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1 Introduction

Prosthetic or surgical meshes are permanently implanted inside the body to repair
hernia and urogynecological disorders such as pelvic organ prolapse (POP) and
incontinence that occurs due to weakened/damaged supporting tissues. After the
first ever design of the polypropylene surgical mesh to repair abdominal hernia in
the late 1950s [83], a novel use of biological materials convincingly reduced the
rate of recurrence (less than 10%) compared to the conventional suture technique
with 50% recurrence rate [14, 76]. Eventually, in the 1970s, surgeons began
inserting surgical meshes to correct POP and stress urinary incontinence also.
Advanced research in the last 50 years on the repair of abdominal wall hernia and
pelvic floor dysfunctions has achieved significant improvements in the recon-
struction techniques and a rapid growth in varieties of prosthetic meshes. Today, it
is estimated that more than 200 different textile constructs are available with
variations in polymer and pore structure [46] and more than 20 million meshes are
implanted per year world-wide [9, 72].

In initial days of hernia repair, the prosthetic meshes constructed from stronger
material such as polypropylene were popularly used due to their excellent bio-
compatibility, lowest failure rates, improved tolerance to bacterial infection and
good cost/benefits of the polymer [1]. Such early mesh constructions were heavy
weight with small pore size and larger mesh area. Over the years, despite clinical
success, numerous post-operation complications were reported later with such
implantations in the form of strong foreign body reaction such as inflammatory
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reaction [13, 62], larger mesh shrinkage [3] and adhesion formation to adjacent
viscera [54, 84] that ultimately affected the healing process [17, 18]. However,
symptoms varied for several reasons in character and severity from patient to
patient. Native tissue compliance loss with excessively stiff, dense, heavy and small
pore mesh were also found [85]. Mesh shrinkage [3], scar tissue formation [85] and
mechanical mismatch between native abdominal tissue and prosthesis [6, 24] were
found to be the reason for recurrence, treatment failure that forces complete removal
of the implant from the body. Early meshes with high mesh stiffness were also
related to the likelihood of post-operative pain, unnatural or difficult organ move-
ments, central mesh ruptures and biomechanical and biological degeneration of host
tissue as erosion and exposure [3, 21, 26, 27, 52, 58].

Over the seven-year period between 1997 and 2005, influence of mesh weight
and mesh porosity were identified to be decisive for biocompatibility and stabi-
lization of the surgical treatment [2, 46, 50]. The concept have been widely
accepted among surgeons and manufacturers that systematically updated the mesh
design changing polymer type (polytetrafluroethylene (PTFE), polyethylene
terephthalate (PET, PETE), expanded PTFE and polyvinylidene fluoride (PVDF)),
pore size, pore geometry and biocompatibility of the mesh implants [20, 42].
Clinical trials showed the superiority of the light weight large porous textile con-
structions with significantly improved integration of the mesh into recipient tissues,
decreased risk of bacterial colonization, reduced inflammation and fibrous reaction,
and improved quality of life after repair [50, 51, 66, 68, 70]. Further in 2008, Mühl
et al. [63] introduced the concept of effective porosity to characterize the textile
porosity where large pore meshes preserves the effective porosity under deforma-
tion and avoids formation of scar bridges.

Mesh development is an ongoing process, a good mesh should optimally fulfill
certain requirements, such as negligible foreign body reaction with no pathological
fibrosis, flexibility with adaptable stiffness, adequate adhesion especially near the
sutures, and mesh dynamics close to the anisotropic host tissue. Since, every
prosthesis possess different mechanical properties, the response to the native tissues
varies hugely making it difficult for surgeons to select the most appropriate mesh
and its orientation for each type of patient with each type of disorder. To achieve a
physiological behavior of the implanted mesh in the body, engineers and manu-
facturers should be aware of how the host tissue would respond with the implan-
tation of such biomaterials. This chapter reviews some mesh related complications
arising from the mechanical behavior of the mesh implants. Standard protocols for
uniaxial tensile test in orthogonal symmetry directions are used to characterize the
compressible dry meshes. The characterization should help predict how well a
surgical mesh may contribute to the short-term and long-term success of the repair
for hernia and urogynecological disorders.
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2 Prosthetic Meshes

Biologically and mechanically competent tissue-mesh response is a key factor in
repairing herniation and pelvic floor dysfunctions. An ideal synthetic mesh should
always provide structural support to the organs, restore anatomical function and
treat physiological disorders with post-operation complications as less as possible.
In order to achieve idealistic functionality and biological compatibility of prosthetic
implants, properties of (type, dimensions and mechanics) polymer and (size and
deformation under force) pores should be carefully understood.

