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A

 

BSTRACT

 

A new embroidery design is realized within 24 hours by one of the most advanced,

highly integrated textile technologies, but however limited to fashion applications. The

aim of this thesis was to exploit the potential of embroidered textiles for their application

in medical implants and tissue engineering. The focus was laid on the development of

design criteria with respect to optimization of structural biocompatibility. 

The work is split into two parts. One hand the relevance of structural elements in the

embroidery architecture is analyzed with regard to mechanical properties, while on the

other hand potential medical applications are explored for 

 

in vitro

 

 tissue engineering on a

laboratory scale and a new treatment concept for non-healing wounds on a clinical scale.

In the first part it is shown that embroidered fabrics can be manufactured according to

the requirements of implant production even if degradable yarn materials are applied.

The quality of manufacturing was checked by basic cytotoxicity tests. Based on a

mechanical evaluation of distinct stitch patterns, the spectrum of uniaxial static proper-

ties as well as the anisotropy was assessed in relation to yarn texture. As an outcome,

embroideries exhibit a far larger design variability than available knit-based fabrics.

Comparing the importance of stitch pattern versus yarn texture, the stitch pattern is dom-

inating in most cases, whereas the yarn texture modifies the relaxation properties and

structural deformation at low strains. Furthermore, embroidered structures could be

applied to textile base structures, thus, introducing additional design criteria for tissue

engineering scaffolds. An application study aimed at the modification of mechanical

properties of a nonwoven fabric, as it is frequently used in tissue engineering. 

In the second part of the thesis, the influence of the hierarchy of architectural ele-

ments in stitched fabrics is elucidated by means of 

 

in vitro

 

 cell culturing studies. Therein,

the macroscopic level of the stitch pattern was discriminated from mesoscopic and

microscopic structure levels related to stitch type and yarn configuration, respectively.

On each of these levels the cellular reaction could be influenced with respect to contact

guidance, cellular alignment, tissue formation and residual porosity. 

Combining the knowledge of mechanical design criteria and biologically relevant

design elements, the application potential of embroidered fabrics in tissue engineering

was assessed. A set-up for uniaxial, cyclic mechanical 

 

in vitro

 

 stimulation was used to

investigate the relation between scaffold architecture, cellular reaction and the resulting

mechanical answer using rat tendon fibroblast cultures. Tissue engineering of tendon

was approached by culturing tendon fibroblasts on a partially degradable embroiderd

scaffold under mechanical stimulation.

A first clinical application of embroidery-functionalized structures was realized in a

new wound treatment system which makes use of the ability of embroidery to design

porosity and stiffness of a textile at the interface to large skin defects such as cronic

wounds. In a clinical screening study, involving more than 190 cases, the combination of
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controlled porosity and stimulating elements helped to reactivate a non-healing wound

by promoting débridement and formation of physiologically vascularized granulation tis-

sue, thus supporting successful wound closure in most cases. 

Summarizing, the presented thesis provides an insight into the potential of embroider-

ies with regard to their exploitation in medical and tissue engineering applications. Fur-

ther work can open a new, highly valuable market for the embroidery industry and will

contribute to the introduction of new therapeutic approaches on the clinical side.
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Z

 

USAMMENFASSUNG

 

Heute können dank hoch integrierter CIM Technologie neue Stickereimuster inner-

halb von 24 Stunden in die Produktion gebracht werden. Diese Anwendung beschränkt

sich heute ausschliesslich auf die Modeindustrie. Ein Ziel der vorliegenden Arbeit war

es, dieses Potential für technische Anwendungen, insbesondere für medizinische Implan-

tate und das Tissue Engineering, auszuloten. Der Fokus der Arbeit wurde auf die Ent-

wicklung von Designkriterien gelegt, wobei den Anforderungen an die strukturelle

Biokompatibilität in besonderem Masse Aufmerksamkeit geschenkt wurde. 

Die Arbeit ist in zwei Teile gegliedert. Im ersten Teil wird die Bedeutung von charak-

teristischen Elementen des Stickmusters für das Design der mechanischen Eigenschaften

betrachtet. Der zweite Teil beleuchtet Designstrategien für Stickereien im Bezug auf

medizinische Anwendungen im Tissue Engineering wie auch in einem neuen Wundbe-

handlungssytem. 

Im ersten Teil konnte anhand von Zytotoxizitätstudien gezeigt werden, dass sich Stik-

kereien gemäss den Anforderungen an medizinische Implantate herstellen lassen.

Sowohl im Bezug auf die Anisotropie, wie auch auf die uniaxialen Eigenschaften konnte

gezeigt werden, dass durch Kombination von Stickmuster und Garntextur ein breiteres

Spektrum an mechanischen Eigenschaften abdeckbar ist, als mit verfügbaren, gewirkten

Textilien. Dabei werden die Eigenschaften vom Stickmuster dominiert, während die

Garntextur sich insbesondere auf die Relaxationseigenschaften auswirkt. Durch das

Besticken einer heute im Tissue Engineering üblicherweise eingesetzten Vliessstruktur

konnte eine gezielte Verstärkung des Verbundes erreicht werden, ohne dass dabei die

Porosität des Vliesses wesentlich beinflusst wurde. 

Im zweiten Teil der Arbeit wurde die Bedeutung der einzelnen Strukturelemente in

Stickereien für die in-vitro Kultivierung von vital/avital Verbunden untersucht. Während

auf der mikroskopischen Ebene durch die Art und die Textur des Garns die Ausrichtung

der Zellen beeinflusst wurde, war es möglich, auf der mesoskopischen Ebene über die

Ausbildung des Stiches sowie auf der makroskopischen Ebene durch das eigentliche

Stickmuster die Gewebebildung sowie die verbleibende Porosität zu gestalten. 

Ein erster Ansatz für die Anwendung von Stickereien im Tissue Engineering wurde

für die Kultivierung eines in-vitro gezüchteten Gewebes aus Sehnenfibroblasten aufge-

zeigt. Hierbei wurde festgestellt, dass bei geeigneter Anregungsfrequenz durch eine

zyklische, uniaxiale mechanische Stimulation die Ausrichung des Zytoskeletts entspre-

chend dem Dehnungsfeld erreicht und dies mit der Kraftantwort des Sytems zumindest

qualitativ korreliert werden kann. Mit Hilfe eines gestickten, teilweise degradablen Trä-

gersystems konnten erste ‘Bändchen’ in vitro unter definierten Lastbedingungen gezüch-

tet und im Bezug auf ihre mechanischen Eigenschaften charakterisiert werden. Aufgrund

des ungünstigen Verhältnisses von Zelldichte zu Trägerpolymer konnte die Ausreifung

von extrazullärer Matrix nur in ersten Ansätzen gezeigt werden.
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Eine erste klinische Anwendung von Stickereien wird für ein neues Wundbehand-

lungssystem vorgestellt, welches es ermöglichen soll, durch ein gezieltes Design von

Porosität und mechanisch stimulierenden Einheiten den Wundgrund wo zu debridieren

und eine Reaktivierung der Wundheilung im Sinne der Bildung von gut vaskularisiertem

Granulationsgewebe zu ermöglichen. In einer ersten klinsichen Screening-Studie mit

über 190 Patienten konnte dieses Ziel in den meisten Fällen erreicht und damit die

Wunde für den chirurgischen Wundverschluss optimal vorbereitet werden. 

Durch die vorliegenden Arbeiten wird ein erster Eindruck über das Potential von

gestickten Strukturen für medizinische Anwendungen fassbar. Es ist anzunehmen, dass

weiterführende Arbeiten sowohl für die Stickereiindustrie neue, interessante Märkte öff-

nen als auch den Kliniker in der Entwicklung neuer Therapiekonzepte gezielt unterstüt-

zen werden. 
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1. I

 

NTRODUCTION

1.1. Textile biomaterials

 

The European Society for Biomaterials (ESB) defined biomaterials as ‘non-viable mate-

rials, used in a medical device, intended to interact with biological systems’ [1]. Bioma-

terials seek to be biocompatible, i.e. to have ‘the ability [...] to perform with an

appropriate host response in a specific application’. Biocompatibility includes surface

and structural compatibility [2, 3]. Surface compatibility is understood as the chemical,

physical and biological suitability of the implant surface properties aiming at clinically

desired interactions with the surrounding tissue. Structural compatibility is the optimal

adaptation to the mechanical behavior of the hosting tissue and its morphology. There-

fore, structural compatibility refers to the structural and mechanical properties of the

implant, such as macroscopic porosity, anisotropy and compliance. Optimal interactions

between biomaterial and host tissue are reached when both, surface and structural com-

patibility are taken into account.

Textile biomaterials and devices are widely used in reconstructive surgery as implants

to replace or support soft and load bearing tissues. In tissue engineering they gain impor-

tance as scaffolds to grow biological tissues 

 

in vitro

 

 for subsequent implantation or extra-

corporal applications. Textiles are usually anisotropic, two dimensional structures

 

1

 

 with

high in-plane stiffness and low bending resistance. By a variety of textile processing

techniques and the selection of fiber materials it is possible to adapt surface properties,

porosity and mechanical anisotropy in a wide range. Because of their unique structural

and mechanical properties, fibrous materials can in many respects be designed to resem-

ble biological tissues [6].

The aim of this work is to contribute to the design of structurally biocompatible tex-

tile implants. In the case of textile tissue engineering scaffolds the focus is laid on ideal

structures for efficient seeding and tissue formation. Additionally, textile scaffolds have

the potential to disperse strains and stresses to a cell population in order to induce differ-

entiation of the tissue by mechanical stimulation 

 

in vitro.

 

1. Exceptions are nonwovens, which can be three-dimensional as well as macroscopically isotro-
pic in their mechanical behavior [4] and 3-D woven/knitted or braided fabrics which are bulky 
structures [5].
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1.2. Textile implants for reconstructive surgery

 

In reconstructive surgery, complications of implanted textiles are often associated with

mechanical and structural incompatibility between implant and host tissue. Mechanical

properties of medical fabrics change upon implantation 

 

in vivo

 

. Ingrowing cells and

extracellular matrix deposition transform the yarns into bundles with higher bending

stiffness. Simultaneously friction between yarns increases, caused by blocking of textile

bonds. Both effects can considerably increase the fabric stiffness [7]. Furthermore, in

highly strained textiles, local deformations and relative movements in the interlock

regions might damage ingrowing tissue leading to an increased inflammatory host

response which can promote scar tissue formation [8].

Some examples of basic textile structures currently used in reconstructive surgery are

shown in table 1.1. In the following sections typical examples of textile implants such as

hernia meshes, vascular and ligament/tendon prosthesis will be discussed, focussing on

problems currently associated with limited structural biocompatibility.

 

Table 1.1: Specifications and application examples of basic textile structures used in recon-
structive surgery. SEM images of polyester textiles ( MEADOX, USA), bar= 1 mm).

 

1.2.1. Hernia repair

 

Modern surgical hernia repair depends increasingly on synthetic meshes for functional

reconstruction of the abdominal wall [9, 10]. The meshes work either by mechanical clo-

sure of the defect or/and by inducing a connective scar tissue around the mesh thus creat-

ing a vital/avital composite material. Reasons for the failure of these implants generally

 

Nonwovens Weavings Braidings Knittings

 

Porosity high variable (high) low medium

Compliance high low low medium

Strength low high high low

Application
examples

vascular grafts vascular grafts, 
hernia repair

ligament repair vascular grafts
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include active and persistent inflammatory processes, unsatisfying integration of the

mesh in the regenerative tissue area and biomechanical properties of the implant. 

Inflammation reaction and tissue integration have been found to depend mainly on

structural parameters, diameter and microstructure of the fibers and much less on the

fiber material [11, 12]. Multifilament yarns can increase the chance for infection since

bacteria can hide between the filaments. Macroporous monofilament meshes do not pro-

mote or harbour infections. Complete incorporation of the mesh with the host tissue is an

important requirement for a solid repair. Connective tissue formation is postulated as a

precondition for a mechanically stable abdominal wall reconstruction. Tissue incorpora-

tion of the synthetic mesh is proportional to the degree of its porosity. Proper incorpora-

tion requires a pore size of 75 µm to 100 µm. Monofilament meshes with a pore size

larger than 100 µm lead to complete infiltration of the host tissue into the entire thick-

ness of the mesh. Meshes that contain a large fraction of pores below 75 µm can result in

unstable host tissue fixation of the mesh [10]. 

Complications linked to biomechanical problems are caused by structural incompati-

bility between the synthetic textile and the surrounding tissue. Klinge and Klosterhalfen

found in animal models [9, 13-15] and explanted meshes after clinical excisions [11] that

usual meshes significantly decrease the mobility of the abdominal wall beginning 2 to 3

weeks after implantation, explained by the induction of a strong, penetrating scar plate

around the fibers. Specific surface area and porosity as well as elastic properties of the

mesh determine the inflammatory reaction, leading either to rapid vascularization or to

formation of a connective tissue capsule around the implant with subsequent loss of

mobility.

Mechanical properties of commonly used meshes exceed the abdominal wall several

times in terms of bending resistance and stiffness [10]. New developments tend towards

partially degradable composite meshes that come closer to physiological mechanical

behavior [14]. Further optimization of meshes such as reduction of implant material and

higher porosity are necessary to reach abdominal wall mobility similar to physiological

values.

 

1.2.2. Vascular prosthesis

 

Synthetic vascular grafts are routinely being used to replace segments of the cardiovas-

cular system that are blocked or weakened. Synthetic textile-based vascular grafts are

commercially available as either woven or knitted structures from PET yarns or non-

woven structures from expanded PTFE. Large diameter grafts (Ø > 6 mm) used for

bypassing arteries in high flow regions such as the thoracic and abdominal aorta do gen-

erally performe well, whereas small diameter grafts for the replacement of the coronary,

renal and carotid artery continue to be a problem in reconstructive surgery [16]. There
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are a number of properties, that have been shown to influence blood - biomaterial/graft -

tissue interactions and overall prosthetic graft function. These properties include bioma-

terial chemical composition, thrombogenicity, porosity and elasticity or compliance of

the prosthetic conduit [17]. While the first two aspects refer to surface compatibility of

the graft, the latter two properties refer to structural compatibility of the synthetic blood

vessel. 

Decreased compliance is implicated as one of the causes of occlusion of small diame-

ter arterial reconstructions [16-18]. It can cause anastomotic rupture, flow induced shear

stress with associated thrombogenicity or reduced distal perfusion. Hemodynamic and

mechanical stresses are concentrated at the junction between the less compliant pros-

thetic graft and the native artery. Diminished compliance in the graft segment increases

impedance to blood flow by increasing loss of pulsatile energy in the wall [18]. After an

analysis of 390 reported cases of woven and knitted graft failure, Pordeyhimi and Wag-

ner came to the conclusion, that “... none of these structures [...] matches even remotely

the properties of the arteries they are called upon to replace. In consequence, as a result

of the mechanical mismatch and of the inherent problems that exist in these structures, it

is only natural to expect complications associated with these prosthesis” [19].

Matching the compliance of implanted vascular segments to native vessel is related to

the material elasticity, pore size, type and degree of tissue growth into the porous struc-

ture and anastomotic suture and technique. The use of textured yarns in woven and knit-

ted grafts, resulting in a pseudo-velour structure, can increase the compliance by a factor

20 to 50 [17]. The resulting structures are however more porous and have to be sealed

prior to implantation to prevent blood leakage. Two techniques are established to seal the

porous textile prosthesis: preclotting of the prosthesis with the patients own blood at the

time of implantation, or impregnation of the prosthesis with a bioresorbable substance

such as albumin, collagen or gelatin prior to implantation [17, 20]. 

However, most commercial prosthesis are still almost one order of magnitude stiffer

than the natural artery [21]. New textile-based approaches to match compliance include

the integration of degradable yarns [22] or the combination of elastic and non-elastic

fibers in order to achieve a similar anisotropic and viscoelsatic mechanical behavior as

the arterial wall [16]. Compliance must be maintained after tissue ingrowth into the graft.

This implies an understanding of the mechanical behavior of the thereby formed tex-

tile/tissue composite material.

 

1.2.3. Ligament prostheses

 

The search for a prosthesis to replace tendons and ligaments has been prompted by the

desire to obtain immediate load bearing capability after injury. Most of the efforts have

focused on the replacement of ligaments, since rupture of the anterior cruciate ligament
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(ACL) is a frequent indication [23, 24]. The standard treatment for this group of patients

is the transplantation of an autogenous bone-tendon-bone graft, such as the patellar ten-

don, as ACL replacement. Biological prostheses such as glutaraldehyde fixed bovine

xenografts or allografts were also considered for ACL replacement [25]. Synthetic liga-

ment prostheses and augmentation devices

 

1

 

 are all textile based structures, and are either

braided, woven or knitted from PET, PTFE or carbon fibers [23, 25, 27-30]. A complete

ligament replacement must restore the normal function of the ligaments for a long

period. Thus, the prosthesis must allow early mobilization by a primary sufficient

anchorage, long-term integration in the bony parts of the joint, functional stability by

suitable prosthesis properties and operating technique, and high fatigue strength proper-

ties. The initial mechanical properties of the reconstructed bone-ligament-bone system

are limited by the method of surgical fixation to the femur and tibia. The freshly recon-

structed ACL often fails at the osseous attachment sites, not in the midsubstance of the

prosthesis [31]. Prostheses can be attached to bone using sutures, staples, screws, wash-

ers, and combination of these methods [25]. In general, fixation is the weak link, that

severely limits the initial mechanical properties of the reconstructed ACL [31].

Guidon et al. [28] examined over a hundred ACL prostheses and augmentation

devices that were surcigally excised because of rupture and synovitis after an average

implantation duration of 33 months. They analyzed 14 different types of textile ACL

prostheses and identified three mechanisms that were involved in their failure: (1) inade-

quate fiber abrasion resistance against osseous surfaces; (2) flexural and rotational

fatigue of the fibers due to combinations of bending and high torsion and (3) loss of

integrity of the textile structure due to unpredictable tissue infiltration during healing.

Claes and coworkers [23, 27, 30] investigated different ACL prostheses in a sheep

model. After a year, in every group partial or total ruptures were observed and none of

the operated joints regained normal stability and stiffness. In over 80% of the animals

debris particles were found in the lymphatic nodes. Both groups suggested, that clinical

application of existing ACL prostheses should be limited to salvage cases.

In general, a permanent prosthesis which does not receive host tissue ingrowth is

prone to long-term mechanical failure in the joint [29, 31]. Textile-based scaffolding

devices for ACL reconstruction have been developed from several types of polymers and

carbon fibers [25, 32]. These devices are designed with a porous or structure to promote

host neoligament tissue ingrowth and to provide mechanical support. Mechanical loads

should be transferred gradually from the implanted scaffold to the neoligament tissue. It

was found, that the amount of host tissue ingrowth depends more on the mechanical

properties and structure than the chemical composition of the implant. However, clinical

 

1. Augmentation devices act as a scaffold for tissue ingrowth, or give permanent or temporary 
mechanical support to autogenous reconstruction procedures. Their strength is, in general, 
lower than that of prosthetic ligaments [26].
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outcome of applications of porous Dacron mesh [32] or filamentous carbon [23, 25] have

not been satisfactory. Even with substantial ingrowth, the tissue is usually disorganized

and weak, resembling scar tissue instead of neoligament tissue and is made predomi-

nantly of collagen type III instead of type I [26]. As in osteosynthesis, stress shielding is

a major concern for both tissue ingrowth devices and graft augmentation devices. If stiff-

ness of the implant greatly exceeds that of the ingrown tissue, most of the mechanical

load will be borne by the implant, and the load deprived host tissue will not remodel or

mature. Several research groups work on approaches with fully degradable scaffolds that

have a time-dependent decrease in stiffness or autologous, 

 

in vitro

 

 cell seeded devices

for ACL and tendon reconstruction

 

1

 

.

In summary, textile based ACL prostheses have not been successful in the long term.

Resistance to abrasion and fatigue strength of the fiber materials have to be improved.

New textile techniques are required to design proper force induction areas which

improve the stress distribution in the fibers for all biomechanically applied loads. On a

structural level, an adequate porosity has to be reached for tissue ingrowth under

mechanical stimulation without shielding of stresses.

 

1.3. Tissue engineering

 

The field of tissue engineering has emerged as a response to the fact that surgical recon-

struction and implants can fail in the long term and that the current supply of transplant

organs and tissue does by far not match the demand [33-35]. Tissue engineering has been

defined as “the application of the principles and methods of engineering and life sciences

toward the fundamental understanding of structure/function relationships in normal and

pathological mammalian tissues and the development of biological substitutes to restore,

maintain, or improve functions” [36]. Applications of tissue engineering can be divided

into two broad categories [34, 37]: 

 

•

 

In vivo

 

 alteration of cell growth and function by tissue inducing substances such as 

growth factors and devices (scaffolds). The initially cell-free 3-dimensional porous 

biomaterial mimics the natural extracellular matrix (ECM) of the corresponding tissue 

and serves as a scaffold for cellular ingrowth. Healing takes place by guided tissue 

regeneration and is depending on the ingrowth of cells from the surrounding tissue. 

Ideally, a scaffold for clinical use provides a transitional physicochemical framework 

within which the cells populating it create a replacement tissue as the prosthesis disap-

pears [38].

 

•

 

In vitro

 

 construction of bioartificial tissues from isolated cells that are placed on scaf-

folds which are designed to guide cell organization and growth. The resulting cell-

 

1. Tissue engineering approaches to tendon and ligament are briefly reviewed in chapter 5.
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scaffold constructs which can be regarded as vital/ avital composites are either directly 

used as cell delivery devices or cultured 

 

in vitro

 

 for prolonged time periods to create 

specific tissue constructs for subsequent implantation (e.g. cartilage [39-41]) or to be 

used in extracorporal devices for therapeutic applications (e.g. artificial liver bioreac-

tor [42]). This approach also offers the possibility to isolate cells from a healthy site 

and subsequently implant the patient’s own cells after expansion of the cell population 

 

in vitro

 

, thus rendering unnecessary the need for immunosuppression, as in the case of 

allograft organ transplants. Immunoisolated scaffolds, which shield the transplanted 

cells from the host’s immune system are used to transplant xenogenetic or genetically 

modified cells [43]. 

 

1.3.1. Design principles of tissue engineering scaffolds

 

The scaffold material and its design are crucial for the success of the therapy. 

 

This

implies that the scaffold design has to mimic the target tissue architecture and functional-

ity as close as possible to support or even to control the appropriate tissue differentiation

 

in vitro

 

. 

 

A scaffold for tissue engineering is expected to fulfill several prerequisites con-

cerning structural- and surface compatibility requirements. Such a device should be non-

cytotoxic, guarantee a uniform cell distribution, and allow the synthesis of extracellular

matrix components as requested of the target tissue [44]. The scaffold material should

also provide structural integrity and mechanical stability in the short term [45], while

structure and porosity must govern the formation of new tissue 

 

in vitro

 

 and the vascular-

ization after subsequent implantation 

 

in vivo

 

. Finally, to be clinically acceptable tissue

engineered constructs must meet or exceed clinical results realized with current conven-

tional transplants and must employ familiar surgical technology [46]. 

 

Surface biocompatibility and cell-biomaterial interactions

 

The scaffold material must be biocompatible in the sense, that it does not provoke an

adverse host tissue response which will impair the function of the new tissue upon

implantation. The biomaterial is used to control the cell growth or to maintain controlled

release of selected tissue-induction factors [47, 48]. 

 

Even though many biomaterials for

tissue engineering are highly biocompatible, the general goal should be to minimize the

amount of material and possible negative interactions with cells and tissues. 

 

In devices

that are designed for implantation the scaffold must resorb once it has served its purpose

of providing a template for the regenerating tissue. Furthermore, its degradation rate

should be adjustable to match the rate of tissue regeneration by the cell type of interest

[49].
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Porosity, microstructure and their influence on vascularization and mass transport

 

Generally, the porosity of a tissue engineering scaffold should be high in order to provide

a high surface area to volume ratio for cell-material interactions, sufficient space for

extracellular matrix regeneration and maximal control over diffusional constraints during

 

in vitro

 

 culture. 

 

Vascularized tissues are usually arranged such that no parenchymal or

supportive cell is further than 25-50 µm from the nearest blood vessel within the tissue

since capillaries are typically about 6-8 µm in diameter and 50-60 µm apart [46, 50]. In

vascularized tissues, a cell more than approximately 200 µm from a blood vessel [43]

will suffer from hypoxia and limitations of other nutrients

 

1

 

. It is therefore critical for

large tissues to be vascularized and the development of sufficient vascularization to

maintain adequate perfusion of the cells with oxygen and nutrients and to eliminate met-

abolic products is a primary consideration in the engineering of thicker tissue constructs.

The practical thickness of most constructs is severely limited to several millimeters at

most because of the slow ingrowth of host vasculature and resultant limited diffusion of

nutrients and oxygen. This remains a substantial problem for the development of thicker

constructs that are needed for repair of large soft tissue defects [52].

Blood vessels will naturally invade foreign materials placed in the body, and the

porosity of the material regulates the vascularization. A pore size of more than 5 µm

allows ingrowth of cells [53-55] whereas pores bigger than 40 µm are required for the

ingrowth of vascularized soft tissues [56] and the rate of invasion will increase with pore

size and total porosity of the device [57]. The kinetics of fibrovascular tissue ingrowth

has also been found to depend on the pore size [58]. Highly porous scaffolds of 500 µm

pore size were completely vascularized after 5 days while devices with smaller pore

sizes were only filled to 50 % (~180µm pores) and 20% respectively (~90 µm pores). 

Differentiated angiogenesis was observed [59] on porous hollow microspheres with a

convex outer and a concave inner surface and a gradual surface transition in between.

This effect - termed ‘angiopolarity’ - can be employed to design devices, that ‘attract’

blood vessels by their structural properties such as pore size and distribution [60]. How-

ever, this process occurs slowly and might not be sufficient to rapidly create the vascular

supply needed by a large implant. Angiogenesis is regulated by specific protein growth

factors. The controlled delivery of angiogenic factors at the site of an engineered tissue

may enhance vascularization of the forming tissue, and thus promote survival and

growth of the transplanted cells [48, 61]. Prevascularization of a scaffold has been pro-

posed in order to overcome mass transport limitations [57, 58, 62]. By injecting the cells

into a vascularized bed inside the scaffold it is assumed to enhance their survival and

function [63].

 

1. However, there are large differences in the vascular structure of different tissues, such as liver 
where parenchymal cells are no more than one cell diameter away from the blood supply and 
cartilage, which is mainly unvascular [51]. 
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Scaffolds with an inhomogeneous pore size distribution and a high fraction of small

pores below 5 µm that are large enough to accommodate bacteria (~1 µm in size), but

too small for the leukocytes to enter and destroy the bacteria increase the risk for a

wound infection. In addition white blood cells and even serum might not access bacteria

that are ‘hiding’ in small pores and crevices of a scaffold [46, 64].

 

Mechanical properties of scaffold and resulting tissue

 

Scaffold structure also plays a critical role in providing mechanical stability to the con-

structs. Biological tissues have anisotropic, non-linear and time-dependent mechanical

responses [65]. Generally, upon ingrowth of cells and subsequent deposition of ECM, a

composite material is formed, consisting of an avital support structure, embedded in a

vital matrix. Here, experience from structural composite mechanics can provide an

important input into the understanding of the mechanical behavior of these structures.

From the standpoint of structural biocompatibility it is important to optimally match the

mechanical behavior of the resulting vital/avital composite with that of the host tissue.

Furthermore, the tissue engineered graft must be appropriately secured to the recipient

bed such that even micro shearing motions are eliminated. Relative motion between the

graft and the recipient site can disrupt developing blood vessels and delay revasculariza-

tion. Moreover, chronic micromotion can exert shear and tensile forces on tissue and thus

induce excessive scar tissue formation [8, 46].

A cell delivery device must possess mechanical strength and flexibility to maintain a

defined geometry in the face of cellular and external forces during the process of tissue

development to engineer a tissue with a desired three-dimensional structure

 

1. However,

the optimal time dependent course of mechanical properties and the influence of the

structural flexibility of the substrate on cell behavior is still subject of discussion [49].

Mechanical stimulation of cell seeded scaffolds during cultivation in vitro is one concept

to optimize bioengineered tissues [66]. Strategies and design specifications for scaffolds

in order to create defined mechanical environments are discussed in more detail in chap-

ter 5.

Processing and upscaling from laboratory to clinical application

One major challenge in tissue engineering lies in the upscaling and cost-effective manu-

facturing of scaffolds and tissue substitutes in order to meet the existing patient need.

Ultimately, the clinician needs off-the-shelf availability of cost effective products. One

of the fundamental obstacles to the development of tissue engineered constructs for clin-

ical use is that these constructs are design-limited. Currently, tissues can not be

implanted in volumes greater then some microliters or thicker than a few hundred

1. For tissue formation in vitro the time dependent decrease of mechanical properties and the 
controlled collapse of the structure can be desirable, depending on the application. This is 
demonstrated and discussed in chapter 5.
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microns due to limitations of diffusion. Scaling from such insignificant tissue volumes to

large, clinically relevant tissue substitutes requires changes in design that overcomes the

diffusion limitations and renders possible neovascularization [46]. Upscaling for clinical

applications includes the development of proper bioreactor systems as they have been

proposed for the cultivation of large masses of skin [67] or cartilage [68] tissue. How-

ever, the in vitro cultivation of larger masses of differentiated and usually highly vascu-

larized tissues such as muscle or liver remains a challenge. 

Cell seeding and the initial cell distribution is crucial in scaffold-based tissue engi-

neering approaches [39]. Seeding requirements for 3D scaffolds include a high yield to

maximize the utilization of donor cells, high mass transfer rates to minimize the time in

suspension culture for anchorage-dependent and shear-stress sensitive cells and spatially

uniform distribution of attached cells to provide a basis for uniform tissue regeneration

[69, 70].

1.3.2. Textile scaffolds in tissue engineering

Fiber-based processes and structures have been intensively used for scaffold fabrication

among other techniques such as foaming [45], solvent-based processes [62, 71] or the

use of CAD/CAM techniques combined with rapid prototyping procedures by laser sin-

tering of polymer powders [72, 73], photolitographical methods [74, 75] or fused deposi-

tion modeling by extruded fibers [49].

Resorbable fiber-based scaffolds have been a promising approach for tissue engineer-

ing, especially when preshaping and mechanical stability were required [39]. The use of

fiber-based technology holds several advantages over a number of non-fibrous 3-D

structures. The ability to impart high levels of structural organization allow for precise

control of matrix structure [76]. Furthermore, high porosity and large average pore size

can be easily obtained and controlled by the different textile processing techniques. Gen-

erally, textiles can have three levels of porosity based on yarn, interlock and fabric prop-

erties: 

• Microporosity (pore sizes 1-100 µm) is formed by the arrangement of single fibers 

into multifilament yarns. 

• Mesoporosity (pore sizes 100 µm to 1000 µm) is found in the interlock regions 

between single yarns and is defined by the weaving, braiding or knitting pattern.

• Macroporosity (pore sizes larger than 1000 µm) can be found in several types of knit-

tings, braidings and nets (e.g. meshes for abdominal wall repair).
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Figure 1.1: SEM images of an embroidered textile scaffold showing macrocopic (left), 
mesoscopic (center) and microscopic (right) porosity. The arrows indicate 
typical pore patterns on each level. One week after seeding with fibroblasts the 
formation of a vital avital composite has begun, filling microscopic pores with 
ingrowing cells. The single fiber diameter is 20 µm.

