2. Characteristic values of the tensile and flexural tests. 

Characteristic value 

(mean value ± 

deviation) 

Breaking strength σ 

[MPa] 

Strain at breaking 

strength ε [%] 

Elasticity modulus E 

[GPa] 

Tensile test 190.64 ± 35.28 1.61 ± 0.25 14.19 ± 1.43 

Flexural test 109.70 ± 14.60 2.42 ± 0.44 6.07 ± 2.77 

1 mm 1 mm

MW6 MW7

Air bubbles

Voids

PP

Glass filaments

200 µm 200 µm

Air bubblesImperfect impregnation



 

 

 

 

 

 

These results are at the same magnitude as conventionally produced samples of unidirectional PP/GF-

composites. This leads to the assumption, that the processing of FRTCs with a microwave heated press 

achieves at least comparable mechanical properties. However, these results have to be depend in future 

research to evaluate the improvement of the microwave heat pressing process by adjusted processing 

parameters or improved microwave active materials. This could lead to a significant improvement of 

the processing times and impregnation quality compared to the conventional process. 

 

4.  Results 

A valid temperature measurement of the material is crucial for predicting suitable microwave heat 

pressing parameters. The applied thermal imaging could be replaced by a fibre based temperature 

sensor providing precise data. Summarizing the presented results, it can be said that the manufacturing 

of FRTCs by microwave heat pressing is practicable. To exploit the complete advantages provided by 

the use of microwave technology, it is inevitable to consider the whole manufacturing process starting 

with the composition of applicable materials and ending with the heat pressing process parameters. 

The required cycle times for the start-up of the microwave heat pressing are found to be around 

10 minutes with a pre-heated tool. These results show that the potential offered by microwave 

technology is not utilized to its full extent as can be seen according to the research in [6]. A 

temperature rise of more than 80 °C is achieved in 20 s by the use of polymers filled with CNTs at a 

mass fraction of 1 %. Therefore, it is advised to carry out further, extensive research in consecutive 

projects. This can enhance the observed impregnation and consolidation quality as well as the required 

manufacturing cycle times significantly. The theoretical and practical comprehension of 

transformation of electromagnetic energy by polymer and filler materials along with an aligned 

processing technology could clearly result in an able method for series-production of FRTCs. 
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Abstract.  With the development of wearable technology, much research has been undertaken 

in the field of flexible and stretchable electronics for use in interactive attire.  The challenging 

problem wearable technology faces is the ability to provide energy whilst keeping the end-

product comfortable, light, ergonomic and nonintrusive.  Energy harvesting, or energy 

scavenging as it is also known, is the process by which ambient energy is captured and 

converted into electric energy.  The triboelectric effect converts mechanical energy into 

electrical energy based on the coupling effect of triboelectrification and electrostatic induction 

and is utilized as the basis for triboelectric generators (TEG).  TEG’s are promising for energy 

harvesting due their high output power and efficiency in conjunction with simple and 

economical production.  Due to the wide availability of materials and ease of integration, in 

order to produce the triboelectric effect such functional materials are effective for wearable 

energy harvesting systems.  Flexible TEG’s can be built and embedded into attire, although a 

thorough understanding of the underlying principle of how TEG’s operate needs to be 

comprehended for the development and in incorporation in smart technical textiles.  This paper 

presents results associated with TEG’S and discusses their suitability for energy harvesting in 

textiles structures.   

1. Introduction 

In recent years, research has advanced into wearable energy harvesters due to an increase in low 

power consumption and nanoelectronic wearable devices [1, 2]. Energy harvesting, or energy 

scavenging, is the process by which waste energy captured from the ambient environment and human 

movement is converted into electric energy replacing the need for traditional means of power supplies, 

like batteries, which are limited in capacity [3] and constantly need replacing resulting in high 

maintenance cost [4, 5]. 

The generation of electric energy from mechanical energy can be from different mechanisms such 

as piezoelectric and triboelectric nanogenerators.  Even though the development of piezoelectric 

generators has proven to be effective, its limitations have directed research into triboelectric 

nanogenerators [6] producing a high output power with great efficiency, in conjunction with its simple 

and economical production [7, 8, 9]. 

Triboelectricity converts mechanical energy into electricity [10, 11] coupling triboelectrification 

and electrostatic induction.  Electrostatic induction is the phenomenon of electrification by contact of 

two objects that become spontaneously charged.  The general concept of TEG’s is that when two 



materials come into contact there is a charge transfer, one membrane becomes positively charged and 

the other negatively charged creating an electronic potential difference (EPD) with the presence of an 

air gap.  The cause of electrostatic induction is still not well understood [12].   

For this paper we concentrated on dielectric-dielectric sliding mode TEG’s fabricated from 

identical material, polyamide 6 (PA6) and polytetrafluoroethylene (PTFE) TEGs, with different 

contact areas.  A series of experiments were completed for the following samples; sample 1 of 

dimensions 30x30mm, sample 2, 40x30mm, sample 3, 50x30mm and sample 4, 60x30mm with a 

vertical center force of 9.8N and at a speed of 0.02m/s.  Although, previous research states the 

triboelectric phenomenon exists only when two different materials come into contact, the experiments 

identified a substantial EPD for two identical materials as proven by Apodaca et al. [13].  In addition, 

it was observed that the EPD occurs when the top component slides inwards, following the non 

contact phase. 

 

2. Previous Research 

Previous research has demonstrated that although TEG’s produce a large voltage, they have a high 

internal resistance resulting in a low output current. [1].  Wang et al. [10] built a sliding mode 

triboelectric nanogenerator (TENG) of dimensions 71mm x 50mm using polyamide 6,6 and 

polytetrafluoroethylene (PTFE) films with surface etched nanowires on glass substrates.  The TEG 

produced an open circuit voltage up to ∼1300V and a short circuit current density of 4.1mA/m2 with a 

peak power density of 5.3W/m2 which was used as a direct power supply to light up a series of LED’s. 

Yang et al. [14] developed a single electrode based sliding mode TENG using PTFE with surface-

etched nanoparticles and an aluminium (Al) electrode.  The TENG produced an open circuit voltage 

up to 1100V, a short-circuit current density of 6mA/m
2
, and a maximum power density of 350mW/m

2
 

with a load of 100MΩ, which was used to drive 100 green-light-emitting diodes (LEDs). 

The working principle of the sliding mode is based on keeping one component steady and sliding 

the second component outward until there is no contact between the two components, then inward 

where the two components come into full contact and EPD is 0.  Wang et al. [10] and Yang et al. [14] 

demonstrate the generation of the EPD when the top component of the TENG slides outwards, 

defining the larger the displacement between the two components, the greater the EPD. 

 

3. Experimental section 

The dielectric-dielectric triboelectric devices consist of an upper and lower component.  Each 

component constitutes of an acrylic substrate, an aluminum electrode and a PA6 and PTFE 

electrification layer.  Lead wires connected the electrodes to the oscilloscope Agilent Technologies 

DSO3102A for measurements, refer to figure 1.  The two components were vertically aligned with the 

bottom component stabilized and the top component unrestrained to slide in the lateral plane.   

 

 

Figure 1. Experimental set up. 

 



4. Results and discussion 

At a speed of 0.02m/s, the TEG completes a cycle where the components fully overlap then fully 

separate.  As a result of a small area of friction, the surface of one component of the TEG gains 

positive charges whilst the other gains negative charges producing a potential difference.   

The maximum open circuit voltages (Voc) produced for the PA6 TEG samples 1, 2, 3 and 4 were 

320V, 360V, 700V and 800V respectively, refer to figure 2.  The maximum Voc for the PTFE TEG 

samples 1, 2, 3 and 4 were 800V, 700V, 700V and 1000V respectively, refer to figure 3.  The EPD 

produced was non uniform therefore standard deviation was applied to the data set where the average 

was calculated to gain a more accurate depiction of the EPD.  The PA6 TEG samples 1, 2, 3 and 4 

produced an average Voc of approximately 170V, 180V, 650V and 730V.  The PTFE TEG samples 1, 

2, 3 and 4 produced an average Voc of approximately 410V, 650V, 660V and 880V.  Figure 4 presents 

the mean Voc produced for the four samples of the PA6 and PTFE TEG.  Figure 5 presents the mean 

Voc produced for the four samples correlating the output with the polymers of the TEG’s.  

  

  

Figure 2. PA6 TEG Maximum Voc (a) Sample 1: 30mmx30mm (b) Sample 2: 30mmx40mm 

(c) Sample 3: 30mmx50mm (d) Sample 4: 30mmx60mm. 



  

  

Figure 3. PTFE TEG Maximum Voc (a) Sample 1: 30mmx30mm (b) Sample 2: 30mmx40mm 

(c) Sample 3: 30mmx50mm (d) Sample 4: 30mmx60mm. 

  

Figure 4. Mean Voc produced for the four samples (a) PA6 TEG (b) PTFE TEG. 



  

  

Figure 5. Voc produced for PA6 and PTFE (a) Sample 1: 30mm x 30mm (b) Sample 2: 40mm 

x 30mm (c) Sample 3: 50mm x 30mm (d) Sample 4: 60mm x 30mm. 

 

It can be observed that by applying standard deviation to the data sets the average EPD produced 

differs substantially to the maximum Voc.  Analyzing the maximum average it shows that by 

increasing the contact area of the TEG the Voc increases refer to figure 4, although the correlation 

between the generated Voc and the relative increase of the contact area of the TEG is not succinct.  

We can make a reasonable assumption that the surface roughness for each membrane differs.  The 

range of the Voc produced by the PA6 and PTFE TEG from sample 1 to sample 4 is comparable 

proving that the triboelectric effect is dependent on the surface area.  Figure 5 clearly depicts this 

concept and the Voc produced for samples 3 and 4 as the average output for the two TEGs is relatively 

close. 

5. Conclusion 

It can be concluded that an EPD is produced for dielectric-dielectric TEGs with identical membranes.  

At a speed of 0.2m/s and with a vertical force of 9.8N, the PA6 TEG produced a maximum open 



circuit voltage of 800V and the PTFE TEG 1000V.The Voc produced by the TEGs is dependent on the 

contact area of the TEG in distinction to the electrification membranes used to fabricate the TEG.  

This becomes distinct when the contact area increases and the average Voc produced for the two TEGs 

is comparable.  This research can be further extended into the fabrication of triboelectric fibres in 

order to produce triboelectric textiles that can be used for attire, where a large contact area is available, 

to harvest energy to power wearable devices. 
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Abstract: Lightweighting is essential for the reduction of energy consumption in
transportation. The most common approach is through the application of high specific strength
and stiffness materials, such as composites and high performance aluminum alloys.  One of the
challenges associated with the use of advanced materials is the high cost.  This paper explores
the opportunities of using hybrid composites (glass and carbon, for example) with selective
fiber placement to optimize the weight subject to price constraints for given components.

Considering the example of a hat-section for hood reinforcement, different material
configurations were modeled and developed. The required thickness of the hat section to meet
the same bending stiffness as an all carbon composite beam was calculated. It was shown that
selective placement of fiber around the highest moments results in a weight savings of around
14% compared to a uniformly blended hybrid with the same total material configuration. From
this it is possible to estimate the materials cost of the configurations as well as the weight of the
component. To determine which is best it is necessary to find an exchange constant that
converts weight into cost – the penalty of carrying the extra weight. The value of this exchange
constant will depend on the particular application.

1. Introduction
Most structural parts are over-designed with the entire material volume able to withstand the highest
stress levels in the part.  However, the actual parts rarely experience uniform stress - some areas are
much more stressed than others.

An optimized part would be one where all of the material approaches the design limit stress in at
least one design condition while never exceeding that limit in any design condition.  This can be
achieved either through geometrical design, or material property design, or a combination of both.
The focus of this research is on material property design, allowing the mechanical properties to vary
throughout the volume of the part.

The use of a high precision, selective fibre placement techniques can result in appropriately
designed, minimal weight components. In an optimal configuration, it is possible to incorporate lower
cost materials in areas where benefits of a higher cost material such as carbon fibre do not justify the
cost premium, resulting in a reduced overall cost of production while fully satisfying all performance
requirements. Figure 1 provides a schematic illustration of how stress in a component varies with
different materials placed throughout.



Figure 1. Schematic of stress analysis of structural component (top) with corresponding fiber
placement solution (bottom) (black = carbon; white = glass)

Tailoring material properties is important where weight is crucial to performance. Lightweighting
is essential for the reduction of energy consumption in transportation. The most common approach is
through the use of high specific strength and stiffness materials, such as composites.  One of the
challenges associated with the use of advanced materials is the high cost.  This research explores the
opportunities of using hybrid composites (glass and carbon) with selective fiber placement to optimize
the weight subject to price constraints for given components.

Weight has a cost penalty specific to the application. The high cost of composites is a barrier to
their adoption in cost-sensitive (low weight penalty) energy applications. Multi-material preforming
enables the production of composite components with increased structural efficiency and reduced cost.
This will accelerate the deployment of high performance composites in energy applications.

