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Introduction

The success of tissue engineering relies greatly on the 

development of suitable scaffold system for both in vitro tis-

sue culture and subsequent in vivo neo-tissue formation. To 

accomplish this, scaffold should be porous, biocompatible, 

exhibit sufficient mechanical strength and able to promote 

the formation of tissue [1]. The initial requirement of the 

scaffold is to hold cells and tissues together in spite of par-

tial degradation. This reflects the importance of mechanical 

strength in the initial stages [2]. Compared to the strengths of 

metals and ceramics for medical applications, the strengths 

of fibrous scaffolds are already very low. Mechanical and 

structural integrity of scaffold are crucial to withstand in vitro 

culture conditions and surgical manipulations [3]. Therefore 

it seems to be necessary to evaluate the mechanical proper-

ties of designed scaffold.

In this paper we have proposed a method to obtain a 

bioactive carbon nonwoven scaffold for medical applica-

tions. Scaffolds are used in tissue engineering as a physical 

and biological support for cells. Carbon fibres (CF) offer an 

unusual potential in designing new biomaterials for various 

medical applications; their major drawback is that they do 

not induce bioactivity [4]. On the other hand some ceramics 

(hydroxyapatite, BTC, TCP, bioglass), have shown to have 

a positive effects on bone formation [5]. In the field of bone 

tissue engineering, composite materials have been drawn 

to attention as promising materials for tissue scaffolding, 

for they may combine both the advantages of carbon fibers 

and hydroxyapatite [6]. 

The aim of our research was focused on application of 

HAp-containing PAN fibers to produce three-dimensional, 

porous, bioactive, carbon nonwovens which could serve as 

scaffolds for treatment of bone tissue defects. In scaffold 

based bone tissue engineering, both the pore size and the 

mechanical properties of the scaffold are of great importance 

[7]. Needle-punched nonwoven fabrics provide a large sur-

face area and isotropic structure that have good mechanical 

stability. In order to achieve both suitable mechanical prop-

erties and porosity we have obtained three different types 

of carbon nonwovens scaffolds made of polyacrylonitrile-

hydroxyapatite composite fibers. This paper focuses on an 

experimental procedure to evaluate the mechanical proper-

ties of the obtained precursor and carbon nonwovens. Data 

from the experiment will help to design nonwovens which 

would meet the requirements for bone scaffolds materials. 

Materials

Hydroxyapatite used in the study was delivered by De-

partment of Advanced Ceramics, University of Science and 

Technology (AGH) [8]. Polyacrylonitrile fibers (PAN) and HAp 

modified fibers (PAN/HAp) were prepared at the Technical 

University of Łódź [9].

Fabrication of nonwoven fabrics 

Fibrous web (of basis weight approx. 120 g/m2) was 

prepared from PAN and PAN/HAp cut fibres by mechani-

cal processing using laboratory carding machine 3KA of 

Befama Company. Needle-punching was accomplished by 

passing the web through a conventional needlepunching 

loom wherein multiple barbed needles penetrate the web 

at closely spaced intervals to entangle and lock the fibers 

together to form a coherent fabric [10]. Fibres were bonded 

with needle punching, using the same number of needling 

(90 lp/cm2) and needling depth, as the result two types 

of “one layer” nonwovens were obtained: (1) PAN/HAp 

nonwoven and (2) PAN unmodified nonwoven. Then the 

obtained nonwovens were cut, and two pieces of nonwoven 

were imposed together and subjected again to mechanical 

needling with different needle punching density (lp/cm2). 

As a result three types of nonwovens were obtained: (3) 

PAN/HAp modified nonwoven (90 lp/cm2), (4) PAN/HAp 

modified nonwoven (180 lp/cm2) and (5) unmodified PAN 

nonwoven (180 lp/cm2). 

Process of thermal stabilization was carried on in the 

following conditions: 150oC - 1 h; 200oC - 2 h; 220oC – 2 h; 

240oC – 2 h; 260oC – 2 h; 280oC – 2 h. Process was carried 

out in the forced convection laboratory oven up to 240oC, 

and then at temperature of 260 and 280oC in the muffle 

furnace in the air atmosphere. Carbonization process was 

done at 1000oC (heating rate 5oC/min) during 15 min in 

inert atmosphere. Five types of carbon nonwovens were 

obtained: CF/HAp “one layer”, CF/HAp (90 lp/cm2), CF/HAp 

(180 lp/cm2), and as control materials: unmodified CF “one 

layer” and CF “two layers”.

Methods

The measurement of fabric thickness followed a standard 

method (PN-EN 29073-2:1994) and was carried out on a 

Thickness Tester (TILMET 73). A pressure of 2 kPa was 

applied for all of the thickness measurements. 