Textile scaffolds in tissue engineering include single fibers, fiber bundles, non-woven,

woven, knitted and braided fabrics made from synthetic or natural polymer fibers. All

these textiles have unique structural and mechanical properties that favor their use in dif-

ferent applications in vivo and in vitro (see table 1.2.). Generally, textile structures are

most useful when engineering two-dimensional tissues [77]. However, different tubular

tissues such as blood vessels [78], esophagus [79], trachea [80] and intestine [81] have

been realized by bonding or sewing knitted and woven structures. 

Mechanical properties of textiles depend on the fiber material, yarn structure, inter-

locking or bonding of the fibers. Variables in structure and yarn are not always indepen-

dent, which results in trade-offs between ingrowth characteristics, compliance, strength

and handling of a textile scaffold. The complexity of the mechanical behavior in addition

to the biological system complicates the prediction of cell/scaffold interactions and the

formulation of deterministic models [38].

In the following section the application of textile scaffolds in tissue engineering is

briefly reviewed with the aim to analyze observations that were directly linked to struc-

tural and mechanical properties of scaffolds.

Single fibers and fiber bundles

Single fibers and fiber bundles have been used by different authors as scaffolds for engi-

neering ligament or tendon tissue in vitro and in vivo [82-85]. While parallel fiber bun-

900  µm 300  µm 150  µm
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dels can be used to align cells in vitro, they lack structural coherence and any relative

movement between the single fibers causes high shear stress in the cells.

Microporous hollow fibers have been used for the design of immunoisolation

devices

 

1

 

. However, various problems are encountered concerning the immobilization of

a large tissue mass and the corresponding oxygen and nutrient supply. Fibrous encapsu-

lation of the membranes with subsequent necrosis of the transplanted cells remains a fre-

quently observed problem [43].

 

Nonwoven textiles

 
Nonwoven meshes are attractive synthetic extracellular matrices for tissue engineering

and have been used to engineer many types of tissues (see table 1.2). Fabrics are mostly

fabricated from synthetic polymers such as poly(glycolic acid) but also from biopoly-

mers such as extruded collagen [86] or esterized hyaluronic acid [44, 87]. Nonwoven

fabrics exhibit very large bulk porosity (over 95% [40]) and a large average pore size.

They can be preshaped into various forms to define the geometry of the building tissue

[88].

However, nonwoven fabrics are typically incapable of resisting large compressional

forces 

 

and often cannot maintain their original structure during tissue development. This

makes it difficult to design an engineered tissue with a predefined configuration and

dimensions [88]

 

. Different processes have been proposed to stabilize nonwovens by

physically bonding adjacent fibers at their fiber crosspoints. Mikos et al. proposed a

melt-bonding method to stabilize a nonwoven PGA matrix [89]. Another method was

developed by Mooney and coworkers [88, 90], who used a spray-coating technique, to

bond PGA fibers with PLLA. They found a 10- to 35-fold increase in the compressive

modulus over unbonded PGA matrices, depending on the mass of PLLA utilized to bond

the PGA matrices. In addition, the bonded PGA matrices degraded slower than the

unbonded matrices.

Most nonwoven fibrous matrices currently used in tissue engineering have a relatively

large porosity and pore size and have not been structurally optimized for specific appli-

cations. There is a need for a reliable method that can be easily used to modify the micro-

structure of a nonwoven fibrous matrix [84]. For example, in plane properties of

nonwoven fabrics for tissue engineering have not been a subject of design so far, regard-

ing global mechanical properties and anisotropy. 

 

1. Immunoisolation techniques use a semipermeable membrane to implant xenogenetic or genet-
ically modified cells and separate them from the patients immune system. The goal is to treat 
various diseases, including diabetes, chronic pain and different neurodegenrative disorders 
[43].
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Table 1.2: Application examples of basic textile structures as scaffolds in tissue engineering of 
different tissues and organs. 

 

Textile Type Organ/tissue References

 

single fibers & 
fiber bundles

ligament [82, 91]

tendon [86, 92]

non-wovens cartilage [39, 40, 44, 51, 68, 69, 92-95]

liver [42, 51, 96-100]

muscle [88, 101]

bone [76, 102, 103]

kidney [104]

dental pulp [105]

placenta [106]

heart valve [107]

breast tissue [52]

weavings cartilage [41]

esophagus [79]

skin [108-112]

liver [99, 113, 114]

bone marrow [99, 113]

jaw bone [115]

artery [116]

knittings cartilage [41]

skin [67, 110, 112]

urothelium

 

[117]

 

abdominal wall [86]

blood vessels [78]

muscle [118]

braidings tendon

 

[76, 86]
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Woven and knitted textiles

 

Biodegradable meshes, such as Vicryl and Dexon are readiliy available in most operating

rooms and therefore often used as scaffolds in clinical tissue engineering research. But

these textiles have not been designed upon the criteria discussed before and are not opti-

mized for most applications as scaffolds.

Cooper at al. [112] compared the performance of fibroblast seeded scaffolds, which

were either PGA weavings or PLGA knittings, in a nude mouse model. They observed

an important influence of fiber diameter and fabric pososity. In the dense woven scaf-

fold, only minimal vascularization was observed after 9 days whereas the knitted fabric

with higher porosity showed improved vascularization and complete ‘take’ of the con-

struct. However, from these experiments it is difficult to seperate the influence of yarn

material and textile geometry.

Open porous woven fabrics have beed proposed as scaffold systems for culturing liver

tissue 

 

in vitro

 

 [114] based on the observation that the spatial organization of hepatocytes

was facilitated by the defined compartements of the fabric.

 

1.4. Conclusions

 

Textile structures are widly used as implants in reconstructive surgery and as scaffolds in

tissue engineering. However, many clinical problems associted with textile implants

arise from strcutural incompatibility:

 

• Unsufficient porosity or unfavorable pore size distribution for tissue ingrowth.

 

• Compliance mismatch at anastomosis.

• Unsufficient dynamic resistance, leading to abrasion and debris particles.

• Design of the force induction and fixation by screws or sutures leading to stress shield-

ing or stress concentration.

• Difficult handling, leading to fraying und unrowing when cut during the operation.

In tissue engineering, important breakthroughs were made in the last decade in terms

of material development, cell culture conditions and biological analysis. However, little

progress has been made in designing scaffolds. Many researchers rely on degradable tex-

tiles that are produced in large quantities for clinical purpuses. However there are various

scaffold properties, that have to be optimized for a given application:

 

• Structural properties: porosity and pore size distribution.

 

• Mechanical properties: compliance and anisotropy.

• Material properties: degradation.

• Minimal amounts of degradable material.

• Simplification of handling and mounting.
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Additionally the variation of local mechanical and structural properties could bring an

important benefit for textil scaffold design. The combination of fibers with different deg-

radation characteristics would allow to influence the time dependent change of mechanc-

ial properties and the formation of ingrowing tissue.

 

1.5. Aim and structure of the thesis

 

The review of the previous sections on problems encountered with structural textile

implants and applications of textiles in tissue engineering has shown the need for new

techniques to modify and functionalize existing textile structures as well as for the devel-

opment of new textiles. It can be assumed, that higher structural biocompatibility can be

achieved with medical textile structures by optimizing their porosity, stiffness/compli-

ance, deformation behavior and anisotropy. One possibility to do this is by embroidery

technology. In their various applications in fashion industry embroidered textiles are

known to combine very high architectural variability with the freedom of changing the

material, structural and mechanical properties locally. This technology, however, had

until today only marginal applications in technical textiles.

The aim of this thesis is to introduce the application of embroidery technology for

medical textiles and tissue engineering scaffolds. The motivation for the present work

arose from the following questions:

 

•

 

What are the possibilities of embroidery technology to realize scaffolds and textile 

implants, that have defined geometry and do not need any further processing? Is it 

possible to design functional combinations of materials with different chemical and 

mechanical properties?

 

•

 

What is the influence of embroidery design on the mechanical behavior of the textile 

and how can existing textile structures be modified by embroidery in terms of anisot-

ropy and stiffness?

 

 

•

 

Which parameters govern the attachment and growth of cells on textile structures in 

vitro? How can they be integrated into functional textile scaffolds?

 

These questions are addressed in the following chapters. Furthermore two application

examples of embroidery technology are presented: On a laboratory scale for tissue engi-

neering scaffolds and on an industrial/clinical scale for a textile wound dressing.
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Chapter 2: Processing of embroidered textiles

 

This chapter gives a brief introduction into the textile fabrication process by embroidery

technology. Fabric formation, basic stitching elements and design considerations are dis-

cussed as well as yarn materials and cleaning procedures.

 

Chapter 3: Structural and mechanical aspects of embroidered textiles

The third chapter gives a description of the basic structural features of embroidered tex-

tiles. The experimental work concentrates on the influence of the stitching pattern on the

anisotropic tensile properties, on stiffness and strength and on the relaxation behavior of

embroidered textiles. 

Chapter 4: Cellular ingrowth into textile structures in vitro

The forth chapter describes the interaction of cells and textile structures in vitro. Attach-

ment and growth of fibroblasts on well defined textile scaffold structures in vitro are

described on a morphological level with the aim of understanding the basic structural

interactions.

Chapter 5: Tissue engineering of tendon using embroidered scaffolds

A set-up for uniaxial mechanical stimulation of vital/avital composites is presented and -

as an application example - an embroidered scaffold for growing tendon tissue in vitro is

developed with the aim to study the effects of cyclic mechanical stimulation on the

cell/textile composite.

Chapter 6: Development of a textile wound dressing based on embroidery

A wound dressing for the treatment of large skin defects is designed, based on the work-

ing hypothesis that vascularized granulation tissue might be induced by local mechanical

stimulation of the wound ground during treatment and by débridement at wound dressing

exchange. First clinical experiences of a screening study are discussed.

Chapter 7: Final conclusions and outlook

In the this chapter the results are concluded with respect to potential application of

embroidery based textiles for health care applications. 
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2. PROCESSING OF EMBROIDERED TEXTILES

The aim of this chapter is to give a brief introduction into the textile fabrication process

by embroidery technology. Fabric formation, basic stitching elements and design consid-

erations are discussed. Processing of biodegradable yarn materials which is a conditio

sine qua non for tissue engineering scaffolds is described using poly(glycolic acid) as an

example. Since industrial upscaling involves the use of machinery and materials that are

commonly used for fashion applications, the cleaning of industrially produced embroi-

deries is investigated by basic in vitro cytotoxicity assays.

2.1. Introduction

2.1.1. Stitching for through-thickness reinforcement of composite materials

Laminated fiber composites are highly sensible to relatively low velocity localized

impact loads that cause mechanical damage at the interface between laminated plies.

Delamination is a substantial problem, because the composite laminates, although hav-

ing strength in the fiber direction, lack strength in the through thickness direction. Selec-

tive reinforcement in this direction can be either achieved by fully integrated 3D systems

produced by textile processing or by systems which are manufactured from planar lam-

ina with selective through thickness reinforcing [119]. Usually Kevlar® is chosen as

stitching yarn because of it’s high strength and flexibility [120]. Dransfield et al. [121]

reviewed the application of stitching for the through-thickness reinforcement of planar

lamina. They judged stitching as a promising concept that can significantly improve

some mechanical problems, however in-plane fiber damage and the formation of resin

pockets were usually observed. Stitching has also been proposed for the reinforcement of

woven composites against creep [122].

2.1.2. Reinforcement of composite structures by tailored fiber placement

The majority of textile processes used in fabric preform production, including weaving

and warp-knitting, do not permit spatial variations in fiber content or orientation to take

account of variations in the stress field. Labor intensive hand placement of tailored

patches in order to provide local strengthening or stiffening is still common use. Tailored

fiber placement (TFP) a process based on embroidery technology was introduced by

Breuer [123] and Crothers [124] to overcome these inconveniences. Using TFP it was

possible to reinforce composite parts very effectively by stitching additional fibers with

defined alignments to a given textile preform locally at highly loaded areas, which was

demonstrated for the reinforcement of a pin hole in a composite part. The authors also
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pointed out the problem of possible fiber damage to the original textile preform by the

stitching process. In an experimental study, Warrior et al. [125] compared different

embroidery techniques for the reinforcement of specimens containing a central cut-out.

While the application of curvilinear yarn paths which followed the principal stress vec-

tors in a perforated specimen proved of little value for their load case, through thickness

stitching brought significant tensile strength improvements.

2.1.3. Medical applications of embroidery technology

Ellis [126] suggested the use of embroidery technology for medical textiles in different

applications. Hernia patches and ligament prostheses are mentioned in his patents [127,

128]. McLeod and Jackowsky [129] describe an implant for intervertebral disc where a

elastomeric block is reinforced by an embroidered textile, that has local reinforcements

for screw holes. Philipps et al. [130] describe a graft stent for the repair of abdominal

aortic aneurysm. Embroidery technology was used for controlled placement and fixation

of Nitinol shape-memory rings. This allows the graft to be fed down a relatively small

catheter and deploy into a lumen without any deleterious effect. The Nitinol rings expand

upon contact with blood and seal the graft at its proximal and distal ends. 

2.2. Fabric formation in embroidered textiles

2.2.1. Embroidery machines

The Schiffli1 (or shuttle) embroidery machine, the basis of todays industrial embroidery

production, was invented in 1864 by combining the operations of the newly developed

sewing machine, that used two threads, a front yarn and a bobbin, and the handloom

machine. After automats and punch-tape systems were integrated in the 1890’s Schiffli

stitching machines were technically far in advance of anything then used in the textile

industry. It wasn’t until hydraulics were added in the late 1950’s that a major change took

place followed by the introduction of electronics in 1977 [131-133] that led to todays

fully integrated CAD/CAM production of industrial embroideries.

Nowadays there are two main machine embroidery techniques. Both are fully inte-

grated in a CAD/CAM design and production environment. Besides the Schiffli

machines described above, Cornely embroidery uses a single needle with the substrate

material held horizontally in a frame that is moved under computer control. These

machines use a single stitching yarn and form a chain stitch [126, 131]. One application

1. Many specific embroidery technology terms are still used in their original Swiss german form 
[131].
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of this technique in the garment industry is the tacking of heavy cords to substrates.

Shuttle embroidery uses rows of needles held on a horizontal rack, with the substrate

material held on a vertically oriented frame. The basic stitch type is the lock stitch, that

uses two yarns, a stitching yarn and an interlocking yarn as it is shown in the next sec-

tion. In this study shuttle embroidery machines were used1 for several reasons:

• The lock stitch involves two yarns that run on either side of the substrate. This results 

in interesting combinations of yarns having different chemical and mechanical proper-

ties e.g. different degradation characteristics.

• Most of the embroidered textiles developed in this study were based on the dissolution 

of the stitching substrate. Since lock stitched structures possess a higher degree of 

coherence, the use of shuttle machines allows to realize textiles with a higher degree of 

complexity, whereas stitching onto degradable substrates using Cornely machines is 

restricted [133].

• Only the shuttle embroidery machine with machine lengths up to 20 yards 

(~18 meters) is suited for high volume manufacture, which is required for single use 

medical textiles such wound dressings (see chapter 6).

Figure 2.1: 2 yard embroidery machine which was used for the stitching of all the textiles in 
this thesis. The right figure shows the scaffolds described in chapter 5 being 
stitched in a 8/4 repeat with only every second needle active (a) for the PGA (in 
blue).

All embroideries in this work where realized on a 2 yard machine (Era, Saurer, Switzer-

land, figure 2.1) except for the wound dressing in chapter 6 which was stitched on

15 yard machines (Lässer, Switzerland).

1. All embroidered textiles in this study were realized by Bischoff Textil AG, St. Gallen, Switzer-
land. Technical advice and practical support f are gratefully acknowledged.

a
a

a
a
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2.2.2. Basic stitches and stitching elements for technical embroideries

The basic stitch type of shuttle embroidery machines is a lock stitch1. It consists of a

two-thread loop between the needle and the bobbin threads. In the case where the yarns

have similar stiffness and tension, the intersection of the bobbin and needle threads is

concealed in the fabric structure, as it is often the case in the apparel industry for aes-

thetic purposes. A modified lock stitch is achieved by either tensioning the bobbin thread

or easing the tension in the needle thread which forces the needle thread o travel on the

surface of the fabric (see figure 2.2).

Figure 2.2: Lock stitch formation in shuttle embroidery machines (left, modified from 
[119]). The stitch formation is shown schematically: the stitching yarn (sy) is 
pushed through the fabric (f) by the needle (n) and forms a loop, through which 
the shuttle (s) carries the bobbin yarn (by).

An arrangement of lock stitches gives a basic design element. Thus, design of embroi-

dery can be broken down to a few basic design elements, that are used to build up com-

plex patterns. The table 2.1 shows a few basic design elements for embroidery. All these

elements have been used in the textiles that were realized throughout this work.

The macroscopic design of an embroidered textile, its overall dimensions are limited

by the repeat of the embroidery machine2. For historical reasons, three different mea-

surements are used in embroidery machines to design and calculate the production of

patterns: Quarters or French inches (2.7 cm) for the needle spacing, English yards

(0.914 m) for the length of the machine and IS centimeters for the height of the frame.

1. In sewing machines, which are used in composite prepreg reinforcement, there is another type 
of stitch - chain stitch - which is equivalent to a knitting operation with a single yarn creating a 
loop around itself [119, 121].

2. For a detailed description on construction and control of embroidery machines see [131].

Modified lock stitch

Lock stitch

s

s

sy

sy

by

by

n

n

f

f by

sy
f
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Table 2.1: Some basic design elements for embroidery, exclusively used in fashion applications 
for creating visual effects. In this study they were used as structural an mechanical 
design elements for different textiles (figures modified from [131]) as shown in the 
application example of an embroidered textile for the wound dressing described in 
chapter 6. 

The repeat is defined by the number of needles involved in a particular design. In

expressing the distance apart of the needles for any design, quarters are used as follows:

4/4 (or 4 quarters of a French inch) is the minimum needle distance apart. 8/4 is next,

with alternate needles taken out. In 12/4 only every third needle is retained, the interme-

diate 2 being removed. The figure 2.3 shows the possible number and dimensions of

embroidery designs per run, depending on the machine size. The cost of production of

any particular design depends on two main factors: the time taken to prepare the machine

and the number of stitches per repeat. The textiles developed in this work consisted of

3’000~25’000 stitches. Modern embroidery machines can run with 400 stitches per

minute, depending on the yarn properties. This resulted in production times of 7.5 to 62

minutes per sample. While this time is negligible in prototype production for laboratory

scale applications, it has to be considered in the industrial upscaling.

Name Running stitch Cross stitch ‘Steil’ Stitch

Schematic

Descrip-
tion

Any stitching, regardless of 
it’s direction which forms 
the design with only the 
thickness of the thread 
used. 

Narrow ellipses are stitched 
in form of an X, which is 
rotated to from a cross. The 
result is a 3D structure.

Short back and forth stitch 
in a zig zag form. Used for 
reinforcement of edges or 
as straight lines for subse-
quent cutting.

‘steil’ stitching

running stitches

cross stitching

15 mm 5 mm
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The minimal distance between stitches is around 0.5 mm, depending on the yarn and

substrate properties and needle dimensions. This sets a lower limit to mesoscopic poros-

ity in embroidered textiles. 

Figure 2.3: Overview over the possible number and dimensions of embroidery designs per 
run, depending on the machine size. The width of a sample is given by the 
maximal feature size, whereas its height can expend over the whole stitching 
frame (~1.5 m)

Table 2.2: Examples of embroidered textiles with different repeats. All samples were realized in 
this work.

Design

Dimension 160*18’000 mma

a. This fabric is stitched as a continuous tape on 15 yard machines. A single repeat (=2.7mm) is indicated by 
two white lines.

60*30 mm Ø 55 mm

Repeat 4/4 8/4 12/4
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Maschine length [yards]

J

H

Repeat max. feature size

4/4 2.7 cm

8/4 5.4 cm

12/4 8.1 cm
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2.2.3. Yarn materials for embroidery production

Compared to weaving and knitting, embroidery yarns are highly strained, because of the

small turn radii that are required for the for the lock stitch (see figure 2.2). This limits the

choice of yarn material to those which have sufficient strength. Brittle yarns such as

glass and carbon fibers are not suited for lock stitch embroidery [126]. Therefore, aramid

yarns are mostly used structural composite applications [125]. 

In this study mostly poly(ethylene terephtalate) (PET) multifilament yarns were used.

They were different in morphology (staple fiber/endless fiber yarns), structure (textur-

ized/twisted) and specific strength (yarn titers from 50 to 600 dtex). For special applica-

tions monofilament polymer yarns (PET, PA, PEEK) and metal fibers (aluminium,

titanium and silver) were investigated. The main problems that were observed concern

the strength and compliance of yarn materials. Multifilament yarns of less than 50 dtex

were difficult to handle and many yarn ruptures were observed, especially in the front

yarns during acceleration of the needle. The same was observed for metal fibers of less

than 50 µm Ø. Limitations were also observed in bobbin-making. Since embroidery bob-

bins are self-carrying constructs, the bobbin yarns must ideally have some degree of sur-

face roughness and compliance in order to stay under tension. Therefore bobbins form

high modulus yarns, monofilaments and metal fibers are difficult to realize within the

standard geometries. 

2.2.4. Stitching substrates and dissolution techniques for embroidery production

By definition, embroidery is made by stitching upon a substrate. This substrate (or base

cloth) can be any textile structure. In this study the emphasis was put on degradable sub-

strates, that are washed out after the stitching process, leaving behind only the stitched

threads. This is known in the fashion industry as ‘aetzing’ for the manufacture of

machine laces. The state of the art consists of two methods, depending on the yarn mate-

rials:

• ‘Dry aetzing’ uses cellulose acetate (CA) substrates that are usually woven fabrics. 

They are dissolved in organic solvents such as acetone at ambient temperature over 

several hours.

• ‘Wet aetzing’ uses poly(vinyl alcohol) (PVA) substrates, that are dissolved in water at 

elevated temperatures (30°C to 90°C). PVA base cloths are mostly made as needle-

punched nonwoven fabrics. 

In the present study, both techniques were used, depending on the specific application

and the involved yarn materials. CA substrates are advantageous for textiles with high

stitch density, since they are mechanically more resistant. 
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2.2.5. Discussion

The aim of this section was to give a brief overview on important processing aspects of

embroidered textiles. More information on embroidery designs, machine types and his-

torical developments can be found in [131-134]. 

The understanding of stitch formation in embroideries is important with respect to

their structural and mechanical properties. Embroidery technology can be used as a rapid

prototyping tool to process fibrous biomaterials into textiles on a laboratory scale. The

time from textile design to punching, machine preparation, stitching and dissolution of

the substrate takes usually less than one day. The upscaling to industrial production is

easily done by adding more needles and using larger machines. Neither design nor mate-

rial modifications are necessary for upscaling.

Since industrial embroidery machines are optimized for high stitching frequencies to

be competitive in fashion applications they are limited in stitch densities. Compared to

old handloom machines they need stronger yarns and allow minimal stitch distances

around 0.5 mm. For special applications in tissue engineering where lower mesoscopic

porosity is desired, machine modifications will become necessary.

2.3. Processing of bioresorbable yarn materials

2.3.1. Introduction 

Degradation of the fiber material upon cell seeding or implantation is a key question in

the design of textile cell carriers. While a variety of biodegradable natural and synthetic

polymers are being investigated, poly(glycolic acid) (PGA), poly(lactic acid) (PLA) and

their copolymers are the most common polymers because of their long history of use in

medical applications [2]. The processability of standard biodegradable polymer fibers by

embroidery technology is a prerequisite for this technology to be used in tissue engineer-

ing applications. 

To explore the potential of embroidery as an additional textile technique for develop-

ing tissue engineering scaffolds, the feasibility of stitching with resorbable fiber materi-

als was investigated using PGA yarns. PGA was chosen because of its resistance against

most organic solvents, including acetone [135]. Additionally, continuous PGA yarns are

readily available, because of their use as clinical suture material.

Different experiments were carried out to answer questions about the processability of

PGA by standard embroidery technology such as: What is the influence of washing pro-

cedures on mechanical properties of PGA yarns? What is the in vitro degradation behav-

ior of stitched PGA textiles? Is it possible to combine degradable and nondegradable

structures in one textile? 
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2.3.2. Materials and methods

PGA yarns

PGA yarns were purchased from A. Krahmer GmbH, Germany, as extruded fibers of

20 µm diameter. 30 filaments were assembled into continuous yarns of 166 dtex. 

Sample preparation

Yarns were cut into pieces of one meter and washed in acetone or purified water at room

temperature for four hours. After air drying for 12 hours the yarns were mechanically

tested. A universal tensile tester (Zwick, Germany) was used, equipped with a 50 N force

cell. Samples were clamped at 100 mm gauge length and strain rate was 10 mm/min. 

Embroidered samples1 were stitched on a nonwoven PVA fabric which was washed

out in purified water at room temperature for four hours, with change of water every

hour. Subsequently, the samples were rinsed several times in water, vacuum dried at

room temperature and stored in a desiccator. 

For local degradation studies, the stitching pattern of the wound dressing described in

chapter 6 was stitched, using PGA instead of the PA monofilament yarn. The porous PET

structure was left unchanged. The textile was stitched on CA which was washed out in

acetone during 4 hours at room temperature. Circular pieces of 30 mm Ø were punched

out for the degradation studies.

Degradation Studies

Embroidered textiles for mechanical testing were incubated with 30ml PBS at 37° C. At

different time points, samples were taken out, wiped with paper tissue and weighed.

After mechanical testing of wet samples (as described above, gauge length = 30 mm),

the textiles were vacuum dried at room temperature and weighed again for determination

of weight loss.

Samples for local degradation studies were incubated in distilled water at 80°C for

elevated degradation. At given timepoints, samples were taken out, rinsed in water and

vacuum dried at room temperature. Morphology was characterized using an environmen-

tal SEM (AMRAY, USA) operating at 50 torr and 25 kV acceleration voltage.

1. The embroidery design was the same as for design A in section 3.4.2.
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2.3.3. Results and discussion

Influence of washing procedure on mechanical properties of PGA yarns

Since the stitching base cloth is either washed away in aceton or water at ambient tem-

perature, PGA yarns were tested for mechanical strength after washing in both media.

The result is shown in figure 2.4. Washing in water did not change the tensile strength

(breaking force) whereas the elongation at break decreased by over 10 %. This can be

explained by the adsorbtion of water in the polymer. Due to its polar structure, PGA is

highly hygroscopic [135]. Absorbed water can contribute to a stiffening of the polymer

fiber, resulting in failure at lower strains. Washing in acetone decreased both, the tensile

strength and the elongation at break by 10% and 30% respectively. 

Figure 2.4: Influence of washing procedure on breaking force and elongation at break of 
PGA yarns. While washing in water does not change the strength, the elongation 
at break is slightly reduced indicating a stiffening effect of absorbed solvent. 
After acetone treatment both properties decreased (n=10).

Degradation behavior of embroidered PGA samples.

To demonstrate the processing of biodegradable polymer fibers by embroidery technol-

ogy, tensile test specimens were stitched from PGA yarns and investigated for their deg-

radation behavior. Because PGA is highly cristalline, it has a high melting point and low

solubility in organic solvents. The crystallinity of PGA in surgical sutures such as the

one in this study is typically in the range of 46-52 % [135]. The degradation behavior of

PGA has been described by numerous authors [136-138]. 

In the present degradation study (see figure 2.5), rapid decrease of tensile strength

was observed. After 8 days, the tensile strength was reduced to 50 % of its original value.

After 25 days the samples lost all tensile resistance. The fastest decrease of strength was

observed between the forth and the 12th day of degradation. This observation is in agree-
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ment with studies of Jamshidi et al. [138] who found a decrease of strength of 50 % after

10 days for Dexon1 fibers in PBS at 37°C. 

Weight loss and water absorbtion was observed only after 10 days. After 25 days the

PGA samples had lost 20% of their original weight. This is almost twice the value, that

was observed by Jamshidi et al. [138]. On the other hand, Ma and Langer [137] observed

a weight loss of over 50 % in nonwoven PGA scaffolds. This rapid decrease can be

explained with the low crystallinity of their material (<30%), since hydrolytic degrada-

tion proceeds faster in amorphous regions of the polymer [135].

Figure 2.5: Degradation behavior of embroidered PGA samples in PBS at 37°C. The fastest 
decrease of mechanical strength is observed between 8 and 10 days (left, n=3). 
At the same time decrease of weight loss and water uptake in the polymer are 
observed (right, n=3).

Of interest in this work was the influence of the cleaning procedures and the process-

ing on the degradation characteristics of PGA fibers. Although PGA has been used for

many years as implant and scaffold material, the present study was necessary to see the

influence of the embroidery process and estimate possible damage to the PGA fibers due

to stitching and subsequent washing. The presented data shows no significant difference

to reported degradation studies concerning decrease of weight and mechanical proper-

ties. 

Local degradation of PGA

To show the possibility of local integration of biodegradable elements into a given tex-

tile, PGA features were stitched onto a basic polyester (PET) structure in the same pro-

duction step using a second needle and bobbin2. The macroscopic structure of the textile

1. Dexon® is a trademark for PGA (Davis &Geck, Inc. USA).
2. The stitching pattern is identical to the textile for the wound dressing described in chapter 6 

except that the PA monofilament yarn was replaced by PGA.
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is shown in figure 2.7 (right). The additional PGA increased the fabric stiffness almost

four times. A stiffening effect remained even after a complete loss of mechanical proper-

ties ( 7 days in 80°C water). At this moment the PGA did not act as a textile element, but

as a polymer matrix, that blocked the movement of PET fibers.

The microscopical change of the textile morphology is illustrated in figure 2.8. After

48 hours in 80°C water, it can be assumed that the PGA had already lost its mechanical

strength, since the fibers showed the typical degradation pattern of parallel cracks per-

pendicular to the fiber axis [138]. However, no macroscopical mass loss could be

observed. After one week degradation at elevated temperature, an important mass reduc-

tion was observed. The fibers were not continuous anymore, but scattered in small frag-

ments. No morphological changes were observed on the PET fibers. 

Figure 2.6: Influence of degradable PGA features on the tensile properties. The additional 
PGA elements have a stiffening effects, increasing stiffness almost four times. 
Even after degradation of the PGA (7 days, 80°C) a stiffening effect remains, 
due to PGA that is still infiltrated between the PET fibers, acting like a polymer 
matrix (bar = 10mm). 

This stitching technique could be exploited for local delivery of drugs from a textile

implant and for the development of composite textiles with locally different degradation

rates to favor tissue ingrowth while maintaining their global structural and mechanical

properties.
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Figure 2.7: Morphology of PGA features stitched on a PET base structure exposed to 
hydrolytic degradation at 80°C. In the initial state (left) PGA fibers are 
continuous and appear undamaged by stitching. After 48 hours exposure to 
water at 80°C (center) PGA fibers show parallel cracks, indicating a complete 
loss of mechanical strength. After 7 days (right) an excessive mass loss is 
observed (top). Single PGA fibers are reduced to fragments of ~100µm. No 
damage to the PET structure is observed (top bars = 1mm, bottom bars = 
100µm).