Lightweight design and construction is essential for maximizing performance in many energy
applications. For example, a 10% mass reduction in passenger automobiles reduces fuel demand by
about 6 – 8% [1], hence routes to compliance with 2025 U.S. CAFE regulations [2] (54.5 mpg or 23.2
km/l) typically include demanding vehicle weight reduction targets. Similarly, utility scale wind
turbines are growing larger with prototype blades approaching 100 m long, requiring a combination of
low mass and stiffness that can only be delivered by fiber-reinforced composites, with carbon fibers
being very desirable for high stiffness.

2. Beam Bending Model
For the purposes of structural analysis, a hat section beam, representative of a hood stiffener, was
chosen for evaluation. Four different material models were considered for the analysis – all glass, all
carbon, a 50/50 glass/carbon (“linear”) and a 67/33 glass/carbon (“quadratic”).  The latter two are
selective fiber placement models with carbon predominantly in the center of the beam, but with a
smooth gradation from all carbon to all glass.

In order to compare equal performance components, the wall thickness necessary to achieve the
same maximum deflection (structural stiffness) for each material was determined.  The all carbon
composite was chosen as the baseline. This means the composites containing glass will need to be
thicker and the metal parts can be thinner.

The wall thickness of each material was changed, resulting in different moments of inertia, and
different maximum deflections.  The thickness value at which the maximum deflection was the same
as the 2 mm carbon baseline was recorded as the stiffness optimized wall thickness.



Comparing the selective placement schemes to a uniform hybrid, the thicknesses required to meet
the same bending stiffness as the carbon beam are shown in Figure 2.  The solid line indicates a
uniform hybrid, compared to the selective fiber placement.  It can be seen that there is about 13-14%
thickness (thus weight) savings achieved by selective placement compared to uniform blending.
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Figure 2. Thickness needed to match bending stiffness of carbon composite beam.

It is difficult to determine which product is “best.”  Carbon is the lightest, but steel is the least
expensive.  If the solution space is considered to be mass and cost, the potential material solutions can
be plotted on this coordinate space, as shown in Figure 3. The optimal solution has a mass of zero and
a cost of zero, which is unachievable, but gives insight into how to read this chart.  The goal is to
approach the origin.
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Figure 3.Plot of mass and material cost for parts optimized to meet both stiffness and strength criteria.

There is a trade-off between weight and cost, and the value of that trade-off, called the “exchange
constant”, depends on the particular application and market demands.  When a solution space such as



that shown in Figure 3 does not show a clear optimal solution, it makes sense to look at a penalty
function that calculates the “effective cost” of the component.

In Figure 4 the effective cost is calculated for a range of exchange constants comparing the 4
composite solutions.  The material with the lowest cost at some exchange constant would be a locally
optimal solution for this space.
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Figure 4. Effective Cost of 4 Composite Material Solutions as a Function of Exchange Constant

In Figure 4, it can be seen that for very low exchange constants (less than $0.99/lb) glass is the best
choice.  After that, Quad Hybrid is best, followed by Linear Hybrid and finally carbon at high
exchange rates. When the metal choices are added to the analysis, steel becomes the low cost optimal
choice.  Steel is best for an exchange constant less than $1.62/lb, aluminum next between $1.62 and
$8.02/lb and carbon the best for high value applications.

The limiting factor here is the cost of carbon, a topic of much research.  As the cost of carbon
decreases, assuming no property losses, the composites become more cost competitive with aluminum,
and even potentially AHSS steel.  The maximum cost of carbon fiber required to make the parts cost
the same as 6013-T6 aluminum is shown in Figure 5.

Figure 5. Cost of Carbon Fiber Needed to Make Optimized Composite Hat Section Component with
Same Cost as Aluminum with Equivalent Stiffness and Strength



In order to make the composites cost effective with AHSS steel, the cost of carbon needs to be
extremely low – approximately $2.50 per pound. If exchange rates are included, depending on the
particular cost of weight, the needed cost of carbon fiber will vary with the specific exchange rate.
Figure 6 shows the minimum carbon fiber cost needed to achieve equivalency with 6013-T6 aluminum
as a function of exchange rate.  For the carbon composite, as the exchange rate increases, it is
acceptable to pay more for the carbon fiber.  The Linear Hybrid has a slight increase in minimum fiber
cost, but is generally flat due to the 50% glass content.  For the Quad Hybrid, because of the greater
amount of glass and thus higher overall mass, increasing the exchange constant makes it less
attractive, and requires less expensive carbon fiber to be competitive.

Figure 6. Minimum Carbon Fiber Cost needed to Make Optimized Composite Hat Section
Component with Same Cost as Aluminum with Equivalent Stiffness and Strength as a Function of the
Exchange Rate
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Abstract. The preparation of activated carbon fabrics (ACFs) from cotton fabric was 

performed by chemical activation with phosphoric acid (H3PO4). The operation conditions for 

obtaining the ACFs with the highest the adsorption capacity and process yield, proposed. 

Optimized conditions were: impregnation ratio of 2, the rate of temperature rising of 7.5 ºC 

min-1, the activation temperature of 500 ºC and the activation time of 30 min. The ACFs 

produced under optimized conditions was characterized by scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDX). The surface area and pore volume of 

carbon nanostructures was characterized by BET nitrogen adsorption isotherm at 77 ºK. The 

pore size distribution calculated from the desorption branch according to BJH method. The 

iodine number of the prepared ACFs was determined by titration at 30 ºC based on the ASTM 

D4607-94. The results showed the improvement of porous structure, fabric shape, surface area 

(690 m2/g), total pore volume (0.3216 cm3/g), and well-preserved fibers integrity.  

 

1.  Introduction 

Activated carbons are carbonaceous adsorbents with high specific surface area and developed porous 

structure in the forms of powder, granule, fibers, etc. Activated carbon fibers and cloths are 

commercially prepared from different precursors such as poly(acrylonitrile) (PAN) (1), Nomex (2), 

Kenaf, and viscous rayon (3). In the recent years activated carbon fabrics (ACFs) have gained 

increasing attention due to the comparative advantages over the traditional forms of activated carbon 

and potentialities for technological innovation in different fields. The advantages of activated carbon 

fabrics (ACFs) are faster adsorption kinetics, higher efficiency, and larger capacity for adsorption of 

different molecules and species. Powder and granule activated carbons generally have low flexibility, 

and it is difficult to use for preparation of activated carbon fabric without attaching to a web of 

polymer or similar materials (4). Studies in the literature concerned with preparation of activated 

carbon by physical and chemical activation processes. Wide variety of chemicals has been suggested 

for activation including phosphoric acid (the most popular agent), chloride salts of magnesium, ferric 

iron and aluminium, sodium carbonate, and sodium and calcium hydroxide. The common trait 

between all these chemicals is their strength as dehydrating agents (5). In order to produce activated 

carbon with desired properties, proper selection of experimental parameters such as impregnation 

ratio, the rate of temperature rising, activation temperature and activation time, etc. must be taken into 



 

 

 

 

 

 

account. The aim of the present work was to study the effect of operational parameters on preparation 

of ACFs to maximize the adsorption capacity and yield using response surface methodology (RSM). 

2.  Material and methods 

Cotton fabric composed of identical 100% cotton yard with a plain weave, a warp density of 19 

yarns/cm-1 and weft density of 13 yarns/cm-1, H3PO4 solutions, solid iodine, hydrochloric acid, sodium 

thiosulfate and potassium iodide was used. The characterization of cotton fabric and 10 wt. % acid 

treated samples was carried out by non-isothermal thermogravimetric analysis (TGA). 

The preparation of activated carbon fabrics (ACFs) from cotton fabric was performed by chemical 

activation with phosphoric acid (H3PO4). Experimental activation variables including; impregnation 

ratio, the rate of temperature rising, activation temperature and activation time was optimized based on 

the responses evaluated (adsorption capacity, yield of the produced ACFs). The operation conditions 

for obtaining the ACFs with the highest the adsorption capacity and process yield proposed. 

Optimized conditions were: impregnation ratio of 2, the rate of temperature rising of 7.5 ºC min-1, the 

activation temperature of 500 ºC and the activation time of 30 min. The ACFs produced under 

optimized conditions was characterized by scanning electron microscopy (SEM) and energy dispersive 

X-ray spectroscopy (EDX). The surface area and pore volume of carbon nanostructures was 

characterized by BET nitrogen adsorption isotherm at 77 ºK. The pore size distribution calculated 

from the desorption branch according to BJH method. The iodine number of the prepared ACFs was 

determined by titration at 30 ºC based on the ASTM D4607-94.  

3.  Results and discussion 

3.1. Characterization of the ACFs prepared at optimized conditions 

The TG curve of raw cotton fabric and H3PO4 impregnated cotton fabric presents in Figure 1.   A 

weight loss of approximately 89 wt.% in 0-550 ºC is observed for the raw cotton fabric, and the 

process can be divided into three steps: a little weight loss of  10 wt.% below 295 °C, due to the 

decrease of physically adsorbed water; a significant weight loss of 10- 72 wt.% from 295 to 370 ºC, 

corresponding to the decomposition of hemicellulose, cellulose and lignin; a very slow weight loss of 

72-89 wt.% at the third step in 370-550 ºC, confirming the resultant char in this temperature range is 

thermally more stable. 

Thermal degradation of the H3PO4 impregnated cotton fabric started at 50-150 ºC for elimination of 

H2O. After complete dehydration, another weight loss of materials performed between 160 and 200 

ºC, which carboxyl and methyl groups given off from hemicellulose. Higher weight fractions were 

reached in the range of 200-550 ºC that relate to degradation of cellulose, hemicellulose and lignin at 

temperatures 295, 345, 375 °C respectively (6). It is believed that H3PO4 acts as a dehydrating catalyst, 

which can accelerate decomposition of the cellulosic precursors at lower heat treatment temperature 

(7). Furthermore, the presence of H3PO4 in the interior of the precursor prevents the formation of tar 

and chemicals by formation of cross-links, and stops the shrinkage of the precursor particle by 

engaging certain considerable volumes, resulting in the lower weight loss and higher. Using H3PO4 

also proceeds activation through formation of phosphate and polyphosphate bridges which preserve 

crosslink biopolymer fragments and avoiding the shrinkage of the material by effect of temperature 

and removal of the activating material during the washing and finishing steps which lead to formation 

of matrix in an expanded state with an available pore structure (8). 

 

 



 

 

 

 

 

 

 
Figure 1. Thermogravimetric curve for the thermal degradation of raw cotton fabric and 10 wt % 

phosphoric acid treated sample under flowing N2: variation of weight fraction (w) with temperature 

(T). 

 

The SEM photographs are shown in Figure 2. demonstrate the preservation of fibers during 

carbonization and activation and retaining the structure and flexibility of AFCs. 

 
Figure 2. SEM images of ACF prepared at optimized conditions, bar length: 1mm (a); 500µm (b). 

 

EDX analysis of the produced ACFs (Figure 3.) shows the sample mainly consist of carbon with an 

atomic fraction of 71 % followed by oxygen with an atomic fraction of 26.46 % and the carbonization 

of sample. The small amount of phosphorous (0.6 %) emphasis to the presence of   phosphor groups 

on the surface of produced activated carbon. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The EDX spectrum of produced ACFs at optimized conditions. 

 

The Barrett-Joyner -Halenda (BJH) method for calculating pore size distributions is one of a 

family of methods based on a model of the adsorbent as a collection of cylindrical pores. It uses 

the modified Kelvin equation to relate the amount of adsorbate removed from the pores of the 

material, as the relative pressure (P/P0) is decreased from a high to low value, to the size of the pores. 

Pore size distributions of the ACFs prepared at optimized conditions by BJH method are shown in 

Figure 4. The results showed the improvement of porous structure, fabric shape, surface area (690 

m2/g), total pore volume (0.3216 cm3/g), and well-preserved fibers integrity. The plot represents 

microporosity, in which the majority of the pore sizes are in the range between 1.2 and 3 nm with an 

average pore diameter of 1.8621 nm, which indicates that the ACFs produced at optimized conditions 

has well-developed porous structure made of micropores.  



 

 

 

 

 

 

 
Figure 4. Pore size distributions of the ACFs prepared at optimized conditions by BJH method 

(dvp/drp = the derivation of volume in pores of Radius to or larger than r (cc/gr), rp= Pore 

Radius (nm))  
 

Physical and chemical properties of activated carbon prepared at the optimum condition summarized 

in Error! Reference source not found. 1. 

 

Table 1. Characteristics of ACF produced at optimized conditions. 