2.1 Textile Structures

Textile constructions can be monofilament or multifilament. Common monofila-
ment meshes are very distensible, have thicker fibrils (100–150 µm) and large pore
whereas, most multifilament meshes are softer, less distensible with thinner fibrils
(20–30 µm) and smaller pores. Due to less inter-fiber space, multifilament meshes
do not allow macrophages and neutrophils to enter through small pores. This
provides comfortable environment for bacteria to survive within pores making such
meshes at highest risk of infection.

2.2 Textile Porosity

Porosity is defined as the ratio of open space relative to the total area of the textile.
It is an important parameter to predict the biocompatibility of the synthetic meshes.
During the healing stage, granulomas are formed around mesh fibers as part of the
foreign body reaction that become confluent with each other and encapsulate the
entire mesh. A stiff scar plate is formed which reduces the mesh flexibility [38].
Mühl et al. introduced the concept of effective porosity that considers only the scar
free or open pores [63]. Effective porosity excludes all pores, which are smaller in
diameter than a critical diameter which depends on the mesh material, 1 mm for
Polypropylene (PP) mesh and 0.6 mm for polyvinyldene fluoride (PVDF) [22, 63,
66]. Meshes with large pores preserve effective porosity and exhibit less inflam-
matory infiltrate, connective tissue, fistula formation, calcification and scar bridg-
ing, which allows increased soft tissue ingrowth.
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2.3 An Ideal Polymer: Polyvinvlidene Versus
Polypropylene?

Mechanically, an ideal synthetic mesh can be obtained from a mono filamentous
large porous structure with anisotropic mechanical properties that mimics the
mechanics of the host tissue. However, the biochemical compatibility of the meshes
can be achieved through the choice of appropriate polymer material that affects the
inflammatory response with granuloma formation. PP and PVDF are the mostly
used polymers to construct surgical meshes due to their lesser amount of foreign
body reaction compared to other available polymers. Though, PP shows inert
response during infection, have excellent capacity for integration and are low cost
meshes tested for years [55], they results in an intensified inflammatory reaction
characterized by pronounced foreign body granuloma and are less stable. On the
other hand, PVDF filaments have excellent biocompatibility and reduced adverse
foreign body reaction, such as scar formation or pain claiming a higher biocom-
patibility and biostability than polypropylene [49]. A PVDF meshes has been
successfully used as composite scaffold for cell cultures [25]. Some long-term
advantages of the PVDF meshes against PP meshes are (a) no mesh curling under
stress [66], (b) durability (lesser loss of tensile strength due to hydrolysis against
PP: 7.5% vs. 46.6%) [53], (c) reduced risk of infection due to lower bacterial
adherence, and (d) reduced mesh erosion [43].

3 Mechanics of Different Textiles

3.1 Specimen Preparation

Three different DynaMesh® meshes SIS direct soft (SD), CICAT and PRS soft
(PRS) from FEG Textiltechnik mbH, Aachen, Germany have been tested. All of the
selected meshes are monofilament made out of PVDF polymer but have a con-
siderably different structure constructed for specific applications: SD is used for the
repair of stress urinary incontinence, CICAT for abdominal hernia repair and PRS is
used for uterine/vaginal vault prolapse correction. Numerous mechanical tests have
been standardized to characterize the mechanical behavior of an anisotropic mesh
materials. Among them, most common test are uniaxial tensile test, biaxial tensile
test, shear test and inflation test.

For uniaxial tensile tests specimens (70 mm � 30 mm) were cut out of each
mesh in longitudinal direction and transverse direction with respect to knitted
pattern. The thickness and the pore size was measured using a digital microscope
VHX-600 (Keyence, Japan). For inflation test, mesh specimen of 50 mm � 50 mm
were cut and placed between two PVC plastic plates, see Fig. 1a. In [86] biaxial
tests have been performed to characterize the passive behavior of the abdominal
wall under three configurations: intact, after creating a defect simulating an
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incisional hernia, and after a repair with a mesh implanted intraperitonally. As
alternative to animal testing ballistic gelatin type 3 of GELITA® (Eberbach,
Germany), as a soft tissue surrogate was then poured inside the groove (1 mm
deep), when cooled it forms a flexible gelatin-mesh complex (GMC), as shown in
Fig. 1b, c. Gelatin has the practical advantage that its transparency and photoe-
lastcity show detailed local behavior.