Conclusions

The presented experiments have shown the possibility of processing standard bioresorb-

able polymer fibers by embroidery technology. This technique can be exploited for the

development of tissue engineering scaffolds (see chapter 5) and composite textile

implants. Such structures, having a degradable component were proposed e.g. by Klinge

et al. [14] for hernia meshes that gain porosity and flexibility with prolonged implanta-

tion times.

Due to its resistance against most organic solvents, PGA has the advantage that it can

be used with both standard dissolution techniques in embroidery production. However, it

was observed that washing in water at ambient temperature has less influence on the

mechanical properties of PGA yarns. Since PGA shows a rather fast degradation profile

(50 % strength loss in 8 days) the processing of synthetic polymer fibers with slower

degradation characteristic such as copolymers of PGA and PDLA has to be investigated.

From the present results, it can be assumed, that stitching onto PVA substrates with sub-

t  =  0 t  =  2 days t  =  7 days
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sequent dissolution in water at room temperature is suitable for these polymers.

Recently, new fibers from biopolymers such as collagen [86], alginate [139], fibrinogen

[140] and hyaluronic acid [87, 141] have been developed by various research groups for

tissue engineering applications. Since these fibers are usually produced in only small

batches, embroidery technology seems to be the processing method of choice for produc-

ing textile structures others than nonwovens. Thus future studies have to concentrate on

processing of biopolymers by embroidery in order to find the optimal substrate/dissolu-

tion procedures for each yarn material.

 

2.4.

 

In vitro

 

 biocompatibility of embroidered textiles

 

2.4.1. Introduction

 

For the use of embroidery technology as a tool for processing biomaterials the safety of

the process must be demonstrated. The tests described in this section were performed as

an initial screening to exclude processing related cytotoxic effects prior to clinical stud-

ies with the embroidery based wound dressing described in chapter 6. Stitching with bio-

compatible yarns onto a resorbable substrate gives rise to several possibilities for

contaminations:

 

• Residual sizings that are used in embroidery to decrease friction of yarns.

 

• Rests of base cloth material due to incomplete dissolution.

• Contamination by machine related substances, such as oil spray or particle debris.

In this study the textiles were not manufactured under clean room conditions, but

within the normal production chain of industrial embroidery using standard substrate

materials of the embroidery industry. Since it is known, that cellulose acetate can cause

an inflammatory tissue reaction [142], residual acetate was measured, but no significant

concentrations of residual acetone or acetate were found [143]. For biocompatibility test-

ing of yarn materials and embroidered textiles 

 

in vitro

 

 cytotoxicity assays were used. The

use of cell cultures in biocompatibility testing entails a series of advantages, such as the

extreme sensitivity of the cultured cells to toxic agents, the possibility of investigating

the specific interactions at cellular or molecular level, and the ability to perform series of

experiments under identical conditions [144].

In this study, two different experimental setups were employed:

1. Addition of material extracts to a cell culture during early logarithmic growth phase 
(elution tests).

2. Seeding and growth of cells on embroidered textiles for a prolonged time period 

(direct contact tests).
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The test material was randomly chosen from a batch which was used for the wound

dressing prototypes. The tests were conducted based on the ISO guidelines for ‘Biologi-

cal Testing of Medical Devices’ (ISO 10933-5 [145]). This document gives guidance for

test selection and sample preparation. The proposed material/medium ratios for extract

preparations are:

• 0.5~6cm

 

2

 

/ml surface area of material per volume of extraction medium or

• 0.1~0.2 g/ml material mass per volume of extraction medium, if the surface area is 

indeterminate.

Since the ISO guidelines give no specific recommendations for testing of textiles,

both material/medium ratios were applied to test a broad range of possible toxin concen-

trations. The table 2.3 gives an overview on the qualitative and quantitative tests that

were performed. The important question was, if exposition to extracts of embroidered

textiles or direct contact to its surface would reduce the metabolic and proliferative activ-

ity of fibroblastic cells.

 

Table 2.3: Overview on the different qualitative and quantitative analysis methods, that were 
used to asses the 

 

i

 

n vitro cytotoxicity of embroidered medical textiles.

 

2.4.2. Materials and methods

 

Elution test applied to yarn materials and embroidered textiles

 

Glass extraction flasks were washed in 10 % phosphoric acid overnight, rinsed thor-

oughly with distilled water and autoclaved. Leachables form textiles were extracted in

8 ml DMEM at 4 cm

 

2

 

 per ml medium or 0.1 g/ml medium, respectively, according to

table 2.4. From the yarn materials and negative control only area-based extracts were

prepared in the same manner. Medical grade woven PET fabrics (200µm mesh with,

Sefar, Switzerland) were used as negative control and Zn-stabilized PVC tabs (SIMS

Portex, Kent, UK; one tab per ml medium) were used as positive control. Extraction was

 

Method Eluate test Direct contact test
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performed on a lab shaker at 60 rpm, incubated at 37° C and 5% CO

 

2

 

 for 3 days. After

extraction, the medium was microfiltrated (0.2 µm pore size. Millipore, France) to

remove fiber particle debris. 

96-well-plates were inoculated with 10’000 cells/well in 200µl cell culture medium

(DMEM, 5% FBS, 1% PSN). Cells (Swiss 3T3 fibroblasts, passage 58) were allowed to

attach for 24 hours and cell culture medium was replaced with extract-containing

medium in a decreasing dilution series (95 %, 85 %, 75 % and 50 %) with additionally

5% FBS and 1% PSN. 

After 3 days of incubation, the viability of the cells was measured by the MTT assay.

Then, the solution was removed and the plates were dried at ambient temperature for

4 hours. 100µl/well of distilled water was added to destroy the cell membranes by

osmotic shock with three subsequent freeze-thaw cycles and DNA content was mea-

sured. Total cell protein was measured on the same plates on different wells, after lysa-

tion of the cells in the same manner.

 

Estimation of specific surface area of textiles for extracts preparation

 

Because of different textile porosities, specific textile surface areas were calculated

based on stitching pattern and microscopic images. The table 2.4 shows the specific sur-

face areas and specific weights of the tested textiles. The concentration of extracts is

indicated by the ratio of medium per one cm

 

2

 

 of fabric area for the two extracts. The con-

centration ratio between both extract preparations varies between 7 (for woven control

fabrics) to 62 (for embroidered fabrics). This means the concentration of possible toxins

is up to 62 times higher in extracts based on weight ratios of 0.1g/ml. In the present tests

both extract preparations were tested.

 

Table 2.4: Specific surface areas and specific weights of textiles for preparation of extracts. 
The ratio of material/medium concentration between surface and weight extracts 
varies between 7 and 60. The bold printed names are used to mark the data in fig-
ures 2.9 and 2.10.

 

Material

Specific 
surface 
[cm

 

2

 

/cm

 

2

 

]

Specific 
weight 
[g/cm

 

2

 

]

Medium per 
cm

 

2

 

 fabric for 
surface 
extracts at 
4cm

 

2

 

/ml

Medium per 
cm

 

2

 

 fabric for 
mass extracts 
at 0.1g/ml

Concentra-
tion ratio 
between mass 
and surface 
extracts

Embroidered textile 

 

embTex

 

32 0.013 8 0.13 61.6

Control I, conTex
(Tenderwet®)

28.6 0.036 7.15 0.36 22.2

Control II, (-)control
(Woven PET fabric)

2.14 0.0075 0.54 0.075 7.2
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Direct contact cell culture test applied to embroidered textiles

Pieces of 14mm Ø of the embroidered textiles were punched out and washed in acetone,

ethanol and purified water to remove fiber debris. Textiles were sterilized in 70% ethanol

for one hour on an incubation shaker at 37°C and rinsed intensively in sterile water and

three times in PBS. They were immersed in cell culture medium (DMEM, 5% FCS, 1%

PSN) for 4 hours prior to cell seeding. After the medium was aspirated, the textiles were

seeded with 20’000 cells per sample in 15µl medium in 24 well culture plates. After

incubation for one hour, 500µl of culture medium were added carefully. Medium was

changed every three days. As a control, cells were seeded onto TCPS at 5’000 and

20’000 cells/well respectively to avoid contact inhibition effects [146]. After given time-

points samples were subjected to various analyses such as MTT reduction, direct count-

ing, live dead staining and fixation for SEM.

MTT assay

The reduction of 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) is

one of the most frequently used methods for measuring cellular parameters such as pro-

liferation, viability, cytotoxicity and cell death [147, 148]. The transformation of MTT to

formazan has a significant effect on the UV absorbtion spectra. Since MTT reduction is

depending on fundamental functions of most living cells such as endocytosis, exocytosis

and cellular mechanisms, the quantification of MTT reduction is a valid assay to mea-

sure cell viability [149]. 

Experimentally, cells cultures were washed once in warm PBS to remove serum pro-

teins and incubated with warm DMEM containing 10% MTT stock solution for two

hours. MTT reduction was quantified by dissolving the formazan in a solution consisting

of 90% ethanol and 10% HEPES/NaCl and measurement of the optical density at 560nm

(Rainbow Reader UV, SLT, Austria).

DNA assay

Determination of DNA quantities is based on the enhanced fluorescence and shift in the

emission wavelength of the fluorochrome Hoechst 33258 upon binding to minor groove

of double-stranded DNA. This results in a linear relationship between DNA content and

fluorescence. 

Total amount of DNA in cell lysates was measured using Hoechst 33258 assay in 96

well tissue culture plates. 100 µl of cell lysate was mixed with 100 µl Hoechst 33258

(20 µg/ml) in TNE buffer (10 mM Tris, 1 mM EDTA, 2 M NaCl, pH 7.4). The fluores-

cence was measured in a fluorescence multiple well plate reader (CytoFluor II, Persep-

tive Biosystems, USA) with excitation at λ=350 nm and emission at λ=460 nm. DNA

content was calculated using a standard curve prepared from purified calf thymus DNA

(Sigma Chemicals).
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Total cell protein assay (BCA)

Total cell protein is used as a measure for total cell mass and is assumed to correlate with

cell number [149]. Nevertheless, the protein content of a single cell may vary within dif-

ferent stages of cellular differentiation. Protein content of the lysates were assayed using

a commercial BCA kit (Pierce, Rockford, USA), using bovine serum albumin (BSA,

Sigma) as a standard. Briefly, 10 µl of cell lysate were mixed with 200 µl of the reagent

solution and incubated at 37°C for 45 minutes. Absorbance was read at λ=562 nm. 

Live/dead assay

The live/dead assay (Live/Dead® EukoLight, Molecular Probes Inc., USA) is based on a

dual fluorescent staining which simultaneously marks living and dead cells using two

probes that measure intercellular esterase activity and plasma membrane integrity in cell

cultures. The probe for living cells is calcein-acetoxymethylester (calcein-AM) and for

dead cells ethidiumhomodimer. 

To mark vital and dead cells, samples were rinsed two times with PBS and than incu-

bated with PBS containing 0.5‰ calcein-AM and 0.83‰ ethidiumhomodimer at ambi-

ent temperature for 30 minutes. Cell morphology and distribution were studied by

fluorescent light microscopy (Axiovert 135, Zeiss, Germany).

Morphological evaluation by SEM

Samples with cells were fixed in PBS containing 3% glutaraldeyhde (Fluka, Switzer-

land) for at least 24 hours at 4°C. After post-fixation in 0.1 % OsO4 (Fluka, Switzerland)

in PBS for one hour at ambient temperature, specimens were washed twice with PBS and

dehydrated in ascending series of ethanol and critical point dried with CO2 (CPD 030,

Bal-Tec, FL). Dried samples were sputtered with gold (300 s, 15 mA) and examined by

scanning electron microscopy (SEM, Hitachi S-2500C, Japan).
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2.4.3. Results

Indirect contact assays

Figure 2.8 shows the reaction of 3T3 fibroblasts to eluates from stitching yarn materials.

No significant reduction in metabolic activity (MTT reduction) or cell proliferation

(DNA, protein) could be observed. This indicates, that no acute cytotoxic substances

leach out from the bulk of polymer fibers as well as from their surface as sizing residues.

Therefore any observed effect of the textile-extracts would be due to the embroiodery

process.

 

Figure 2.8: Result of MTT, DNA and protein tests of 3T3 fibroblasts exposed to extracts 
from different stitching yarns show no significant reduction of metabolic and 
proliferative activity. Results are shown as relative values of the negative 
control (n=6). 

The reaction towards extracts from textiles is shown in Figure 2.9. All fabrics cause a

slight decrease of MTT activity and an increase of cell mass as compared to the negative

control. No differences can be observed between area and mass-based extractions,

although the concentration of possible leachables varies by a factor of 20 to 60. Extracts

from the embroidered textiles caused no different reaction than the commercial wound

dressing.
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Figure 2.9: Results of MTT, DNA and protein tests of 3T3 fibroblasts exposed to extracts of 
embroidered (embTex) and knitted (conTex) textiles. The knit was aseptically 
separated form a commercial wound dressing. No significant difference can be 
observed between the reaction towards area and weight-based extractions as 
well as between embroideries and the commercial wound dressing textile. 
Results are shown as relative values of the negative control (n=6). 

Direct contact assays

In direct contact studies the growth of 3T3 fibroblasts on embroidered textiles was com-

pared to standard TCPS. The embroidered textile consisted of a porous base structure

made from PET yarns onto which semi-spherical features were stitched using a monofil-

ament polyamid (PA) yarn (see figure 6.1., chapter 6). 

The results of MTT assays at different timepoints is shown in figure 2.10 (left). The

relative increase of MTT activity on the textile samples is equivalent to TCPS with

20’000 seeded cells. The second control with only 5’000 seeded cells shows identical

values for the first three days, but an important increase at later timepoints. This can be

explained with contact inhibition phenomena [146], which are manifested in the higher

cell concentration, as well as on the textile fibers. However the rate of MTT increase of

cells on textile and those on TCPS (20’000 seeded) was identical, indicating no negative

effects of the textile on cell metabolism and growth. This was also confirmed in the MTT

values per cell, measured after 6 and 14 days (figure 2.10, right). In all three cultures the

MTT activity per cell decreased in a similar fashion.
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Figure 2.10: Relative MTT values of 3T3 fibroblasts in direct contact with the embroidered 
textile (embTex) at different timepoints (left). Two controls were run in parallel 
with 5000 and 20000 cells initially seeded on TCPS. The MTT reduction per cell 
(right) after 6 and 14 days shows no significant difference between different 
samples cultures (n=6).

Macroscopically, intensive cell proliferation was observed on the embroidered tex-

tiles as it is visualized by the MTT test prior to formazan dissolution (fig. 2.11). All

regions in the textiles were infiltrated with the same intensity and no preferential attach-

ment areas were observed. This was confirmed by fluorescence microscopy of live/dead

stained samples at different timepoints (fig. 2.11). The ratio an distribution of dead cells

(stained in red) did not change with time. Cells proliferated on the multifilament, as well

as the monofilament yarns. No local concentrations of dead cells were observed which

indicates that cleaning procedures were efficient.

The same observation was made by SEM analysis. Figure 2.11 shows SEM micro-

graphs of 3T3 fibroblasts on the embroidered textile after 1 and 6 days. Cell behavior on

multifilament (PET) and monofilament (PA) yarns is shown. After seeding, cells

attached and were spread after 24 hours. Many spherical dividing cells were seen

throughout the observation period indicating high proliferative activity.
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Figure 2.11: Morphological observations of 3T3 fibroblasts on embroidered fabric by 
different nethods: Appearance of embroidered textiles with seeded cells after the 
incubation with MTT prior to dissolution (top). The MTT reagent is transformed 

MTT staining, 3 days MTT staining, 14 days

Live/dead staining, 1 day Live/dead staining, 6 days

SEM, 1 day SEM, 6 day

PET

PA

PET
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into a dark blue formazan product by metabolically active cells and allows 
visualize the distribution of viable cells. Live/dead fluorescence staining (center) 
shows the distribution of living (green) and dead (red) cells. SEM images 
(bottom) show that both yarn types, the PET multifilament and the PA 
monofilament are covered with a dense cell layer.

2.4.4. Discussion

In vitro cytotoxicity assays were performed as an initial screening for biocompatibility of

embroidered textiles. Extraction and direct contact tests were applied. In contrast to

direct contact studies, extraction allows to enhance and accelerate bioavailability of pos-

sibly toxic substances from the test materials [149]. Since no textile-specific extraction

protocols were found in literature, the extracts were made according to the ISO 10993

guidelines, which recommended area or mass based sample/medium ratios are recom-

mended. However, due to the high specific surface area of textiles, these extracts highly

differed in concentration. No negative effect of both extracts on 3T3 fibroblasts was

found. 

This result was confirmed in direct contact studies with 3T3 fibroblasts directly

seeded on the embroidered textile samples. Since the highly porous structure of textile

materials makes it difficult to seed cells at a defined concentration and to count them

after given time periods, the data shows a higher scatter than the controls on TCPS. MTT

reduction assays of cells on textiles was found to be a reproducible method to assess cel-

lular activity. In preliminary experiments, the MTT reduction was found to be linear to

the cell number for cell concentration up to 8*105cells/ml. At higher cell numbers the

optical density of the formazan product runs into saturation and becomes nonlinear. This

explains the apparent reduction of metabolic activity per cell found at longer cultivation

periods (figure 2.10). Berscht et al. [150] used the MTT assay to asses biocompatibility

of various chitosan-based textile wound dressings in direct contact for periods up to 14

days. They observed the same saturation effects of the OD values, but could still differ-

entiate between control and textile samples. Counting of cell numbers on the textile by

non-radioactive methods leads to a relatively high data scatter, since it is difficult to

remove all cells from the porous structure. Qualitative analysis by SEM and life/dead

staining showed no changes in fibroblast morphology compared to TCPS.
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2.5. Conclusions
Embroidery technology was investigated as an additional method for processing of

fibrous biomaterials. Biocompatibility screening of industrially produced embroidered

textiles showed no cytotoxic effects. These results indicate that the standard process for

industrial production of embroideries can be adapted for the production of medical tex-

tiles.

Embroidery technology allows cost effective production in small numbers using little

yarn material compared to traditional weaving or knitting technology which need thou-

sands of meters of yarn. This makes embroidery technology a powerful method for pro-

cessing small amounts of experimental yarns and rapid prototyping of samples for

mechanical or biological testing. Processing of bioresorbable yarn materials (PGA) by

embroidery and local integration of bioresorbable elements into a textile structure was

demonstrated. Both aspects are important tool for the design of tissue engineering scaf-

folds.

Embroidery technology allows local variations of stitching pattern and yarn material,

thus offering a broad spectrum for designing structural and mechanical properties of tex-

tiles.
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3. STRUCTURAL AND MECHANICAL ASPECTS OF 
EMBROIDERED TEXTILES

The aim of this chapter is to give a description of the basic structural features of embroi-

dered textiles. The experimental work concentrates on the influence of the stitching pat-

tern on anisotropic tensile properties, on stiffness and strength and on the relaxation

behavior of embroidered textiles. 

3.1. Introduction
A textile fabric is defined as a ‘manufactured assembly of fibers and/or yarns which has

substantial surface area in relation to its thickness and sufficient mechanical strength to

give the assembly inherent cohesion’ [134]. Textile fabrics exhibit a nonlinear mechani-

cal behavior. This nonlinearity is caused primarily by structural change in the fabric dur-

ing deformation, where the deformation itself is not infinitesimal but finite, which is also

the case in many medical applications of these fabrics.

Woven, braided and knitted as well as embroidered textile structures are constructed

of yarns and possess a high flexibility, caused by the flexibility of the yarns themselves

and by the very nature of the fabric structure, which is constructed by interlacing or

entanglement of yarns without any rigid bonding at the yarn interlacing points (see

figure 3.1). This results in a complex displacement of individual yarns and fibers in the

structure during deformation and the fabric mechanical properties must be considered as

a structural body and not as a continuum [151]. In textile structural composites that con-

sist of a fabric embedded in a rigid resin, the textile behaves almost as in an affine defor-

mation and no special considerations are necessary for complex fabric-structure change

caused by fabric deformation [151]. Models in composite mechanics are often motivated

in predicting the engineering constants [7] considering the fiber orientation in the com-

posite.

As mentioned in chapter 1 textile implants and scaffolds together with ingrowing cells

or tissue can be considered as vital/avital composites. The main difference to structural

textile composites is the ratio between fabric and matrix properties. Since the vital

matrix is - at least initially - by far more compliant than the textile structure, the defor-

mation of the composite is governed by the textile. In the case of non-degradable, perma-

nent structural textile implant (e.g. hernia mesh) the fabric properties will not change

over time (assuming a completely inert material) and the ingrowing tissue will act as a

stiffening matrix. In the case of a degradable textile scaffold, the mechanical properties

of the avital component will vanish and the composite will reach the mechanical proper-

ties of the final tissue. This mechanisms have been reviewed by Hutmacher [49].
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Figure 3.1: Embroideries complement the field of technical textiles in a unique way, since 
they combine high architectural variability with the freedom of adjusting the 
mechanical properties in a wide range. Local material and design modifications 
in embroidered textiles are assumed to give control over a wide spectrum of 
mechanical and structural properties.(1) This classification of knittings is not valid for 

warp or weft inserted knitted fabrics.

In the treatment of structural textile composites three different levels of observation

are distinguished [7]: The macro-mechanical properties are defined as the properties of a

sufficient number of unit cells which are representative for the properties of a complete

structure. The meso level distinguishes between single loops and fiber bundles. The

micro-mechanical level contains the crystalline structure of the matrix, the fiber-matrix

interaction through the interface or interphase and defects in single filaments. It follows,

that mechanical and structural properties of vital/avital composites need to be investi-

gated on three levels (see also section 1.3.2): 

• On a macroscopic level (> 10mm – 1000µm) the mechanical compliance of the scaf-

fold and its matching to the host tissue is described. 

• On the mesoscopic level (1000µm - 100µm) the interactions of the textile structural 

units (e.g. pores, interlocks) with the ingrowing tissue are investigated.

• On a microscopic level (100µm – 10µm) the structural interface between the fibers of 

the textile and the ingrowing cells is described.

In order to use embroidery technology for the design and manufacture of medical textiles

and tissue engineering scaffolds an understanding of the structural and mechanical prop-

erties of these textiles is important. The aim of this chapter is to answer questions con-

cerning the influence of processing parameters on structure and mechanics on the macro-

and mesoscopic level1.

1. The analysis of the micromechanical behavior of embroidered textiles is beyond the scope of 
this work. Influence of microstructural parameters such as yarn diameter and yarn texturation 
on the morphology and growth of fibroblasts are discussed in chapter 4.
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What are the basic structural elements (unit cells) of embroidered textiles and how

can they be described mechanically? This question is important with respect to design

considerations: how is the macroscopic mechanical behavior influenced by the mesos-

copic structure? Further, how is the mesoscopic structure of embroidered textiles influ-

enced by the yarn material and stitching pattern and what is the influence of different

stitching/bobbin yarn combinations? In the examples of the previous chapter it was dem-

onstrated, that different local stitching patterns can be combined in embroidered textiles.

It is assumed that this property will give the designer a broad control over mechanical

and structural anisotropy as well as stiffness, strength and relaxation behavior of embroi-

dered textiles. The stitching pattern will also define the structural changes on a mesos-

copic level upon macroscopic deformation. Finally, How does the mechanical behavior

of a given textile change by stitching a defined pattern onto itself? In the last experimen-

tal section of this chapter the possibility of modifying the mechanics of nonwoven tex-

tiles in a controlled manner is investigated.

3.2. Basic structural properties of embroidered textiles

3.2.1. Macroscopic structure

While common woven and knitted fabrics have a deterministic structure characterized by

a repetitive unit cell, the mechanical behavior of embroidered textiles is more complex to

model, since they cannot be reduced to unit cells. In weaving, yarns in one set, which run

along the length of the fabric, interlace by passing under and over the yarns in another

set, which cross the fabric [4]. In knitting, the interlacing is by loops formed between

neighboring yarns in one set being introduced sequentially in weft knitting and in paral-

lel in warp knitting [151]. 

Embroideries on the other hand are true superstructures in the sense that they have no

periodicity within a repeat. Compared to knittings and weavings1 which have a repeat of

maximal 1 to 10 mm embroideries can theoretically have a repeat of up to 162 mm (see

chapter 2.2.2) which can exceed the textile size. Since they are being stitched onto a

moving frame which defines the positions and sequence of the stitches, embroideries do

not have a defined direction of fabric formation with the exception of continuous pat-

terns (see first example in table 2.2.) which run on the whole length of the machine as the

fabric grows vertically.

The fabric formation in embroidered textiles has been shown in section 2.2. From

these comments it follows, that a stitch has to be considered as the smallest structural

1. By the use of a Jaquard an additional level of repeat can be introduced which runs over several 
hunderd meshes. However the basic type of interlock formation is not changed [134]
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unit in an embroidered textile. Depending on the stitching pattern, a group of single

stitches can form a periodic unit cell. 

An example is given in figure 3.2 which shows a quasi-woven stitching pattern before

and after removal of the base cloth. The yarns that imitate warp and weft are stitched one

after the other, thus resulting in a layered structure with different planes that gets its

coherence by the bobbin yarn (in black) that joins the second layer (red) to the first one

(blue). The twisted nature of bobbin and stitching yarns is clearly visible. During stitch-

ing, the yarns are in a prestressed condition, imposed by bending and torsional deforma-

tions. This results in a distortion of the original stitching pattern after the base cloth is

removed. This dimensional changes have to be taken into account by designing embroi-

dery pattern on a dissolvable substrate. 

Figure 3.2: Light microscopic view of a quasi-woven embroidery-pattern before (left) and 
after (right) the removal of the PVA base cloth by washing in water. The ‘weft’ 
and ‘warp’ layers are joined by the bobbin yarns (in black) of the vertical 
stitches (red). Due to residual stresses in the fibers, the original stitching pattern 
gets distorted after washing (bar ~1 mm). The rectangular selection in both 
images shows a stitch as the smallest structural unit. 

3.2.2. Mesoscopic structure

The mesoscopic structure of a stitch depends on the bending resistance ratio between

stitching and bobbin yarn. Figure 3.3 shows schematically and in microscopic images

the structure of two embroidered textiles of the same stitching pattern, but with different

properties of the yarns. In one case, the same yarn has been used for stitching and bob-

bin, which results in a twisted structure, including both yarns. In the other example the

stitching yarn was replaced by a 160 µm monofilament yarn. The bending resistance of

the monofilament is almost sixty times higher. This forces the multifilament bobbin yarn

to spiral around the stiffer fiber. This means for the mechanical behavior, that the yarn
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with the higher modulus will be dominant regardless of the stitching pattern and the bob-

bin yarn can be neglected in a first approach.

Figure 3.3: The ratio in bending stiffness of stitching and bobbin yarn has important 
influence on the meso-structure of embroidered textiles. In the first case (left) the 
same yarn has been used for stitching and bobbin, whereas in the other example 
the stitching yarn was replaced by a 160µm monofilament.

Experimental deformation analysis of textile structures is necessary to link the macro-

scopic and the mesoscopic mechanical behavior, which is to describe the structural

changes on a submillimeter level for a given macroscopic strain. The concept of struc-

tural biocompatibility of medical textiles requires knowledge of the deformations of the

textile under mechanical load not only macroscopically, but also on a tissue level. In

mechanical stimulation of vital/avital composites for tissue engineering there is a need

for quantification of local displacements and strains in the scaffold, which are the input

into the system. Thus, in order to correlate the biological data to this input, one needs an

understanding of the deformation behavior of the scaffold structure on a cell and tissue

level. 

An experimental tool for the visualization of deformations inside a textile structure

allows to scan different textile scaffold candidates for their mechanical behavior. An

optical image analysis method based on spatial cross correlation was developed to suit

this purpose. The method is explained in the appendix. It is based on matching of identi-

cal surface patterns related to different deformation states of the object in subsequently

taken digital images.

stitching yarn

bobbin yarn

stitching yarn

bobbine yarn
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3.3. Influence of stitching design on anisotropy. 
Since biological tissues exhibit a non-linear, anisotropic [65] stress/strain behavior,

structurally biocompatible textiles ideally mimic the anisotropy of the local tissue. By

matching the deformability in all directions the interface between implant/scaffold and

tissue will be minimally stressed. As described in section 1.5. the working hypothesis for

investigating mechanical properties of embroidered textiles was:

• the design of anisotropic textile structures by locally reinforcing a given textile

• designing stitching patterns that are coherent and self-carrying after dissolution of the 

substrate material and show a controlled anisotropy. 

Both possibilities were investigated in an experimental approach. The reinforcement

of nonwoven fabrics by embroidery is described in section 3.5., while the present section

describes the uniaxial tensile behavior of embroidered fabrics in comparison with vari-

ous textiles. These experiments have a prospective character. The aim was to gain an

overview over different embroidered structures and how they behave mechanically with

respect to their structural properties.

Unidirectional anisotropy of two embroidered textiles was compared with different

knit-based textiles. Knittings and related textiles such as nets1 offer a wide ‘spectrum’

for control of anisotropy in their numerous applications as implants (see chapter 1 and

[6, 152] for a review). Braidings, which have a very high degree of anisotropy, were not

considered in these experiments, because of their one-dimensional nature [4].

3.3.1. Material s and methods 

Textile strips of 20x150 mm were used for tensile testing. They were cut in 90°, 45° and

0° direction the latter indicating the direction of fabric formation, which is the wale

direction for the knittings and nets. Textiles were loaded on a tensile testing apparatus

(Zwick 1456, Germany) at a gauge length of 100 mm applying a crosshead speed of

10 mm/min. The test was started at a initial load of 0.01 N and ran until failure of the

fabric. Displacement was recorded by an extensiometer. Mechanical testing was per-

formed by ambient temperature and humidity. Stiffness at different strains was calcu-

lated as the tangent slope of the force-elongation curve.

Two embroidery designs were tested for their anisotropy (see figure 3.4). They had

both a textured bobbin and a twisted stitching yarn (see table ) and were both stitched on

a 5 yard machine on a cellulose acetate fabric which was dissolved in aceton. A highly

anisotropic design (Emb_A) consisted of stitches aligning yarns in parallel in 0° direc-

tion, held together by stitches in ± 45° direction. The design consisted of a square of

1. Nets are open mesh fabrics in which a firm structure is ensured by some form of twist, inter-
locking or knitting of yarns [134].



3. Structural and Mechanical Aspects of Embroidered Textiles

47 

150x150mm and was stitched in a 12/4 repeat. The second design (Emb_B) consisted of

the base structure of the wound dressing presented in chapter 6 without the stiff monofil-

ament elements. The design represents a framework-like structure which is realized by

interconnected loops. It is stitched allover1 in an 8/4 repeat on a 21 yard machine. 

Various knit-based textiles were tested to compare their tensile anisotropy with the

embroideries (see figure figure 3.5). They were all from the Swiss Net Company Lim-

ited, Switzerland, except for Knit_A, which was kindly provided by S. Ramakrishna,

University of Singapore. 

Figure 3.4: Embroidered textiles that were used for the anisotropy-experiments. Technical 
drawings of the stitching pattern are shown for both textiles. The left design 
(Emb_A, bar = 2.5 mm) consists of parallel yarns aligned yarns in 0° direction 
with, held together by stitches in ±45° direction. The second design (Emb_B, 
bar = 6 mm) design represents a framework-like structure which is realized by 
interconnected loops. A black bobbin yarn was used to visualize the structure.

3.3.2. Results and discussion

Macroscopical mechanical behavior 

The force/elongation curves for uniaxial deformations up to 30% of the different knit-

tings and nets are shown in figure 3.5. The fabrics show large differences in architecture,

stiffness and anisotropy. In all fabrics the whale direction exhibits the highest stiffness

because of the interconnection of single loops in the fabric forming direction.