Air permeability tests were carried out using a FX 3300 

Labotester III from Textest AG, at the following conditions: 

sample surface – 1,76 cm2,  pressure drop - 100 Pa. 

The ultrasonic measurements were performed using a 

through-transmission technique. One of the most important 

parameters for assessing the material parameters is the ul-

trasonic wave velocity, which can be derived from the travel 

time of the wave following transmission through the mate-

rial. For velocity v, the well-known equation v = s/t applies 

in general with travel time t and travel path s (dimensions 

of material) [11-12]. The time of transmission depends on 

many variables, such as type of material, compactness, 

microstructure (iso- or anisotropy), elasticity constant values, 

pore size and shape, total porosity, pore distribution, density 

and geometry of material (dimensions). 

Measurements of the propagation velocity of longitudinal 

ultrasonic wave were done using MT-541 (UNIPAN) at the 

frequency f = 100 kHz. In these apparatus one head emits 

the ultrasonic wave while the other one is a receiver, col-

lecting the wave after transmission through the materials. 

The samples in the form of strip (11.5 x 75 mm) were rolled. 

Emitter and receiver were placed on both sides of rolled 

samples. The mean velocities were obtained by averaging 

the three independent series. 
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The tensile strength of the strips of precursor, stabilized 

and carbonized nonwovens was determined on a Zwick-

Roell Z 2.5 universal material testing machine under a 

constant speed of 2 mm/min.

PMI capillary flow porometer was applied to evaluate the 

pore volume/size distribution of nonwoven fabrics. Before 

the measurements, nonwoven samples were pre-saturated 

with isopropyl alcohol and were placed on the porous plate in 

the chamber, which was pressurized stepwise by controlling 

the compressed air input. The liquid inside the samples was 

extruded under the specified pressure differences across 

the samples and collected in a container. For displacement 

of the wetting liquid from a pore by the gas, the work done 

by the gas must be equal to the increase in the interfacial 

free energy [13]. Relation between differential pressure - p, 

and pore diameter – D is defined as follow:

D = 4 γ cos θ / p     (1)

where:

D - pore diameter, 

γ - surface tension of wetting liquid,

θ - contact angle of the wetting liquid with the sample,

p - differential pressure.

Results and Discussion

Three types of polyacrylonitrile/hydroxyapatite nonwoven 

fabrics were produced using nonwoven technology. The 

samples differed in macro – and microstructure, thickness 

and apparent density. The characteristics of obtained pre-

cursor nonwoven are presented in TABLE 1. Macroscopic 

observation of PAN/HAp nonwovens, shown the “fluffy” 

character of sample no. 3, whereas sample no. 4 was very 

rigid. The parameters of tensile strength, ultrasonic wave 

propagation, work of fracture are presented in FIGS 1-3. 

Sample no. 4 (modified with hydroxyapatite) was character-

ized with the highest tensile strength and work of fracture, 

almost four times higher than in the case of a control sample 

(number 5). The highest ultrasonic wave velocity was in the 

case of sample no. 3. Determination of the velocity (v) al-

lows defining their modulus: E=v2·ρ, where E is the Young’s 

modulus, and ρ the mass density. Due to the difficulties with 

the determination of mass density the estimation of Young 

modulus from eq. was inconvenient. On the other hand the 

ultrasonic method enables precise determination of veloc-

ity (v), so that the same estimation of specific modulus of 

nonwoven (E/ρ), thus the velocity of ultrasound wave was 

established as the main determinant of changes of fibers 

elastic properties. The elastic properties of composite non-

wovens were affected by both porosity and the hydroxyapa-

tite particles incorporated in the nonwovens’ fibres. Besides 

the properties of obtained precursor nonwovens are strongly 

influenced by technological parameters. Better mechanical 

properties (tensile strength) are observed in the case of 

“two layers” samples (4,5). The different needle punching 

density (lp/cm2) resulted in increase of tensile strength in the 

case of precursor samples 4 and 5 (180 lp/cm2), however 

needle penetrating through the samples could destroy fibers, 

therefore better ultrasonic wave velocity was observed in the 

case of sample 3. The time of ultrasound wave propagation 

in the sample depends on the nature of chemical bonds 

present in the material’s structure and on several defects 

of sample’s microstructure [14]. 

TABLE 1. Characteristics of precursor nonwoven.