 

 

 

 

 

 

4.  Conclusion 

Based on the obtained results, Optimized conditions were: impregnation ratio of 2, the rate of 

temperature rising of 7.5 ºC min-1, the activation temperature of 500 ºC and the activation time of 30 

min. The results showed the improvement of porous structure, fabric shape, surface area (690 m2/g), 

total pore volume (0.3216 cm3/g), and well-preserved fibers integrity. 
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Iodine number (Iodine number (mg I2/g C) 595.21 

BET specific surface area (m2/g) 690.79 

Total pore volume (cm3/g) 0.3216 

Mean pore diameter (nm) 1.8621 

Dimension Yield (%) 

Weight Yield (%) 

38.45 

26.53 
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Abstract. This paper studies size of electromagnetic shielding in plaster composites, using 

different volume fractions of carbon fibers. Conventional types of plaster, which are normally 

used in construction (i.e. cement, lime, gypsum and lime cement) were the main parts of the 

created composites The carbon microfibers with a length of 8 mm were added as reinforcing 

and simultaneously shielding element into plaster samples.  The tested samples were created at 

three different volume fractions of the fibres and also into the base plaster for possibilities of 

their comparison. The results of carried measurement show that the electromagnetic shielding 

in the plaster composite grows with increasing fiber content in the tested ratio almost linearly. 

 
1. Introduction 

Currently, there is a continual development and expansion of electronics, which also brings a negative 

impact in terms of increases in man-made sources of electromagnetic fields. Some of electromagnetic 

phenomenon may adversely affect living or nonliving matter or cause deterioration of the operating 

device, that could be described as electromagnetic interference. Artificially created electromagnetic 

fields (known as electrosmog) have a negative biological impact not only on a human body, but also 

on each of the conductive body [1]. 

 

Commonly used electric and electronic devices are capable of emitting electromagnetic waves with 

frequencies that pose a potential risk to human organism [2, 3]. Receiving electromagnetic radiation 

may lead to electromagnetic interference (EMI). Most often the EMI occurring in the radio frequency 

EM spectrum from 104 to 1012 Hz. This energy emit a fluorescent lamp, radio transmitters, lightning, 

power lines and other sources. Modern satellite and wireless communications use the microwave 

region defined from 1 GHz to 40 GHz [4]. The materials used for forming electromagnetic shielding 

are characterized by a particularly high conductivity and high permeability. 

 

Recently, there is tendency to eliminate the harmful effects of radiation on workstations by direct 

protection of the worker using curtains, screens etc. For this purpose fabric of electrically conductive 

yarns [5, 6], metallized yarns or full metallised fabric [2, 7] have been developed. An alternative  

to these methods are shielding by conductive polymers. Unlike metallic shielding materials, 

conductive polymers may not only reflect, but also absorb electromagnetic radiation at microwave 

frequency [8, 9]. 

 

Probably the most important material in the building industry is a cement. Cement matrix itself 

exhibits poor shielding effects. For this reason, through a research or experiments is lot of efforts 

to improve the shielding effect of cement composites. Wang et al [10] investigated the ability of 

cement nanocomposites absorb electromagnetic waves. Khushnood et al. focused on cost-effective 



material and to achieve better properties EMS used agricultural residues in the form of peanuts and 

hazelnuts shells. These wastes were pyrolysed at 850 °C. The resulting plaster composites showed 

significant improvement in shielding against electromagnetic interference [11]. 

 
2. Material and preparation 

As has been already mentioned, 4 kinds of plasters (cement, lime, gypsum and lime cement) have been 

used. The carbon fibers with a declared mean diameter 1,76 µm were selected to achieve the shielding 

effect. For plaster composites with micro fiber reinforcement to compute the critical fiber length: 

 

 𝑙𝑐 =
𝑅𝑚𝑉  ×  𝑑

2𝜏𝑚
 

(1) 

where lc [mm] is the critical fiber length, RmV [MPa] fiber strength, d [mm] is the diameter of the fibers 

and τm [MPa] strength of the interface between the fibers and the matrix in shear. 

 

The critical fiber length is the minimum length of fiber which is still capable of transmitting tension. 

This length can be achieved only with difficulty, due to the very small size. The effective length of the 

fibers was determined according to W. D. Callister [12] by formula (2): 

 l = 15 × lc (2) 

These formulas are for composites with polymeric matrix. Because the different matrix was used in 

the experiment, it was necessary to recalculate the effective length by using correlation factor. The 

short-fiber composites are characterized by the aspect ratio α (3). It is the ratio between the length of 

the fiber and its diameter.  

 𝛼 =  
𝑙

𝑑
 (3) 

The final length of fiber reinforcement lv [mm] was determined as the effective length multiplied by 

aspect ratio α: 

 lv = l × α (4) 

The final length of the carbon fibers is 8 mm. 

 

The content of the fibrous reinforcement in concrete materials is usually 6%. Blending the plaster and 

fibers with thus high content causing problems in their bonding. For this reason the content of the 

fibrous reinforcement has been set to 1%, 2% and 3%. The calculation (5) of the mixing ratio [13] is 

based on the percentage of the components in the composite and their densities: 

 𝑤𝑖 =
𝑉𝑖  ×  𝜌𝑖

∑ 𝑉𝑖𝜌𝑖
 (5) 

where wi [%] is the mass fraction of the i-th component, Vi [%] the volume fraction of the i-th 

component and ρi [kg/m3] is the density of the i-th component. 

normally used in construction (i.e. cement, lime, gypsum and lime cement) 



  

(a) testing sample in form (b) sample before testing 

Figure 1 Samples 

 
3. Experiment and testing 

Electromagnetic shielding effectiveness of the individual samples was measured according to ASTM 

D 4935-10 [14]. This standard is intended for evaluating the effectiveness of shielding materials using 

plane waves falling on a shielding bulkhead near the zone of electromagnetic field. All specimens 

were tested using a shielded waveguide (modification methods shielded mailbox) Fig. 2. Measuring 

devices containing a sample holder coaxial shape. Input and output of the holder has been connected 

to the peripheral analyzer. For generating and receiving the electromagnetic signal used network 

analyzer [1]. 

 

Performed tests ranged from 30 to 3000 MHz, which is the most common band used for public 

communication and data transfer. For each content of fibrous reinforcement was measured five 

samples from each group i.e. free, 1, 2 ,3%. In order to establish a clear conclusion on the parameter of 

attenuation in the GSM bands, 3G, LTE and WiFi networks IEEE 802.11 hypothesis was formulated 

by their average value and statistically validated. 

 

 

Figure 2 Test equipment 



For the analysis of the shielding effectiveness of test samples can be used formula expresses 

absorption loss Asheet [dB] and reflection loss Rsheet [dB] that can be written: 

 

 𝐴𝑠ℎ𝑒𝑒𝑡 = 0,0848 ×  𝑡√
𝐾

𝐾𝐶
𝑓 (6) 

 
𝑅𝑠ℎ𝑒𝑒𝑡 = 𝐶 + 10 𝑙𝑜𝑔 (

𝐾

𝐾𝐶𝑓
) 

(7) 

where thw constant C is listed in Tab. 1 for plane waves, electric fields and magnetic fields, 

respectively. K [S/cm] is the volume conductivity and Kc [S/cm] is cooper conductivity,  

f [MHz] is the frequency and t [m] is thickness of the shield. [15] 

  

Table 1 Constants used in Equation (6, 7) 

Type of field C 

Electric field 322 

Plane wave 168 

Magnetic field 14,6 

 

4. Result and discussion 

The electromagnetic shielding effect was measured for three sets of samples for 4 different kinds of 

plaster with the various fiber weight ratio. The dependence of inner damping SE (dB) on frequency 

was monitored for all of the investigated samples. In Fig. 3 the results of electromagnetic shielding for 

reinforced and also the pure plaster materials could be seen. The measured dependencies of shielding 

show that the effectiveness of damping increases with rising content of the fibrous in the plaster. This 

trend is most noticeable with the lime plaster. 

 

  
a) Cement-lime plaster b) Lime plaster 

 
 

c) Gypsum plaster d) Cement plaster 

Figure 3 Results electromagnetic shielding 
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Table 2 Classes for professional use 

Grade 
5 

Excellent 

4 

Very Good 

3 

Good 

2 

Moderate 

1 

Fair 

Electromagnetic 

effectiveness range 
SE  60dB 

60dB  SE  

50dB 

50dB  SE 

 40dB 

40dB  SE  

30dB 

30dB  SE  

20dB 

 
5. Conclusion 

Based on the measured data is possible to declare that with increasing content of fiber grows the 

shielding ability in the plaster composites. Despite this fact, is the content of fibrous reinforcement 

more than 3% less suitable, because of arising negative impact to the mechanical properties, as could 

be read in the author previous articles. So probably the content 1 - 2 %, which according to Tab. 2 

means shielding group: Good - Very good, is the most suitable. 
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Abstract. Fiber-metal laminated (FMLs) composites; among of a generation of the hybrid 

composites are always attractive for researchers and manufacturers, particularly in the 

aerospace industry, due to high strength-to-weight ratio. This study aims to investigate 

effect of different kinds of glass-aluminium fabrics on their low-velocity impact resistance 

and tensile strength. The prepared composite fabrics were laminated using an epoxy resin. 

The results indicate that the structure and orientation of fabric has a significant influence 

on low- velocity impact resistance and tensile strength of aluminium-glass fabric hybrid 

composites. 

Keywords: Fiber-metal composite, Low-velocity impact, Tensile strength, Epoxy resin 

 

 
1. Introduction 
Fiber-metal laminated (FMLs) composites are consisting of a new generation of the hybrid composites. 

They are often produced by resin laying-bonding of metal sheet(s), mainly aluminium, with textile products 

such as aramid, glass, carbon. It is evident that the multi-layer metal-fiber composites can be individually 

have positive characteristics of metals and fiber. Some of researches have been done on fiber-metal 

laminated composites. Vasconcelos et al. [1] studied fracture and impact resistance of epoxy matrix 

composite materials, reinforced with aluminium particles and chopped fibers. They found that although 

adding fiber to resin, generally improves composite performance, but composite of fiber and aluminium 

particles shows more impact resistance than resin-fiber composite. Kolahgar Azari et al. [2] studied the 

vibratory properties, tensile strength and impact resistance of epoxy matrix composites reinforced with 

aluminium and glass fiber. They observed that the polymer matrix reinforced with glass fiber has an 

undeniable influence on quantitative improvement of technical performance of the prepared composite such 

as stiffness, yield strength, fracture strength and toughness; whereas, using glass fiber and aluminium 

together increases toughness property of the made composite up to seven times.  

Alemi Ardakani et al. [3] studied impact resistance of adhesion-composites made by aluminium layers 

and glass fiber. They observed that the damage size is greater in laminates with poor interfacial adhesion 

compared to that of laminates with strong adhesion between aluminum and glass layers. The FMLs with 

higher adhesion bonding also show better resistance under low velocity impact. As far as to contact force in 

stronger adhesion is concerned, it is about 25% higher than that of specimens with a weak bonding. They 



also observed that the maximum central deflections in laminates with strong bonding are about 30% lower 

than that of FMLs with poor adhesion.  

Sadighi et al. [4] studied on tensile properties of glass fiber/aluminium laminates with various fiber 

angles, both analytically and experimentally. The theory model was constructed based on elastic-plastic 

behavior of the aluminium alloy using Kirchhoff-Love assumption. Test results also showed that fiber sheet, 

with zero angle in laminates, improves the tensile strength. They found that the prepared composite with 

different fiber orientation vividly changes specimens' mode of fracture. There also are good agreement 

between the model predictions and the experimental results. Mathivanan et al. [5] studied on impact 

properties of aluminium-glass fiber reinforced plastics (GFRP) sandwich panels. They found that the 

bidirectional cross-ply hybrid laminate (CPHL) exhibits impact performance and damage resistance better 

than the unidirectional hybrid laminate (UDHL). Increase in aluminium thickness fraction (Altf) and fiber 

volume fraction (Vf) resulted in an enhancement in the impact energy required for cracking and perforation. 

On an overall basis, the sandwich panels showed better impact performance than the monolithic aluminium. 

 Hasan et al. [6] investigated the impact response of composites reinforced with glass fiber and 

aluminium layer (GFRAL) against conical and blunt nose projectiles. The obtained results showed higher 

ballistic limit for conical nose projectile compared to blunt nose. Also, failure mode in case of conical nose 

projectile impact is petal-shape with localized delamination of the GFRAL specimen. Mahesh et al. [7] 

studied on comparison of mechanical properties for aluminium metal laminates (glare) with three different 

orientations such as CSM, woven Roving and 45o stitched mat. They revealed that the mechanical properties 

of the composite, structured based on 4 layers aluminium and 3 layers of 45o stitched mat, has superior 

tensile and flexural strength than that of the other orientation. 

It is evident that the various parameters of reinforcement have an important role in the mechanical 

properties of composites. The objective of this research was to study the effect of structure and orientation 

of fabric, as reinforcement, on low-velocity impact resistance and tensile strength of aluminium-glass fabric 

hybrid composites.  

 

2. Experimental 

For the sake of study on two vital mechanical properties of Glass-Aluminium (G-Al) composite such as 

impact resistance and tensile strength, firstly a number of three different glass fabric samples were prepared, 

as shown in Table 1. 