1. The term ‘allover’ refers to a continuous design which covers all of the fabric with embroidery 
from selvage to selvage [131].

Emb_A Emb_B

0¡

90¡
90¡

0¡
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Figure 3.5: Examples of knit-based materials and their anisotropic tensile behavior. Force-
elongation curves are shown for 0° (straight line), 45° (small dashes) and 90° 
(large dashes). The bar corresponds to one millimeter.
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Figure 3.6: Force/displacement data (top) and their first derivative (bottom) 1for the two 
embroidered textiles. While the stitching pattern EMB_A (left) shows a highly 
anisotropic behavior, EMB_B (right) behaves more isotropic under uniaxial 
strain. The deformation of EMB_A in its stiffest dirction is dominated by two 
consecutive phases of structural and mechanical deformation (SD1-MD1 and 
SD2-MD2).

The force/elongation curves for the embroidered textiles are shown in figure 3.6. The

first stitching pattern (EMB_A) exhibits a highly anisotropic tensile behavior. In the

main direction of yarn orientation the highest stiffness is observed. The fabric exhibits a

biphasic deformation behavior. An initial phase of structural deformation is observed in

which the yarns straighten (SD 1) followed by material deformation with parabolic

increase in stiffness up to 8% strain (MD 1) after which a first damage occurs. This can

be explained by the begin of failure of the yarns in 0° direction. Additionally a second

phase of structural deformation (MD 2) is initiated, in which the ±45° yarns are aligned

followed by material deformation at strains larger than 15° (MD 2). The textile finally

1. The tension, or rate of stiffness change per strain was numerically calculated according to 
 and noise was filtered by averaging over five successive values. 
The high scatter in the stiffness data (force derivative) results from the 

numerical derivation, which amplifies the scatter of the measured force data at low forces.
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fails at 25% strain, which corresponds to the breaking strain of the stitching yarn (see

table 3.1).

The second embroidered textile (EMB_B) exhibits a much more isotropic behavior at

very low stiffness. This is explained by the honeycomb-like stitch arrangement. At

strains up to 30 % only structural deformation is predominant, with some stiffening by

alignment and bending of the beam-like elements. 

In figure 3.7 the anisotropy of knitted and embroidered textiles is shown as stiffness

ratios of 90° to 0° and 45° to 0° at different strains. For both ratios, the first embroidered

textile EMB_A shows the highest anisotropy with stiffness ratios over 500 whereas the

second (EMB_B) lies around a ratio of 1, which indicates an almost isotropic behavior.

Additionally, the stiffness ratio changes only little with increasing strain.

Figure 3.7: Comparison of anisotropy in relative fabric stiffness (secant modulus) at 
different strains magnitudes (1%, 5%, 9%). The fabric forming direction (whale 
in knittings) is taken as reference (n=1). A ratio of one would indicate isotropic 
behavior.

Mesoscopic deformation behavior

The mesoscopic deformation of the two embroidered textiles was visualized by an image

analysis method as described in the appendix. The result is shown in figure 3.8 for

EMB_A and in figure 3.9 for EMB_B, both in 0° direction at 10% deformation. Digital
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images were taken during mechanical testing at two magnifications (15x and 50x) and

analyzed by a cross-correlation algorithm (see appendix).

The displacement field in EMB_A shows two characteristics: a small vertical dis-

placement indicated by small arrows and a considerable lateral contraction with corre-

sponding larger vectors. Due to experimental and material conditions, the displacement

field is not ideally symmetrical. The short vertical vectors indicate that material deforma-

tion is dominant in this direction, while the larger vectors indicate structural deformation

by rotation and orientation of the ±45° yarn vertically into the direction of strain. This

orientation results in an axial elongation and lateral contraction of the pores that are

formed between the 0° and ±45° stitches.

Figure 3.8: The mesoscopic deformation in EMB_A (10% strain in 0° direction, vertical) is 
visualized by the relative displacement field at two different magnifications. The 
length of the arrows corresponds to the absolute displacement. For details see 
appendix.

The displacement field in EMB_B (figure 3.9) shows a different deformation mecha-

nism. From the mechanical data (figure 3.6) it can be assumed that structural deforma-

tion is dominant at the present strain level of 10%. This is confirmed by image analysis.

The textile structure deforms by rotation and bending of the beam-elements, resulting in

F F
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elongation and lateral contraction of the central pores. The smaller pores in the beams are

not affected at small deformations.

Figure 3.9: The mesoscopic deformation in EMB_B (10% strain in 0° direction) is visualized 
by the relative displacement field at two different magnifications. The length of 
the arrows corresponds to the absolute displacement. For details see appendix.

3.3.3. Discussion

Generally the anisotropy of textiles shows an increase of modulus and strength in pro-

portion to the fraction of fibers oriented in a particular direction [153]. When a textile

structure is stretched the effective stiffness includes apparent strain contributions from

several mechanisms, other than true extension of the fibres themselves [154]. These

mechanisms define the structural deformation of embroidered textile structures:

F F
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• Yarn shear or rotation, if locally the principal stresses are not aligned with the stitches 

• Crimp interchange: highly textured yarns will not begin to extend elastically until they 

has lost the crimp.

• Yarn flatting, leading to a reduction in effective yarn diameter [7].

• Yarn compaction, resulting in an increase in packing density.

• Fiber straightening and/or rotation within the yarn structure [153].

While the first two phenomena occur at low stresses the other mechanisms become

active only at high stresses [154]. The maximal macroscopic deformations at which these

stresses are reached depend on the structure of the textile [152]. 

In embroidered textiles the mesoscopic deformation behavior is governed by the

stitching pattern and the distribution of stitches. By image analysis, defined elements of

the stitch architecture could be qualitatively related to deformation mechanisms and to

the spatial rearrangement on the yarn and stitch level. Since both of them are forming the

pore architecture in the embroidered textile, a more detailed analysis would allow to

design the stitch pattern not only for macroscopic mechanical properties but also for

porosity as well as for the strain fields on a mesoscopic level. Both, porosity and mesos-

copic strain distribution are expected to affect greatly the behavior of a vital/ avital com-

posite.

3.4. Influence of local architecture and yarn structure on tensile 
properties and relaxation behavior

3.4.1. Introduction

The mechanical behavior of embroidered textiles is governed on one hand by the stitch-

ing pattern which defines the spatial position of fibers and on the other hand by the

mechanical properties of the yarns. Since two independent yarns are involved in fabric

formation, it is of interest to characterize the influence of different yarn combinations on

the mechanical behavior of a given stitching pattern. How do local design variations

within a given geometry of the textile sample influence its mechanical properties? This

question was approached by comparing different stitching patterns within a predefined

macroscopic geometry. What is the influence of the yarn structure1 on strength, stiffness

and relaxation behavior of a stitching pattern? By combining different yarns in the same

textile it was experimentally investigated, if either the stitching or the bobbin yarn is

dominating the mechanical response.Two sets of experiments were performed to analyze

1. The term ‘yarn structure’ relates to the arrangement of single filaments e.g. twisted or textur-
ized.
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the influence of different combinations of twisted and textured yarns on the mechanical

behavior of three different stitching patterns. 

3.4.2. Materials and methods

Embroidered textile samples

Three embroidered ‘double-T’ shaped textiles were designed for mechanical testing.

They consisted of an identical macroscopic geometry with and different central regions

(figure 3.10). The outer region was stitched as a dense fabric of several layers of inter-

connected loops additionally reinforced with a layer of parallel stitches in each direction.

This part of the textile was identical in all samples and was thought as a area for force-

induction into the central stitching pattern. 

The central pattern in the first design (A) was identical to the EMB_A pattern of the

previous section with the unidirectional stitches in the main axis of the tensile test speci-

men. Design B was identical to A with the exception of large pores in the form of rhom-

buses between the parallel stitches. Because of these pores the unidirectional stitching

was interrupted. The third design (C) consisted of parallel rows of stitches that ran in par-

allel to the deformation direction. The rows were interconnected by zigzag stitches.

Yarn materials

Two similar polyester (PET) yarns were used as stitching and bobbin yarns in all combi-

nations. They only differed in their structure: one was a straight, twisted multifilament

yarns, while the other was textured. Table 3.1 shows the basic properties of the two

yarns. 

Table 3.1: Structure and properties of the polyester (PET) yarns 
that were used as stitching and bobbin yarns to investigate the influence of yarn 
structure on mechanical behavior of different stitching patterns.

Name TX TW

Structure textured, 30 fibers twisted, 2x24 fibers

Titer dtex 113x1 dtex 78x2

Breaking force
Specific strength

6N
48cN/tex

6N
38cN/tex

Elongation at break 18% 25%

500  µm

500  µm 

TX

TW
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Figure 3.10: Embroidered textile specimens for the experiments of section 3.4. Three designs 
were realized. Technical drawing and photograph are shown for A and C. The 
SEM images (3x3mm) show the different mesoscopic structures that result by 
permutation of stitching and bobbin yarn. The design B had the identical 
mesoscopic stitching pattern as A with the difference of large pores between the 
parallel stitches. Sample dimensions and mounting conditions are shown for 
design B and were identical for all specimens.
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Uniaxial force/elongation behavior

 

Tensile tests were performed as described in the previous section. A crosshead speed of

10 mm/min was applied. The test was started at a initial load of 0.01 N and ran until fail-

ure of the fabric. Displacement was recorded by an extensiometer and force was mea-

sured by a 50 N load cell. Gauge length was 30 mm.

 

Relaxation behavior

 

Force relaxation at constant strain was measured with same experimental setup as above.

Samples were loaded by stepwise increasing the strain level from 5 % to 20 %. The

relaxation time between subsequent steps was set to 120 seconds.

A simple mechanical model was used to fit the relaxation data. It describes the relax-

ation behavior as a standard linear solid with two time constants, assuming that one time

constant depends on the mesoscopic textile structure (stitching pattern), whereas the sec-

ond constant describes the yarn structure and material:

 

Figure 3.11: Schematic of the spring/dashpot model that was used to fit the relaxation data 
(left). The relaxation behavior was fitted with a model of exponential decrease 
that was governed by two time constants (right).

 

Generally, the relaxation function of a system with N discrete elements can be written

as [65]:

 

(1)

 

where k(t) is the time-dependent stiffness of the system with the discrete relaxation

spectrum . For the system proposed in figure 3.11 the relaxation function

reduces to:
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where is the remaining force on acting on the textile sample after total relaxation,

C1 is the portion of force, that disappears during relaxation due to friction in the textile

structure. This parameter depends on the stitching pattern, τ1 is the time constant, which

governs the rate of relaxation with which C1 is reduced and C2 is the rate of force, that

disappears with relaxation of the yarns. This parameter depends on the yarn type and

material. This model is only suited for fitting the relaxation data and does not represent a

constitutive equation.

3.4.3. Results and discussion

Mesoscopic morphology

The SEM images in figure 3.10 show the mesoscopic structure of the textiles for differ-

ent yarn combinations. All SEM images were taken from the ‘front’ side with the stitch-

ing yarn on top. The influence of texturized yarns is clearly visible, especially in design

C. Since the zigzag stitching pattern is not prestressed, the yarn texturation is preserved

resulting in a highly porous structure. The designs A and B (not shown) involve more

prestressing of both yarns because of the long parallel stitches. Therefore the texturation

effect is reduced. 

Force - elongation behavior 

The influence of the local stitching pattern on the tensile behavior of the embroidered

textile samples is shown in figure 3.12 (left) by representative force-elongation curves of

specimens with twisted stitching and bobbin yarns (samples TW/TW). 

In samples A and B the deformation of the yarn material is dominant, resulting in a

failure at around 35% deformation. The lower slope and breaking force observed in sam-

ples B can be explained with it’s design characteristic. The large pores between the paral-

lel stitches allow more structural deformation and at a given deformation less fibers are

oriented in strain direction compared to sample A. The specimens C showed a different

tensile behavior. At deformations up to 40% structural deformation was predominant,

defined by the orientation of the zigzag stitching pattern. 

C∞
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Figure 3.12: Influence of local stitching pattern on tensile behavior of embroidered samples. 
The force/elongation curves show an increase of stiffness with increasing 
orientation of fibers in the stitching pattern (left, all samples had the TW/TW 
yarn combination). On the right side the tensile strength and the elongation at 
break are shown for all three samples with all four yarn combinations (n=3). 

The influence of the different yarn combinations on the tensile behavior is shown in

figure 3.12 (right) in terms of breaking force and elongation at break. The different yarns

had more influence on the maximal elongation than on the resistance with the exception

of design A where the TW/TW combination resulted in significantly higher breaking

force. 

Representative force/elongation curves for each sample are shown in figure 3.13 for

strains up to 40% and for small strains (<5%). As a general observation the stitching pat-

tern is clearly dominating the mechanical behavior. An influence of the yarn structure is

for most samples only visible at high strains . The bobbin yarn seems to have a dominant

effect in being the weakest link for mechanical strength of the embroidered textile. Spec-

imens with textured bobbin yarn were observed to break at lower strain, which is con-

sitent with the lower elongation at break of these yarns (see table 3.1). 

This observation can be explained with the stitch structure as it was described in section

3.2. Since the bobbin yarn is twisted around the stitching yarn, it is usually prestressed.

Due to the twist angle the bobbin yarns are subjected to higher strain for a given defor-

mation of the stitching yarn, which leads to earlier failure. The angle of this twist is

defined by the stitch density, indicating that a stitch density above an optimum will lead

to early local failure of the textile structure. 
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Figure 3.13: Uniaxial force/elongation behavior of the embroidered test specimens with 
different yarn combinations. Representative curves of (n=3) for high (≤ 40%, 
left) and low (≤5%, right) strain are shown. Tensile tests were performed as 
described in section3.4.2.
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Relaxation behavior

Relaxation studies at different strains were performed in order to separate influences of

stitching pattern and yarn structure. In figure 3.14 a characteristic example is shown for

relaxation at 10% strain for all samples. 

Figure 3.14: Influence of macroscopic textile structure (stitching pattern) and yarn structure 
on the relaxation behavior for the three designs.

The general observation is that material relaxation is dominant in samples A and B

while C exhibits mostly structural relaxation. This is visible in the rapid decrease of ten-

sile stress in A and B where almost no influence of the different yarn combinations is vis-

ible. On the other hand important differences in relaxation behavior are observed in C for

different yarn combinations. The most elastic case is a textured stitching and bobbin yarn

(TX/TX) whereas the combination of twisted yarns (TW/TW) leads to the highest level

of energy dissipation.

The relaxation data was fitted with equation 2 as shown in figure 3.15. The influence

of yarn combinations for each stitching pattern and strain amplitude is shown as average

with error bars that indicate the bandwidth of behavior. A roughly identical behavior as

in figure 3.14 for 10% strain is observed for all samples at deformations between 5% and

20%. The samples A and B are very close and have short error bars, indicating little

influence of yarn combinations. 
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Figure 3.15: Curve fitting parameters for relaxation curves of embroidered textile samples 
according to equation 2 for different strains. The error bars represent the 
bandwidth of influence of the four yarn combinations (n=4). The five curve 
fitting parameters as well as the ratio of the two time constants are shown. Due 
to low SNR only one relaxation curve could be reasonably fitted for τ2 in design 
C at 5% strain.

In most parameters a difference between 5% and 10% strain is observed which can be

explained with the two deformation phases (see figure 3.12). At larger strains no varia-

tion of the trend is seen which is expected in the case of material relaxation.1

Longer error bars, indicating more influence of yarn properties was observed in the

design C. This can mainly be explained with the high compliance of the textile, resulting

in forces which are two orders of magnitude smaller than observed for designs A and B

at strains between 5% and 20% (see also figure 3.13). The relaxation of design C

decreases with increasing strain, shown by higher values of C∞ and lower C1, C2 values.

Since the deformation at these macroscopic strain levels is mostly structural, more

energy is dissipated at small deformations, caused by reorientation of the stitches and

friction between the yarns. The elasticity of textured yarns has higher influence with

increasing strain (see also figure 3.14). This effect is expected to change after macro-

1. Although polyester yarns exhibit a non-linear relaxation behavior with respect to strain ampli-
tude [155, 156] this effect is negligible in the complex textile structure.
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scopic deformations larger than 30% when material deformation and subsequent failure

begins.

Two phenomena govern the relaxation behavior of textile structures: fiber viscoelas-

ticity and interfiber friction. The viscoelastic nature of the constituent fibers is responsi-

ble for stress relaxation at high strains (= material relaxation) [156]. At lower strains the

interaction between the fibers provides frictional stress that impedes their reorientation

(=structural relaxation). 

The stitching pattern defines the dominance of these phenomena at a given macro-

scopic strain and is therefore the most important design element for the adaptation of an

embroidered textile structure to a biological tissue. Structural and material relaxation

will both be highly influenced by the interaction with tissues and fluids in vivo. How-

ever, an understanding of the relaxation behavior is essential for the design of textile

implants for cyclically strained tissues such as blood vessels or the bladder wall [157]

where load cycles are in the range of relaxation times shown in figure 3.15.

3.5. Reinforcement of textile structures by embroidery

3.5.1. Introduction

Among all textile structures, especially nonwoven fabrics are used by numerous

researchers as tissue engineering scaffolds, as shown in chapter 1 (see table 1.1.) because

of their beneficial mesoscopic architecture. These scaffolds combine the advantages of

open porous structures and high specific surface area for cell seeding [40]. 

Since nonwoven fabrics have limited mechanical properties in terms of stiffness and

strength [153], different methods for reinforcement have been proposed:

• Spray coating with dissolved polymers [88, 90].

• Dip coating in a polymer solution [89, 158].

• Thermal compression and consolidation [84].

• Reinforcement by laminating with woven structures [80].

All these approaches resulted in a modification of the mechanical behavior in terms of

stiffening, increase of tenacity and increase of resistance to compression. However all

modifications change the porosity and micromechanics of nonwoven fabrics and a com-

promise between optimal reinforcement and minimal structural changes must be found.

Embroidery technology offers an alternative approach for improving in-plane properties

of nonwoven textiles with minimal alteration in textile architecture. 
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The feasibility of reinforcing nonwoven textiles by embroidery was investigated on a

model system using a nonwoven polyester fabric in combination with different stitching

patterns.

3.5.2. Materials and methods

Many research groups in tissue engineering use nonwoven PGA fabric from the same

manufacturer [40, 70, 107, 159]. This PGA fleece was replaced by a needle-punched

PET fabric with almost identical fiber diameter (14 µm), thickness (1 mm), specific mass

(80 g/m2) and tensile properties (± 5%).

Four different stitching patterns were investigated, as shown in figure 3.16. They con-

sisted of parallel stitches running in ±15°, ±30° and ±45° with respect to the direction of

deformation. The crossing parallel stitches formed rhombs that were 1 mm in width in all

designs. 

Figure 3.16: Schematic and photographic view of the four stitching patterns for 
reinforcement of a nonwoven textile (SEM, top left). Rectangular strips of 
10x60 mm were subjected to tensile testing. Design B and D had the same 
orientation of fibers but different stitch density, indicated by black dots. The 
loading direction in relation to the stitching pattern is indicated.

The ±30° pattern was realized in two versions of different stitch densities but other-

wise identical fiber paths. Design B was punched with one stitch in every side of the

Design A: ±45°

Design B: ±30° Design D: ±30°

Design C: ±15°
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rhombs (equal to A and C), while design D had only half the stitch density (see

figure 3.16). 

The four patterns were stitched onto the PET fabric, which itself was sewed onto a

PVA cloth to fit the stitching frame. To take into account the anisotropy of the nonwoven

PET fabric due to needle punching [153], the reinforcement was stitched in parallel

(direction 1, figure 3.17) as well as in perpendicular direction (direction 2, figure 3.17)

with respect to the principal stiffness axis of the fabric. The PVA was washed out in

water at ambient temperature overnight. Strips of 10 mm width were cut and subjected to

tensile testing as described in section 3.3.1. Gauge length was 60 mm.

3.5.3. Results and discussion

The results of uniaxial tensile testing are shown in figure 3.17 for both principal stiffness

directions of the nonwoven fabric.

Figure 3.17: Force/elongation behavior of the embroidery reinforced nonwoven fabric. The 
four different reinforcement patterns were stitched in the two principal stiffness 
directions of the nonwoven fabric. Representative curves of (n=6) are shown.

The embroidery-reinforced compound showed a considerable increase in tensile force

(up to 10x) compared to the non-woven original material. The reinforcement characteris-

tic as seen in figure 3.17 can be described as biphasic. A first stage at low strains is dom-

inated by the material properties of the non-woven textile. The reinforcing filaments

undergo rearrangement by uncrimping and yarn bending. In the second stage at macro-
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scopic strains higher than 25% (5% for the ±45° pattern) further alignment of filaments

leads to a rapid increase in stiffness since the lateral contraction is hindered by the stitch-

ing pattern and the yarns are subjected to tensile load.

Embroidery design and stitching pattern governed the elongation at which reinforce-

ment set in and the stiffness of the compound beyond that point. Designs with higher fil-

ament orientation along the strain direction generally showed an early and rapid stiffness

increase whereas designs with lower orientational degree (e.g. design A, ±45°) unfolded

their reinforcing effect not until 25% elongation.

Although designs B and D had identical fiber paths, their reinforcement characteris-

tics differed significantly pointing out the importance of the stitching pattern. It can be

hypothesized that the lower stitching density of design D had two main effects:

• Less damage to the nonwoven base fabric, since stitching weakens the compound1 and 

displaces the reinforcement effect towards higher strain levels.

• Since only every second rhomb-side was fixed by a stitch (see figure 3.16) a higher 

degree of orientation in strain direction could be achieved, resulting in the higher over-

all resistance.

Changes in textile architecture were investigated by SEM. It was observed, that the

open porous structure of the nonwoven fabric remained unchanged after stitching, except

at stitch locations, where high yarn concentrations and contraction occurred.

3.5.4. Conclusions

The non-woven scaffold plays the role of the base cloth and determines at the same time

the micromechanics and the overall mechanical properties of the compound at low strain

levels. At higher strains the embroidery gains influence and reinforces the compound. In

contrast to other reinforcement techniques for nonwoven fabrics, embroidery allows spa-

tially resolved deposition of additional textile structures. By varying the stitching pattern

it is possible to govern the degree of connectivity between the two structural units and

thereby control the strain level at which reinforcement sets in.

Generally, the high specific surface area of the nonwoven fabric was preserved, which

is of great importance for cell seeding and transport of nutrients through the textile. 

1. This was investigated by mechanical testing of nonwoven fabrics, which subjected to the same 
stitching procedure without yarns. The through-stitching resulted in a decrease in stiffness and 
failure force (data not shown).
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3.6. General discussion and conclusions
The examination of mechanical properties of embroidered textiles as it was shown in this

chapter had a prospective character. The general aim was to provide an overview of

potential variations and designing opportunities in embroidery based textiles. The focus

was laid on the interactions between stitching pattern, yarn structure and uniaxial tensile

behavior. The influence of yarn material, yarn structure and stitching pattern on the

mechanical properties of an embroidered textile at low and high strains is shown in

table 3.2 in terms of dominance. 

Table 3.2: Influence of yarn material, yarn structure and stitch pattern on mechanical proper-
ties of embroidered textiles.

It was found that the stitching pattern dominates the mesoscopic structure of embroi-

dered textiles by defining location, spatial density and orientation of stitches. Embroi-

dered textiles are not built upon repetitive unit cells. However a single stitch can be

regarded as the structural unit element. This is important with respect to modeling strate-

gies for the structure/mechanics interactions of embroidered textiles. It is assumed that

structural beam-models [7] are applicable for modeling the mechanics of embroidered

textiles, once the boundary conditions of a single stitch as a beam element have been

defined.

In embroidered textiles the deformation behavior is governed not only by the fiber

orientation, but also the distribution of stitches along a path both being defined by the

stitching pattern. On a macroscopic level, these differences become visible as mechani-

cal stiffening at high deformation whereas they dominate the mesoscopic deformation

behavior. These effects can be qualitatively analyzed by image analysis. However, fur-

ther development is needed for quantitative analysis of strains on mesoscopic level.

The influence of different yarn combinations was investigated with respect to yarn

structure. In future experiments combinations of yarns that have a large ratio in stiffness

must be analyzed to gain more information on the structure/mechanics relationship in

embroidered textiles. 

Yarn material Yarn structure Stitch pattern

low strain high strain low strain high strain low strain high strain

Stiffness - ++ ++ + +++ ++

Strength +++ ++ ++

Anisotropy + - + - +++ +++

Nonlinearity - ++ ++ - +++ +++
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With respect to the development of structurally biocompatible implants and tissue

engineering scaffolds it may be said, that the stitch pattern is the most dominant factor

for the mechanical behavior of embroidered textiles. It defines the macroscopic dimen-

sions, thus geometry and force induction and the mesoscopic architecture in terms of

stitch density and fiber orientation. In mechanically strained fabrics the stitching pattern

defines the coupling between macroscopic and mesoscopic deformation. The structure

and material of the yarns play an important role at low strains, during structural deforma-

tion and at high strains by defining the ultimate strength of the textile. 
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4. CELLULAR INGROWTH INTO TEXTILE STRUCTURES 
IN VITRO

The aim of this chapter is to gain qualitative and quantitative information on the interac-

tion of cells and textile structures in vitro. This information will help in defining design

parameters for embroidered scaffolds. In the preliminary experimental work the pretreat-

ment of PET fibers and fabrics by plasma activation for cleaning, surface activation and

sterilization is discussed. Attachment and growth of fibroblasts on well defined textile

scaffold structures in vitro are described on a morphological level with the aim of under-

standing the basic structural interactions.

4.1. Introduction
To design new scaffold structures based on embroidery the influence of static structural

elements on the organization of cells in vitro must be understood. Although textile scaf-

folds have been successfully used in numerous tissue engineering applications (see chap-

ter 1) only few studies have systematically investigated the structural influence of textile

features on cellular organization in vitro. In the first chapter some basic design criteria

for textile tissue engineering scaffolds were discussed. Besides the structural design,

parameters such as surface treatment, the method of cell seeding and culture conditions

will determine the development of the engineered tissue. To understand these parameters

and to control them in a true sense of engineering one must isolate them in single model

systems.

As proposed earlier the cell-scaffold interactions are investigated on a microscopic,

mesoscopic and macroscopic level using model scaffolds consisting of single polymer

fibers or woven monofilament fabrics. To gain qualitative and quantitative information

on the interaction of cells and textile structures in vitro, PET was used as a model mate-

rial, because of its biocompatibility [2] and the availability of fibers and yarns within a

wide range of structures and diameters. This approach is in analogy to the studies of Li et

al. [84] and Aslankaraoglu [104] who used nonwoven PET fabrics of different structures

to study interactions of cells with scaffolds that would be made of degradable polymers

in the final tissue engineering application. 

To investigate the structural influence of fiber diameter, yarn texturation and fabric

porosity of PET based textiles on cells, there is a need to create identical surface condi-

tions in terms of wettability and protein adsorbtion. It is widely known, that cell adhesion

and spreading is favored on hydrophilic wettable polymer substrates [160]. Cell adhe-

sion and spreading are linked to the initial adsorbtion of serum proteins. The surface

properties of the materials may influence the type, amount and conformation of the pro-



4. Cellular ingrowth into textile structures in vitro

69 

tein that is adsorbed [161]. In order to compare structural effects of different textiles on

cells, the material surfaces must be identical in terms of protein adsorbtion.

4.2. Materials and methods

4.2.1. Surface activation and wettability measurements of PET fabrics

To increase the wettability of the textile scaffold, two methods were evaluated in a set of

preliminary experiments. NaOH treatment on one hand and plasma treatment on the

other hand have both been described [84] to activate the surface of PET fibers. The wet-

ting behavior of polymer surfaces is usually very precisely described by the contact

angle method [162]. However it is not suited to obtain meaningful quantitative informa-

tion on the wetting behavior of textiles. An alternative to contact angle measurements is

the capillary rise method which describes the dynamic advancing angle of a capillary

system of numerous parallel fibers. The method is based on the dynamic flow of liquids

in a single capillary tube described by Washburn [163]:

(3)

where hl is the liquid height in a capillary tube, t is the time and k is a hydraulic con-

stant depending on the geometry of the tube. Minor et al. [164] extended this formula to

a capillary system of fibers. By replacing the liquid height by the weight of the liquid

column, the method allows the use of a balance for an accurate measurement of liquid

intake versus time. Bourban [165] applied this method to a system of cellulose fibers. In

the present study, the capilary rise method was used to qualitatively characterize the

change of fabric wettability due to surface activation

A weft knitted polyester interlock fabric1 was used as a model textile because of its

high specific surface area. For the experiments, it was cut into rectangular specimens of

30 mm length (course) and 20 mm width (wale). The samples were first cleaned in ace-

tone and ethanol in an ultrasonic bath (Branson, USA) for two minutes each, dried at

90°C and stored in a desiccator before they were subjected to NaOH or plasma surface

activation, respectively. Plasma treatment was performed in an air low pressure plasma

chamber (Plasma Cleaner/Sterilizer PDC 32G, Harrick, USA) at a pressure of

0.5±0.1 mbar. The plasma was generated by a radio-frequency generator (10 MHz,

100 W). Surface treatment with NaOH of different concentrations (0.1 M to 10 M) was

1. The same textile was described in chapter 3.3 as Knit_A and had been used previously as a 
scaffold for culturing bone marrow cells under mechanical stimulation [166]. It was therefore 
structurally well characterized.

hl
2

k
2

t⋅=
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performed in glass jars at room temperature for different immersion times (10 min to

60 min). 

After surface treatment, the samples were rinsed with distilled water and dried before

the liquid intake experiments were performed. The experimental set-up consisted of a

recipient filled with the measurement liquid1so that the upper liquid surface reached

approximately 1-2 mm above the bottom end of the polyester fabric which was clamped

vertically on a balance (Chyo balance, JL-200, Japan, precision ± 0.5 mg). The weight

change was registered manually every 30 seconds. Duration of the measurements

depended on the surface activation and varied between 3 and 10 minutes until the sample

was fully saturated with the testing liquid.

4.2.2. Cell source and culture media

Two different fibroblast types were used for the experiments in this chapter. All prelimi-

nary experiments on cell attachment onto textiles were performed using a 3T3 cell line of

passages 40 to 50. 

Additionally, primary rat tendon fibroblasts (RTF) were used in some experiments,

including mechanical stimulation on embroidered scaffolds (chapter 5). Fibroblasts were

obtained from Achilles tendon of male adult Wistar rats (250 - 300g). The Achilles ten-

don, harvested aseptically, was rinsed in isolation buffer and cleaned from blood, muscle

and fat tissue. The tendons were minced into pieces of 1 mm3, placed in 25 cm2 cell cul-

ture flasks and incubated one hour without medium for the pieces to attach. 8 ml of RTF

growth medium (see table 4.1) was added carefully and the explants were incubated

under normal conditions2 with an exchange of medium every 4 days.

Cells migrating from the explants (see figure 4.1) were detached by treatment with

trypsin/EDTA and collected into growth medium for the preparation of the first passage

of RTF cells. The viability of typsinized cells was greater than 90% as determined by try-

pan blue exclusion. Up to seven passages were used for our experiments. Table 4.1

shows the different media compositions for cell lines (3T3) and primary cells (RTF). The

main difference was the addition of 2-ascorbic-phosphate (50µg/ml) to the RTF differen-

tiation medium.