3.2 Mechanical Test Set Up

The uniaxial tensile tests are performed on a tension testing machine Z 010 (Zwick
Roell AG, Ulm, Germany). Two uniaxial tests protocols are followed on dry mesh
and explants (dry mesh and ballistic gelatin). The two ends of the testing meshes are
clamped properly at a distance of 50 mm, see Fig. 2a. For strong grip and to protect
the mesh against cutting by the fixation, paper or PVC foils are used. Digital image
correlation (DIC) technique is used to measure the stretch during tests that is based
on the optical measurement of the deformation of a speckle pattern made by grey
graphite spray. The camera has taken pictures during the test with a frequency of
1 Hz for DIC and the deformation is analyzed with the software ISTRA 4D (Limess
Messtechnik und Software GmbH, Krefeld, Germany) using a correlation
algorithm.

Figure 2b shows second setup of biaxial test. GMC is clamped airtightly
between two 2 mm thick stainless steel plates. Two cameras (uEye Modell
UI-122xLE, WVGA (752 � 480); Fujinon lens HF25HA-1B) at two orthogonal
observation planes measures the profile movement of the inflating GMC and cap-
tures the deformation of the anisotropic mesh. At the same time, air is blown to
generate pressure inside the GMC that is measured by the pressure transducer. An
automation program LabView (National Instruments, Austin, Texas) elaborates
images with the predefined algorithm. The height of the inflated GMC was mea-
sured before gelatin layer bursts. Engineering parameters such as stress and strain
are computed to evaluate the mechanical response of the GMC that can be com-
pared with the in vivo response of the tissue-mesh complex.

Mesh
Groove

PVC plate

Gelatin

(a) (b) (c)

Fig. 1 Mesh specimen preparation for inflation (bulge) test: a schematic drawing of PVC plastic
plate and mesh; b Dynamesh-PRS soft specimen with gelatin; c Dynamesh-CICAT specimen with
transparent gelatin
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3.3 Uniaxial Tensile Test on Rectangular Pore Dry Mesh

Uniaxial tensile tests on structurally similar dry PRS and SD mesh provided
qualitatively similar results. As shown in Fig. 3b, c, the characteristic stress-stretch
curves are nearly linear and orthotropic. Curves are plotted until complete failure of
the implant. The SD mesh has larger toe stiffness and larger strain at inflection than
the PRS mesh. Linear stiffness is measured that determines the strength and clinical
effectiveness of the implantation. The initial Young’s modulus in longitudinal
direction of the PRS mesh (EL ¼ 29:778 MPa) is greater than for the SD mesh
(EL ¼ 26:73 MPa), whereas, the initial transverse modulus is larger for the SD
mesh (ET ¼ 3:58 MPa vs. ET ¼ 1:919 MPa). The meshes show nonlinear ortho-
tropic behavior for which a polyconvex hyperelastic material model has been
successfully identified in [36]. For simplicity we continue here to discuss the
stiffness only linearly.

On the other hand, the CICAT mesh with hexagonal pore shape shows highly
nonlinear mechanical behavior under uniaxial tensile test, see Fig. 3a. Compared to
stretched SD and PRS meshes in longitudinal direction, CICAT mesh possessed the
largest toe region and lower stiffness (E = 13.207 MPa) in the linear region.

Cover plate

Camera

(a) (b)

Fig. 2 Synthetic mesh clamped to a uniaxial tensile and b bulge test machines

Fig. 3 Average stress-stretch curves of different dry meshes loaded in longitudinal and transverse
direction for different meshes: a CICAT; b SD; c PRS
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3.4 Optical Strain Measurement

The traditional extensometer technique provides an average strain over the speci-
men gauge length. For accurate strain measurement over the whole area between
extensometer probes, especially at positions of necking, DIC tracks the positions of
the same physical points during test. Lagrangian strains and stretch for large
deformation are calculated and visualized by the color scaling using DIC analyses
which are later converted into stretches for suitable presentation of results. In
addition, for orthotropic prosthetic meshes, DIC technique benefits to measure the
change of mesh porosity during tests.

3.4.1 SIS Direct Soft Mesh

In this part, the experiment performed using the DIC technique on the SIS direct
soft mesh is presented. Two pairs of images at zero load and maximum load before
failure of the mesh are compared when stretched in two orthogonal directions, see
Fig. 4. Due to lesser number of woven fibers along transverse direction, axial
elongation and transverse contraction of the specimen is significant. As shown in
Fig. 4a, the textile construct shows a wide range of nearly linear stress-stretch
curves when subjected to tension in longitudinal (EL = 105.78 MPa) and transverse
direction (ET = 10.87 MPa). The dry meshes are found to be compressible with
significant volume change during tensile test.