(1)
PAN/HAp

(one layer)

(2)
PAN

(one layer)

(3)  
PAN/HAp

(two layers)

(4)
PAN/HAp

(two layers)

(5)
PAN

(two layers)

V [%] – coefficient of variation, $ - average value $ V [%] $ V [%] $ V [%] $ V [%] $ V [%]

Surface weight [g/m2] 143.4 0.9 87.4 5.9 115.6 0.9 183.0 6.7 215.2 2.9

Thickness [mm] 2.20 9.66 2.59 9.35 3.70 3.39 3.78 6.28 4.89 8.35

Apparent density [g/cm3] 0.065 0.034 0.031 0.048 0.044

Air permeability [dm3/m2/s] 179.00 142.00 64.13 114.36 116.42

FIG. 1. Tensile strength of nonwoven fabrics.

FIG. 2. Ultrasonic wave velocity. FIG. 3. Work of fracture of nonwoven fabrics.
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The needling process resulted in increase of work to 

fracture and tensile strength (FIG. 2-3) and decrease in pore 

size distribution (FIG. 4a-b). All the samples exhibit bimodal 

distribution of pore size diameter. The main fraction of “one 

layer” nonwoven fabric modified with hydroxyapatite was 

centred about 200-280 µm, whereas “two layers” samples 

exhibit a significant fraction of porosity in the range of 150-

180 µm. Thermal stabilization of polyacrylonitrile precursor 

was accompanied with changes of physical properties such 

as colour, mass and diameter of nonwovens’ fibres. The 

initial oxidation of polyacrylonitrile leads to the depolarization 

of C≡N bonds, which is accompanied with loss of tensile 

strength and Young’s modulus. The next stage of oxidation 

is associated with the formation of so-called ladder (ring) 

structure, usually accompanied with improvement of tensile 

strength as the polymer oxidation products may contribute 

to the cross-linking of polymer [15].

After stabilization process we can observe the de-

crease in tensile strength of samples 1 and 2 whereas the 

stabilized samples 3 and 5 show better tensile properties 

than before thermal treatment (FIG. 1). As a result of the 

stabilization and carbonization process, carbon nonwovens 

containing calcium phosphate were successfully obtained.  

The characteristic of carbon nonwovens are presented in 

TABLE 2. Density and surface weight of all carbon nonwo-

vens were always higher than the corresponding precursor 

samples. After carbonization process the tensile strength of 

all samples decrease, however the highest tensile strength 

is still observed for sample no. 4. Work of fracture and 

ultrasonic wave velocity are comparable for all carbonized 

samples. The process of carbonization influenced the poros-

ity of nonwovens (FIG. 4c-d). The main pore size fraction 

after carbonization process in the of modified nonwovens 

is centered at 60-80 µm for samples 3, 4 and at 100-120 

µm for sample 1. 

For the treatment of bone defects, three-dimensional 

biomaterials with appropriate mechanical properties are 

necessary. A fast healing can only occur if the material has 

pores, suitable for cell and blood capillary ingrowth. Such 

porous materials can either directly be used as implants or 

fillers – or, following the tissue engineering approach – as 

scaffolds [16]. Hofmann et al. (Biomaterials 2007) reported 

that for tissue engineering applications, the macro-pore 

diameter of scaffolds seems to be not of great importance, 

but the interconnected pore diameter should be about 100 

µm [17]. However Murphy at al. (Biomaterials 2010) proved 

that bone growth is observed in pores ›200 µm [18]. 

TABLE 2. Characteristic of carbon nonwoven.

(1)
CF/HAp

(one layer)

(2)
CF

(one layer)

(3)  
CF/HAp

(two layers)

(4)
CF/HAp

(two layers)

(5)
CF

(two layers)

V [%] – coefficient of variation, $ - average value $ V[%] $ V[%] $ V[%] $ V[%] $ V[%]

Surface weight [g/m2] 153.3 2.5 80.3 5.4 210.0 7.2 272.5 6.9 268.5 1.6

Thickness [mm] 1.67 1.14 1.55 4.50 1.93 3.40 2.30 2.40 2.89 2.50

Apparent density [g/cm3] 0.092 0.052 0.109 0.118 0.092

Air permeability dm3/m2/s] 60.40 86.23 38.03 71.16 103.95

FIG. 4. Pore size distribution: (a) modified precursor fibers, (b) unmodified precursor fibers, (c) modified carbon 
fibers, (d) unmodified carbon fibers.
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The main objective of this work was to obtain new carbon 

nonwovens which could be prospectively applied as three 

dimensional scaffolds for tissue engineering purposes. We 

have successfully obtained 3-D nonwovens, however car-

bonization process has affected both mechanical properties 

and average pore size diameter of obtained materials. The 

best mechanical properties as compared to other samples 

were observed in the case of sample number 4 with needling 

number of 180 lp/cm2, however the best scaffold should also 

have the adequate porosity. Therefore further studies are 

needed in order to find processing parameters which would 

allow to obtain the desired porosity after carbonization. One 

of possible way to achieve this goal may be the preparation 

of needle-punched precursor nonwoven with bigger average 

pore sizes. After carbonization of such material the shrink-

age occurs and hopefully the optimal distances between 

fibers can be obtained.