1. A slow liquid intake was desired to distinguish between the effects of various surface treat-
ments. Glycerol anhydrous (C3H8=3, Fluka, 49789) showed favorable liquid intake character-
istics with untreated samples being completely wetted after approx. 10 min.

2. Incubation conditions for all experiments were 95% air / 5% CO2 atmosphere at 37°C.
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Figure 4.1: Outgrow of primary rat tendon fibroblasts from explants (E) of Achilles tendon. 
The cells usually started to grow after five to seven days (left, 200x) and were 
harvested after 2 weeks (right, 100x).

Table 4.1: Medium compositions for cell lines (3T3) and primary rat tendon fibroblasts (RTF). 
DMEM: Dulbeccos Modified Eagles Medium (Gibco), FBS: Fetal Bovine Serum 
(Gibco, heat inactivated for 25 min at 56°C), PSN: antibiotic solution (Gibco), Fun-
gizone: fungizide solution( Gibco).

4.2.3. Sample preparation

Woven PET fabrics (SEFAR AG, Switzerland) were purchased in medical grade quality

and circular pieces of Ø 15 mm were punched using a punching iron. The table 4.2

shows the characteristic structural properties of the fabrics. PET monofilament yarns

were of various diameters also by SEFAR AG. Yarn pieces of 15 mm were embedded at

the edges by injection molding in a ring made from polyethylene (PE), having a outer

diameter of 15 mm and thickness of 1.5 mm. Multifilament yarns1 were cut in pieces of

10 cm and secured at both ends against unfraying by a knot from the same yarn material. 

Name Application Medium Additives

3T3 growth 
medium

3T3 cell line in culture 
various textiles and yarns

DMEM 5% FBS
1% PSN

RTF growth 
medium

RTF in culture DMEM 10% FBS
1% PSN

RTF diff. 
medium

RTF on scaffolds DMEM 10% FBS, 1% PSN, 0.4% Fungizone
50µg/ml asc. acid-2-phosphate

1. See table 3.1 for structural and mechanical properties of these yarns.

E
E
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Textile and yarn samples for time lapse observation of cell growth were mounted on

thin glass rings (Ø 14mm) using a silicon glue (Wacker, Germany) prior to plasma treat-

ment to avoid direct contact between the cells and the cell chamber.

All textiles and yarns were pretreated the same way, regardless of their origin and the

intended duration of the experiment in order to generate comparable surface conditions.

The washing procedure was intended to remove residues of fiber sizing and contamina-

tions such as machine oil. Samples were subsequently washed in acetone, ethanol and

purified water for ten minutes each with one exchange of medium in an ultrasonic bath

(Branson, USA) at room temperature. The samples were than soaked in 70% ethanol for

at least two hours for disinfection, washed two times in sterile water and dried on a ster-

ile surface inside the bench.

Dry samples were sterilized by exposure to air plasma at room temperature for four

minutes at 0.5± 0.1mbar as described in section 4.2.1. Activated samples were trans-

ferred immediately into petri dishes containing full culture medium and were incubated

at least 12 hours before cell seeding

Table 4.2: Structural properties of woven monofilament PET 
fabrics that were used as model scaffolds to investi-
gate fibroblast behavior in vitro.

4.2.4. Protein adsorbtion on yarn materials

Protein adsorbtion assays were performed as described by Stanislawski et al. [167]. Yarn

samples with were incubated over night (14 h) in 100% FBS with continuous stirring at a

concentration of 250 µl per centimeter yarn. After washing ten times1, elution was per-

formed in ‘low binding’ centrifuge tubes (Eppendorf, Germany) in boiling sample

buffer2 (100 µl per sample). After centrifugation (16’000g, 15°C) for five minutes pro-

teins were separated on 10% SDS-polyacrylamide gel with 0.75mm thickness. Loaded

amounts per slot were 25 µl for protein extracts, 5 µl for pure FBS (40x diluted in sam-

Mesh width Fiber Ø Open area specific surface 

500 µm 150 µm 48% 1.98 

200µm 104 µm 43% 2.09 

105µm 40 µm 52% 1.67 

51µm 38 µm 33% 2.29 

1. Washing was performed in ‘low salt’ TBS buffer (200mM NaCL, 50mM Tris, pH 7.5)
2. Sample buffer:100mM Tris-HCL buffer, pH 8.5, containing 3% SDS, 0.75% β-mercaptoetha-

nol and 10% glycerol.
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ple buffer) and 10 µl for low molecular weight markers (LMW, BioRad, D). Running

conditions were 120V for about 60 minutes. Gels were stained in coomassie blue.

 

4.2.5. Cell attachment on PET fabrics

 

A cell attachment assay was performed using woven PET fabrics of 200µm mesh size in

24 well plates. The three experimental sets consisted of untreated samples, samples

which were incubated in growth medium overnight and samples which were additionally

plasma treated for 4 min and incubated overnight. After 12 hours, medium was removed

and 5*10

 

4

 

 RTF cells in one milliliter growth medium were added to the fabrics and incu-

bated for an additional 12 hours on a orbital shaker at 60 rpm. The samples were than

transferred into culture dishes containing fresh serum free medium and the number of

attached cells was analyzed by the MTT reduction assay as described in section 2.4.2.

 

4.2.6. Fibroblast growth and proliferation on PET yarns, woven and embroidered 
fabrics

 

Cells in suspension at a given concentration were added directly into the culture dishes

where the samples were immersed in medium. The dishes were agitated on an incubation

shaker at 60 rpm overnight to keep the cells longer in suspension and allow a longer

period of attachment. After 24 hours, the textiles were transferred into dishes containing

fresh medium. During the cultivation period they were shaken for 15 minutes at 60 rpm

every other 30 minutes to avoid outgrowing of the cells from the textile and to minimize

concentration gradients in the medium. 

Proliferation of 3T3 fibroblasts on different PET yarns was analyzed by the MTT

reduction assay. Cells were cultured on yarns of approx. ten centimeter length which

were cut into six equal pieces at different time points for MTT measurements as

described in section 2.4.2. The OD values were divided by the length of the yarn (in mil-

limeters) for standardization.

For SEM observation at different timepoints, samples were washed in PBS, fixed in

3% glutaraldehyde in PBS and processed as described in section 2.4.2.

 

4.2.7. Time lapse video microscopy

 

The setup for time lapse microscopy consisted mainly of a stainless steel cell chamber,

which was kept at constant temperature by circulating water. The cell culture compart-

ment of the chamber (20 mm x 28 mmØ) was closed at both sides with glass discs and

separated from the water bath by a silicon gasket. A temperature sensor (Thermocoax,

Philipps, NL) connected to a digital thermometer was used for open-loop manual regula-

tion of temperature at 37°C. The chamber, filled completely with 25 ml medium, had no
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medium and gas exchange, which limited the duration of the experiments. The chamber

was mounted on an inverted microscope (Labovert, Leitz, Germany), equipped with a

analog video camera (JVC, Japan). Digital images were obtained (Galileo Frame Grab-

ber, SGI, USA) every 10 to 60 min, depending on the experiment. 

 

Figure 4.2: Left: cell chamber with removed top and silicon gascet (bar = 40mm). Right: 
Experimental set-up for time-lapse video microscopy of cell behavior on textile 
structures (M:microscope, C: cell chamber, W: water bath, P: pump, VC: viedo 
camera).

 

4.3. Results and discussion

 

4.3.1. Influence of pretreatment on wettability of PET fabrics

 It was found, that the capillary rise method is suitable to analyze different treatments of

textile fabrics for increase of wettability. An example of the data for liquid intake versus

the square root of time is shown in figure 4.3. After an initial stage of fast weight

increase the curves reach a steady state where they behave like an ideal capillary system

as described by equ. 3. Considering the different slopes of the linear trendlines for differ-

ently treated fabrics, the slope was chosen as a parameter to compare wettability charac-

teristics.

Plasma treatment had an important influence on the wettability as shown in figure 4.4.

An activation of two seconds increased the glycerol sorbtion rate by approximately three

times. An activation time of two minutes was enough to reach a saturation state. NaOH

treatment is known to reduce surface hydrophobicity of PET substrates by creating car-

boxyl and hydroxyl groups on fiber surfaces [84]. The sorbtion rate increased linearly as

a function of NaOH concentration up to 5 M. However, a treatment with 10M sodiumhy-

droxide was found to be less effective. This can be explained with the high viscosity of

the solution at high concentrations, in which case the fabric was not wetted completely

during activation, although the solution was rigorously stirred.
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Figure 4.3: Glycerol intake curves for differently treated PET fabrics (n=1): a linear 
relationship is obtained, when the liquid intake (weight change in [mg]) is 
drawn as a function of the square root of time according to [163].

Figure 4.4: Influence of activation time on liquid intake for plasma activation and NaOH 
treatment (n=3). The plasma treatment results in higher wettability with shorter 
activation time necessary. A saturation is reached after two minutes.

 

Given theses results, plasma treatment of PET fabrics was by far more effective than

surface activation with NaOH: a plasma treatment of two minutes resulted in a 30%

higher wettability than a 60 min with NaOH at room temperature. The surface activation

by plasma treatment is partially reversible with time. A decrease of wettability of 20%

after three days was observed, even when the samples were kept in a desiccator. Pig-

lowsky et al. [168] observed a drop of the water contact angle from 71° to 34° upon

plasma treatment of PET films, while this effect lost about 27% of the treatment effect
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after 2 weeks time. They attributed this effect to rearrangement motions of the modified

polymer chain segments, which reorient the attached polar groups away from the sur-

face. In the present study this effect was not studied any further, since the surface activa-

tion protocol foresaw the direct transfer of the activated textile samples to serum

containing culture medium in all the cell culture experiments.

Another benefit is the sterilization effect of plasma treatment, which is extremely suit-

able for hydrophobic and heat sensitive degradable polymers. In all further experiments,

a plasma treatment of four minutes was applied for surface activation and sterilization of

various textile scaffolds. 

 

4.3.2. Serum protein adsorbtion on PET yarns

 

The motivation for this analysis was to ensure, that washing and subsequent plasma

treatment would result in the same pattern of adsorbed proteins on PET yarns of different

structure and origin. Since the amount and the kind of adsorbed proteins will have a

major influence on cellular attachment [169] any surface effects of the PET yarn material

have to be minimized, in order to compare different yarn structures and their effect onto

cell attachment and growth. 

The adsorbtion of plasma proteins from the culture medium onto PET yarns of differ-

ent pretreatment was evaluated qualitatively by one-dimensional polyacrylamide gel

electrophoresis (SDS-PAGE) as shown in figure 4.5. 

 

Figure 4.5: SDS-PAGE gel of serum proteins adsorbed onto polyester yarns (see text for 
details) after washing and after additional plasma treatment. Note that the latter 
two lanes show the identical bands of adsorbed proteins.

45 kDovalbumin
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66.2 kDserum albumin
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The binding experiment was repeated six times, and the same protein pattern was

obtained each time with all materials, even though there were differences in the intensity

of bands between untreated and plasma treated yarns. This is consistent with the observa-

tions of Klomp and coworkers [170] who found, that plasma treatment significantly

reduces the amount of adsorbed serum proteins on nonwoven PET fabrics compared to

untreated samples. Two main bands of adsorbed proteins were observed, one around 66

kD and one below 30 kD. The band at 66.2 kD is serum albumin, which makes 2/3 of

total proteins in foetal bovine serum. Another band is visible below the albumin, which

was identified by Stanislawski et al. [167] as fibrinogen 

 

α−

 

chain binding to polyester

fibers. The other band was found by the same authors as IgG light chain which could be

the same case in the present experiment, since globulins make over 1/4 of total proteins

in FBS.

However, the important observation is that no differences in protein adsorbtion were

observed between the two different plasma treated yarns (lanes C and D in figure 4.5),

although they were obtained from different sources and are likely to have different siz-

ings. Therefore, it can be assumed that any differences in cell behavior observed on dif-

ferent, but identically treated PET textiles will be caused by structural effects.

 

4.3.3. Influence of plasma treatment on cell attachment

In general, cells adhere to artificial substrates through an intermediate protein layer. The

proteins present at the interface may come from the surrounding medium or cellular

secretions or may be preimmobilized by adsorbtion or by other means. Pre-wetting of

polymer scaffolds with serum containing culture medium has been described by many

authors to increase initial seeding densities [97, 107, 171]. 

The influence of plasma treatment on cell attachment was investigated by using a

woven PET fabric as scaffold. The attachment of primary RTF cells on untreated,

medium-preincubated and plasma+preincubated textiles was quantitatively investigated

by the MTT assay. Incubation in culture medium overnight led to a significant increase

in cell attachment compared to untreated samples (B to A in figure 4.6). On additionally

plasma activated textiles the number of attached cells was two times higher compared to

non-activated samples (C to B in figure 4.6).
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Figure 4.6: Influence of pretreatment on RTF cell adhesion to woven PET fabrics of 200µm 
mesh width as measured by MTT reduction 12 hours after seeding (n=4). 5x104 
cells were seeded onto untreated fabrics (A), medium incubated fabrics (B) and 
plasma activated and subsequently medium incubated fabrics (C). Note that 
seeding efficiencies varied from 4% (fabric A) to 20% (fabric C).

Ramires et al. [172] found that plasma treatment of PET surfaces lead to an increase

of cell attachment. Sittinger [39] investigated different surface coatings for chondrocyte

seeding on nonwoven PGA, including collagen I, poly-l-lysene (PLL), fibronectin and

laminin and found the highest cell attachment for PLL. Ye et al. [158] compared different

precoatings on nonwoven PGA scaffolds for attachment of myofibroblasts. They found a

significantly higher cell attachment for precoatings with PLL and autologous ECM com-

pared to PBS or serum. However, both authors used a nonwoven structure for cell attach-

ment and their experimental setup did not give any information on wether the cells were

actually attached to fibers or merely entrapped as aggregates inside the porous structure.

In the present experiment a PET fabric with 200 µm mesh width and 105 µm fiber diam-

eter was used. This fabric has a 40% porosity and pores too wide for entrapping aggre-

gates (see also figure 4.15). Therefore the measured number of cells were attached on the

fibers, which was also confirmed by microscopic observation prior to the MTT assay.

4.3.4. Microscopic structural effects on cell behavior

Influence of fiber diameter on fibroblast morphology and arrangement

The influence of fiber diameter and yarn structure on the morphology of fibroblasts was

investigated in vitro by SEM analysis and time-lapse video microscopy. The aim was to

visualize morphological effects such as contact guidance1 and structure related contact

inhibition. RTF cells were cultured on PET yarns and stopped for SEM analysis after

given timepoints. Four monofilament yarns of 500 µm, 220µm, 125µm and 55 µm fiber
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diameter were investigated, together with two multifilament yarns, one being tightly

twisted and the other being texturized, both having fiber diameters of 22 µm. 

The figure 4.7 shows representative images of the different monofilament yarns after

24 hours, 4 days and 8 days. The fiber diameter had an important influence on the cell

morphology. While on the 500 µm and 220 µm yarns RTF cells were randomly oriented

after 24  hours, they were aligned parallel to the fiber axis on the 120 µm and 55 µm

yarns. Three distinct morphological cell types were observed, representing different

functional stages [146], that have been identified by Ricci et al. [174] as:

• Spherical cells, 6~8 µm in diameter, undergoing cell division.

• Spindle cells, 20~50 µm in length, exhibiting a ‘ruffling membrane’ [146] and migrat-

ing along the fibers. These cells comprised the majority of RTF cells on the fibers.

• Sheet cells, up to 80 µm in length and very flat having a rather smooth surface. They 

covered large areas of all types of fibers and often had spindle-shaped cells crawling 

over them.

Many of the polymer fibers exhibited axial striations which are probably created in

the spinning process1. These striations were less than a micrometer deep and usual sev-

eral micrometers long. They were recognized by the fibroblasts, which aligned in paral-

lel to them, independent of the fiber diameter. This effect has been intensively studied on

various textured surfaces [175, 176]. After reviewing different studies, von Recum and

coworkers concluded, that the most profound topographic effects are observed within

texture configurations of 1-3µm width and 0.5 - 1.0 µm depth [177 ].

After four days, cells were confluent on the 55µm yarns and after eight days on all

yarns except the largest (Ø 500 µm). The relative number of dividing (spherical) cells

was apparently not changed, which indicates, that the cells did not exhibit contact inhibi-

tion and continued to proliferate. Many cells were observed to crawl over each other. 

On yarns with 125 µm and 220 µm fiber diameter the orientation of cells changed

with the degree of confluency. Initially many randomly oriented cells were observed,

however, as the available surface area decreased with increasing population the cells

were highly oriented in parallel to the fibers. 

A study in which fiber diameters with the identical material were compared for their

influence on cell behavior was performed by Dunn and Heath [173] using chicken heart

fibroblasts on glass fibers of different diameters ranging from 50 µm to 300 µm. They

found that the dimensions and the shape,  esp. the axis ratio of the cell nucleus as well as

1. In this study the term `contact guidance` is used as it has been defined by Dunn and Heath 
[173] as "an oriented response of isolated tissue cells to the shape of the substratum such that 
the predominant direction of locomotion coincides with the direction of least curvature of the 
substratum.”

1. Although plasma activation can damage polymer fibers, no surface damage was observed (by 
SEM) for treatment times of less than 20 minutes. 
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the whole cells was strongly influenced by the fiber curvature for fiber diameters below

200 µm. 

Ricci and coworkers [174] studied the morphology of primary rat tendon fibroblasts

cultured on different fiber materials including carbon, polyester (Dacron), polyethylen

and nylon. They concluded, that the differences in cell morphology seemed to depend

upon the geometric configuration of the fibers rather than their polymeric compositions.

They observed, that smooth fibers with diameters of less than 20 µm had a strong effect

on cell orientation while smooth fibers with diameters of 20 µm or more had very little

orienting effect on these cells. Additionally, surface characteristics such as longitudinal

striations also influenced cell orientation. Advancing cells oriented in parallel to these

striations and this effect could orient cells even on the large diameter fibers. Further-

more, these striations also seemed to inhibit cell spreading.

The behavior of rat tendon fibroblasts as it was observed in the present study differs in

some points. On a PET fiber of 55 µm diameter RTFs are strongly oriented at even low

densities. On thicker fibers (125 µm, 220 µm) cell orientation is moderate initially, but

becomes very dominant as cells grow towards confluency. 
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Figure 4.7: Rat tendon fibroblasts on PET monofilament yarns of different diameters after 
24 hours, 4 days and 8 days in culture Three distinct morphological cell types 
can be observed: spherical cells (1), spindle cells (2) and sheet cells (3).
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Influence of fiber spacing and yarn texturation

 

Cell cultured on the multifilament PET yarns showed similar initial morphologies as on

the small (55 µm Ø) diameter monofilaments. After 24 hours, cells were mostly spindle-

shaped and aligned along the fibers. On the twisted compact yarns they showed some

tendency to flatten and cover different fibers, whereas on the texturized yarns they were

attached to single, mostly isolated fibers along which they were also observed to spiral.

After four days many cells were bridging neighboring fibers. These cells were flat and

sheet-shaped on both yarns. On the texturized yarns they bridged only at locations where

the filaments were not more than ~80µm apart

 

1

 

. At these locations, the cells were

arranged in multiple layers, single cells being attached to different fibers in a three-

dimensional arrangement. 

 

Figure 4.8: Rat tendon fibroblasts on texturized (top) and twisted (bottom) PET 
multifilament yarns after 24 hours, 4 days and 8 days in culture. Three distinct 
morphological cell types can be observed: spherical cells (1), spindle cells (2) 
and sheet cells (3).

 

Wan and colleagues [161] investigated cellular responses of fibroblasts to different

multifilament yarns (Kevlar, silicon carbide (SiC) , PET, Nylon) having all fiber diame-

 

1. On the texturized yarns many preperational artefacts were observed. Although the yarns were 
mounted on a PE support, they still exhibit a highly mobile structure. Therefore many bridging 
cells might have been damaged or torn during fixation, dehydration or drying.
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ters less than 20µm. The study covered only straight parallel multifilaments with high

packing densities. The authors observed differences in cell morphology in the early

stages (2 hours after seeding) with more round cells on SiC fibers than on nylon or PET.

However after a culture period of two days these differences decreased and the cell mor-

phology became independent of the fiber material. The authors do not indicate any spe-

cial pretreatment or preincubation of the fiber materials. Therefore it is likely, that initial

differences in serum protein adsorbtion contributed to the differences in early cell mor-

phology. For prolonged culture times of up to three days they observed, that many cells

had become spherical and were suspended in agglomerates between the SiC fibers,

which they explained with contact inhibition [146]. 

No such behavior was observed in the present study. After four and eight days the

cells were - although suspended between the fibers - forming a dense sheet around the

multifilament yarn. 

Time-lapse observation experiments gave qualitative insight on the behavior of 3T3

fibroblasts on textile structures. Only texturized yarn structures, as in figure 4.11 (right)

could be observed successfully, because the open structure allows phase contrast micro-

scopic imaging. The figure 4.9 shows an example of a time lapse experiment of 3T3

fibroblasts growing on the texturized PET yarn and thus forming a vital/avital composite

structure over several days.

The observation started four hours after cell seeding and ran for five days. Initially,

the cells are mostly spherical and randomly distributed over the fibers. Some are already

spread, even over several fibers. At this time a high locomotive activity along the fibers

was observed. It is interesting to note, that cells which were moving against each other

stopped upon contact and continued to move in opposite directions. After 12 hours

almost all cells were spread, covering and bridging over fibers. It was usually from these

points, where the extrafibrillilar space was being filled with cells. Within the first

48 hours many cell divisions were observed, cells were contracting to become spherical,

dividing and moving rapidly away in opposite directions. By that time the spaces

between fibers that were less than 100µm apart were bridged and filled by cells. After

120 hours the yarn had been completely infiltrated with a dense mass of cells

 

1

 

.

Two important structural effects of the fiber organization on the cell behavior were

observed: 

 

1. This was confirmed after the experiment for the rest of the yarn outside the limited region of 
interest.
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1. The orientation of the fibers defines the direction of cell migration and the ‘nucle-

ation’ of cell aggregates. 

2. Cells were observed to migrate exclusively along single filaments. Cells that were 

suspended between several fibers did not displace, unless they contracted and were 

concentrated along a single fiber. 

 

Figure 4.9: Time lapse sequence of 3T3 fibroblasts growing on a texturized PET yarn.

 
The influence of the yarn meso-structure of multifilament PET yarns on the attach-

ment and growth of 3T3 fibroblasts was investigated quantitatively by the MTT assay.

Two different yarns were investigated, a twisted and a texturized multifilament yarn

(table 3.1.). The results of MTT reduction assays are shown in figure 4.10 in absolute

and relative values. On the texturized yarn four times as much cells attached initially

because of the larger specific surface area and since small aggregates which can be still

present after trypsinization were trapped between the fibers. On both yarns a linear

growth curve was observed (R

 

2 

 

~ 0.98). However, the ratio between the OD values does

not change significantly and stays between 4±1. This becomes obvious, if one looks at

the relative values on the right graph in figure 4.10. Here, the OD values per millimeter

yarn have been divided by the initial value at t=12h. The result is an identical linear

growth rate on both yarns, with one population doubling per day. 

 

t = 4 hours 12h 24h

48h 96h 120h

100  µm
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This result is in good agreement with studies of Ricci et al. [178] who investigated the

growth characteristics of RTF cells on small diameter carbon fibers (Ø 8 µm) in compar-

ison with standard culture plates. They observed a normal lag-log growth behavior on

TCPS, while the cell number on the carbon filaments grew only in a linear manner after

an initial lag phase. The authors explained this observation with the limitation of migra-

tion directions on the fibers, which resulted in a competition of attachment space and

thus prevented log phase growth. 

 

Figure 4.10: Influence of yarn structure on cell attachment and growth of 3T3 fibroblasts on 
two different PET yarns as measured by the MTT reduction assay (n=6).

 

The general conclusion from the present study is that the overall metabolic activity of

the cells on both yarns is independent from the initial cell concentration and increases at

the same rate. The MTT reduction has been shown to be linear to the cell number for

small concentrations. In preliminary experiments, a linear relationship between optical

density and cell concentration up to 8*10

 

5 

 

cells/ml (R

 

2

 

=0.94) after 12 hours was mea-

sured, but it is not evident, that the cells keep the same metabolic activity over time as it

was observed in chapter 2.4.4.

 

Figure 4.11: Appearance of cell seeded yarns after 8 days as seen by light microscopy. On the 
twisted yarn (left) multiple cell layers are visible, whereas on the texturized yarn 
(right) cells have filled the structure and are contracting the yarns 
(bar = 500 µm).
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The observations in the present study indicate, that the meso-structure of the yarn has

no important influence on the proliferation behavior of fibroblasts, as one might expect,

because of the three-dimensional arrangement of cells inside the texturized yarn which

allows fibroblasts to grow in a 3-dimensional environment leading to more cell-cell con-

tacts, comparable to culture conditions inside a gel.

This is in contrast to the direct observations of cell growth by time-lapse microscopy.

Although these method is a useful tool for the visualization of migration and prolifera-

tion activity the phase contrast images create the impression that a three dimensional

bulky tissue is growing inside the yarn. However in reality the cells are organized as two-

dimensional sheets that are fixed like membranes between neighboring fibers. This is

demonstrated by synchrotron µ-tomography of OsO

 

4

 

 fixed and hydrated samples

 

1

 

 [179,

180]. The figure 4.12 shows parallel sections of 3T3 fibroblasts that were cultured for

two weeks on the texturized PET yarn and appeared in light microscopy as in figure

4.11. It is clearly visible, that the center of the yarn is not infiltrated by cells while a cell

sheet of ~30µm in thickness is covering most of the outer circumference.

This observation can explain the similar growth behavior on texturized and straight

multifilament yarns. Once the texturized yarn is covered with cells the growth kinetics

will be identical to the straight yarn, if no cells are migrating to its center. This seems

improbable, since the cells would have to migrate against a nutrient gradient.

 

Figure 4.12: µ-CT visualization of 3T3 fibroblasts on the texturized PET yarn. Images were 
taken from the same sample at intervals of 132 µm along the yarn axis. The cells 
(dark gray) are forming a sheet around the fibers (light gray), as indicated by 
arrows. The fiber diameter is 24 µm.

 

1. This investigations are part of the ongoing dissertation of P. Thurner, Department of Materials, 
ETHZ Zurich, and will not be discussed here in detail.
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4.3.5. Mesoscopic structural effects on cell behavior

 

The influence of macroscopic structural elements on cell morphology was investigated

by culturing rat tendon fibroblasts on open porous woven PET fabrics of different mesh

sizes. Figure 4.13 shows SEM observations of the cell/textile composites after 24 hours,

8 days and 14 days. The morphology of the cell/fabric system in vitro can be divided in

three stages:

1. Attachment of cells on the fibers with subsequent alignment and proliferation. The 

fiber diameter influences the cell orientation as observed in the previous section.

2. Once the fibers are covered with a confluent cell layer, the cells start filling the mesh 

openings in a concentric fashion. The open mesh area decreases parabolically with 

time.

3. When the open pores are completely filled, the cells continue to grow in multilayers.

Each phase has a characteristic time that depends on the specific surface area of the

fabric and the growth rate of the cells. These stages are schematically shown in figure

4.14 (left) and are consistent with observations of the 500 µm, 200 µm and 100 µm

meshes. However, on fabrics with pores of less than 100 µm a direct bridging of the

mesh opening by single cells is observed (see figure 4.13). This results in an accelerated

filling of the mesh openings. 

 

Figure 4.13: Schematic representation of the time course of cell/fabric morphology (left). 
Three phases can be defined: growth of cell on fibers towards confluency (∆t

 

1

 

), 
concentric filling of mesh openings by cells (∆t

 

2

 

) and continuos growth in 
multilayers (t>∆t

 

1

 

+∆t

 

2

 

) as indicated for the smallest mesh size. An example 
from a time-lapse sequence (fig.4.15) is shown (right) for three different pores. 
Two pores are completely filled during the experiment (B: ∆t

 

1

 

=176 h, 
∆t

 

2

 

=160 h; C: ∆t

 

1

 

=172 h, ∆t

 

2

 

=112 h).
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Figure 4.14: Rat tendon fibroblasts on woven monofilament PET fabrics of different mesh 
sizes after 24 hours, 8 days and 14 days in culture. While meshes of 50 µm and 
100 µm were completely filled with a cell layer, the larger pores were still open 
after 14 days. Bridging of meshes was observed for the 50 µm and the 100 µm 
mesh (bar = 60µm).
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The time course of fibroblast growth on PET fabrics was investigated by time lapse

microscopy. Different fabric types were investigated. The figure 4.15 shows an example

of a time lapse experiment of 3T3 fibroblasts growing on a 200 µm fabric with 43µm

fibers. This fabric had the advantage, that the filaments were thinner as in the 200µm

fabric in figure 4.13 and therefore the observed region of interest contained more open

pores. Observation started four hours after seeding and ran over 14 days.

Within the first four days, intensive cell migration and proliferation was observed. By

the sixth day all fibers were completely covered with cells and migration of single cells

decreased. Single pores began to be filled with a cell layer, starting at the edges. Cells

were observed to move on top of each other and build diagonal bridges between the

fibers. The proliferative activity continued as seen by the number of observed cell divi-

sions. From the eighth day on, single pores began to get filled with a cell layer in a con-

centric fashion. By the 14 day, at the end of the experiment, one half of the observed

meshes were completely filled with a confluent cell layer.

The percentage of cell-filled area was measured by image analysis. The figure 4.14

(right) shows the time dependent filling of three meshes (A, B, C in figure 4.14). The

data follows a parabolic trend, as it can be expected since the cells grow circumferential.

These observations showed the mechanism of cellular ingrowth into a woven textile

structure 

 

in vitro

 

. However, no quantitative conclusions can be made, since the culture

conditions inside the cell chamber were not identical to standard incubation conditions.

No medium or gas exchange was present. After every experiment, the viability of the

cells was confirmed by the life/dead assay (see section 2.4.2). The pH of the culture

medium in the chamber dropped to 7.2 during the experiment.

Time lapse microscopy has been used by many authors to analyze cell behavior on

differently textured surfaces [176] or inside three-dimensional gels [181]. Usually, these

experiments ran over a few days in maximum. Therefore, the observation of vital/avital

composite formation in vitro remains a challenge with respect to ideal and reproducible

culture conditions and to data acquisition. In the presented experiments one single region

of interest (ROI) at a given vertical position inside the yarn or fabric could be observed.

However, the use of a motorized microscope stage will allow to observe several ROIs

simultaneously at different vertical positions inside the scaffold and with the possibility

of extending the depth of focus by acquiring stacks of images at each position.
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Figure 4.15: Time lapse sequence of 3T3 fibroblasts on a woven PET fabric with 200 µm 
mesh width and 105 µm fiber diameter. Digital images were taken every 4 hours 
and the cellular ingrowth was measured via the free pore area (see arrow in last 
picture). The results for pores (A, B, C) in the first picture are shown in figure 
4.14. 