 

Table 1. The Used Fabrics 

Type Warp 

material 

Weft 

material 

Woven  

pattern 

Warp  

density 

(1/cm) 

Weft  

density 

(1/cm) 

Fabric  

weight 

(g/m2) 

Fabric 1 G G 1/1 plain 8 7 200 

Fabric 2 Al Wire/G Al Wire 2/2 twill 14 7 270 

Fabric 3 G ---- Unidirectional (UD) 8 ---- 104 

 

  Then, totally, four various combinations of (G-Al sheet) were layered to make composite samples coded 

as A to D, based on Table 2. As it is obvious, only fabric sample B was prepared using aluminium wire and 

glass roving with configuration of one by one, as shown in figure 1. 

 

 



  The count of glass roving, the diameter of aluminium wire and thickness of aluminium sheet (AL1050) 

were 1300 dtex, 0.2mm and 0.3mm respectively. 

 

Table 2. Various Laying of the Prepared Composite Samples 

Code Fabric orientation Layered structure with Al sheet 

A 0o Al+Fabric1+Al+Fabric1+Al 

B 0o Al+Fabric2+Al 

C 45o Al+Fabric1+Al+Fabric1+Al 

D 0o Al+Fabric3+Al+Fabric3+Al 

 

 Table 3 shows properties of used epoxy resin, coded as LR2025/HE1515 (hardener) from Pars Co. Hand-

layered structures of all composite samples were bonded by epoxy resin; so that, they reach to the same 

thickness equal to 1.3mm.  

 

Table 3. Resin’s properties (LR2025/HE1515) 

Viscosity 

at 25°C 

(Cp) 

Specific  

gravity 
(g/cm3) 

Compressive 

strength 

(ASTM D695M) 

(Kg/cm2) 

Impact 

resistance 
(ASTM D256) 

(Kj/m2) 

Tensile 

strength 
(ASTM D638M) 

(Kg/cm2) 

Adhesive 

strength 
(ASTM D1002) 

(Kg/cm2) 

Bending 

strength 
(ASTM D790M) 

(Kg/cm2) 

440 1.1 751 6.398 503 85 652 

 

 For making composite samples, the method recommended by Delft University of Technology, 

Netherlands [8] was initially used to prepare surface of the employed aluminium sheet. In this method to 

improve to bond, the surface preparation of the aluminium sheets was made according to the four steps, as 

follow; 1) degreasing: cleaning of metal surface by a soft brush or cloth soaked in acetone, 2) rinsing: 

washing of the parts by high pressure water at 20-30oC, 3) Sanding: roughening of the aluminium sheet 

surface in order to increase the contact surface of the sheet with resin and 4) re-rinsing and drying: high-

pressure washing of the aluminum sheet at 20-30oC to remove remaining particles from the sanded surface 

and then drying of the prepared sheet in the room weather for 45 minutes. Then, the next steps of the 

composite making procedure such as hand-laying with resin and also curing were done. The curing process 

was performed under a pressure of about 2bar for 12 hours. Finally, the composites were fully cleaned and 

then, examined with the tests such as areal weighing, thickness and also specific gravity.   

 

 

Figure 1.  Image of Fabric 2  Figure 2. The used composite samples for impact resistance test 



 In order to evaluate impact resistance, the drop-weight impact test was conducted based on ASTM D7136 

standard with five repetitions on each sample. Size of sample was 10 cm × 10 cm, as shown in figure 2. In 

the drop test, energy level of the impact was considered constant at 10J by setting appropriate height of the 

drop-weight. The resultant fractured area of the samples was measured using image processing technique 

written in MATLAB software. It was reported as an indicator of the impact resistance, the smaller the area 

the greater the impact resistance.   

 The tensile strength testing was performed by SANTAM Strength Tester, STM-150 according to 

standard test method of ASTM D3039. Five tests of each sample in size 250 mm × 25 mm were done with 

the same constant rate of elongation of 2mm/min. The one-way ANOVA statistical analysis by SPSS 

software was also employed to investigate signification effect of the studied variables. The independent and 

response variables were different structures of the composites, as input and values of the low-velocity impact 

resistance and tensile strength, as output respectively. 

 

3. Results and Discussion 

The obtained illustrated-results of the low-velocity impact test were shown in figure 3. As seen, magnitude 

of the fractured area can be considered as an index for identification of the impact resistance.  Figure 4 

typically shows successive steps of defect finding process which is due to the fractured area. It is evident 

that the illustrated-results can be easily converted to the numerical values of the area. The quantitative results 

of the low-velocity impact resistance test, based on area of the fractured zone, are also shown in Table 4.  

 

Table 4. The low-velocity impact test results 

Code Spec. gravity (g/cm3) Fractured area (mm2) 

A 2.42 2325 

B 1.92 4447.5 

C 2.42 2880 

D 2.34 6622.5 

 

 The results indicate that the sample A, with zero degree of fabric1 as reinforcement, has more impact 

resistance than other samples. On the other hand, the sample D, with UD-fabric, shows the minimum 

resistance. There was also no significant difference between samples A and C, based on ANOVA statistical 

analysis. Though, Sample B shows more impact resistance than sample D, but it is weaker than samples A 

and C. Therefore, it can be argued that for increasing impact resistance, orientation in multi-directions is 

better than orientation in single-direction.  

 

 

 

 

 

 



  

                                                                             

 

 

 

 

                                                  

 

 Tensile strength behavior of the samples was also conducted by a heavy-duty universal strength tester. 

The force versus elongation curves of the samples are shown in figure 5. The summary of the obtained 

results is also presented in Table 5.  

 

Figure 5. Tensile strength test curves. First sample of four kinds composites 

 

A B 

C D 

Figure 3. Low-velocity impact test of          

first sample of four kinds composites. 

 

Figure 4. Finding steps of the defect 



 The results indicated that the sample A, with zero degree of Fabric1 as reinforcement, has the highest 

tensile strength and sample C, with angle 45 degree of Fabric1, shows the lowest strength at yield point and 

minimum tensile elongation. Difference between samples A and C indicates importance of the orientation 

of fabric at multilayer composites. 

  There was no significant difference between the samples B and D at the yield point, based on ANOVA 

statistical analysis. whereas, the sample B has the lower specific gravity and less number of layers, compare 

to other samples, but shows better tensile strength than samples C and D, although is weaker than sample 

A. This is due to the fact that, appropriate adhesion between layers of sample B. 

. 

Table 5.  The tensile strength test results 

Code Spec. gravity 

(g/cm3) 

Force (N) Stress (Mpa) Elongation (%) 

Yield Uts Break Yield Uts Break Yield Uts Break 

A 2.42 2904.7 6021.7 5778.4 89.744 185.67 179.55 1.071 4.997 5.08 

B 1.86 1688 3257.2 3134.6 52.37 103.66 99.77 0.902 2.12 2.72 

C 2.38 441.12 891.6 629.95 13.82 27241 20.04 0.302 1.01 1.27 

D 2.33 1571.4 3114.6 361.2 51.041 102.94 11.28 0.89 1.912 2.43 

 

4. Conclusion 

The obtained results denote that the studied independent variables have a considerable significant effect on 

impact resistance as well as tensile strength. Less fractured area signified more impact resistance. Using 

from 100% glass plain-weave fabric without any orientation in laying, shows higher tensile strength and 

less fractured area due to increase in effective contact surface of bonding areas and also higher bonding 

strength between resin and glass. It is used aluminum wire and glass fiber combinations (Fabric2) as 

reinforcement in sample B, which is almost 20% lighter than other examples at the same thickness. It has 

better performance in impact resistance compared to the sample D and more tensile strength compared with 

samples C and D. By considering samples A and C, it can be seen that, although, the orientation of fabric 

in multi-layer composites has no signification effect on impact resistance. But, this is very important for 

tensile strength behavior.  
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Abstract. A hot water and steam tester was used to examine thermal protective performance of
waterproof and breathable fabric against hot water and steam hazards. Time to cause skin burn
and thermal energy absorbed by skin during exposure and cooling phases was employed to
characterize the effect of configuration, placing order and properties of waterproof and
breathable fabric on the thermal protective performance. The difference of thermal protective
performance due to hot water and steam hazards was discussed. The result showed that the
configuration of waterproof and breathable fabric presented a significant effect on the thermal
protective performance of single- and double-layer fabric system, while the difference between
different configurations in steam hazard was greater than that in hot water hazard. The
waterproof and breathable fabric as outer layer provided better protection than that as inner
layer. Increasing thickness and moisture regain improved the thermal protective performance
of fabric system. Additionally, the thermal energy absorbed by skin during the cooling phase
was affected by configuration, thickness and moisture regain of fabric. The findings will
provide technical data to improve performance of thermal protective clothing in hot water and
steam hazards.

1. Introduction
Workers in oil and gas industries are subjected to two kinds of thermal hazards: hot water and steam
[1]. Hot water is frequently heated to 80-90 ℃ under pressure, and steam temperature is more than
100 ℃, which results in the steam burn or scald burn injuries [2]. For providing effective protection
against hot water and steam, worker is required to equip with personal protective clothing to resist heat
and mass transfer.

Thermal protective performance provided by protective clothing against hot water and steam is
determined by various factors, such as fabric’s basic properties, air gap size and exposure condition
[3-6]. As reported in standard ASTM F2701-08, a hot liquid splash tester was developed to evaluate
the protective performance of materials used for protective clothing. The bench top tester was further
improved by Lu et al. [4] to precisely investigate the influencing factors of the protective performance
against hot liquid splash, such as liquid type, temperature, flow rate and impingement angle. The result
demonstrated that mass transfer rate and amount determined the thermal protective performance of the
clothing, depending on the air permeability of clothing system [7]. The improved tester was also
employed by Mandal et al. [5] to analyze the relationship between the fabric properties and thermal



protective performance, indicating that the air permeability and thickness of fabric were the crucial
influencing factor of thermal protective performance in hot liquid splash.

There has no international standard for characterizing the steam protective performance of fabric or
clothing until now. Some preliminary studies have been carried out to develop a suitable assessment
method for evaluating and improving thermal protection of clothing exposed to pressurized steam.
Ackerman et al. [8] established a horizontal bench top tester that can differentiate the thermal
protective performance of fabrics under steam exposure with a pressure from 69 to 620 kPa. It was
found that the fabric’s thickness, density and air permeability were the important fabric characteristics
in providing protection against pressurized steam [5, 9]. In addition, some researchers developed
vertical test device to evaluate the steam protective performance of fabric. For instance, Derscuell and
Schimid [10] established a vertical test device that can adjust the splashing distance and pressure of
steam to simulate different exposure conditions. Su and Li [11-12] developed a new test device
considering the combined effect of steam and radiant heat transfer on thermal protective performance
of clothing system. For evaluating the effect of body shape on thermal protective performance of
clothing, Sati et al. [1] presented the test device of a cylindrical shape to study heat transfer in the
fabric while exposing it to moderately high-pressure steam (69 kPa and 207 kPa). Moreover, a thermal
manikin in a steam climatic chamber was employed to evaluate the thermal protective performance of
clothing against steam exposure [10]. The results demonstrated that steam penetration and heat
transfer in protective clothing mainly depended on resistance to water vapor diffusion, air
permeability, thermal insulation and total heat loss.

It was found that hot liquid and steam penetration in protective clothing presented an important
effect on thermal protective performance. Therefore, for improving thermal protective performance of
protective clothing, impermeable fabric should be selected. It is generally that waterproof and
breathable membrane, while allowing penetration of water vapor to increase heat loss due to sweat
evaporation, provides the great resistance to water water [13]. Its impermeable property can enhance
performance of thermal protective clothing exposed to hot water and steam hazards. The previous
studies also proved that thermal protective clothing entrapping with waterproof and breathable fabric
provided excellent thermal protection [5, 9].

However, there are few studies to further investigate the properties of waterproof breathable fabric
on thermal protective performance against hot water and steam hazards. Therefore, the aim of the
research was to examine the effect of properties of waterproof and breathable fabric on thermal
protective performance against hot water and steam. The relationship between configuration of
waterproof and breathable fabric and thermal protective performance was analyzed. The difference of
hot water and steam hazard was discussed for explaining the protective mechanism and exploring the
similar protective measures for two thermal hazards. The findings in this study would be useful in
developing waterproof and breathable fabric used for the protection of hot water and steam.

2. Materials and methods

2.1. Materials
Two kinds of waterproof and breathable fabric with different type of substrates were selected for
moisture barrier in this study (A1 and A2). Two kinds of composite fabric with different basic
properties were used for outer shell (B1 and B2). The basic specifications of testing samples are listed
in Table 1. Single-layer fabrics were assembled into double-layer fabric system. Different sides of
waterproof and breathable fabric can be inserted into double-layer fabric system: configurations and

. The configuration of fabric system A1+B1 means that membrane side of waterproof and
breathable fabric is exposed to hot water or steam, while the substrate side of waterproof and
breathable fabric is exposed to hot water or steam for the configuration of fabric system A1+B1.