The stress-stretch behavior using uniaxial tensile test are qualitatively similar to
that of DIC technique. However, computing Lagrangian strain and later converted
into true strain and expressing them in terms of stretch reveals the maximum true
stress is significantly large, see Figs. 3b and 4a. Under uniaxial tension load applied
in longitudinal and transverse direction, the rectangular pore of the SD mesh
becomes progressively bigger with increased fiber stretch. Stretching up to a stretch
of k = 1.4 in longitudinal direction, an increase in porosity of 2.4% was measured,
see Fig. 4b. Despite of significant mesh contraction and higher stretchability near
about 2, loading along transverse direction rather increases the mesh porosity by
3.93%.

3.4.2 Hernia Mesh

The uniaxial tensile tests of a PVDF hernia mesh shows a nonlinear stress-stretch
behavior when loaded in longitudinal and transverse direction, see Fig. 5. Due to
hexagonal pore geometry, pore deformation is extreme in low load range. In both
loading directions, increased length and reduced width of the specimen is observed.
Figure 6 shows deformed mesh when stretched in the longitudinal and the
transversal direction of the mesh. Longitudinal (Fig. 6a) and transverse Lagrangian
strains (Fig. 6b) for loading along both directions are shown in Fig. 6. Ciritsis et al.
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[19] performed uniaxial tensile tests on PVDF constructed hernia mesh with
hexagonal pore shape. As per the study, the porosity decrease was found to be 10.4
and 7.2% to a minimum in longitudinal and transverse directions, respectively.

In vivo hernia meshes loaded in biaxial tension show the increased porosity. In
animal experiment, this led to an improved maturity of the scar indicated by a
higher I/III collagen ratio which allowed the mesh implant to adapt to remain more
flexible within the abdominal wall [19]. With respect to scar formation the concept
of effective porosity has been suggested which could be only measured ex vivo with

Fig. 4 Uniaxial tensile test on dry SD mesh using DIC technique; a the SD mesh elongates only
by 40% if stretched to the thicker fiber (longitudinal) direction. In contrast, if rotated by 90°, an
elongation of almost 100% occurs; b change of mesh porosity
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a specially developed image processing. In [36] a new method has been presented
which allows the calculation of effective pororsity from measurement of the global
mesh deformation. Again the uniaxial tension was found to be critical because the
pores collapse and effective porosity deceases to zero for the two tested meshes at
stretches arround k ¼ 1:4:

Fig. 5 Stress-stretch curves of anisotropic PVDF hernia mesh in uniaxial tensile test, see Fig. 2a

Fig. 6 a Lagrangian strains under loading in b longitudinal and b transverse fiber direction. Strain
ex is extension in load direction and ey is contraction
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3.5 Photoelastic Uniaxial Tensile Test on Tissue
Surrogate-Mesh Specimen

The meshes are embedded in a transparent gelatin block that behaves similar to soft
biological tissue but is transparent and photoelastic. Two ends of the mesh are
clamped into a tension machine Z010 (Zwick Roell AG, Ulm, Germany). Applying
tension to the gelatin-mesh complex (GMC) between two polarizing filters leads to
isochromatic lines that represent lines of equal shear stresses. As shown in Fig. 7a,
b, PRS mesh shows very little transverse contraction. However, due to axial force,
the mesh surface is found to be increased by 18%. Since, there are no drastic
reductions of the pore size, the mesh porosity and the effective porosity are satis-
factorily preserved during uniaxial tensile test. Unlike PRS meshes, the CICAT
mesh has different pore shapes in the loading direction and is completely unable to
preserve its porosity; almost all pores are collapsed already under small tensile
force, see Fig. 7c.