 

4.3.6. Macroscopic structural effects on cell behavior

 

In the previous sections cell/textile interactions were studied on the micro (fiber) and

meso (pore, mesh) level using single fibers and open fabrics. To study cell behavior on

all levels, including the macro-level an embroidered test scaffold was designed. It con-

sists of radially outspreading single yarns inside a circle and was designed to fit into

standard cell-culture plates with 6, 12 or 24 wells which corresponds to diameters of

15 mm, 24 mm and 35 mm respectively (figure 4.16, top left). This allows to combine

yarns of different structure and material together with a range of macropores from

500 µm to 4 mm in diameter. Figure 4.16 shows such a scaffold seeded with 3T3 fibro-

blasts after 5 weeks in culture. The textile is made from the texturized multifilament yarn

used in the previous section. 

The textile is covered with a confluent cell layer. Blank fibers are only visible at loca-

tions were the cell layer has broken due drying artefacts. Pores which have a diameter of

less than 2 mm are mostly filled with cells. However, the cells do not penetrate inside the

texturized yarns, but form a dense surface layer. This is visible at locations, where this

layer is damaged.

 

4 hours 1 day 4days

8 days 10 days 14 days

A

B

C
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Figure 4.16: Embroidered scaffold (Ø 35mm) after 5 weeks culture with 3T3 fibroblasts as 
seen by SEM. The textile structure is covered by a dense cell layer and most 
pores of less than 2 mm diameter are filled with cells.

500  µm 60  µm
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4.4. Conclusions 

 

4.4.1. General conclusions

 

In this chapter interactions of fibroblasts and textile structures were investigated on a

morphological level, focussing on cellular orientation on fibers and ingrowth into fiber

assemblies. Polyester (PET) was taken as a model material in order to compare exclu-

sively structural effects.

On a microscopic level alignment of cells was observed to depend on the confluency

of the cell layer. The spatial arrangement of fibers in a multifilament yarn was found to

influence the organization and morphology of fibroblasts but not their proliferation, as it

might be expected from the increased surface area. Further analysis showed that fibro-

blasts formed a dense layer that covered a textured PET yarn, but no ingrowth into the

interfiber space was observed. While porous textile structures such as velour are readily

infiltrated with cells in vivo [56] after short time, no such ingrowth was observed in

vitro. This can be explained with unfavorable concentration gradients for nutrients and

oxygen towards the yarn center. This observation has an important impact on the design

of textile scaffolds for tissue engineering: Multifilament yarns must loose their mechani-

cal resistance during cultivation in vitro to allow a contraction by the ingrowing cells. 

On a mesoscopic level it was observed, that ingrowth of fibroblasts in woven fabrics

proceeds according to two distinct mechanisms, depending on the open pore area and the

specific surface. In fabrics with pore sizes of less than 200 µm fibroblasts formed direct

diagonal bridges across single pores, whereas larger meshes were filled with cells from

the edge in a circumferential fashion. 

Embroidery technology was used to design a model scaffold that combines micro-and

mesoporous elements with architectural features of a macroscopic scale. Again, a dense

cell sheet was observed to cover the textured multifilament regions of the scaffold,

whereas no cells were observed to growth into the textile.

Embroidered textiles offer the possibility for further study of these effects in order to

control the time-dependent development of vital/avital composites. In the characteristic

architecture of a single stitch the bobbin yarn spirals around the stitching yarn (see chap-

ter 3). Combining straight and textured polymer yarns of different degradation character-

istics (e.g. PGA/PDLLA [135]) might result in optimal cellular ingrowth in vitro.



 

5. Tissue Engineering of tendon using embroidered scaffolds and mechanical stimulation

 

93 
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USING

 

 

 

EMBROIDERED

 

 

 

SCAFFOLDS

 

 

 

AND

 

 

 

MECHANICAL

 

 

 

STIMULATION

 

The aim of this chapter is to show the potential of embroidery technology in the design

of textile tissue engineering scaffolds. Tissue engineering of tendon was chosen as an

application example. The behavior of rat tendon fibroblast on woven PET scaffolds

under cyclic mechanical stimulation is analyzed in order to define design criteria for

optimal textile architecture to mechanically stimulate cells 

 

in vitro.

 

 A partially degrad-

able embroidered scaffold is presented for 

 

in vitro

 

 tissue engineering of tendon with the

aid of cyclic uniaxial mechanical stimulation.

 

5.1. Introduction

 

5.1.1. Tissue engineering of tendon

 

In the first chapter clinical difficulties associated with implants and reconstructive sur-

gery of ligaments were briefly discussed. Similar problems are encountered in tendon

repair [24]. If an autologous, biologically sound structure could be developed by tissue

engineering to be used as tendon or ligament graft, many of such problems could be

solved [92].

Tendon is a specialized load bearing dense, connective tissue that links muscle to

bone and allows for the transmission of muscle contraction forces to the bone for skeletal

locomotion [24]. Tendon consists of three parts: the muscle attachment region, the sub-

stance of the tendon itself and the bone attachment region (see figure 5.1.). The extracel-

lular matrix of tendon is composed predominantly of collagen fibers highly oriented

along the axis of the tendon. The mid-substance of tendon is generally avascular and

absent of innervation. Collagen fibers in tendon are arranged in a crimped waveform

with a wavelength of 120µm [65]. Depending on the experimental conditions and the

location, human tendons have a strength of 50~100 MPa, failure strain of 8~15% and an

modulus of 300~1200 MPa [24, 65, 191].

Fibroblasts (tenocytes) are the predominant cell type in tendon. Tendon has a rela-

tively low density of cells which display a low mitotic activity [182]. Tendon healing

upon injury consists of four overlapping phases [183]: hemorrhage, inflammation, prolif-

eration and remodeling/maturation. The healed tissue continues to mature for many

months but rarely attains normal morphologic characteristics or mechanical properties.
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Figure 5.1: Schematic representation of tendon (T) as the structural interface between 
muscle (M) and bone (B) and light mircograph of tendon showing the spindle 
shaped fibroblasts along the long axis of the tissue (modified from [182], bar = 
300 µm).

 

As an alternative to artificial implants, different tissue engineering strategies for ten-

don and ligament healing are currently investigated:

 

• Gene therapy [183].

 

• Local growth factor delivery [183].

• Guided tissue formation by tubular and structured substrata [24, 184, 185].

• Cell therapy using artificial scaffolds and cells of different sources [31, 92].

For the last approach, three different concepts for scaffolds have been proposed (see

also table 1.1.):

 

• Collagen gels containing tenocytes and /or reinforcement fibers [24, 66].

 

• Reconstituated collagen fibers and their superstructures [82, 83, 86, 186, 187]

• Synthetic polymer fibers and their superstructures [76, 85, 91, 92, 188]

The feasibility of developing ligament-like tissue in vitro has been demonstrated.

Goulet et al. [66] report on the successful culture of bioengineered human ligament ana-

logues over several weeks. They compared static and mechanically stimulated samples

and found a increase of collagen and cell orientation in those samples which were under

cyclic mechanical strain. These results indicate the requirement for mechanical stimula-

tion during 

 

in vitro

 

 cultivation.

M B
T
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5.1.2. Mechanical stimulation in tissue engineering

 

Mechanical environments profoundly affect the development, maintenance and remodel-

ing of tissue 

 

in vivo

 

 and therefore are considered as important determinants of the quality

of engineered tissues grown in vivo or in vitro [47]. Best known examples for the effect

of mechanical stimuli in vivo are:

• Active remodeling of bone mass [189]

• Change of mechanical properties in cartilage [190]

• Change of dimensions in blood vessels [65]

• Increase of muscle mass due to exercise [191]

• Change of cross sectional area, modulus and strength in tendons and ligaments [192].

Although the biochemical mechanisms behind the sequence from sensing stress or strain

up to cell reaction are not fully understood there is important experimental evidence that

they also play a dominant role in tissue formation and differentiation in vitro [193]. It is

hypothesized, that the signal transduction pathways stimulated by physical forces are in

many cases identical to those stimulated by biochemical agonists, the primary difference

being, that the initial biochemical event e.g. the activation of a certain protein, is

mechanically induced [47]. Therefore mechanical stimuli represent one of several con-

cepts to explore in tissue engineering in order to optimize bioengineered tissues [66].

Mechanical stimulation of vital/avital composites in tissue engineering has been investi-

gated for a large variety of target tissues as reviewed in [190, 194, 195].

5.2. Experimental setup

5.2.1. Brief description of experimental work

Two sets of experiments were performed. The aim of the first experiment was to analyze

the response of rat tenocytes on cyclic strain and to define specifications for a textile

scaffold for tendon tissue engineering based on embroidery technology. In the second

experiment tenocytes were cultured on a partially degradable scaffold to give a proof of

concept for the feasibility of mechanical stimulation of vital avital composites by the

means of embroidered scaffolds.
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5.2.2. Hardware

The mechanical stimulation hardware is composed of three subsystems, as shown in

figure 5.3: (1) an actuating and transmission unit, (2) an incubation chamber unit and (3)

a testing compartment unit. The three systems are arranged around a modified commer-

cial cell culture incubator (Biocenter 2000, Salvis, Switzerland). The whole set-up is

located inside a class 100 laminar flow clean room.

Actuating and transmission unit

The actuating unit is composed of a servo motor (Matador DCM 3F30, OmniRay AG,

Switzerland) driving two consecutive sets of timing belt drives with a total transmission

of 9:1 The belt drives are connected to an eccentric tappet with adjustable eccentricity

that converts the rotation into a horizontal movement. The total elongation amplitude can

be varied from 0 µm to 1500 µm per rotation. The movement is further transferred by

two push rods, which are wrapped with a heating foil (Type 5385, Minco AG, Switzer-

land) at their ends to minimize heat loss from the incubator. 

Incubation chamber unit

The incubation chamber unit (figure 5.2, left) is composed of a stainless steel frame

mounted on a stainless steel plate with glass walls and glass top. It holds up to six testing

modules which are individually connected to steel cross bar, which connects to the trans-

mission unit. Two fans (Type D35, AMETEK Rotron, USA) in the top aspirate air, which

is filtered through three filter membranes (Durapore® 0.22µm, Ø 150mm, Millipore,

USA) at the back of the chamber. This constant air flow is designed to produce uniform

CO2, temperature and humidity distribution within the incubation chamber. 

Figure 5.2: Left: incubation chamber unit with one of six testing modules mounted. The 
levers (“8”-shaped) transmit the movement from the steel cross bar to each 
module individually. Right: testing module. The piezoelectric force transducer is 
located at the left hand side of the module. The movable opposite side connects 
to the lever.
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Figure 5.3: Overview of the uniaxial stimulation apparatus. The experiments take place in a 
modified incubator with a heated glass door. The incubation camber unit 
receives up to six testing modules with piezoelectric force transducer. A Pentium 
III PC is used to collect data and to drive the motor controller.

Testing module unit

The testing module unit consists of a Teflon® base plate, onto which a stainless steel

frame is mounted. The base plate holds a glass petri dish (100 mm Ø) and the frame

which assembles the sample fixation and force transducing components. The parts which

are in direct contact with the stimulated sample or the culture medium are milled from

titanium while the rest is realized from stainless steel. One side of the sample fixation is

connected to the steel cross bar and thereby to the transmission unit.

Forces are measured by a piezoelectric force transducer (Type 9207, sensitivity

117.6 pC/N, Kistler Instrumente AG, Switzerland) located at the static side of the sample

which is connected to a charging amplifier outside the incubation chamber. The samples

are kept under an adjustable pretension in order compensate for mounting inaccurancies

and to measure exclusively tensile forces.

Cleaning and sterilization

All components are disinfected with 70 % ethanol before each experiment. The incuba-

tion chamber unit is removed from its support and heat sterilized (160° C, 6 hours). The

testing modules are incubated in 3% Mucasol® for decontamination during 4 hours and

servo motor
motor controller

Pentium III PC

belt drive

eccentric tappet

force signal pathways

horizontal movement

incubator

heated glass door

incubation 
chamber unit

testing 
module units
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washed with distilled water, dried overnight in the sterile bench and heat sterilized. The

samples are mounted onto the testing modules in a horizontal laminar flow bench and

installed in the incubation chamber under aseptic conditions.

To minimize the risk of contamination due to condensation, the samples were

mounted at room temperature and provided with warm medium. The system usually sta-

bilized at 37° after 6 to 10 hours and reproducible force measurements were possible

after 18 ~20 hours.

5.2.3. Data acquisition and analysis

Data acquisition and analysis was performed in LabView (National Instruments, USA).

Voltage signals from the load amplifiers were sampled at 20kHz using a 16 bit A/D board

(National Instruments, USA) and filtered by a 20 Hz low pass filter. Due to the high sen-

sitivity of the load cell to external noise, the force signal was analyzed over multiple load

cycles. For each data point the signal from 20 revolutions was recorded and amplitudes

were detected from the auto power spectrum. In order to calculate the phase shift, the

position of the excenter was measured by an optical encoder. Phase shift was calculated

as best correlation between excenter position and force signal from the cross power spec-

trum. The force/elongation hysteresis for each data point was then calculated as:

(4)

for . Because of the dynamics of the piezoelectric transducers1, the lowest

data acquisition frequency was limited at 0.1 Hz, while the upper limit of 2 Hz was given

by the acquisition board. The resolution of the force measurement was ± 0.02mN

(= 0.2 mV). The modules were calibrated using a stainless steel spring (see figure 5.4).

Usually, the first three Fourier terms of the force signal were used for reconstruction of

the force/elongation hysteresis:

(5)

The time dependent change of the amplitudes (F1, F2, F3) and the phase shifts (φ1, φ2,

φ3) was analyzed in order to describe the change of mechanical behavior of the vital/avi-

tal composites upon mechanical stimulation. 

1. Due to inevitable charge leakage, the piezoelectric transducer has a dynamic behavior of an 
RC element. The time constant was experimentally found to be approx.100 s. 

F t( ) Fi i t⋅ ϕi+( )cos
i 1=

n

∑=

π– t π< <( )

τ RC=

F ωt( ) F1 ωt φ1+( )cos F2 2ωt φ2+( )cos F3 3ωt φ3+( )cos+ +=
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Figure 5.4: Example of hysteresis reconstruction using the Fourier transform of the force 
signal (left). A mechanical stainless steel spring was used to calibrate the system 
(right). Each hysteresis consists of data from 20 load cycles.

5.3. Mechanical stimulation of tenocytes on woven PET fabrics
In a first set of experiments the reaction of tenocytes on cyclic mechanical stimulation

was investigated in order to define important parameters for tendon tissue engineering in

vitro. A woven PET fabric was chosen as scaffold because of it’s high symmetry and the

relatively defined deformation behavior. Monofilament weavings have the advantage of

large open meshes, which allow to investigate the behavior of cells on the three-dimen-

sional structure directly by light microscopy, as it was shown previously in chapter 4.

The basic questions were the nature of force response of the vital/avital composite and

the biological reaction in terms of proliferation of cells and protein synthesis. The direct

response was analyzed by force measurements and observation of the f-actin fibers in the

cytosceleton. From preliminary experiments [196] it was found, that 3T3 fibroblasts

react to cyclic mechanical strain by reorganizing of the cytosceleton, depending on the

frequency. 

5.3.1. Materials and methods

Scaffold preparation, cell seeding and culture

Woven PET monofilament fabrics (SEFAR AG, Switzerland) were used as scaffolds.

The fabrics were tempered at 245°C for three hours, applying a constant pressure of

0.2 N/cm2. Rectangular pieces of 20x46mm were cut in ±45° direction to weft and warp

and pretreated as described in section 4.2.3. Tenocytes were isolated and cultured as

described in section 4.2.2. Cells of passage four were used for seeding. Scaffolds were
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incubated with 10 ml cell suspension (105 cells/ml) in 80 mm Ø culture dishes and cul-

tured as described in section 4.2.2. Medium was replaced every three days. 

Figure 5.5: Schematic view of the woven PET scaffold used for mechanical stimulation of 
tenocytes (left). Undeformed fabric dimensions: 20x46 mm, mesh size 190 µm, 
fiber diameter 40 µm. The gauge length was 30 mm. Right: vital/avital 
composite 6 days after cell seeding, as seen by light microscopy. The arrow 
indicates the direction of cyclic stretching.

Mechanical stimulation parameters

Samples were stimulated at 0.5 Hz for a period of 55 minutes, followed by a 6 hours rec-

reation phase at 0.01 Hz as listed in table 5.1. The stimulation frequency of 0.5 Hz was

chosen for optimal dynamic performance of the uniaxial stimulation device. Stimulation

frequencies between 0.1 Hz and 1 Hz are used by numerous authors for mechanical stim-

ulation experiments [66, 197-199]. 

Data acquisition was performed exclusively during the stimulation periods because of

the system limitations at low frequencies. The total elongation was 600 µm which corre-

sponds to a deformation of 2% of the original sample size. Three testing modules were

loaded with tenocyte seeded fabrics, while one module contained a identically treated,

unseeded textile as reference. At the start of the experiment the pretension of all four

samples was adjusted to 0.1 N in order to establish identical conditions and to keep the

fabrics under tension.
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Table 5.1: Mechanical stimulation parameters applying cyclic strain to rat tendon fibroblasts 
on woven textile scaffolds. 

Determination of DNA and total protein content

Samples were harvested at different timepoints (t = 24 h, 8 d, 12 d ± stimulation). They

were carefully washed in PBS, cut in equal pieces and freeze-dried. After addition of

1 ml water the cells were lysated by three freeze/thaw cycles and subsequently sonicated

for 10 min. The measurement were performed as described in section 2.4.2. by adding

10µl of cell lysate to 200µl BCA working solution for the protein assay and 100µl lysate

to 100µl Höchst 33258 working solution for the DNA assay respectively. The area of the

textiles was measured on digital images taken at low magnification, which allowed to

standardize the protein and DNA measurements on the area.

Determination of total hydroxyproline content

Collagen content of the vital/avital constructs was determined by measuring the total

hydroxyproline content. Cell lysates were boiled for 10 min. After cooling proteins were

precipitated by addition of cold ethanol to give a final concentration of 67% (v/v) and

left at 4°C overnight. The precipitated proteins were pelleted by centrifugation at

30’000 g for 30 min, washed twice in ethanol (67%, v/v) and dried under vacuum. Pro-

teins were hydrolyzed in 6 M HCL at 110°C for 16 hours. Hydrolizates were evaporated

to dryness under vacuum at room temperature and the residue was dissolved in 1 ml of

purified water in an ultrasonic bath.

Aliquots of 100 µl were buffered with 100 µl of potassium tetraborate (0.4 M, pH 9.5)

to which was added 100 µl of 12mM NBD-Cl1 in methanol. Derivatization was allowed

to proceed at 37°C for 20 min with the samples protected from light. The reaction was

halted by the addition of 100µl 1 µ HCL and 150 µl 167 mM sodium acetate (pH 6.4, in

Stimulation 
regime

Recreation 
phase

Stimulation 
phase

Amplitude ± 300 µm ± 300 µm

Frequency 0.01 Hz 0.5 Hz

Duration 360 min 55 min

Average strain 
rate

6 µm/sec 300 µm/sec

1. NBD-Cl = 7-chloro-4-nitrobenzo-2-oxa-1.3-diazole

 

elongation / strain

Recreation phase

250�µm elongation
1% strain

500�µm elongation
2% strain

elongation to reach 
pretension of 0.1�N

Stimulation phase
time

0.5 Hz, 55�min 0.01 Hz, 360�min
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26% acetonitrile). Precipitated products were diluted 1:10 with pure water and analyzed

by HPLC.

Fluorescence labeling of f-actin 

Cell seeded scaffold were washed twice with tempered PBS and fixed in 3% formalde-

hyde in PBS for at least 30 min at room temperature. Samples were washed with PBS,

permaebilized with Triton-X-100 (0.5% in PBS) for 15 min and subsequently washed

twice with PBS for 10 min each. Samples were stained with rhodamin-phalloidin (R-415

Molecular Probes, USA, stock solution diluted 1:40 in PBS) for 20 min in the dark. Sub-

sequently the samples were washed three times with PBS and mounted on glass slides

using glycerol (90% in PBS).

Determination of f-actin orientation by image analysis

Stained samples were analyzed by confocal fluorescence microscopy (63x NA 1.4 lens

on a LSM 410, Zeiss, Germany). Each image was reconstructed by projection of a stack

of 20 sections of 0.5µm thickness.

Image analysis of fibrillar orientation1 was based on an autocorrelation algorithm

implemented in the Object-Image2 software. The original image was divided into five

square-sized subimages in which the autocorelation function was computed by the two-

dimensional Fourier transform. After tresholding, a best fit ellipse for the central inter-

connected region was calculated. The orientation of the larger main axis was taken as the

dominant orientation direction and the ratio of the semiaxes represented an index for the

degree of orientation.

5.3.2. Results and discussion

Culture of tenocytes on woven PET fabrics

Fibroblast grew to confluency in over 90% of the meshes within one week, as observed

by light microscopy. A gentle shaking of the fabrics (see section 4.2.2.) was necessary to

avoid outgrowth of fibroblasts onto the plastic dishes. PET fabrics were contracted by

the fibroblasts. After 8 days in culture, most of the fabrics were compressed to 90~80%

of their original length. This can be explained with the number of pores in each fabric

direction: if every pore is assumed to be a unit contractile element, contracting equally in

1. This investigations are part of the ongoing dissertation of G. Raeber, Department of Materials, 
ETH Zurich, and will not be discussed in detail.

2. Object image by Norbert Vischer (http://simon.bio.uva.nl/object-image.html) is based on 
based on Wayne Rasband's NIH Image ( http://rsb.info.nih.gov/nih-image).
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both directions, the sum of such elements in series will be different for each fabric direc-

tion and the two contracting forces will not be balanced.

The fabrics were mounted immediately after reaching confluency in order to mini-

mize geometrical distortion by contraction.

Long term response of vital/avital composites to mechanical stimulation

The stimulation experiments ran over 90 hours in which a total of 12 stimulation cycles

were conducted. The figure 5.6 shows examples of the hysteresis curves for the control

and a cell seeded fabric at start and end of the experiment. The first three Fourier terms

were used for reconstruction of the hysteresis (see equ. 5). The hysteresis of the control

fabric shows a slight change of shape, indicating a relaxation of the fabric towards the

end of the experiment. This is visible by the horizontal tangent to the hysteresis curve at

minimal elongation. The hysteresis curves of cell seeded samples showed no relevant

changes during the experiment. The change in hysteresis area, indicating dissipation of

energy in the system is more pronounced in the control fabric.

Figure 5.6: Force/elongation curves for woven fabric without (left) and with cells (right) at 
start (t=18h) and end (t=90h) of the experiment. Note the horizontal tangent in 
the unseeded fabrics at the end of the experiment, which indicates a relaxation of 
the textile.

The curves in figure 5.6 are representative for various experiments1. It was observed,

that important differences in the shape of the hysteresis loop can arise by minimal differ-

1. Preliminary experiments were performed using the same scaffold seeded with 3T3 fibroblasts 
in order to optimize the experimental parameters [196].
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ences in the initial mounting conditions. Nevertheless, the unseeded fabric was taken as a

reference for analyzing the time dependent change of stiffness in the cell seeded samples. 

The differences between samples and control were standardized to the first measure-

ment of the second stimulation cycle after 18 hours. This allowed to follow the changes

of each Fourier term throughout the experiment. Figure 5.7 shows the resulting curve for

the first Fourier term F1:

(6)

where 

(7)

A main characteristic is an increase in stiffness during each stimulation phase at

0.5 Hz. The subsequent relaxation phase leads to a stiffness reduction. However, a slight

overall gain in stiffness is observed during the experimental period of 90 hours, even

though this total increase is less than the stiffening during each stimulation.

Figure 5.7: Force amplitude differences ∆ F1 of the first Fourier term F1. Data for three 
samples and the average are shown. The average data-points are connected in 
order to visualize the time course [n=3]. The bar at the bottom represents the 
stimulation/recreation phases (dark grey = stimulation, light grey = recreation).
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Short term response of vital/avital composites to mechanical stimulation

As shown in figure 5.7, the vital/avital composites reacted to higher stimulation frequen-

cies with a jump in stiffness, indicating that the cells actively increased the resistance to

stretching. The force responses of all stimulation cycles are shown in figure 5.8 (left) for

one sample. The time-dependent force response can be fitted with:

(8)

where F∞ is the maximal force difference between sample and control fabric reached in a

given stimulation cycle and τ is the time constant of the force response, defining the ini-

tial slope of equ.7. The parameters F∞ and τ are shown in figure 5.8 (right) for three sam-

ples. The time constant is given in minutes and the amplitude in relative values to the

initial stimulation cycle at t=18 hours. The values of F∞ initially increase in a linear fash-

ion and reach a plateau after 50 hours of experiment time while the time constant τ ini-

tially decreases but stabilizes after 50 hours as well.

Figure 5.8: Example of vital/avital composite stiffening at a stimulation frequency of 0.5 Hz. 
All load cycles are shown for one sample (left), the data has been fitted with 
equation 8 (R2 >0.97). The parameters F∞ and τ are shown (right). The 
connected points represent the mean value for (n=3). 

Remodeling and orientation of f-actin 

The influence of mechanical stimulation on the organization of the fibroblast cytoscele-

ton was investigated by fluorescence staining of f-actin. Samples were taken at the end
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of the recreation phase and at the end of the stimulation phase. Unstimulated samples,

that were cultivated for the same period of time were taken as control. Figure 5.9 shows

characteristic confocal images of f-actin staining. F-actin filaments are highly oriented in

the exertion phase and the axis of orientation is aligned to the global strain direction

(figure 5.9, right). The recreation phase induced a reorganization of the cytosceleton and

caused a more random f-actin filament distribution, which was also confirmed by image

analysis (figure 5.9 center). However, the reorganization was not complete and com-

pared to the unstimulated samples which showed a highly random orientation

(figure 5.9, left), some residual alignment was found.

 

Figure 5.9: Confocal images of rhodamin-phaloidin stained f-actin filaments in 
unstimulated samples (left, n=4) compared to stimulated samples at the end of 
recreation phase (middle, n=5) and exertion phase respectively (right, n=8). 
The polar diagrams show f-actin orientation determined by image analysis as 
described in section 5.3.1. Radius: degree of orientation, angle: orientation of f-
actin filaments compared to global strain direction (0°). 

 

Tensional homeostasis has been proposed as the control mechanism, by which fibro-

blasts establish a tension in a collagen gel matrix and maintain its level against opposing

influences of external loading. Brown et al. [200] suggested, that changes in the forces

generated by fibroblasts to maintain a tensional homeostasis in the matrix are produced

by a combination of changed microtubule and microfilament assembly. The findings of
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the present experiment suggest that the intended endogenous matrix tension might addi-

tionally depend on the stimulation frequency.

It has been hypothesized previously, that there is a limit in the sensitivity of the cellu-

lar response of fibroblasts to a mechanical stimulus [201, 202]. This concept postulates a

threshold strain value of 

 

λ

 

x

 

~1.01 under which no alignment of cells and stress fibers

occurs

 

1

 

. The results of the present study indicate an additional limit of sensibility for

stimulation frequency of fibroblasts, since a realignment of the f-actin fibers was

observed for the recreation phase during which the cells were stimulated with the same

strain amplitude at a lower frequency (0.01 Hz). 

The time constants which were attributed to the polymerization of actin and to the ori-

entation of f-actin filaments into stress fibers varied between 3 and 6 minutes in the

present experiments. This is in accordance with the observations of Takemasa who found

that cells respond in a time frame of hours, while stress-fibers respond within minutes to

cyclic mechanical stimulation [203].

Further investigations have to be made concentrating on the time dependent distribu-

tion of tubulin and myosin [204].

 

Influence of mechanical stimulation on proliferation and protein synthesis

 
The cell proliferation was measured indirectly by determining the amount of total DNA

and total protein on samples at different time-points. Values were normalized per area of

fabric. The results are shown in figure 5.10 (left). The time points for one and eight days

represent the cell density after seeding and before mechanical stimulation respectively.

The stimulation experiment ran for four days. No significant differences between stimu-

lated and unstimulated samples are visible in terms of DNA and protein synthesis. Both

values increase linearly with time.

Influence of cyclic mechanical stimulation on proliferation and protein synthesis of

tendon and ligament fibroblasts has been reported by various research groups.

Alkemniders et al. [205] demonstrated an increase of DNA-, protein- and prostagland-

inesynthesis in human tendon fibroblasts (HTF) as a result of cyclic mechanical stimula-

tion of 0.25% strain at 1Hz for 12 hours, followed by 12 hours recreation. The cellular

response of human tendon fibroblasts as a function of stimulation time was studied by

Zeichen et al. [199]. They observed the highest proliferative activity after a stimulation

cycle of 60 min (1 Hz, 5% strain). 

 

1. Such an effect was also observed in this study in preliminary experiments: RTF cells on peri-
odically deformed circular silicon membranes (0.05 Hz) aligned circumferentially for strains 
of 3% and 5%, while no alignment was observed for 1% strain. 
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Figure 5.10: DNA, total protein (left, n=6) and hydroxyprolin (right, n=3) values per fabric 
area. Different time points were measured: 1st day: initial cell concentration 
after seeding, 8th day: start of the stimulation experiment after cells were 
confluent on meshes, 12(+stim) samples incubated for 90 hours under cyclic 
strain (3 %) and 12th day: unstimulated samples, cultured for the same time 
period. No significant effect of mechanical stimulation is observed.

 Morphologically, the control samples were still confluent with >95% of the mesh

openings filled with cells, whereas in the stimulated samples roughly 50% of the pores

were filled. This observation indicates, that only 50 % of the pores contributed to the

stiffening effect by reorganization of the cytosceleton. However the data for DNA and

protein concentration shows, that the total mass of cells did not change during the stimu-

lation. From the observation on cellular ingrowth into woven fabrics (chapter 4.4) it can

be assumed, that the initial cell density in the vital/avital composites was not uniform at

the start of the experiment. Therefore in regions with low cell density cells might have

reorganized along the filaments in order to avoid high strains. 

Hydroxyproline content of the cell seeded samples gives information on the collagen

content of the extracellular matrix [158]. However, as for the total protein, no influence

of mechanical stimulation was found. Hydroxyprolin per cell increased within the first

eight days, but went back to its initial value in the stimulated, as well as in the unstimu-

lated samples. However, the accuracy of the proposed method is questionable, since the

total removal of adherent proteins is necessary for determination of collagen content of

the ECM. Other methods for ECM removal such as the use of SDS-sample buffer as

described in section 4.2. might prove more useful in the future. Furthermore, the prepara-

tion of derivatives for HPLC measurement involves various steps with subsequent dilu-

tion. Other techniques for quantitative collagen measurement based on direct

colorimetric assays might be more appropriate for cell/textile composites.

1 8 12 12 (+ stim)
0

10

20

30

40

50

60

0

500

1000

1500

2000

D
N

A
 [n

g/
m

m
2 ]

to
ta

l p
ro

te
in

 [n
g/

m
m

2 ]

Time [days]

DNA Protein

1 8 12 12 (+ stim)
0

100

200

300

400

0

5

10

15

20

25

hy
dr

ox
yp

ro
lin

 p
er

 a
re

a 
 [a

.u
.]

hy
dr

ox
yp

ro
lin

 p
er

 D
N

A
  [

a.
u.

]

Time [days]

hp hp/DNA



 

5. Tissue Engineering of tendon using embroidered scaffolds and mechanical stimulation

 

109 

 

5.3.3. Conclusions

 

The aim of this experiment was to determine the response of rat tendon fibroblasts -

seeded on a textile scaffold - on cyclic mechanical strain at two different frequencies.