The thickness of test specimens was measured in accordance with standard ASTM D 1777-96. The
fabric’s air permeability was tested in a pressure drop of 2 kPa according to ASTM D 737. The oven
was used to measure moisture regain of all samples in a constant atmosphere (20℃ temperature, 65%



relative humidity). The contact angle between the fabric’s surface and distilled water drop was
measured using video based optical contact angle system (OCA 25, DataPhysics instruments,
Germany) in accordance with ASTM D 5725-08 at standard condition. In addition, surface
morphology of microporous membranes was examined using a scanning electron microscope (FEI
Quanta 250 FE-SEM, Oregon, USA) after sputter-coating with Iridium to increase image clarity.

Table 1. Basic physical properties of protective fabric.

Fabric code
A1 A2

B1 B2
membrane substrate membrane substrate

Fiber content PTFE PBI/ Kevlar PTFE Polyester
Nomex/
Kevlar
/P-140

Nomex/
Kevlar

Fabric structure Nonwoven Twill Nonwoven Plain Twill Plain

Thickness (mm) 0.27 0.21 0.66 0.54

Mass (g/m2) 187.48 123.13 260.07 248.03

Moisture regain 0.95% 0.07% 2.98% 1.65%

Air permeability (cm3/s/cm2) 0.48 0.062 0.33 0.055 262.2 125.2

Contact angle (°) 90.91 141.63 79.38 125.76 0 143.79

2.2. Hot water and steam hazard simulation
Hot water and steam hazard tester (Iowa State University, USA) was employed to evaluate the thermal
protective performance of protective fabric system under hot water and steam splash, as shown in
Figure 1. Hot water splash tester is composed of a temperature controlled water reservoir, a water
nozzle, a sensor board and a data acquisition system. Similarly, steam splash tester is composed of a
steam generator, a delivery spout, a heat exposure cabinet, specimen fixed component and a data
acquisition system. Water temperature can be set between ambient temperature and 100 ℃ with a
temperature controller. The steam temperature ranges from 100 to 150 ℃ by controlling the
electrically heated super heater in a small 3 kW boiler with an added super heater. The sample restraint
of different thicknesses could be used to adjust the distance between steam nozzle and test specimen.
The flow rate of water and steam during the exposure is controlled using a flow control valve. The
temperature of splashing hot water or steam was measured by a T-type thermocouple (OMEGA: TC-
GG-T-30) fixed near the nozzle. Skin-simulant sensor behind the test sample was used to record the
change of skin temperature as the sensor housing is construct of Colorceran, an inorganic material
having similar thermal physical properties with human skin [14]. Three skin-simulant sensors are
embedded in the sensor board in order to measure skin temperature at different positions for water
flow. The temperature data of skin’s surface is employed to calculate heat flux (q(t)) absorbed by skin
on the basis of Duhamel’s theorem, given by [15],
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where ρ, k and cp are respectively the density, thermal conductivity and specific heat of the skin
simulant sensor, Ti is the initial uniform surface temperature and Ts(t) is the surface temperature versus
time t.



Figure 1. Schematic diagram of hot water (left) and hot steam (right) testers

3. Results and discussion

3.1. Difference of hot water and steam hazard
The average temperature of hot water flowed through water nozzle during the exposure is 85 ℃, while
the steam average temperature reaches to 104.34 ℃. For evaluating the difference between hot water
and steam hazard, skin-simulant sensor without the cover of fabric system was exposed to two heat
exposure conditions. Table 2 shows times to 2nd and 3rd degree burn in hot water and steam hazard. It
is clear that the time to 2nd and 3rd degree burn caused by steam exposure is significantly lesser than
that caused by hot water exposure (P<0.05). The maximum difference between two heat exposures is
5.26 times for 2nd degree burn and 1.55 times for 3rd degree burn. It indicates that workers exposed to
steam hazard confront with the larger risk comparing to hot water hazard. Theoretically, the thermal
energy absorbed by skin in hot water and steam can be calculated by the below equations,
respectively,
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where ml and ms are the mass of water water and from the water vapor to the water water (g), Cl is the
specific heat of water water (4.192 kJ/kg/K), Tl , Ts and Tskin are the temperature of the liquid water,
the steam and the skin surface (℃), h1 and h2 are the water vapor enthalpy (2676.3 kJ/kg) and the
water water enthalpy (419.06 kJ/kg) at 100℃, respectively [16]. By comparing the two equations, it is
clear that the thermal energy in steam exposure consists of mass transfer and phase change, while the
thermal energy in hot water exposure is only dependent on mass transfer. For the same mass of hot
water and steam, steam can transfer more thermal energy since the steam temperature is higher than
water water. Additionally, steam is condensed on the surface of skin which can release a considerable
amount of thermal energy according to the second term of right side in equation (3). Thus, the thermal
energy absorbed by skin is obviously larger in steam exposure. The difference between two heat
exposures is determined by the temperature and the phase change of hot water and steam.

Table 2. Thermal protective performance in hot water and steam hazards.

Steam Water-top Water-middle Water-down

Time to 2nd degree burn (s) (SD) 0.42 (0.033) 1.55 (0.020) 1.58 (0.033) 2.21 (0.059)

Time to 3rd degree burn (s) (SD) 6.12 (0.761) 8.21 (0.033) 8.21 (0.022) 9.46 (0.120)
Total thermal energy (kJ/m2) (SD) 507.90 (14.201) 403.17 (3.189) 385.17 (2.538) 372.27 (9.148)
Figure 2 shows the variation of heat flux on the skin surface under hot water and steam hazards.

The overall trend in the heat flux presents a consistency between two heat exposures. However, there



is an obvious difference for peak heat flux between hot water and steam exposures. The peak heat flux
in steam exposure is 205.79 kW/m2 which is far more that in hot water exposure (60.54 kW/m2).
Furthermore, the heat flux arrives at the maximum value in 1.3 s of hot water exposure, while the heat
flux for steam exposure reaches the peak value at 0.3 s. It means that steam exposure possesses not
only more thermal energy, but also larger heat transfer rate comparing to hot water. After around 1.3 s
of heat exposure, the heat flux for two heat exposures is almost equal. The average heat flux of hot
water and steam at the end of heat exposure are 12.33 kW/m2 and 11.99 kW/m2, respectively. During
the cooling phase, no significant difference between two heat exposures was observed. However, the
heat flux for steam exposure is less than 0 kW/m2 at the beginning of cooling period. The reason might
be that some condensed water on the surface of skin for steam hazard was evaporated to take away
thermal energy. The flow water for hot water hazard hardly stayed on the surface of sensor board due
to its angle of inclination.

Figure 2. Heat flux histories over time in hot water and steam exposure

3.2. Effect of waterproof and breathable fabric on thermal energy
Figure 3 presents thermal energy absorbed by skin for different fabric systems during hot water and

steam exposures. A significant difference between hot water and steam exposures was observed
(P<0.05). The minimum and maximum differences between two heat exposures are 1.82 times and
8.67 times, respectively. This is far more than the difference between two heat exposures for the skin-
simulant sensor without the cover of fabric system (see Table 2). It indicates that the fabric system can
increase the difference of thermal protective performance between hot water and steam exposures. It
might be attributed to the reason that the waterproof and breathable fabric resists the penetration of
liquid water, but allows the water vapor transmission [13]. Thus, the waterproof and breathable fabric
possesses better thermal protective performance in hot water exposure. The difference between two
heat exposures depends not only on the stored thermal energy and phase change of hot water and
steam, but also on the property of fabric system. Regarding different position of sensors, no obvious
difference is observed based on the results of analysis of variance test (P>0.05). However, it is found
that the difference of fabric system with configuration is larger than fabric system with
configuration . This is because the membrane side exerts a less resistance to the flow of hot water on
the fabric surface while the substrate side can allow the penetration of hot water. Furthermore, its
rough surface resists the water flow on the fabric surface which can increase the retention time of
water on the top and middle sensors.

When the waterproof and breathable fabric in different configurations was exposed to hot water
and steam, the thermal energy for configuration is significantly lesser than that for configuration
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(P<0.05). The larger difference between two configurations was observed for steam exposure. In
steam exposure, the maximum different is 1.89 times for fabric system B2+A1, while the maximum
different in hot water exposure reaches 1.65 times for fabric system A1. As discussed above, the
waterproof and breathable fabric can provide better thermal protective performance in hot water
exposure, which reduces the effect of configuration on thermal protective performance. Additionally,
thermal protection against hot water and steam is influenced by the properties and position of fabric
system. For steam hazard, the maximum thermal protection provided by fabric system is fabric system
A1+B1 with configuration , while the fabric A1 with configuration possesses the worst thermal
protection. The configuration of waterproof and breathable fabric is key influential factor for single-
layer fabric. However, the position of waterproof and breathable fabric embedded in fabric system is
more important for double-layer fabric. The fabric properties present a minor effect on thermal
protective performance due to the less difference of basic properties between the selected fabrics. For
the hot water hazard, the best thermal protection is same with the steam hazard, while the fabric
system A2 with configuration shows the least thermal protection. The effects of configuration and
position of waterproof and breathable fabric on the thermal protection present a consistent change with
the steam hazard, but the influencing extent shows a decreasing trend. In general, the same
improvements can be used to increase thermal protective performance for hot water and steam
exposure.

Figure 3. Thermal energy absorbed by skin for different fabric systems during hot water and steam
exposure

Figure 4 shows the change of thermal energy for different fabric systems during the cooling phase.
When the thermal energy is more than 0 kJ/m2, it means that skin surface during the cooling phase
continues to absorb thermal energy stored in fabric system. In contrast, the skin releases thermal
energy toward external environment. It is clear that the thermal energy absorbed by skin in steam
hazard is larger than that in hot water hazard, except for fabric system B2+A1 with configuration .
Comparing with cooling phase without fabric system, the existence of fabric system increases the
difference between two kinds of thermal hazard. The reason might be that more thermal energy in
fabric system is stored before cooling phase for steam hazard. Single-layer fabric discharges more
thermal energy to skin surface for steam hazard while more thermal energy within double-layer fabric
is absorbed by skin for hot water hazard. This phenomenon is dependent on the amount of penetration
of hot water and steam and thermal storage of fabric system. More steam is penetrated through single-
layer fabric so that the thermal energy from steam condensation continues to be transferred to skin
during the cooling phase. With regard to hot water hazard, less water is transmitted in fabric system
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due to the existence of waterproof and breathable fabric. The thermal energy absorbed by skin is from
thermal storage in fabric system. However, the thicker fabric system can store more thermal energy so
that double-layer fabric system releases more thermal energy during the cooling phase [17].

Besides, the configuration of waterproof and breathable fabric presents different effects on thermal
energy in hot water and steam hazards. The fabric system with configuration discharges more
thermal energy than the fabric system with configuration under steam hazard, except for fabric A1.
However, more thermal energy under hot water hazard is observed for fabric system with
configuration . For configuration , the less thermal energy is transmitted to skin during steam
exposure, thus reducing the increase of skin temperature. After the end of steam exposure, temperature
difference between skin and fabric system enhances heat transfer. However, the storing amount of hot
water in fabric system increases stored thermal energy, determining the difference between two
configurations in hot water exposure. In addition, the thermal energy absorbed by skin is affected by
fabric properties. It is found that the fabric system A1 discharges more thermal energy during the
cooling phase than the fabric system A2. The fabric system A1 is characterized by the larger thickness,
mass and moisture regain, indicating that the fabric system A1 can store more thermal energy. The
fabric system containing fabric B1 can present higher thermal energy absorbed by skin comparing to
the fabric system containing fabric B2, identically depending on the thickness, mass and moisture
absorption. Therefore, the thermal energy absorbed by skin during the cooling phase is determined by
the amount of mass penetration and stored thermal energy that is affected by configuration, thickness,
mass and moisture absorption of fabric.

Figure 4. Thermal energy absorbed by skin for different fabric systems during cooling phase

4. Conclusions
Waterproof and breathable fabric was used for design of thermal protective clothing to improve
protection against hot water and steam hazards. The effect of the waterproof and breathable fabric on
thermal protective performance was analyzed using a hot water and steam tester. Thermal energy
absorbed by skin was employed to examine the thermal protective performance of the waterproof and
breathable fabric during the exposure and the cooling phases.

The configuration of waterproof and breathable fabric presented a significant effect on protective
performance of different fabric systems exposed to hot water and steam hazards. The difference
between two configurations was more obvious for steam hazard, which could be attributed to the
lesser steam protective performance provided by the waterproof and breathable fabric. The position of
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waterproof and breathable fabric also affects the thermal protective performance in hot water and
steam hazards. The waterproof and breathable fabric should be treated as outer layer to resist the
penetration of hot water and steam into fabric system. Secondly, a small amount of penetrating water
and steam should be absorbed by the inner-layer fabric with thicker and larger moisture regain.
Additionally, the thermal energy absorbed by skin during the cooling phase was determined by the
amount of mass penetration and stored thermal energy that is affected by configuration, thickness,
mass and moisture absorption of fabric. Two thermal hazards possessed different extent of risk, while
the thermal protection in two thermal hazards was both influenced by configuration, position and
fabric properties. The similar protective measures can be taken to improve protective performance of
protective clothing against hot water and steam hazards.
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Abstract. This work presents the preliminary results of our efforts that focused on the
development of lightweight and more fibrous nonwoven. For this objective, nonwoven webs
that contain bicomponent filaments with island-in-the-sea cross section was produced by
spunbonding, which involves extruding of sea and island polymer melts through dies, cooling,
and attenuating the bicomponent filaments by high velocity air streams. Nylon-6 and
Polyethylene were chosen as the island and sea polymers, respectively. Bonding process was
applied to web first to keep structural integrity after removing the sea polymer. The web was
hydroentangled with high speed water jets prior to the dissolving process to obtain fiber
entanglement. Xylene, which is one of the few chemical that can dissolve Polyethylene, was
used for the dissolution of the sea component from the fibrous structure of the spunbond
nonwoven. Removal of the sea polymer from spunbond nonwovens that contain bicomponent
filaments with islands-in-the-sea cross section was achieved by the developed dissolution
process. Weight, thickness, and area of the nonwoven samples changed after the dissolution.
After removing the sea polymer, spunbond nonwoven contains only thin island fibers and also
gets lighter. Lightweight and more fibrous nonwovens can be obtained with the method given
in this study.