Acknowledgements

This work was supported by Polish Ministry of Science 

and Higher Education (project number: N N507550938). 

References

[1] Chu PK, Liu X. Biomaterials Fabrication and Processing Han-

dbook, Part I: Tissue Engineering Scaffold Materials. CRL Press 

Taylor & Francis Group 2008: 4-66. 

[2] Shor L, Guceri S, Chang R, Gordon J, Kang Q, Hartsock L, 

An Y, Sun W. Precision extruding deposition (PED) fabrication of  

polycaprolactione (PCL) scaffolds for bone tissue engineering. 

Biofabrication 2009; 1: 1-10. 

[3] Hutmacher DW. Scaffolds in tissue engineering bone and car-

tilage. Biomaterials 2000; 21(24):2529-2543.

[4] Han H et al. In vitro cytotoxicity assessment of carbon fabric 

coated with calcium phosphate. New Carbon Materials 2008; 

23(2):138-143.

[5] Sandeman SR et al. The in vitro corneal biocompatibility of hydro-

xyapatite coated carbon mesh. Biomaterials 2009;30:3143-3149.

[6] Wang X, Song G, Lou Tao. Fabrication and characterization 

of nano composite scaffold of poly (L-lactic acid)/hydroxyapatite.  

Journal of Materials Science: Materials in Medicine 2010;21: 

183-188.

[7] Zhank K, Wang Y, Hillmyer MA, Francis LF. Processing and 

properties of porous poly ( L-lactide)/ bioactive glass composites. 

Biomaterials 2004;25:2489-2500.

[8] Haberko K, Bućko M, Brzezińska-Miecznik J, Haberko M,  

Mozgawa W, Panz T, Pyda A, Zarębski J. Journal of European 

Ceramic Society 2006; 26: 537-542.

[9] Boguń M. Nowej generacji prekursorowe włókna PAN z nano-

dodatkami ceramicznymi. Praca doktorska. PŁ 2007.

[10] Benedyk JC. Molding nonwoven, needle punched fabrics into 

three dimensional shapes. US Patent 4258093. 

[11] Wróbel G, Pawlak S. The effect of fiber content on the  

ultrasonic wave velocity in glass/polyester composites. Journal 

of Achievements in Materials and Manufacturing Engineering, 

2007;20:295-298.

[12] Rajzer I, Piekarczyk J, Castano O, Engel E, Planell JA. An ultra-

sonic method for estimation of elastic properties of R-bone cement 

after immersion in ringer’s solution. Engineering of Biomaterials, 

2008; 81-84:113-116.

[13] Javiya S, Gupta YS, Singh K, Bhattacharya A. Porometry Stu-

dies of the Polysulfone Membranes on Addition of Poly(ethylene 

Glycol) in Gelation Bath During Preparation. Journal of the Mexican 

Chemical Society, 2008;52(2): 140-144.

[14] Piekarczyk J, Oksiuta Z, Dąbrowski R. Badania ultradźwię-

kowe porowatych materiałów ze stopu {Co-Cr-Mo} Engineering of 

Biomaterials 2002;20(5):6-12. 

[15] Rajzer I. Badania nad włóknistymi materiałami węglowymi 

przeznaczonymi na podłoża dla inżynierii tkankowej. Praca  

Doktorska, AGH, 2006.

[16] Gelinsky M, Welzel PB, Simonc P, Bernhardt A, Konig U. 

Porous three-dimensional scaffolds made of mineralised collagen: 

Preparation and properties of a biomimetic nanocomposite material 

for tissue engineering of bone. Chemical Engineering Journal, 

2008;137:84-96.

[17] Hofmann S, Hagenmuller H, Koch AM, Muller R, Vunjak-Nova-

kovic G, Kaplan DL, Merkle HP, Meinel L. Control of in vitro tissue-

engineered bone-like structures using human mesenchymal stem 

cells and porous silk scaffolds, Biomaterials 2007;28:1152-1162.

[18] Murphy CM, Haugh MG, O’Brien FJ. The effect of mean 

pore size on cell attachment, proliferation and migration in 

collagen–glycosaminoglycan scaffolds for bone tissue engineering. 

Biomaterials 2010;31:461-466.