The final goal is to use mechanical stimulation as a tool for inducing differentiation in

vital/avital composites 

 

in vitro

 

. Thus, the emphasis was put on the changes in mechanical

behavior of the system over several days. 

During each stimulation cycle a time-dependent increase of stiffness was observed

which could be correlated to the spatial orientation of f-actin in the cytosceleton. The

response of f-actin polymerization/depolymerization mechanism was depending on the

stimulation frequency. An overall increase in stiffness during the experiment can be

attributed to the increase of cell mass but no direct influence of mechanical stimulation

on proliferation and collagen synthesis was found. 

A woven fabric was used as scaffold because of its high porosity (>70%) and its well

defined geometry, that allows direct observation of cell cytosceleton by confocal micros-

copy. However the fabric holds several disadvantages, which limited the validity of the

observations:

• Because of the high flexibility of the fabric mounting in the testing modules was not 

completely reproducible and also damage to the cells during handling cannot be 

excluded. Furthermore, the fabrics had to be prestretched in the testing modules to 

keep them under tension during the whole stimulation cycle. The prestretching led to 

initial deformations of up to 5%, which change the initial geometry of the mesh, e.g. 

the angle between the filaments. This led to relaxation and unequal boundary condi-

tions for different samples in one experiment.

• The strain field in the woven fabric is not homogeneous, but varies along both axes. 

The relative movement of single filaments can cause higher shear strains than the mac-

roscopically applied deformation. Since the cellular response was not investigated in 

function of the spatial position, the strain field in the fabric was not analyzed in further 

detail.

As a consequence of these observations, a further design parameter for tissue engi-

neering scaffolds can be added to the ones discussed in the first chapter: the ability to
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transfer mechanical loads to the ingrowing cells [206]. The optimal scaffold design for

mechanical stimulation 

 

in vitro

 

 includes:

• Mesoscopic architecture with oriented fibers for cellular alignment (see chapter 4).

• Defined force induction into the scaffold which involves the control over the strain 

field in order to avoid cell damage

• Optimized degradation properties in different phases in order to minimize the influ-

ence of scaffold properties on quantitative analysis of the mechanical behavior of the 

engineered tissue

• Defined macroscopic geometry in order to facilitate handling and mounting of the 

vital/avital composite.

 

5.4. Mechanical stimulation of tenocytes on embroidered scaffolds

 

In the design of a scaffold for engineering tendon tissue 

 

in vitro

 

 the difficulties men-

tioned in the previous section must be taken into account. To characterize the effect of

cyclic stimulation on the mechanical properties of the developing tissue, the scaffold

properties must be either constant during the experiment or negligible with respect to the

cellular component. Neither was the case in the previous experiment.

The use of elastic scaffolds to engineer tissues under conditions of cyclic mechanical

strain for extended time periods has been postulated by Kim and Mooney [206]. They

proposed PLLA-bonded nonwoven PGA scaffolds for cyclic mechanical stimulation of

smooth muscle cells for up to 20 weeks. Other researchers used collagen gels in which

the cells are initially entrapped and which they remodel, depending on the mechanical

boundary conditions [207]. Fibroblasts seeded collagen gels have been proposed as mod-

els for wound contraction and morphogenesis [200] and they allow to study effects of

mechanical stimulation [198] on cells in a three-dimensional arrangement that resembles

their native ECM. 

Still, in these model systems it remains difficult to separate between cell- and matrix

effects and to attribute a mechanical behavior exclusively to the cells. To properly

describe the mechanical properties of the biological component of the developing

vital/avital composite the scaffold must degrade and loose its mechanical strength during

cultivation before being exposed to mechanical forces. This problem was addressed by

designing an embroidered textile scaffold, that had degradable and stable components:A

central porous degradable region, which provided a guidance structure for cell alignment

and scaffold contraction and an outer nondegradable region for defined force induction

and to facilitate handling and mounting in the stimulation modules. 

This scaffold was seeded with rat tenocytes and cultured for 8 weeks in vitro. The

resulting tenocyte/textile/composites (TTC) were subjected to the same cyclic deforma-

tion regime as in the previous experiment.
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5.4.1. Materials and methods

 

Design of partially degradable textile scaffolds by embroidery

 

An embroidered textile scaffold was developed to meet the design consideration men-

tioned above. It was based on the ‘double T’ shaped tensile test samples used in section

3.4., but consisted of two phases, a degradable central region and a nondegradable

clamping region. The central part was made of aligned stitches which were held together

by a series of stitches running ± 45° to the main axis, slightly modified from the design

described in section 3.4. (Design_A). A PGA yarn as described in section 2.3. was used

for the degradable part while the nondegradable part was made from the texturized PET

yarn described in table 3.1. The scaffold was stitched on a nonwoven PVA cloth. The

substrate was washed out in deionized water at room temperature for 2 hours with three

changes of medium. The samples were vacuum dried between two glass plates. Steriliza-

tion, plasma treatment and preincubation was performed as described in section 4.2.3. 

Two experimental groups were prepared. While one set of samples was free to con-

tract (group A), longitudinal contraction was prevented in the second group (group B) by

fixing the length of the embroidered scaffold by means of a stainless steel mesh. Groups

A and B were otherwise identically treated. Unseeded but identically treated scaffolds

were used as control for morphology and mechanical investigations.
 

Figure 5.11: Embroidered scaffold for cultivation and mechanical stimulation of tenocytes. 
The technical drawing (left) and a sample after base cloth removal (right) are 
shown.

 

Seeding and culture of RTFs on embroidered scaffolds

 

Rat tendon fibroblasts were directly seeded on the central parts of medium-prewetted

scaffolds with 170 µl cell suspension containing 8.5*10

 

5

 

 cells. For seeding, the scaffolds

were placed on 35 mm petri dishes in order to avoid contact of the central part with any

other surface and to keep the cell suspension infiltrated in the textile structure. After
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incubation for 4 hours the scaffolds were transferred to 80mmØ petri dishes and incu-

bated with 15 ml growth medium for an additional 16 hours on an orbital shaker at

30rpm as described in section 4.1. The medium was than replaced by differentiation

medium and changed every other day.

 

Mechanical stimulation parameters

 

The same parameters as in section 1.3.1. were used, with the exception, that the total dis-

placement was reduced to ± 250 µm which corresponds to 2% strain in the TTCs. Four

samples were simultaneously stimulated.

 

Morphological, histological and ultrastructural examination

 

Specimens for histology were fixed at different time points in 4% formaldehyde (Fluka)

in PBS at 4°C over night and embedded in paraffin. Longitudinal sections were mounted

on slides and stained with hematoxylin and eosin [208].

The viability of cells was analyzed by live/dead staining and confocal fluorescence

microscopy. Samples were stained as described in section 2.4.2 and visualized on a Zeiss

LSM 510 microscope using a 20x, NA 0.4 lens.

Samples for ultrastructural analysis by transmission electron microscopy (TEM) were

fixed in 3% glutaraldehyde (1 M cacodylate buffer) and postfixed with 1%OsO4. The

specimens were embedded in epoxy resin (Epon) by routine procedure. Ultrathin sec-

tions were obtained, contrasted with uranyl acetate and lead citrate and analyzed with a

CM 100 TEM (Philipps).

Samples for SEM analysis were fixed in 3% glutaraldehyd in PBS and prepared as

described in section 2.4.2.

 

5.4.2. Results on growth of tenocytes on embroidered scaffolds

 

Macroscopic morphology

 

Rat tendon fibroblasts attached well to the PGA yarns of the embroidered scaffold. Ini-

tially they were suspended in aggregates between the fibers (figure 5.12, left) and

aligned within the first two days. After two weeks the cells had covered most of the scaf-

fold surface as seen in phase contrast microscopy. At this time degradation of the PGA

became visible. Those PGA fibers which were under stress because of high curvature,

namely in the stitches began to break. The fiber fragments were embedded in the cell

mass (figure 5.12, right). These observations were identical for both experimental

groups.
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Figure 5.12: Light microscopic appearance of TTC . 4 hours after seeding the cells are 
suspended as aggregates between the fibers of the embroidered textile (left, 
original magnification 50x). After 2 weeks in culture the cells have covered the 
outer surface of the yarns (right, original magnification 100x). The PGA fibers 
show already signs of degradation and are broken at locations with high 
curvature (arrows).

 

After 4 weeks the contraction of the scaffolds became macroscopically visible.

Figure 5.13 shows the morphology of the TTCs after 4 and 7 weeks in culture. While the

unseeded scaffolds appeared unchanged both cell seeded groups were considerably con-

tracted. The free scaffolds (group A) were contracted by 30 % in 4 weeks and were at

only 25 % of their original length after 7 weeks, thus contracting in a linear fashion. The

same was observed for the constraint samples (group B) in terms of lateral contraction,

which proceeded at the same rate.

 

Figure 5.13: Macroscopic appearance of embroidered scaffolds seeded with rat tendon 
fibroblasts. Control samples stay morphologically unchanged (left) while free 
samples undergo high axial (middle) and constrained samples undergo lateral 
contraction (right) after 4 weeks (top) and 7 weeks (bottom) in culture 
respectively.
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However the PGA phase lost its mechanical properties too fast compared to the increas-

ing tension that the cells put on the scaffold. Thus, in group B many TTCs were torn

apart by the tension of the cells. After 5 weeks half of the samples were torn or damaged

and after 8 weeks in culture all TTCs of group B were torn apart. Therefore, the mechan-

ical stimulation experiments were only performed with the samples of group A.

Because of the intensive contraction, the TTCs had to be prestreched prior to mechan-

ical stimulation to the gauge length of the stimulation modules. This was done by fixing

the samples with one end to the bottom of a sterile glass beaker while the other end was

fixed to a PE float. After the baker was filled with culture medium, this setup allowed to

apply a defined force, which was given by the height of the medium column. The TTCs

were stretched during one week and the height was gradually increased by adding 4 ml

every day, while the total medium was replaced daily. This corresponded to a stretching

rate of 1.5 mm per day. After one weeks the prestretched samples had a length of the cen-

tral ‘tissue’ region had a length of approx. 18 mm which allowed to mount them on the

stimulation device.

 

Mesoscopic morphology

 

The mesoscopic morphology of TTCs at different timepoints was visualized by SEM.

Representative SEM images of TTCs after 2 weeks, 4 weeks and 8 weeks in culture are

shown in figure 5.14. After 2 weeks the yarns are mostly covered with cells with only

few blank PGA fibers visible. The original geometry of the stitching pattern of the

embroidered scaffold is intact. After 4 weeks the pores between the stitches are filled

with cells and no blank PGA fibers are left. Although the contraction of the scaffold has

begun and the geometry of some stitches is changed, the textile structure of the scaffold

is still visible. After 7 weeks the original stitching pattern is no longer distinguishable.

The scaffold has been contracted into a dense construct, covered with a confluent layer

of oriented cells. The tenocytes on the surface are aligned with the main axis of the scaf-

fold.



 

5. Tissue Engineering of tendon using embroidered scaffolds and mechanical stimulation

 

115 

 

Figure 5.14: SEM images of TTCs after 2 weeks (A), 4 weeks (B) and 7 weeks (C, D) in vitro.

 

Microscopic morphology

 

Figure 5.15 shows longitudinal histologic sections that demonstrate the ingrowth of

fibroblasts into the textile scaffold. After 2 weeks a thin cell layer is visible that covers

the fiber bundles. No direct infiltration of the scaffold is seen. After 4 weeks a dense

layer of several cells in thickness (~60 µm) is covering the scaffold. Ingrowth of cells

into the pores and into fiber bundles is visible. The center of the scaffold had still not

been invaded by cells. After 8 weeks the axial contraction had resulted in a dense com-

posite of cells, extracellular matrix and fiber fragments, which was surrounded by a

dense cell layer. Due to the contraction, the PGA fraction had become even higher than

in the beginning. Although infiltrated throughout with tenocytes, the PGA fraction made
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over 80% of the volume. Additionally large accelular areas were observed consisting of

ECM and cell debris (data not shown).

 

Figure 5.15: H&E stained histological section of TTC after 2 weeks (left), 4 weeks (center) 
and 8 weeks (right) in vitro. Samples were cut in longitudinal direction. Arrows 
indicate cellular ingrowth after 2 and 4 weeks. After 8 weeks a dense structure is 
observed, however the polymer/cell ratio is still very high. Original 
magnification 200x.

 

The macroscopic pores of the scaffold were filled with cells after 4 weeks in culture

and after approx. 6 weeks as the cell mass increased the scaffolds were contracted to less

than 50 % of their original length while their thickness reached over 300 µm. By lack of

a vascular system all nutrition and oxygen transport to the cells in the center had to take

place by diffusion alone. Furthermore, acidic degradation products of PGA trapped

inside the developing tissue might have concentrated and caused cell damage [209]. 

Viability and spatial organization of the cells inside the scaffold was assessed using

the live/dead assay in combination with confocal imaging. The results are shown in

figure 5.16. The penetration depth of the two lasers was limited to 230 µm but it still

allowed to visualize representative regions of interest within the vital/avital composite.

No concentration of dead (red) cells was observed throughout the thickness of the sam-

ple. Due to the autofluorescence of PGA at 488 nm it was possible to visualize single

fibers and fiber fragments. The cells were aligned along the fibers. Dead cells were not

observed to be at preferential locations such as fibers. From these observations it can be

concluded, that the vital/avital composites consisted of mainly living cells which are

actively responsible for the contraction of the scaffolds.

 

2 weeks 4 weeks 8 weeks
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Figure 5.16: Confocal imaging of live/dead stained samples after 6 weeks in culture. A single 
slice at 90 µm depth (left) and a projection over 210µm (right) are shown. No 
concentrations of dead cells (red) are visible. Viable cells align along the fibers 
(Ø 20 µm) which appear red because of autofluorescence of PGA (arrows). 
Original magnification 200x.

 

Effect of cyclic stimulation on mechanical behavior of TTCs

 

The mechanical stimulation experiment ran for almost one week (156 hours). The mea-

sured forces were much smaller than in the previous experiments with woven textile

scaffolds. The initial response of the TTC to a strain amplitude of 500 µm was between

0.2 and 0.6 mN, compared to 200 mN for the PET scaffolds (see figure 5.7). Because of

the lower SNR only the first three Fourier terms were calculated as described in the pre-

vious section (equ. 5). Figure 5.17 shows the reconstructed hysteresis loops for all four

samples at begin (t=30 h) and end (t=155 h) of the experiment. Two main effects can be

observed:

 

• The force response to the 500µm strain amplitude has increased by a factor between 3 

and 5. The increase of hysteresis area is proportional to the amplitude, thus indicating 

no obvious change in viscoelastic properties of the TTC.

 

• While the force/elongation behavior was initially relatively linear it has become con-

siderably non-linear during the stimulation period.
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 Figure 5.17: Force/elongation curves for four TTCs at start (t=30h) and end (t=155h) of the 
experiment. An increase in stiffness and hysteresis area is observed. The change 
of curvature of the hysteresis is indicating a non-linear force/elongation 
behavior.

 

Both effects were studied by comparing the time-dependent changes of amplitude (F

 

1

 

,

F

 

2

 

) and phase shift (

 

φ

 

1

 

, φ

 

2

 

) 

 

of the two first Fourier terms of equ. 5. Figure 5.18 shows the

phase shift for F

 

1

 

 and F

 

2

 

 of all four samples during the stimulation experiment. Both

angles do not change significantly during the experimental period. 

 

φ

 

1

 

 scatters around a

value of 0.17° while 

 

φ

 

2 

 

is scattered between 2.8° and 2.9°. 

While the four samples showed differences in terms of stiffness and stiffness increase,

they exhibit a very similar viscoelastic behavior as indicated by the closeness of the indi-

vidual phase shift data. The first Fourier term represents the direct linear response as an

oscillation with the same frequency as the stimulation. Therefore 

 

φ

 

1

 

 describes the linear

viscoelastic behavior of the TTC.
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Figure 5.18: Absolute values [°] for phase shifts of the first two Fourier terms. Neither 

 

φ

 

1

 

 
(blue) nor 

 

φ

 

2

 

 undergo a significant trend change during the experimental period 
(n=4).

Figure 5.19: Relative changes of amplitudes of the first two Fourier terms. While F

 

1

 

 
increases linearly, F

 

2

 

 exhibits a more parabolic growth. The different increase 
rate of the two values shows the tendency of the system towards a non-linear 
force-elongation behavior (n=4).
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During the stimulation cycles at higher frequency (0.5 Hz) the TTCs showed a similar

behavior as the tenocytes on woven textile scaffolds (see figure 5.20). The force

response was again of an asymptotic exponential nature, however the time constants

were below 2 min compared to 6 ~ 4 min as in the previous experiment. The main differ-

ence was observed in the amplitude of the force response (see figure 5.21). The response

of tenocytes on woven scaffold (section 5.3.) had increased linearly and reached a stable

maximum after 50 hours for the rest of the experiment (see figure 5.8). The TTCs on the

other hand showed a continuos linear increase (R2>0.99) of the force amplitude during

the whole experiment even though the variation between the four samples were over

50 %. 

Figure 5.20: Time dependent changes of the linear force response to 500 µm elongation given 
by the amplitude of the first Fourier term F1. Four modules and average (n=4) 
value are shown. The value of t=32 h has been subtracted from all data. The 
black frame is magnified in figure 5.21 (top, right).

No difference was found in the increase rate of force amplitudes for F1 and F2

(figure 5.21, C). This observation is important with respect to the development of

mechanical properties of TTCs. As seen previously, F1 and F2 increased at different rates

indicating a change towards nonlinear mechanical behavior of TTCs. From these two

observations it can be concluded, that different effects are responsible for short-term and

long-term stiffening. Since the short term increase is assumed to depend only on the

number of actively ‘contracting’ cells its linear increase can be explained with a linear

increase of cell population, as it was found in the previous experiment. The long-term

change of mechanical properties towards more non-linear force/elongation behavior are

assumed to be caused by deposition and remodeling of ECM by the tenocytes.
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Figure 5.21: The amplitude of the force response increased linearly (R2>0.99, n=4) for the 
whole experiment period (left, top & bottom). The force amplitude ∆AFi is 
defined as the difference between the last and first measurements in a 
stimulation cycle (top, right). The ratio between ∆AF1 and ∆AF2 does not 
change significantly with time (right, bottom).

Effect of mechanical stimulation on morphology of TTCs

After cyclic mechanical stimulation for one week the TTCs appeared denser and more

‘tissue-like’ (see figure 5.22). The original embroidered scaffold structure was no longer

visible and samples had undergone further lateral contraction of additional 10 %. SEM

observations showed no significant morphologic differences between stimulated and

unstimulated TTCs. A compact cell layer was covering the surface with cells aligned in

parallel to the scaffold axis (Chapter 5.23). The stimulated samples showed a higher

degree of orientation. Numerous spherical dividing cells were observed at the surface of

TTC indicating proliferative activity.

Figure 5.22: Macroscopic appearance of TTCs after prestretching (left) and after subsequent 
cyclic mechanical stimulation for one week (right). Bar = 10 mm.
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The evaluation of preliminary histological and ultrathin TEM-sections indicates cer-

tain specific differences which might be related to the effect of mechanical stimulation: 

• Alignment of cells and ECM. In stimulated TTCs the outer cell layer was thicker and 

appeared more aligned as compared to unstimulated samples (see figure 5.23, right).

• Alignment, location, amount and maturation status of collagen. In stimulated TTC the 

observed collagen fibrils appeared more mature than in controls (see figure 5.24).

• Sign of cellular activity. Fibroblasts showed high lysosomal activity.

In both samples large regions with necrotic cells were observed. It is assumed that

local concentration of acidic degradation products of PGA and constraints of nutrition

supply have caused cell damage. However, since the relation of cell mass to scaffold

debris is still very low, these results have to be judged with care. But on the level of indi-

cations, they correlate with the findings of Goulet [66] showing comparable effects of

stimulation on the histological appearance of in vitro cultured tenocytes.

Figure 5.23: Morphology of TTCs after mechanical stimulation for one week. SEM analysis 
(left) showed a dense surface layer of highly oriented cells. Histology of TTCs 
(H&E, right) shows a dense tissue like structure with PGA fiber fragments 
embedded in extracellular matrix (original magnification 200x).
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Figure 5.24: Ultrastructural analysis of TTCs after mechanical stimulation (A, B, C) and 
control sample (D). Tenocytes (T) are in close contact with the polymer fibers 
(F) and secrete a collagen-rich ECM (ECM). Collagen fibrils (K) in the 
stimulated TTC appear more mature than in control sample. 

 

5.4.3. Discussion and conclusions

 

Effect of scaffold design on morphology of TTCs

 

The initial cell seeding density in this experiment was low compared to other studies

where initial cell concentration was almost 20 times higher [92]. However, the main goal

of this study was not to fabricate functional tendon, but to observe the interaction of
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tenocytes with the embroidered textile structure. For functional tendon tissue engineer-

ing using an optimized textile scaffold it would be advantageous to seed cells stepwise at

higher concentrations [107] or embed the cells in an initial hydrogel matrix [39, 66]. 

Macroscopic scaffold design and mechanical boundary conditions have a major influ-

ence on the development of 

 

in vitro

 

 engineered tissue. The textile structure of the

embroidered scaffold supported the initial orientation of tenocytes and allowed ongoing

contraction during culture. It is assumed that the contraction of the degrading scaffold by

the cells has a beneficial effect on tissue formation. However it was found that contrac-

tion of unconstraint scaffolds results in a loss of cellular orientation, whereas contraction

under fixed length resulted in early collapse of the TTCs. Similar effects were observed

for collagen gels, in which fibroblasts aligned in directions of maximum principal strain,

depending on gel aspect ratios and mechanical boundary conditions [207]. 

Due to the scaffold design a vital/avital composite was obtained which consisted of

tenocytes and PGA fiber fragments suspended between two stiff textile elements, which

allowed handling and mounting of the TTCs in a the mechanical stimulation device. 

 

Effect of mechanical stimulation on mechanical behavior of TTCs

 

Different authors describe mechanical properties of tissue engineered tendon and effects

of mechanical stimulation on vital/avital composites:

Cao and coworkers [92] used PGA fibers and fleeces as scaffolds. These were seeded

with calf tenocytes and cultured for one week in vitro, before being implanted subcuta-

neously in nude mice. After 12 weeks the tissue engineered tendon showed very similar

histology as compared to native tendon and had over 50 % of tensile strength of bovine

tendon.

Kim et al. [210] subjected nonwoven PGA scaffolds, seeded with arterial smooth

muscle cells, to cyclic mechanical strain (1 Hz, 7% strain) for 20 weeks. They observed

an over 3 fold increase in elastic modulus form 0.022 MPa to 0.07 MPa, while unstimu-

lated specimens decreased to 0.003 MPa. They further found an increase in cell mass,

elastin and collagen I content in the stimulated samples. However no significant changes

were observed between the 5th and the 20th week.

In the present study, the elastic modulus of TTCs increased exponentially from

0.03 Mpa to over 0.25 MPa in only one week (figure 5.25). Additionally the shape of the

force/elongation hysteresis became increasingly nonlinear with time. This effect might

be attributed to the increase and organization of collagen as observed by TEM. However,

due to the lack of a mechanically tested control group no quantitative statement can be

made with respect to unstimulated samples.
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Figure 5.25: Time dependent increase of tensile modulus of TTCs. The material was assumed 
to be linear and the secant modulus was calculated as . The sample cross 
sectional area was calculated from histologic sections and macroscopic images 
of samples before and after the stimulation experiment and was linearly 
interpolated for the data points in between. m1 to m4 represent the data from 
each stimulation module.

 

The mechanical stimulation regime had a high impact on the mechanical behavior of

TTCs. During each single stimulation cycle of 55 min, an exponential increase in stiff-

ness with subsequent relaxation was observed. The amplitude (∆F1, ∆F2) of this sponta-

neous response was found to increase linearly with time. This is explained with the linear

increase of the active cell population in the TTCs. In the previous experiment the stiffen-

ing effect had been correlated to an active remodeling of the cytosceleton (see section

5.3.). Therefore this effect can be assumed to be proportional to the number of active

cells.

In the present experiment a strain amplitude of ~2.5% was applied on the TTCs. This

value is within the range of physiological strains (1.5% ~4%) of tendons and ligaments

that promote tissue homeostasis [192, 211]. 

 

Effect of mechanical stimulation on TTC morphology

 

Histological analysis of TTCs showed an effect of the mechanical stimulation in terms

additional contraction and alignment of a dense outer cell layer as compared to unstimu-

lated samples. Histochemical staining showed no significant differences between stimu-

lated and unstimulated samples. It is believed, that the high polymer/cell ratio in the

TTCs represents an unfavorable culture conditions with respect to nutrition supply.
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Ultrastructural analysis showed formation of collagen fibrils which appeared more

mature in the stimulated TTCs and showed the characteristic periodicity.

Furthermore, in other studies profound effects of prolonged mechanical stimulation

on fibroblasts was found. Goulet and coworkers [66] subjected human ligament fibro-

blasts in a collagen matrix to cyclical strain of 2.5 % to 5 % at 1 Hz for 10 days. Histo-

logic and ultrastructural analysis showed strong evidence for increased collagen and

GAG deposition in stimulated specimens. Histologically the stimulated bACLs showed a

slight crimp pattern with longitudinally aligned cells, but mechanical data is reported.

 

5.5. Conclusions with respect to scaffold design by embroidery 

 

The findings from the presented experiments suggest, that long-term cyclic mechanical

stimulation can have a beneficial effect in differentiation and conditioning of engineered

tissues. The results have shown the importance of scaffold design for the successful cul-

ture and mechanical stimulation of tenocyte/textile composites. 

The present study was set as a proof of concept for applying different design criteria

to textile tissue engineering scaffolds by embroidery:

 

• The scaffold must be designed to facilitate handling and mounting in a stimulation 

device and it must allow contraction by the fibroblasts. 

 

• The macroscopic scaffold design must take into account the force induction into the 

scaffold and thus the distribution of strain at a mesoscopic level.

• Different degradation characteristics of functional elements according to culture con-

ditions are required. 

• The design must consider macro-, meso- and microporosity: The initial orientation of 

fibers will influence the entanglement of ingrowing cells. Open macroscopic pores 

must be present for metabolic support of the developing tissue.

The presented scaffold was an example for the application of these design criteria. How-

ever, it represented only a model system for studying the influence of scaffold structure

and mechanical stimulation on cells in vitro. The results are encouraging in the sense,

that they show the importance of scaffold design with respect to the engineering of func-

tional tissues. 

Further studies on tendon tissue engineering must concentrate on optimization of the

scaffold design and the culture conditions:

• The macroscopic pores must be designed in a fashion, that they can still be seeded 

with cells in order to increase the initial cell density and decrease the time lag between 

seeding and stimulation. Possible solutions are a combination of embroidery with a 
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nonwoven structure as shown in chapter 3 or the initial embedding of seeded cells in a 

hydrogel matrix [39, 66].

• The macroscopic design of the scaffold must allow for application of a constant force 

during the culture period, in contrast to the restriction of contraction, as it was investi-

gated in the present study.

• The stimulation regime must be optimized in terms of amplitude and frequency. 
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The aim of this chapter is to give a clinical application example for embroidered medical

textiles. A wound dressing for the treatment of large skin defects such as chronically

non-healing wounds was designed, based on the working hypothesis that vascularized

granulation tissue might be induced by local mechanical stimulation of the wound

ground during treatment and by débridement at wound dressing exchange. First clinical

experiences of an application study are discussed.

6.1. Introduction
Chronic skin ulcers caused by pressure, venous stasis or diabetes mellitus have a great

economic impact because they need intensive wound care for very long periods, often

disabling the patient and causing high health care costs [212, 213].

Ulcus cruris venosum is the most frequent (80%) type of chronic ulcers and is the

major cause for not spontaneously healing wounds. For venous leg ulcers, the prevalence

is around 1% of the population. Ulcus cruris venosum has a recurrence rate in the first

year of about 30 - 50% which has to be considered as very high [214]. New therapies,

which can accelerate the healing and reduce the treatment time or which decrease the

nursing are necessary.

Normal repair of wounds follows an orderly and timely sequence of events that are

usually divided in three distinct phases [215]: full-thickness skin wounds are covered

temporarily by polymerization of fibrin during hemostasis, develop an inflammatory

response followed by cellular proliferation, formation of fibrovascular tissue, epithelial

closure of the wound, and resolution of inflammation [215]. The cellular and molecular

mechanisms of spontaneous wound healing involve a complicated cascade of expression

of genes and gene products that mediate the rate, amplitude and duration of each phase

[212, 216].

Chronic wounds result predominantly from vascular disease or deficiency that gener-

ates tissue hypoxia, degeneration and necrosis and follow an abortive process of healing.

Defects in inflammation, cellular proliferation and epithelial closure generate an oppor-

tunity for microbial colonization and infection.

The primary goal of the treatment of wounds is rapid wound closure and a functional

and aestethically satisfactory scar [212]. It is therefore necessary to redirect the chronic

process closer to an acute course and to reinstall normal wound healing. This requires

angiogenesis to improve the blood supply and provision of a suitable substratum for re-

epithelialization. A vascularized subdermal granulation tissue is also a prerequisite for
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surgical wound closure by mesh-grafts, dermatoplasty or conservative wound treatment

[212].

It is widely accepted, that clean wounds heal better in a moist climate. Therefore ini-

tial débridement and moist wound dressings are the standard treatment for large deep

defects [217]. Semi-occlusive and hydrocolloidal wound dressings are currently used to

support re-epithelialization [218]. New therapies for wound healing in chronic wounds

are based on delivery of growth factors [212] or tissue engineered products, such as allo-

genic [219] or autologous [220, 221] dermal-epidermal constructs. Clinical success of

these therapies also depends upon the quality of a vascularized subdermal granulation

tissue [215].

In this study a new wound care concept for granulation was developed. The working

hypotheses behind this concept are based on structural compatibility between wound

dressing and skin defect:

• A porous structure arranged of pores of different orders of magnitude could favour tis-

sue ingrowth and the formation of new blood vessels. From experiences in tissue engi-

neering and textile implant materials it is known, that tissue formation and 

vascularization depend on the size and distribution of pores and fibers (see also chapter 

1). It has been shown, that morphological features such as concave pores can induce 

directed angiogenesis [59]. Fibrovascular tissue can grow into a porous wound dress-

ing within 24 to 72 hours [218]. This ingrowth is undesirable in partial-thickness 

wounds since it might hamper epidermal migration. However, in deep wounds a 

porous textile structure can act as a template that ‘attracts’ fibrovascular ingrowth and 

results in a vascularized subdermal granulation tissue.

• When applied over several days a porous wound dressing will be strongly interlocked 

with the ingrowing tissue. Thus, at each dressing exchange a bleeding is induced and a 

new wound is created. It is supposed, that this sort of stimulus can help to change the 

chronic process to reinstall normal wound healing. A therapy based on this concept 

has the additional advantage of less frequent dressing changes which can reduce treat-

ment costs and increase patient comfort [217].

• Local mechanical stimulation of the wound base by micromotion or local pressure 

concentrations might induce a inflammatory response in the subdermal tissue inducing 

an increase in vascularization. Additionally a wound dressing should be designed in a 

way that in-plane stresses caused by relative movement to the wound surface are min-

imized by interlocking the wound dressing with the wound.