1. Introduction
Nonwovens are complex fibrous and porous structures with very low solidity. They are inherently
lightweight due to pores filled with air. The pores (voids) are also in the form of a bundle of
capillaries. Their thin fibrous structure is useful especially for sound absorption applications since
frictional resistance of fibers dissipates propagating sound wave energy [1].

Spunbonding process with bicomponent filament technology coupled with a mechanical fiber-
splitting process allows production of submicro- and microfiber based nonwovens. Segmented-pie or
islands-in-the-sea cross sections are often chosen to obtain fiber diameters ranging from 0.1 to 5 µm
[2]. Producing thinner fibers with islands-in-the-sea cross section is more feasible since the number of
islands in a circular bicomponent filament is limitless theoretically and the sea component that
surrounds island fibers makes the whole bicomponent filament more spinnable. Island fibers of the
resulting nonwoven can be split by mechanical forces. For instance, high pressure hydroentangling
water jets can be used for this purpose [3]. Another method that can release island fibers from
bicomponent filament is dissolution of the sea component. After removing the sea polymer from the
bicomponent filament by dissolving, nonwoven only contains thin island fibers and also gets lighter.

It is known that lightweight materials are advantageous in many applications especially in
automotive industry due to fuel consumption and CO2 emission concerns. For this target, in this work,



we tried to dissolve sea polymer from spunbond nonwovens that contain bicomponent filaments with
islands-in-the-sea cross section to obtain submicro- and microfibrous lighter nonwovens.

2. Materials and Methods
Web that contain bicomponent filaments with island-in-the-sea cross section was produced by
spunbonding, which involves extruding of sea and island polymer melts through dies, cooling, and
attenuating the bicomponent filaments by high velocity air streams. Nylon-6 (PA6) and Polyethylene
(PE) were chosen as the island and sea polymers, respectively. Filaments in the web have a weight
ratio of 75% for the island polymer and 25% for the sea polymer. Spunbonded web with islands count
of 108 was produced at the Nonwovens Institute’s Partners’ Pilot facilities located at North Carolina
State University. In Figure 1, scanning electron micrograph (SEM) of the fiber cross-sections of the
spunbonded web is given. Sea polymer (PE) surrounds thin circular fibers (island fibers) in a
bicomponent filament (Figure 1).

Figure 1. Cross-sections of bicomponent fibers

Bonding process should be applied to web first to keep structural integrity after removing the sea
polymer [2]. The web was hydroentangled with high speed water jets prior to the dissolving process to
obtain fiber entanglement and consolidation. 22,484 kJ/kg energy was transferred to the spunbonded
web with single pass.

Xylene, which is one of the few chemical that can dissolve PE, was used for the dissolution of the
sea component from the fibrous structure of the spunbond nonwoven. It should be noted that PA-6
(island polymer) provides chemical resistance to xylene.

Dissolution process developed for removing the sea polymer is carried out in the following
sequence: Flat bottom flask with 250 ml xylene is placed on hot plate at 100°C surface temperature.
Head/joint of the flask is sealed with PTFE joint sleeve to establish leak-proof connection. Then flask
is fitted to reflux system. Reflux system allows liquid circulation at outer wall of gas-outlet spiral to
drop temperature of the vapour. Sufficient temperature drop leads condensation. Xylene in the flask is
heated up to its boiling point (137°C). After removing the flask, nonwoven specimen is put into flask
with hot xylene, and then flask is fitted to reflux system again. Heat evaporates xylene during
dissolution but xylene mass remains the same because liquid drops come back to flask by
condensation. After a specific time, nonwoven sample is taken out from the xylene and then put into
hot pure water to clean remaining xylene and sea polymer from fabric surface. Sample is also cleaned
in beaker with cold pure water. Finally, nonwoven sample is placed in hot oven at temperature of 60°C
for 15 minutes for drying.



Dissolved polyethylene content precipitates after cooling down xylene solution. It can be seen in
white color in solution (Figure 2).

Quantity of the dissolved polymer can be calculated by measuring weights of the samples before
and after the dissolution process. It is expected to get 25% lighter nonwoven after removal of the sea
polymer.

Figure 2. Precipitated polymer

Thickness and area of the samples were also measured before and after sea polymer removal. All
the samples were conditioned at 65 ± 2% relative humidity and temperature of 21 ± 1°C before each
measurement.

3. Results and discussion
Weights of the 108 islands nonwoven samples changed after the dissolution process. The results are
given in Table 1. Most of the sea polymer (PE) (average 22.75 %) was removed from the fibrous
structure of the samples according to weight loss results in Table 1. Note that 25 % weight decrease of
the nonwoven sample corresponds to full sea polymer dissolution.

Table 1. Weight change after the sea polymer removal

Sample no Weight [g] Weight loss
[%]Before dissolution After dissolution

1 0.552 0.437 20.83
2 0.561 0.430 23.35
3 0.542 0.415 23.43
4 0.539 0.413 23.38

Thickness values of the nonwoven samples also changed after the dissolution process. The results
are given in Table 2. Thickness decrease can be explained by the movement of the island fibers. It
seems that island fibers come closer due to sea polymer removal. Areal shrinkage after the dissolution
corroborates this result (Table 3).

Table 2. Thickness change after the sea polymer removal

Sample no Thickness [mm] Thickness decrease
[%]Before dissolution After dissolution

1 0.49 0.44 10.20
2 0.49 0.42 14.29
3 0.50 0.46 8.00
4 0.47 0.43 8.51

Precipitation



Area of the 108 islands nonwoven samples decreased after the sea polymer removal (Table 3).
Decrease is under 5 %.

Table 3. Areal change after the sea polymer removal

Sample no Area [cm2] Areal decrease
[%]Before dissolution After dissolution

1 49 47.6 2.86
2 49 46.9 4.29
3 49 47.6 2.86
4 49 46.9 4.29

Samples shrank three-dimensionally according to the results in Table 2 and 3. This structural change
affects solid volume fraction of the samples.

4. Conclusion
Removal of the sea polymer from spunbond nonwovens that contain bicomponent filaments with
islands-in-the-sea cross section is achieved by the dissolution process. Submicro- and micro-fibrous
lightweight nonwovens can be obtained with spunbond web production and following chemical sea
polymer removal method.

More porous fiber network can be expected after the dissolution process. However, nonwoven
shrinkage from all dimensions shows us island fibers in adjacent bicomponent filaments move and
come closer during the sea polymer removal.
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Abstract. Knitting allows a high individual adaptability of the geometry and properties of flat-

knitted spacer fabrics. This offers advantages for the specific adjustment of the mechanical 

properties of innovative composites based on highly viscous matrix systems such as bone 

cement, elastomer or foam and cellular reinforcing structures made from e. g. polymeric 

monofilaments or metallic wires. The prerequisite is the availability of binding solutions for 

highly productive production of functional, cellular, self-stabilized spacer flat knitted fabrics as 

supporting and functionalized structures. 

1.  Introduction 

Conventional flat-knitted spacer fabrics (SF) are used as padding material in protectors, clothes or 

mattress covers due to their adjustable pressure stability and air permeability [1]. SF consist of two 

surfaces layers and one connecting spacer layer. The adjustable distance between the surface layers in 

connection with the near-net shape production possibility make SF particularly interesting for 

composite. The SF however, even so the spacer layer is formed by bridges or pile yarns, is not 

inherently stable immediately after textile production. This requires either consolidation or using 

elastic yarn materials within the surface layers to generate the required tension for erecting the pile 

yarns. However, both methods do not result in inherently stable, open knitted fabric structures as 

cellular distance structures for composites.  

In order to extend the use of SF beyond the already named areas also for medical applications there 

is a crucial need for research into the development of solutions to produce stable cellular spacer 

structures with open net like surface layers (iSF). Consequently, the main focus of this research is the 

development of a manufacturing technology for structures based on process-integrated shaping of 

monofilament or wire yarns during the structure production. The aim is to enable flexible and 

reproducible manufacturing of dimensionally stable cellular 2D and 3D net shape knitted spacer 

fabrics (iSF). Solving these complex tasks requires the development of innovative technological 

principles for the textile-technical manufacturing of cellular spacer structures with a compression-rigid 

spacer area between the surface layers and a surface topography adjusted to the matrix system. At the 

same time, it is aimed to triple or quadruple the productivity of the production rate compared to 

conventional closed SF. The cellular surface layers are a decisive advantage of these innovative, 

cellular spacer structures while used in composites, as it enables usage of high viscous matrix systems 

(e.g. bone cement, rubber or foam) while ensuring homogeneous infiltration. The fibre volume content 

can easily be adjusted by binding-technology design without decreasing permeability of the surface 



 

 

 

 

 

 

layers and the thickness of the iSF. The fields of application to be derived from this technique are 

conceivable in many industries. As exemplary applications, two examples (Figure 1) are shown. 

 Folding bellows (Figure 1a) - The iSF serves as a separating layer between two rubber 

surfaces and forms an air-filled cavity through the spacer layer, which is intended to contribute 

to the acoustic insulation. The iSF supports the flexibility of the rubber while reinforcing the 

textile structure. 

 Sports shoes (Figure 1b) - Due to the novel iSF, the sole construction can be individualized, so 

that the soles are easily adaptable to each foot, locally different thicknesses of the iSF form the 

basis for this. This (scaffolding) framework is finished by a consolidation of the structures 

usig e. g. polymeric foam. 

  
a) b) 

Figure 1. Possible fields of application of iSF a) folding bellow in passenger trains b) Soles of sports 

shoes [2, 3] 

In summary, it can be conducted that conventional SF are not suitable for a use as reinforcing or 

functional structures in composites. Both the surface and the spacer layer are too tight and prevent a 

homogeneous infiltration. For this reason, it is necessary to develop a novel iSF. The parameters 

material and bonding technology are examined. 

2.  Materials and Methods 

2.1.  Materials 

The examinations are undertaken with monofilament polymer yarns and metallic wires. The main tests 

are carried out primarily with monofilaments, since these ensure a gentler processing. Only in the case 

of fault-free bindings the textile wire is used. 

2.2.  A subsection Binding technology 

Geometrical properties: The goal is to develop a binding, which allows a freely thickness adaption of 

the knitted fabrics during production while realizing the iSF with only one thread system. An effective 

and productive method to accomplish this is to achieve the distance by a subsequent different binding 

of the yarns on the two needle beds, as can be seen from Figure 2.  

 

Figure 2. Binding scheme of iSF a) small distance without FN b) changed thickness with FN 



 

 

 

 

 

 

The adjustment of the thickness must be carried out by fastening measures. The free length (fL) of 

the thread piece between the front (fNB) and the rear (bNB) needle bed can be achieved by means of a 

corresponding stitch formation. For this purpose, the thread material is alternately integrated on the 

fNB and bNB. The stresses induced during the binding process cause the structure to shorten and thus 

the webs are set up and since the spacing layer is formed with only one thread material, the tubes are 

produced in the direction of the wales. Exemplary, a binding scheme for a SF with a small thickness is 

compared with an increased thickness in Figure 2. The small thickness (Figure 2a) results from the use 

of each needle within the structure (loop = MA), thus the fL is limited to the distance between the 

needle beds. An increase in the fL (Figure 2b) is achieved by introducing of free needles (FN). 

Mechanical Properties: As can be seen in Figure 2, the structure has no continuous covered surface. 

A force applied to the top surface can only be absorbed locally and is not distributed over the entire 

top surface. This effect reduces the pressure stability of the structures. In order to prevent this effect, 

the cover surface must be modified in such a way that a continuous connection of the segments takes 

place without reducing the porosity of the cover surface. This is provided by the integration of straigth 

reinforcing threads as warp and weft yarns. By incorporating the warp and weft yarns (Figure 3), the 

structural elongation is reduced to a minimum and thus the structures can be subjected to a higher load 

transversely and longitudinally to the production direction. Weft threads, warp threads and stitches 

form a solid grid so that the surface is fixed and can no longer pull apart. 