• Débridement in chronic wounds is intended to remove necrotic and infected tissue and 

induce a wound healing reaction. Initially, the wound surface is covered with coagu-

lated blood as in acute wounds. In standard moist wound care the wound ground is 

kept wet and the coagulating blood is washed away with frequent exchange of wound 

dressing. This is partially avoided in high water vapor permeable wound dressings 
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[218]. An alternative approach would be to keep the wound climate moist, but to avoid 

direct wetting of the wound surface in order to keep the fibrin-fibronectin containing 

coagulum in place and provide a facilitate wound repair. Still, wound exudates must be 

removed.

6.2. Design and manufacture of embroidery based wound dressing
A textile wound dressing was designed based on these working hypotheses. It consists of

three components that define different functionalities:

• An embroidered textile layer1 (figure 6.1) that is in direct contact with the wound sur-

face. It consists of a porous structure containing macropores (500µm ~3000µm), 

mesopores (100µm ~500µm) and micropores (10µm ~100µm). The pores are gener-

ated by stitching interconnected loops arranged in a framework-like fashion. Onto this 

porous structure cross stitches are distributed every 4 mm using a 160µm poly(amid) 

monofilament yarn. This results in stiff 3-dimensional elements which are about 3 mm 

in height. These peaks are intended to apply local mechanical stress and to anchor the 

wound dressing in the wound surface. The porous structure is thought to adsorb coag-

ulated blood without stiffening2 and provide space for cellular ingrowth.

• The second layer is a commercial PET based spacer fabric. It consists of two knitted 

surfaces which are connected by perpendicular monofilament yarns in a high density. 

The function of the spacer fabric is to physically separate the wound surface from the 

adsorbing layer, while still providing a dense capillary structure for transport of wound 

exudates. An additional function is the pressure equalization from outer bandages to 

the wound surface.

• The third layer is a commercial superabsorber based on poly(hydroxy-acrylat). It is 

covered with a dense warp knitted polyester fabric for mechanical protection.

The embroidered textile is realized in continuous tapes of 14 m length. It is stitched onto

cellulose acetate, which is removed in acetone. The normal process for ‘aetzing’ of

embroideries was applied, with the exception that fresh acetone baths were exclusively

used for the wound dressing textile. The biocompatibility of the embroidered textile has

been discussed in chapter 2. In vitro cytotoxicity assays were performed and a textile

wound dressing, which is well-established has been used as control. No signs for acute

cytotoxicity were observed in both textiles. The other textile components were cleaned in

a process for medical grade textiles (SEFAR AG, Switzerland). The different textile lay-

1. Technical details of the embroidered textile layer of the wound dressing has been shown previ-
ously in chapters 2.4. and 3.3.

2. This was shown in a series of preliminary experiments using gelatin as a matrix substitute 
[222].
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ers were assembled into circular wound pads by ultrasonic welding (TELSONIC, Bron-

chhofen Switzerland). For the clinical pilot studies three diameters were realized

(80 mm, 60 mm and 30 mm). 

The wound pads are sterilized by exposure to ethylene oxide and degassed for mini-

mal one week prior to use.

Figure 6.1: Structure of embroidered textile layer. The porous textile architecture is 
visualized by light microscopy (left). SEM images show the 3-dimensional 
architecture of the embroidered textile.
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Figure 6.2: Overview on the different textile components in the embroidered wound 
dressing. The different textiles are assembled into a wound pad by ultrasonic 
welding/cutting.

6.3. First clinical experiences

6.3.1. Treatment of pressure sores

Introduction

The prevalence for pressure soars for in-patients is reported between 5% and 30% [217].

Decubital ulcers which occur during hospitalization prolong the stay and increase treat-

ment costs. Pressure sores are a frequent problem of spinal cord injured patients. Wet or

wet–to-dry dressing is traditionally used for non-surgical wound treatment in order to

induce the formation of granulation tissue.

A clinical pilot study was focused on the treatment of decubitus in spiral cord injured

patients. The tests were performed at the Swiss Paraplegics Center (SPZ) according to

SPZ protocols. Briefly, chronic wounds were treated with the embroidered wound dress-

ing after initial débridement until 50 % wound surface reduction. At this time point the

wounds were closed surgically by dermatoplasty. 

At each wound dressing exchange the wound volume was measured volumetrically

and the wound state was documented. In two cases the development of the granulation

tissue was monitored by punch biopsies taken after the initial débridement and at each

wound pad exchange. The biopsies were taken at the lateral wound ground orthogonal to

the wound surface (see figure 6.3, A) and prepared for histological analysis1

A:Emroidered textile layer

(PET, PA), wound side

B:Spacer fabric (PET)

C: Superabsorber (CA???)

D: Knitted cover fabric (PET)

A

A

B

C
D

B

CD

15 mm

6 mm

A: Embroidered textile layer
(PET, PA) wound side

B: Spacer fabric (PET)
C: Superabsorber (poly

(hydroxy-acrylat))
D: Knitted cover fabric (PET)
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Macroscopic observation

Initial results (n=6) showed a comparable healing rate compared to conventional moist

wound care. Figure 6.3 shows an example of decubitus treatment with the embroidery

based wound dressing. The wound volume decreased gradually from initially 80 ml to

11 µl after 3.5 weeks of treatment. At this time the wound was surgically closed by der-

matoplasty.

Figure 6.3: Example of decubitus wound treatment: Female patient, age 69. Wound volume 
(WV) after débridement was 80ml. Dressing was changed twice a week. After 
2 weeks treatment WV was 40 ml (A). The wound volume decreased gradually: 
B: 2.5 weeks, 30 ml; C: 3 weeks, 22 ml. The wound was surgically closed after 
3.5 weeks (D, WV = 11ml). Bar=20 mm. Note the imprint of the embroidered 
textile during the first 2.5 weeks.

1. Biopsies were processed at the Institute of Anatomy, UNIZH according to internal protocols. 
Briefly, samples were fixed in Bouin [208] and embedded in paraffin. Thin sections were 
H&E-stained and in some cases additional histochemical staining for collagen and elastin 
(VanGison staining [208]) was performed.
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Microscopic observations

The aim of was to characterize the regenerating tissue and to study the histomorphology

of the granulation tissue. Of special interest were the density of vascular structures and

the development of collagenous fibrillar structures which could indicate increased for-

mation of scarring tissue. Finally, the histology was also aimed to check for possible

debris material from the wound pad. Three distinct zones were found in the granulation

tissue (see figure 6.4, B):

• Zone 1 represents the superficial granulation tissue that is in close contact with the 

wound dressing. This region is rich in erythrocytes and polymorphonuclear leukocytes 

and contains a dense network of capillaries. It can be assumed that the most intensive 

effects on neovascularization will take place in this region.

• Zone 2 contains a dense network of proliferating fibroblasts and larger blood vessels 

including small capillaries and venules. In contrast to zone 1 vascularization is 

reduced but still a considerable lymphomononuclear infiltration, namely in the area 

adjacent to zone 1.

• Zone 3 is characterized by an immature connective tissue rich in metabolically highly 

active fibroblasts. In some biopsies a strong tendency towards formation of fat tissue - 

characterized by a gradient increase of adipocytes - was observed.

The biopsies taken at different positions and times showed a similar morphology. In

all cases these three zones could be distinguished as shown in figure 6.4. 
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Figure 6.4: Histological analysis of the wound after removal of the embroidered wound pad. 
Biopsies from the wound base (A) showed three histologically distinct zones (B). 
The granulation tissue (C, D, taken from zone 1) contains a dense network of 
capillaries (arrows in D).

Removed wound pads were fixed for SEM examination and for preparation of semithin

sections. It was observed, that the embroidered textile was covered with a mixture of

fibrin, necrotic cells and masses of leucocytes and erytrocytes (see figure 6.5). There was

no evidence of vital granulation tissue adjacent to the fibrous structure of the wound pad.

This observation indicates, that the three-dimensional embroidered textile might have a

beneficial effect in the wound débridement provoking demarcation of the vital regenerat-

ing tissue from superficial wound exudation and necrotic material.
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Figure 6.5: Appearance of the embroidered textile layer after removal. In the histologic 
semithin section (A) the fibers (1) are infiltrated with a mixture of fibrin, 
necrotic cells, leucocytes and erytrocytes (2). Similar observations were made 
by SEM observations (B, C, D). The textile structure is covered with a dense 
fibrin matrix in which erytrocytes and cell debris are trapped.

6.3.2. Screening study: in use test covering various indications

The aim of this study was to screen possible applications of the embroidered wound

dressing and to define the most promising indications as well as the conterindications for

successful treatment. Additionally the combination with standard therapies such as vac-

uum therapy was of special interest.

A total of 196 patients were treated in different European clinics. The study covered

mostly chronic wounds, but also postoperative acute wounds e.g. after tumor excision

were treated. The wound dressing was applied according to the protocols of the individ-

ual clinic [223]. In all cases the state of the wound was documented at each wound pad
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exchange. The average treatment time was 25 days, ranging from 6 days to 8 weeks

[223]. The distribution of different indications at begin of therapy is shown in figure 6.6.

Figure 6.6: Distribution of indications in the application study for the embroidery based 
wound dressing. One third of the cases were postoperative wound such as tumor 
excisions.

In 16 cases the therapy with the embroidered wound dressing was stopped prior to heal-

ing or surgical wound closure in favor of another therapy. Reasons for therapy stop were

compliance and therapy-associated pain. The other cases were divided into different cat-

egories, indicating the wound type (acute/chronic) and the state of the wound at start and

end of the therapy as shown in table 6.1 and figure 6.7.

Table 6.1: Analysis of the application study. A total of 178 cases were documented and the 
wound state before and after therapy with the embroidered wound dressing was 
assigned to a category: clean, covered (cov.), granulating (gran.), necrotic (nec.), 
infected (infec.), epithelializing (epith.) and healed. 

State at therapy start Wound state at therapy end

Chronic/acute healed clean cov. gran. nec. epith. infec. total

ac
ut

e

clean 2 36 4 1 43

cov. 1 8 1 10

gran. 1 1

total 2 1 45 5 1 54

ch
ro

ni
c

clean 1 9 8 1 19

cov. 10 1 17 52 1 10 91

gran. 3 3

nec. 4 4 1 1 10

infec. 1 1

total 11 10 17 67 5 12 2 124

veneous ulcers (27.6%)

arterial ulcers (2.0%)

decubital ulcers (2.0%)

others ulcers (26.5%)

postoperative wounds (33.2%)

diabetic ulcers (8.7%)

acute wounds (n=65) chronic wounds (n=131)
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Figure 6.7: Graphical representation of table 6.1. The change of wound state during 
treatment with the embroidered wound dressing has been divided into three 
categories: ‘better’, ‘worse’ and ‘no change’. The average treatment time was 
24 days.

For acute wounds a positive effect of the wound dressing was observed in over 90% of

the cases. The application of the embroidered wound dressing was found to rapidly

induce new granulation tissue which represents a vital base for wound surgical wound

closure.

In chronic cases the strongest effect was seen in fibrin covered wounds. Almost 80%

of these wounds were clean or granulating at the end of the therapy. No improvement

was found in necrotic and infected wounds, which seem to be a conterindication for this

type of therapy.

Some application examples of the embroidered wound dressing are shown in figures

6.8 to 6.11.
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Figure 6.8: Case 1: Treatment of large skin defect due to excision after acne inversa. A: 
state of the wound at begin of therapy, B: state at second dressing exchange 
after 5 days shows reduction of necrotic areas. C: after 12 days no signs of 
necrosis are visible and the open wound area has decreased.
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Figure 6.9: Case 2: Treatment of chronic wound, ulcus cruris. A: state of the wound at begin 
of therapy, B: state at first dressing exchange after 7 days, light skin irritations 
at the wound edge are visible. C: 33 days after begin of therapy: significant 
reduction of wound area and good granulation is observed.
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Figure 6.10: Case 3: Treatment of large defect after skin tumor excision. A: state of the 
wound at begin of therapy, large necrotic areas are visible, B: state at first 
dressing exchange after 7 days: the necrosis are reduced and initiation of wound 
granulation is observed. The skin around the wound edge is slightly irritated. C: 
wound state at second exchange after 14 days: the necrotic areas have 
disappeared and intensive granulation is observed.
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Figure 6.11: Case 4: Treatment of large defect due to phlegmone and necrotic osteomyelitis. 
The embroidered wound dressing was combined with vacuum therapy. A: state 
of the wound at begin of therapy, large necrotic areas are visible. B: first 
dressing exchange after 3 days shows intensive granulation. The imprint of the 
embroidered textile structure is clearly visible. C: after 24 days the wound area 
is significantly reduced and fresh granulation tissue is visible.
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6.4. Discussion
An embroidery based wound dressing was developed, based on the working hypothesis,

that vascularized granulation tissue could be induced by local injury and mechanical

stimulation of the wound ground. It was proposed, that in moist wound care the wetting

of the wound base has to be prevented, in order to allow clotting of blood. This was real-

ized by an additional textile compartment consisting of a spacer fabric.

First clinical experience in patients with decubitus ulcers showed a comparable heal-

ing rate compared to conventional moist wound care. It was observed, that the porous

structure of the embroidered textile accumulated cellular debris in a dense fibrin-rich

matrix, thus performing an additional débridement each time when it is removed and cre-

ating a new acute wound.

Healing of deep wounds is initiated by the apical growth of granulation tissue consist-

ing of vascularized undifferentiated connective tissue typically infiltrated by mononu-

clear leukocytes and granulocytes [216]. The rapid growth of granulation tissue - a

spontaneous property of injured tissue - is disturbed in chronic wounds. The histological

findings demonstrate that treatment of a chronic wound with the embroidered wound

dressing strongly provokes the formation of highly vascularized granulation tissue which

continuously differentiates into connective tissue rich in immature fibroblasts and mono-

nuclear leukocytes.

The developed embroidered wound dressing has stiff peak-like elements for mechani-

cal stimulation of the wound and to anchor the textile in the wound base in order to min-

imize in-plane stresses at the wound/textile interface. Additionally, these elements create

concentrated local contact areas as compared to most wound dressings which represent a

full area contact. The application of a wound dressing in patients with decubitus ulcers is

delicate, because of the possible pressure that can disturb the microcirculation. This

additional effect of minimal contact is assumed to have a positive impact on the revascu-

larization of the subdermal tissue.

Based on these experiences an application study was initiated for testing the embroi-

dered wound dressing in various indications, in chronic as well as in acute wounds. A

general finding of this study was, that the application of the wound pad resulted in accel-

erated formation of highly vascularized granulation tissue. However, no quantitative data

in direct comparison with existing therapies was generated. 

Some problems were observed related to the geometry of the wound dressing. Due to

the assembly of all textile layers by ultrasonic welding the geometry was limited to cir-

cular pads. Additionally the ultrasonic welding/cutting resulted in rather sharp edges.

This geometry was well suited for large skin defects such as diabetic ulcers and ulcera

cruris. In wounds that had diameters between two pad sizes an irritation o the skin next

to the wound was observed (see figure 6.10), but no negative effects are reported [223].

However, in deep pocket forming wounds such as decubitus the complete coverage of
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the wound surface was limited by the rigidity of the wound pad. In many applications

only the embroidered textile layer was applied.

6.5. Conclusions
In this example it was shown, that embroidery technology allows to realize textile struc-

tures, which can open new possibilities in wound care. The proposed treatment differs

from traditional wound care because of the continuous mechanical stimulation and the

injury of the wound ground at each wound dressing exchange. In preliminary clinical

studies the newly developed wound dressing showed two clinical benefits:

1. Compared to traditional wet or wet–to-dry treatment the proposed therapy resulted in 

much less frequent dressing exchange (2 times per week instead of twice a day) which 

can reduce treatment costs and increase patient comfort. 

2. Wound closure by skin grafts or advanced wound care therapies based on delivery of 

growth factors and application tissue engineered skin need a vascularized subdermal 

wound bed for optimal take. The embroidered wound dressing induces the formation 

of highly vascularized granulation tissue until re-epithelialization can take place, thus 

creating an optimal environment for wound closure by autologous or allogenic skin.

Further clinical studies must concentrate on direct comparison with established thera-

pies to quantitatively analyze a possible clinical benefit. The effect of mechanical stimu-

lation on the formation of granulation tissue remains unclear. Therefore the interactions

of the textile structure and the wound tissue have to be further investigated on a cellular a

molecular level in order to define the biochemical factors which are inducing the promi-

nent angiogenesis. Furthermore, the quality of the developing connective tissue with

respect to possible scarring formation remains an open question. 
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7. FINAL CONCLUSIONS AND OUTLOOK

Textile structures are widely used in reconstructive surgery as implants to replace or sup-

port soft and load bearing tissues. In tissue engineering they gain importance as scaffolds

to grow biological tissues in vitro for subsequent implantation. Structural and mechani-

cal incompatibility between implant and host tissue can lead to clinical complications,

and even implant failure. In tissue engineering, optimization of scaffold design is needed

in order to upscale volumes of engineered tissues and to facilitate the integration of scaf-

folds in advanced culture environments. 

The aim of this work was to contribute to the design of structurally biocompatible tex-

tile implants and tissue engineering scaffolds by exploiting the potential of embroideries.

The focus was laid on the development of design criteria with respect to an optimization

of structural biocompatibility.

Processing of embroideries

Embroidery technology represents an additional processing tool for fibrous biomaterials.

Smallest amounts of experimental yarns can be worked into textile structures, compared

to traditional fabric formation technology. Processing of bioresorbable yarn materials

(PGA) by embroidery and local integration of bioresorbable elements into a textile struc-

ture was demonstrated. Both aspects are important tools for the design of tissue engi-

neering scaffolds. Biocompatibility screening of industrially produced embroidered

textiles showed no cytotoxic effects, indicating that the standard process for industrial

production of embroideries can be adapted for the production of medical textiles.

Structural and mechanical behavior

Embroidery technology allows local variations of stitching pattern and yarn material,

thus offering a broad spectrum for designing structural and mechanical properties of tex-

tile. Although embroidered textiles are not built upon repetitive unit cells, a single stitch

can be regarded as the structural unit element. The two-dimensional stitching pattern

defines the macroscopic dimensions, thus geometry and force induction and the mesos-

copic architecture in terms of stitch density and fiber orientation. In mechanically

strained fabrics the stitching pattern defines the coupling between macroscopic and

mesoscopic deformation and thereby the stiffness, anisotropy and relaxation behavior of

the textile. The structure and material of the yarns play an important role at low strains,

during structural deformation and at high strains by defining the ultimate strength of the

textile. 

The feasibility of reinforcing nonwoven textiles in a controlled way by embroidery

was demonstrated, thus introducing an new tool for the design of structurally compatible

tissue engineering scaffolds.
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Cell/textile interactions in vitro

The spatial arrangement of fibers in a mono-and multifilament yarn was found to influ-

ence the organization and morphology of fibroblasts in vitro. Cells were observed to

form a dense layer around textured monofilament yarns. This behavior is different from

the reported situation in vivo and has impact on the design of textile tissue engineering

scaffolds in terms of porosity and fiber properties. Embroidery technology was used to

design model scaffolds that combined micro-and mesoporous elements with architec-

tural features of a macroscopic scale.

Embroidered textiles in tissue engineering

The findings from the first part of the thesis were combined to give a proof of concept for

applying different design criteria to textile tissue engineering scaffolds by embroidery.

An embroidered textile scaffold was designed, consisting of a degradable component for

tissue formation and a stable component for force induction and handling, thus opti-

mized for mechanical stimulation in vitro. Culture of tendon fibroblasts resulted a

vital/avital composite, which allowed to measure the biological response on cyclic

mechanical stimulation at high accuracy.

The experimental findings suggest, that long-term cyclic mechanical stimulation can

have an beneficial effect in differentiation and conditioning of engineered tissues. The

results further show the importance of scaffold design for the successful culture and

mechanical stimulation of vital/avital composites. 

Embroidered textiles in clinical wound care

As a clinical application example for embroidered medical textiles a wound dressing for

the treatment of large skin defects such as chronically non-healing wounds was devel-

oped. It’s design is based on the working hypothesis that continuous mechanical stimula-

tion and local injury of the wound ground at each wound dressing exchange can induce

granulation tissue and change the course of wound healing from chronic into acute. In a

clinical screening study involving more than 190 cases it could be shown, that the com-

bination of a porous textile structure with mechanically stimulating elements induced

highly vascularized granulation tissue in most wounds, thus creating an optimal environ-

ment for wound closure by standard therapies.



7. Final conclusions and outlook

147 

Outlook

It has been shown that embroidery technology represents a new processing tool for bio-

materials. Further research must concentrate on the optimization of processing parame-

ters for biological yarn materials which are gaining importance in tissue engineering.

In this work the use of industrial embroidery machines has limited the minimal stitch

density and the spatial resolution of stitches. In order to realize more complex textile

architectures using thinner yarns and higher stitch densities machine modifications are

necessary. 

Structure/mechanics relations in embroidered textiles must be further analyzed. Intro-

ducing the properties of single stitches into existing structural beam-models represents a

possible modeling strategy for the mechanics of embroidered textiles.

Embroidery technology can be used for design optimization of the structural implants

such as hernia meshes or ligament prostheses by introducing additional features such as

force induction elements.

Possible further developments in wound care applications with embroidered textiles

include the integration of local delivery of angiogenic, antibiotic or pain reducing factors

from degradable yarns. Additionally, the possibility to stitch with conductive fibers in a

defined pattern opens new possibilities in electrotherapy.
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LIST OF ABBREVATIONS AND SYMBOLS

Abbrevations

Symbols

Units

ACL anterior cruciate ligament PET poly(ethylene terephtalate)

CA cellulose acetate PGA poly(glycolic acid)

CIM computer integrated manufacturing PIV particle image velocimetry

DMEM Dulbecco’s modified Eagle medium PLGA poly(lactic-co-glycolic acid)

ECM extracellular matrix PLL poly (l-lysene)

ESB European Society for Biomaterials PTFE poly(tetra-fluor ethylen), Teflon®

FBS foetal bovine serum PTV particle tracking Velocimetry

FTT fast fourier transform PVA poly(venyl alcohol)

HPLC high performance liquid chromatography PVC poly(venyl chlorine)

IgG immunoglobulin ROI region of interest

LM light microscopy RTF rat tendon fibroblast (=tenocyte)

LMW low molecular weight SEM scanning electron micyroscope

OD optical density SNR signal to noise ratio

PAGE poly(acryl amid) gel electrtophoresis SPZ Swiss Paraplegics Center, Nottwil

PBS phosphate buffered saline TCPS tissue culture poly(styrene)

PDLA poly(D-L-lactic acic) TEM transmission electron microscope

PDLLA poly(D-L-latic acid) TFP tailored fiber placement

PE poly(ethylen) TTC Tenocyte-Textile-Composite

PEEK poly(ether-ether-ketone)

Fi amplitute of the ith Fourier term in answer to mechancial stimulation

φi Phase shift of the ith Fourier term in answer to mechancial stimulation

λx Stretch ratio in x-direction

τi time constants in force response inside one mechanical stimulation cycle

t1, t2 time constants in relaxation studies

ω angular frequency

cm Centimeter µg Microgramm mm Millimeter

d Days MHz Megahertz mN Millinewton 

h Hours min Minutes MPa Megapascal

Hz Hertz ml Milliliter N Newton

kD 103 Dalton µl Microliter sec second

mbar Millibar µm Micrometer
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APPENDIX

Experimental analysis of textile deformation behavior

Introduction

The motivation for an experimental deformation analysis of textile structures is to link

the macroscopic and the mesoscopic mechanical behavior, which is to describe the struc-

tural changes on a submillimeter level for a given macroscopic strain. Our goal was to

develop a experimental tool for the visualization of deformations inside a textile struc-

ture. The concept of structural biocompatibility of medical textiles requires knowledge

of the deformation behavior of the textile under mechanical load not only macroscopi-

cally, but also on a tissue level. In mechanical stimulation of vital/avital composites for

tissue engineering there is a need for quantification of local displacements and strains in

the scaffold, which are the input into the system. Thus, in order to correlate the biological

data to this input, one needs an understanding of the deformation behavior of the scaffold

structure - in our case textiles - on a cell and tissue level. 

Study of deformations by image analysis

As an experimental method for scanning different textile scaffold candidates for their

mechanical behavior, without the need to explain the mechanics of the textile in great

detail, we chose an optical, feature-based image analysis method based on spatial cross

correlation that matches identical surface points related to different deformation states of

the object. Cross-correlation tracking techniques are common in experimental displace-

ment analysis and in fluid dynamics in methods such as particle image velocimetry (PIV)

or particle tracking velocimetry (PTV) where flow patterns are analyzed by digital

images of small fluorescent particles (PTV) or particle clusters (PIV) in the fluid. These

techniques assume that the fluid motion, within small regions of the flow field, is parallel

over short time.

The displacement field for the complete image is computed piecewise locally on a

grid of nodes by examining smaller sub-images centered on each node as shown sche-

matically in figure 1 (top, left hand side). Examining these sub-images gives an average

spatial shift of the pattern from one interrogation region (in image A) to its counterpart in

the subsequent image. Determining the pixel offset between the window pairs is accom-

plished using the statistical technique of cross-correlation, as it is common in template

matching algorithms. The presence of a known object in a scene can be detected by

searching for the location of match between the object template u(m, n) and the scene

v(m, n). Template matching can be conducted by searching the displacement of u(m, n)
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where the mismatch energy is minimum. For a displacement (x, y) the mismatch energy

can be defined as:

(9)

where the indices (n, m) and (x, y) refer to pixel coordinates and N*M is the window

size. To minimize equ. 9 it is sufficient to maximize the cross-correlation 

(10)

The cross-correlation  attains a maximum value when the displaced position

of the template coincides with the observed image. Therefore a displacement can be

located by searching the peaks of the cross correlation function (equ. 10). 

Since solving equ. 10 would provoke a considerable computational effort1 , especially

for large subwindow sizes, it is often evaluated as the inverse Fourier2 transform of 

(11)

where V denotes the Fourier transform of the function v, and  represents the com-

plex conjugate of Fourier transform of the function u which both can be computed using

the Fast Fourier Transform (FFT). 

The application of a pattern matching algorithm for the analysis of deformations in

textile structures is based on some basic assumptions:

• At small strains, for small deformation steps, only translations of fibers and fiber bun-

dels (yarns) are relevant, stretching and bending can be neglected.

• On the macroscopic (>1000µm) and mesoscopic (100µm~1000µm) leves, out-of-

plane deformations can be neglected.

• Subwindows of subsequent images only differ in their location by a simple tranlations. 

Rotations and dimensional changes are neglected. 

1. A direct correlation of a N*N subwindow across a N*N search area requires N^4 operations in 
the direct evaluation compared to 3*N*N*log2N operations via the FFT.

2. Since the cross-correlation equ. 10 is a convolution of the first (undeformed) subwindow 
u(x,y) with the second (deformed) v(x-p, y-q) it becomes a multiplication in the frequency 
domain.
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An image analysis tool for detection of deformations in textile structures has to be

robust due to problems concerning the quality of digital images such as reflection spots

and histogram changes during deformation.

Materials and methods

Experimental setup

The experimental setup is shown in figure A1 (bottom, left hand side). Textile samples

were streched on a horizontal, symmetrical tensile testing apparatus (HTS, Kammrath &

Weiss GmbH, Germany) that was equipped with a max. 1kN load cell and mechanical

clamping yaws. Digital images of the textile at different stages of deformation were

taken with a digital video camera (DX8/4, Kappa, Germany) and a PCI frame grabber

(PCsdig, MatrixVision, Germany). The camera was connected on a binocular microscop

(MZ12, Leica, CH). Working distance was 100mm or 200mm depending on the lens. A

200 W light source (Volpi, CH) was used for direct reflective illumination by a ring-light.

Textile samples of 20x40mm were used for deformation analysis. A small gauge lenghth

of 30mm was applied in order to minimize translations inside the region of interest. Usu-

ally, digital images were taken in one-percent steps of macroscopic strain which corre-

sponds to 300µm steps of the clamping yaws. 

Image analysis algorithm

Digital images were present as 8 bit grayscale images. In a first step they were cen-

tered by a simple cross-correlation of a large subwindow in the central region of the

image1 to compensate potential global translation of the scene. Preprocessing consisted

in filtering with a simple [3x3] high-pass filter, which enhances high frequenca infroma-

tion emphasizing local pixel transitions and effectivly sharpens the contrast and edges of

the selected region of interest.

For deformation analysis, a hierarchical cross-correlation based template matching

algorithm was implemented in Matlab® (release 5.1, 1997).The algorithm is shown she-

matically in figure 1(right hand side). Displacements are calculated for image pairs using

using a decreasing subwindow size for every iteration. After the last iteration, displace-

ment vector fields and strain maps are plotted. 

1. The preprocessing was performed in the NIH image environment (http://rsb.info.nih.gov/nih-
image), which allows easy manipulation of large stacks of images. 
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Results and discussion

The described image analysis algorithm was applicable for small as well as for larger

macroscopic strains and allowed the visualization of the mesoscopic mechanical behav-

Figure A1 Schematic representation of the cross-correlation algorithm, experimental 
setup for image aquisition and flow chart of the image processing steps

Schematic representation of the cross-correlation algo-
rithm. The peak location in the inverse FTT image
(right) defines the displacement vector between subwin-
dows u(n,m) and v(n,m).

Experimental setup for optical deformation analysis

Image processing steps to obtain quantitative estimeates of
local displacements and strains

Input patrameters such as

initial cell size and iterations

Input pair of 8bit grayscale images in

time sequence A(i,j,t) and B(i,j,t+Æt)

Initiate displacement matrix and

interpolate to one smaller cell size

Define sub-windows of actual cell

size u(n,m) in A and v(n,m) in B

Calculate crosscorrelation by FFT

Find displacement

vector (p,q) from

peak of cross correlation

Calculate SNR of peak

and total gradient of u

SNR,

gradient

acceptable?

Displacement=0,

set flag

Done

processing

blocks?

R
e
d
u
c
e
c
e
ll
s
iz
e
b
y
fa
c
to
r
2

last

iteration?

Interpolate non-valid displacement

vectors, draw arrows, calculate &

plot strains

FINISH

yes

yes

no

no

no

yes

START



Appendix

166 

ior of different model substrates subjected to uniaxial macroscopic deformation (see fig-

ure A2).

In the following a incomplete list of general problems and points with room for

improvement are given:

• Sub-pixel accuracy in peak location could be achived by a gaussien fit.

• The implementation of the algorithm using FTT’s requires that the maximum average 

displacement in the textile structure is less than half the interrogation window size 

(Nyqusit criterium). Oversampling the data is possible, by overlapping the interroga-

tion windows, that is, by stepping the windows in increments less than the window 

size. These added measurements are not truly independent since no new image data 

are used, nevertheless, they increase the spatial resolution of of the data in a more sta-

ble way than simple interpolation, as it is performed in our algorithm.

• Implementation of the algorithm with FFT limits the allowable displacement between 

two windows to  pixels.

• Cross correlation versus least square matching: Least square matching is the most 

accurate image matchting techniques. As cross correlation it is based on the similarity 

of gray levels. One image is chosen as the reference image. 

• Out-of -plane effects are neglected, however they become significant at high magnifi-

cations.

Figure A2 Examples of deformation fields as retrieved with the image analysis algo-
rithm: Displacement fields of an interlockwarp knit (left hand side, macro-
scopic strain: 10 %) and a silicone membrane (right hand side, macroscopic 
strain: 2 %).

N
2
----±