 

Figure 3. Binding scheme with elongated reinforcing threads  

3.  Results 

During this project work first cellular iSF were developed. These could be produced on a flat knitting 

machine STOLL CMS320 TC, gauge E10 with a considerable reduction in knitting time, as the 

necessary number of carriage strokes per series could be reduced dramatically. The produced samples 

are up to 40 mm thick. The thickness does not depend on the fineness of the yarn materials used. This 

is contrary to the pressure stability, which is directly related to the fineness of the materials. These 

achievements are a basis for the development of further innovative iSF. New variants are expanded by 

an additional use of reinforcement yarns in warp and weft directions to increase stability and thus 

improve mechanical properties. 

Table 1. Overview of used materials 

No. manufacturer's designation diameter [mm] tensile strength [N] 

1 Perlon/ PA 6 0,20 15,5 

2 Perlon/ PA 6 0,25 24,6 

3 Perlon/ PA 6 0,30 35,3 

According to the developed binding technique, the knitting tests are carried out using polymeric 

monofilaments. The extensive investigations include, in particular, the appropriate machine settings 

(i. a. stitch cam adjustment, pull-off values, thread tension). From these investigations connections 

between the appearance of the surface, the number of FN and the trigger value can be recognized 

during the knitting process. The correlation between the number of FN and the appearance is striking. 

The higher the number of FN, the more uneven the surface becomes, which is more visible in the 



 

 

 

 

 

 

stretched state, as the intersecting points of the distance threads shift. A clear difference can be seen 

between a structure with 7 MA - 7 FN (Figure 4a) and one with 7 MA - 10 FN (Figure 4b). 

  
a) b) 

Figure 4. Overview of structures samples a) 7 MA and 7 FN b) 7 MA and 10 FN 

The pressure stability is also influenced by the bond. A comparison of samples with 0FN (Table 2, 

2MAx0FN) and 7FN (7MAx0FN) shows higher pressure stability by 223.52% for samples with a 

lower FN. This can be attributed to the higher number of pile threads as well as a more even top 

surface and a smaller fabric thickness. The pressure stability decreases with an increasing thickness 

through to the non-continuous cover surface and an early separation of the individual segments. In 

order to increase pressure stability this needs to be prevented by the use of reinforcing threads. The 

pressure stability at SF must be so high, because this is not used in composite. iSF is used as a 

reinforcement in a matrix, therefore a not so high pressure stability is required. 

Table 2. Comparison of SF with iSF 

 

iSF 

2MAx0FN 

iSF 

7MAx0FN 

iSF 

7MAx7FN 

iSF 

7MAx10FN 

SF 

 

thickness [mm] 4,30 13,90 30,82 38,03 13,80 

loop density[1/cm²] 49,00 41,58 48,94 56,10 17,70 

grammage [g/m²] 408,20 411,00 678,00 812,00 2392,00 

pressure stability [N] 89,92 40,23 37,18 49,06 1299,2 

4.  Outlook 

Within the scope of the investigations it is planned to develop further innovative structures. The 

previous variants will be additionally enhanced by the integration of reinforcing threads in warp and 

weft direction in order to ensure a higher stability of the cover surface and thus improved mechanical 

properties. In addition, attempts will be made to show a possibly better and more uniform infiltration 

due to the cellular structure. In addition, further material tests will be carried out. For example, is there 

a difference of the results (thickness, loop density, etc.) when the structure is out of monofilament with 

a diameter 0,10 mm (double feed way). The well-found structures are additionally made of metallic 

wires. 
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Abstract. The urea / sodium sulfide / sodium dodecyl sulfate (SDS) method was used to 
dissolve the wool in this study. Then the Wool fiber/keratin/PVA composites with different 
proportions were prepared, and the surface morphology, molecular structure, mechanical 
property of the composite films and the influence of the proportions on their structure and 
properties were studied. The results showed that, there are α-helix structure, β-sheet and 
random coil conformations in the pure keratin film, as well as in the wool fiber. Compared 
with wool fiber, the crystallinity of keratin decreased. PVA can obviously improve the 
mechanical property of the blended film. When the blended ratio of keratin/PVA is 20/80, the 
mechanical property of the blended film is greatly improved. The composite films with 
8%-16% of wool fibers have better flexibility than those without wool fibers. 

1.  Introduction 
Every year, numerous organic wastes from fiber byproducts of the wool textile industry, poor quality 
raw wools not fit for spinning, horns, nails and feathers from butchery are disposed. These wastes are 
abundant in keratin which is a renewable material [1]. Keratin has good biocompatibility, cell affinity, 
biodegradability and safety with living tissue and also has a certain mechanical properties, 
processability, sterilizability and other advantages, contributing its application in biomaterials [2]. In 
this study, urea/sodium sulfide/SDS (sodium dodecyl sulfate) method was used to dissolve the wool to 
extract the keratin. Then the keratin/PVA (polyvinal) composites containing wool fibers with different 
proportions were prepared. And the surface morphology, molecular structure and mechanical property 
of the composite membranes were studied, aiming to understand the potential application of keratin in 
the field of biomedicine, degradable wrapper, and cosmetics membrane, and provide a new way to 
reuse keratin wastes. 



2.  Materials and methods 

2.1.  Materials 
Degreased wool fiber, urea, sodium sulfide, SDS and PVA (with an average polymerization degree of 
1700) were all commercially obtained. 

2.2.  Methods 
2.2.1 Extraction of wool keratin. Keratin was extracted from wool fibers according to method 
introduced in our previous work [3]. In short, 5g degreased wool was stirred in the solution containing 
42g urea, 1.9g sodium sulfide and 0.8g sodium dodecyl sulfate dissolved in 100ml distilled water. The 
blended solution was put into the 35  thermostatic water bath for 14 hours. ℃ After filtration and 
dialysis, the wool keratin solution was achieved, and it is inspissated to 2% in mass concentration. 

2.2.2 Preparation of keratin/PVA membrane. The keratin solution and PVA dissolved in water 
solution (2%) were blended in different proportions, and the wool fibers cut into a certain length were 
cast into the blended solution. Thereby, various keratin/PVA composite membranes containing wool 
fibers with the ratio of keratin/PVA 80/20, 60/40, 40/60, 20/80, 0/100 respectively were formed 
through pouring the solution into a flat box and drying at room temperature. The ratio of the wool 
staple to the solution was 0%, 4%, 8%, 12%, 16%, 20%, respectively. 

2.2.3 Structure and mechanical property analysis. The morphologies of keratin/PVA composite 
membranes were observed by using a VHX 1000 hyperfocal digital microscope (KEYENCE, Japan), 
and the magnification was 500 times. The distribution of fibers in the membranes were observed by 
using MC2001 image acquisition microscope (LABOMED, America), and the magnification was 40 
times.  

The Fourier transform infrared (FT-IR) spectrum measurement was performed with Nicolet 5700 
infrared spectrometer (Thermo Fisher Scientific Inc., USA), using the KBr pressing plate method and 
the film was cut into powder before testing. 

The X’PERT PRO MPD X-ray instrument (PANalytical Company, Netherlands) was used for 
wide-angle X-ray diffraction analysis, and the testing condition was set at CuK alpha target, current 
35mA, Voltage 40KV and scanning speed 8°/min. 

Tensile properties were tested by using Instron 3365 electronic strength tester (Boston, USA) , and 
the test condition was 10mm in specimen width, 90mm in length, 30mm in clamping distance and 
10mm/min for stretching speed. Each sample was tested for 10 times, and took the average as result. 
Before test, the specimen were previously placed in standard condition (20℃ and 65% RH) for 24 
hours, and measured by digital micrometer on average thickness. 

3.  Result and discussion 

3.1.  Morphological structure 
The morphological structure of keratin/PVA membrane is shown in Figure 1. By observing, we can 
see that the pure keratin membrane is fragile and is hard to be a whole. With the increase of PVA 
content, the surface of the blended membrane gradually turns from coarse to smooth. It is inferred that 



keratin and PVA are only physically mixed, resulted in two phases macroscopically and the separation 
appears to be more obvious with the high ratio of keratin. 
 

      

(a)            (b)            (c)            (d)            (e)            (f) 
Figure 1. Morphological structure of keratin/PVA composite membrane. 

The ratio of keratin/PVA: (a) 100/0, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80, (f) 0/100 
 

The distribution of wool fiber in composite membrane with different ratio of wool fiber is shown in 
Figure 2. The length of Fibers in composite membrane varies approximately from 0.2 mm to 2 mm, 
and most of them are in length of about 1 mm. As it can be seen, fiber distribution is quite uniform 
when composite membrane contains not more than 20% wool fibers, resulted from that higher content 
of wool fiber could lead to fiber aggregation. 

 

      

(a)            (b)            (c)            (d)            (e)            (f) 
Figure 2. Distribution of wool fiber in composite membrane. 

Wool fiber content: (a) 0%, (b) 4%, (c) 8%, (d) 12%, (e) 16%, (f) 20% 
(The ratio of keratin/PVA was set at 40/60) 

3.2.  FT-IR analysis 
The Infrared spectrum of pure keratin membrane and wool fiber is shown in Figure 3. It indicates that 
both keratin membrane and wool fiber have the property of hydrogen bond, amideⅠband, amideⅡ
band and amideⅢband. AmideⅠband absorption peak is considered to be related to stretching 
vibration of  C＝O bond, which is located in 1644 cm-1 on both the curve of wool fiber and keratin 
membrane. The absorption peak of the amideⅡband of wool fiber is at 1518 cm-1 while the that of 
keratin membrane is at about 1529 cm-1, resulted from the N-H bending vibration shifting to higher 
wave number. The absorption peak of the amideⅢband of wool fiber and keratin membrane lies in 
1235 cm-1 and 1239 cm-1 respectively, mainly related to the combination effect of N-H Stretching 
vibration and C=O bending vibration[4]. Since organic solvent was added when dissolving the wool 
fiber to get keratin film, the macromolecular chemical bonds and hydrogen bond were broken so that 
small offsets have been showed in characteristic peaks positions.  

It is accepted that α-helix structure exists in peak spectroscopy of amideⅠband in 1651 cm-1 - 1657 
cm-1, random coil conformations locates near 1670 cm-1 and β-sheet structure ranges from 1680 cm-1 
to 1694 cm-1[5]. In this study, the characteristic peak at 1529 cm-1 states the presence of α-helix 



conformation, and the characteristic peak at 1239 cm-1 indicates the existence of β-sheet structure, 
while the strong absorption peak at 1664 cm-1 shows that it has a random coiled conformation in 
keratin. To sum up, compared with wool fiber, α-helix structure, β-sheet and random coil 
conformations are proved to exist in extracted keratin as well.  

 

 

Figure 3. Infrared spectrum of pure keratin membrane and wool fiber. 
 

3.3.  X-ray diffraction analysis 
The X-ray diffraction patterns of pure keratin membrane and wool fiber is shown in Figure 4. It shows 
that two strong diffraction peaks appear in the 2θ angles of the wool fibers at 9.34 °and 20.40°, 
respectively, and the one at 20.40° performs wider than the other, which might be caused by the 
overlap of two typical β-sheet structure [1]. The pure keratin membrane has a weak diffraction peak 
near the 2θ angle at 9.34°, while a strong peak at 19.90°, a little offsetting to a lower diffraction 
angle in comparison with wool fiber. The diminution in diffraction peak area of keratin indicates that 
crystallinity decreases after wool dissolved into keratin.  
 

 

Figure 4. X-ray diffraction pattern of pure keratin membrane and wool fiber. 



3.4.  Mechanical property 
Figure 5 shows the influence of PVA content on mechanical property of keratin/PVA membrane. It 
can be seen that, pure keratin membrane is rigid and brittle while pure PVA membrane has a much 
greater breaking strength and elongation combined with good flexibility. With the increase of PVA 
content, the breaking tenacity of the blended membrane increased, reaching the maximum value when 
the proportion of PVA is 80%. Meanwhile, the breaking elongation of the keratin/PVA blended 
membrane is much lower that that of pure PVA membrane, anyhow, increased with the increasing 
PVA content. It is inferred that when the ratio of PVA reaches 80%, the mechanical property of 
keratin/PVA blended membrane is greatly improved, exhibiting more firm and flexible. 
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Figure 5. Influence of PVA content on mechanical property of keratin / PVA membrane. 
 
Figure 6 illustrates the influence of fiber content on mechanical property of keratin/PVA composite 

membrane. The ratio of keratin/PVA is 20/80. It can be seen that the breaking tenacity of the 
keratin/PVA membrane containing wool fiber is lower than that of the membrane without wool fibers 
and slightly decreased with the increasing fiber content, possibly due to the uneven distribution of the 
fibers in the membrane. Whatever, the composite membranes display higher breaking elongation when 
containing 8% - 16% wool fibers, and they have better flexibility than those without wool fibers. 
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Figure 6. Influence of fiber content on mechanical property of keratin/PVA (20/80) composite 

membrane. 

4.  Conclusions 
Keratin was extracted from wool and wool fiber/keratin/PVA composite membranes were prepared in 
this study. The results showed that there are α-helix structure, β-sheet and random coil conformations 
in the pure keratin membrane, as well as in the wool fiber. Compared with wool fiber, the crystallinity 
of keratin decreased. PVA can obviously improve the mechanical property of the blended membrane. 
When the blended ratio of keratin/PVA is 20/80, the mechanical property of the blended membrane is 
greatly improved. The composite membranes with 8%-16% of wool fibers have better flexibility than 
those without wool fibers. 
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Abstract. Experimental study was performed to investigate fracture and impact properties of 

novel Auxetic Kevlar® laminated composites. For comparison, standard Kevlar® woven 

composites with and without polyurethane surface treatment were also considered in this study. 

For these three composites, short nylon fibers of two different fiber lengths and three different 

fiber densities were flocked between laminates. Vacuum infusion process along with optimized 

compaction was employed to fabricate composites. The double cantilever beam configuration 

was used to investigate the fracture properties. The Auxetic Kevlar® composites showed a 

significant improvement of 225% in fracture toughness compared to regular woven Kevlar® 

composites. Furthermore, the initiation toughness was increased by 577% with the application 

of flocking in Auxetic Kevlar®. During impact testing, the Auxetic Kevlar® reinforced 

composites showed a significant reduction in damaged area compared to woven counterpart. 

On the other hand, the reduction in damaged area influenced the reduction in impact energy 

absorption.   

1. Introduction 

In this study, an experimental work was conducted to understand fracture and impact performance 

of auxetic Kevlar® laminar composites. To have a valid comparison, plain weave Kevlar® composites 

with and without polyurethane (PU) surface treatment were also fabricated and characterized. Thus, 

three types of preforms used: plain weave untreated (K), plain weave PU treated (P) and auxetic warp 

knit (AK). In addition, inter-laminar z-axis reinforcement with short nylon flock fibres was utilized to 

investigate the efficacy of various flocking parameters such as flock fibre length and fibre density on 

fracture and impact properties of these laminar composites. Vacuum infusion process along with 

optimized compaction technique was used to fabricate the laminar composites. The double cantilever 

beam (DCB) test was used to characterize the fracture properties.  

 

2. Experimental 

 

2.1. Materials  

The 2000/2120 series amine-cured epoxy resin system supplied by FiberGlast (Brookville, OH) was 

used as matrix material. For reinforcement preforms, plain weave Kevlar® fabric of 3000-denier 

Kevlar® fibres (shown in Figure 1(a)) and novel auxetic Kevlar® fabrics fabricated in UMass 

Dartmouth Fabric Development Lab using 200-denier Kevlar® fibres (Figure 1(b)) were used [1].  

  



 

 

 

 

 

 

 
Figure 1. (a) Woven Kevlar, (b) Warp knitted auxetic Kevlar fabric. 

 

The 3-denier nylon short flock fibres (0.5mm, and 1.2mm long) were used for interlaminar z-axis 

reinforcement (Claremont Flock Inc., Leominster, MA). A polyurethane spray (Minwax Company, 

NJ) was used for surface treatment on woven Kevlar® fabric to improve the adhesion between laminar 

layers. 

 

2.2 Fabrication of composites and Mode I Fracture Characterization 

Fabrication of composites and characterization: Surface treatment, interlayer flocking and laminar 

stacking were performed as described in Yang [2]. Vacuum infusion process was employed to 

fabricate laminated composites.  Mode I fracture properties were determined with double cantilever 

beam (DCB) method (ASTM D 5528).   

 

2.3. Impact characterization 

A custom built high-speed projectile impact testing system [3] was employed to determine the energy 

absorption and damage of composites. Details of the test setup are discussed in the reference. A 

compressed helium gas was used in a tank to shoot a projectile in a 3m long Stainless steel barrel. The 

projectile consists of a 45 caliber full metal jacket bullet of 230 grain (14.9 g) (supplied by Hornady, 

Grand Island, NE) in a plastic sabot. A laser-photodiode detector placed at the end of the barrel 

measures the input projectile velocity. A standard shooting chronograph, (an Alpha Chrony model 

manufactured by Shooting Chrony, Inc. Amherst, NY) was used to measure the projectile velocity  

after penetrating through the test specimen.  

Chronograph was calibrated with the help of laser-photodiode and the velocity measurements of 

chronograph were later adjusted using the calibration correction factor under no specimen conditions. 

Maximum gas pressure 1379 kPa (200 psi) was employed to test the composite specimens. The 

resulting projectile velocity at maximum pressure is 167 m/s. Lower velocities were tried, but the 

projectile did not pass through woven fabric Kevlar® composites. Hence results are reported only for 

situations of projectile penetration so that energy absorption can be determined. The specimens of 

101.6mm square area were held under fixed boundary conditions on all four sides for impact loading 

conditions. Energy absorption during penetration of projectile was measured using the change in 

kinetic energy of the projectile.  

Damage area of a projectile impacted specimen was determined with the help of the image analysis 

package of Matlab® programming language.  

 

3. Results and discussion 

 

3.1. Mode I fracture toughness 

The fracture initiation energy (GIC) of all three types of composites with no flocking and flocking 

conditions is shown in Figure 2. For a non-flock condition, the GIC value of auxetic Kevlar® 

composites are about 125% more than polyurethane treated woven Kevlar® composites, however the 

values are about 225% more than untreated woven Kevlar® composites. Again for a no-flocking 



 

 

 

 

 

 

situation, polyurethane treatment improved the GIC value by 43% compared to untreated woven 

Kevlar® composites.  

 
Figure 2. Fracture initiation toughness (GIC) for all types of composites 

 

In general, flocking increased fracture initiation energy significantly for all three types of 

composites. The increase is much higher for auxetic Kevlar® composites compared to other two types. 

In case of woven Kevlar® composites, flocking of 1.2mm and 600 fibers/mm2 case provided 

maximum increase in GIC value by 122% compared to an unflocked situation. For 600 fibers/mm2, the 

increase is only 5% for 1.2mm, when it is compared with 0.5mm case. It leads to a conclusion that the 

increase in flock length does not make for a significant improvement in GIC value. Moreover, the GIC 

values decreased for 400 fibers/mm2 when flock length increased from 0.5mm to 1.2mm. It seems for 

lower flock densities, for better GIC values, the ideal flock length should be a smaller value. For 

auxetic Kevlar® composites of 0.5mm fiber length, as the fiber density increased from 200 fibers/mm2 

to 400 fibers/mm2, the GIC value increased by 78%. However, with the further increase in fiber density 

to 600 fibers/mm2, the GIC value decreased by 37%. Given error bars for 1.2mm of all fiber densities in 

auxetic composites, the GIC value did not change significantly.  

Figure 3 shows the R-curves for all possible configurations of flocking for both untreated and 

treated woven Kevlar® composites. As given in Figure 3(a), the propagating fracture energy (G) is not 

significantly affected by the flocking except for 400 fibers/mm2. There is a significant increase in G 

value as the crack length increases. It can be noted that similar increase in GIC value is achieved for 

400 fibers/mm2 compared to other two fiber densities. It seems 400 fibers/mm2 is optimum fiber 

density and any further increase in fiber density did not improve the both GIC and G value. G values 

for polyurethane (PU) treated woven composites of 0.5mm flock length are given in Figure 3(b). PU 

treatment has not made any improvement in G values for a no-flock condition when compared to an 

untreated non-flock composite shown in Figure 3(a). G values improved significantly for all flock 

situations when compared to a unflocked condition. However there is no significant change in G value 

with change in fiber density. Figure 3(c) shows the G values of propagating crack for an untreated 

woven composites flocked with 1.2mm long. There is no significant difference between unflocked and 

flocked ones for this scenario except for fiber density of 600 fibers/mm2 with a slight increase in G 

value for most of the crack growth. G values for propagating crack of PU treated woven Kevlar® 

composite of 1.2mm long flocked fibers are shown in Figure 3(d). Again there is no major difference 

between unflocked and flocked ones for this scenario except for fiber density of 200 fibers/mm2 with 

significant increase in G value for most of the crack growth.   
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Figure 3. R-curves for woven composites with (a) untreated condition, flock length of 0.5mm,  

(b)PU treated, flock length of 0.5mm, (c) untreated, flock length of 1.2mm, 

 and (d) PU treated, flock length of 1.2mm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                   Figure 4. Impact energy absorption for all three types of composites 

 

 



 

 

 

 

 

 

3.2. Impact energy absorption 

The impact energy absorption (IEA) of all three types of composites with and without flocking of 

two extreme different fiber densities (200 and 600 fibers/mm2) and two different flock fiber lengths 

(0.5mm and 1.2mm) at projectile velocity of 167m/s is shown in Figure 4.  

For untreated woven Kevlar® composites, the highest energy absorption was achieved for a non-

flock condition. Additional flocking did not improve the IEA for all flocking scenarios. In fact, IEA 

was decreased at maximum by 44% for the case of fiber length of 1.2mm and fiber density of 200 

fibers/mm2. Although there is some gain in IEA for composites made with fiber length of 1.2mm and 

fiber density of 600 fibers/mm2, but it is still less than the IEA value of a non-flock case.  

For PU treated woven composites, both unflocked and flocked cases showed less IEA value 

compared to an un-flocked case of woven Kevlar® composites. Similar to woven composites, PU 

treated woven composites also showed the same trend of decrease in IEA value with flocking except 

for the case of fiber length of 1.2mm and fiber density of 600 fibers/mm2. There is a slight increase in 

IEA for this case, but given error bars, the increase is not significant.  

In the case of auxetic Kevlar® composites, the IEA values followed a different trend to that of the 

other two cases. The IEA values increased with the addition of flocking. The increase is around 55% 

for the case of flock fiber length of 1.2mm and fiber density of 600 fibers/mm2 when compared to a 

non-flock case. This case is comparable to a non-flock woven Kevlar® composite IEA value with only 

5% reduction.  

To account for differences in thickness of test specimens on impact energy measurements, specific 

energy absorption is determined by normalizing with specific gravity of the respective composites as 

shown in Figure 5. Although most of the composites showed similar trend to that of energy absorption 

shown in Figure 4, specific energy absorption of auxetic Kevlar® composites with 1.2mm flock fibers 

at 600 fibers/mm2 showed higher value than that of woven Kevlar® composites with no flocking.   

Figure 5. Specific Impact energy absorption for all three types of composites 



 

 

 

 

 

 

3.3 Damage area  

The damage areas on both sides (impact and exit) of composite panel for all three types were 

determined with image analysis. For untreated woven Kevlar® composites, the damage area is around 

98cm2 on both front (impact) and rear (exit) side of panels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Damage area (a) on the front side of the composite panel, and (b) rear side of the composite 

panel, for all three types of composites 

 

Damage area decreased significantly on front side of the panels as shown in Figure 6(a) with the 

flocking, and the maximum decease of about 88% was observed for the case of flock fiber length of 

0.5mm and fiber density of 200 fibers/mm2. Although the damage area on the rear side of the 

specimen shows similar trend as shown in Figure 6(b), it was significantly higher for most of the cases 

except for composites made from a flock fiber length of 0.5mm and fiber density of 200 fibers/mm2. 

For both flock fiber lengths, as the flock fiber density increased from 200 to 600 fibers/mm2, the 

damage area increased significantly on both sides of the composite panel. For PU treated woven 

composites, for a non-flock situation, the damage area decreased by about 42% when compared to 

untreated woven composites. With flocking, the damage area decreased on the front side of the panels, 
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however, the damage area increased considerably. Again similar to the untreated case, the damage area 

increased as the fiber flock density increased from 200 to 600 fibers/mm2 on both sides for both fiber 

flock lengths.  

In the case of auxetic Kevlar® composites, the maximum damage area is about 5cm2 on both sides 

of the panels. Flocking did not change the damage area significantly on both sides. Auxetic Kevlar® 

showed great promise for damage tolerance under impact loading conditions. 

 

4. Conclusions 

A comprehensive experimental study was conducted to understand fracture and impact behaviour of 

novel auxetic laminated composites. For comparison, its properties were compared with both untreated 

and PU treated woven Kevlar® composites. Following are the major conclusions of the study: 

 Overall, z-directional inter-laminar reinforcement with short nylon fibers improved fracture 

initiation toughness for all three types of composites investigated.  

 Under no-flocking conditions, auxetic composites shows about 225% higher fracture toughness 

than untreated woven composites, and about 126% more than treated woven composites.    

 Under flocking conditions, auxetic composites showed about 220% more fracture toughness than 

untreated woven composites and 200% more than treated woven composites.    

 Crack was arrested in auxetic composites and later deflected into laminate layer, whereas crack 

propagated along interface of matrix and laminar layer in both untreated and treated woven 

composites 

 Untreated woven composites with no flocking showed superior impact energy absorption 

compared to all other types of composites.  Flocking decreased the energy absorption values 

significantly for both untreated and treated woven composites. However, auxetic composites with 

high flock length and density approached the maximum impact energy absorption of the woven 

composites.  

 Front and rear damage areas of both untreated and treated woven composites decreased 

significantly with flocking under impact loads, however the auxetic composites showed a very low 

damage area compared to both type of composites.    
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