The failure modes of the tested meshes are observed from the photoelastic image
of the uniaxial tension test that are quite distinct. The mesh shows a strong
dependency of the GMC failure on the loaded direction. For the PRS soft mesh,
loading along longitudinal direction sustains larger tensile force (124 N) that
stresses the softer gelatin. The GMC specimen ruptures at lower stretch
(kmax ¼ 1:42) whereas, along the transversal loading, the GMC is highly stretched
(kmax = 2.05). The zigzag (like steps of a staircase) orientation of transversal fiber
families are unsupported at the boundaries and the mesh is pulled out at lower
tensile load (22 N). This stresses the gelatin locally from where the rupture of the
GMC begins, see Fig. 7b. On the other hand, the CICAT mesh with irregular
hexagonal pores show large pore deformation along the loading direction. High
shear stresses are generated in the gelatin at the boundaries of the mesh due to
unequal stretching of the gelatin and the mesh, see Fig. 7c. Further stretching the

DPRS-Longidutinal DPRS-Transverse CICAT

Fiber slippage
causing GMC 
failure

GMC 
failure

Pore 
collapse

(a) (b) (c)

Fig. 7 Uniaxial tensile test on GMC specimen. DPRS mesh along a longitudinal direction (left:
80.89 N); b transverse direction (right: slippage of fiber (tearing out a seam) at less force,
15.89 N); c debonding of the CICAT mesh from the gelatin due to large transversal contraction
and pore collapse at tensile force 60.404 N
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GMC debonds the gelatin from the mesh along its edges and rupture of the GMC
specimen occurs.

Such mesh edge failure have been observed after repair with the heavyweight
small porous textiles [12] due to the heavy scar tissue formation, mesh shrinkage,
mesh-size [50] and the mesh anisotropy [6]. However, pullout tensile tests and FE
studies on monofilamentous and compliant Gynecare mesh (Ethicon, USA) shows a
similar gradual debonding of the mesh from the tissue-surrogate gelatin in a
zipper-like manner with huge pore deformation [31, 80]. Furthermore, large shear
stresses at the lateral edges are generated when the mesh is highly stretched that is
responsible for the failure of the compliant GC mesh. These reasons for similar
mesh failure in two different classes of meshes are most likely due to the geometry,
loading direction, compliance of the meshes and the generation of the normal and
shear stresses.

3.6 Tissue Surrogate Mesh Failure Under Biaxial Inflation
Test

Unlike, incontinence repair that supports mostly uniaxial physiological loads,
abdominal hernia or pelvic organ prolapse repair uses a flat sheet of prosthetic
meshes. They are designed to support the biaxial function of weak abdominal wall
and pelvic organ and to restrain increased abdominal pressure on those surfaces
developed with physical activities such as exercise, coughing, lifting, straining, and
others. An inflation (bulge) test setup as shown in Fig. 2b on tissue surrogate
gelatin-mesh complex theoretically mimics the physiological abdominal pressure
and helps to determine the mechanical behavior after the implantation.

As shown in Fig. 8, the GMC specimen expands (inflates) with increased
pressure from below. On the outer side of the GMC, small gelatin cups are formed
across the mesh pores. Compliant CICAT-GMC specimen offers bigger cups due to
(1.42 times in length and 2.41 times in width) larger pores than stiffer PRS-GMC
specimen. The soft gelatin cups are highly stretched to burst at significantly lower
pressure (97 kPa vs. 116 kPa) for CICAT-GMC specimen, thus failing at lower
inflation height (6.89 mm vs. 11.44 mm), see Fig. 8a. For stiffer PRS mesh with
small mesh pore the GMC bond is intact and bears larger stress. At high stress, the
gelatin is scraped off from the edge of the cover plate to leak the pressure failing the
GMC specimen. For inflation test, both meshes reveal materially linear response
until failure and the structural differences of the meshes are found to be
uninfluential. However, the maximum values of the principal stresses at the end of
the experiment differ considerably in magnitude (483.79 MPa for CICAT and
1186.26 MPa for PRS). These differences are due to the pore geometry, pore size
and the compliance of the two meshes.
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3.7 Clinical Comparisons and Discussions

Immediately after implantation, biomaterials, such as prosthetic meshes are asso-
ciated with the acute inflammation phase. Numerous blood and tissue proteins, such
as cytokines or growth factors and leukocytes are deposited on the foreign body
surface and injury site to form the provisional matrix and to clean the wound site [4,
40]. The types and concentration of such proteins are dependent on mesh surface
properties and polymer hydrophilicity [87]. These proteins modulate the adhesion
of monocytes/macrophages cells on the protein absorbed foreign object that are
fused together to form larger foreign body giant cells (FBGCs) [16], also known as
chronic inflammation. The chronic inflammation period for biocompatible materials
should not be more than two weeks, otherwise may cause infection [5]. Adherent
macrophages and FBGCs secrete fibroblast attractants, and the incoming fibroblasts
from the surrounding tissue create an organized collagenous matrix around the
biomaterial [78], called extracellular matrix (ECM) remodeling fibrosis. This vas-
cular and collagenous capsule (usually 50–200 µm thick) isolates medical devices
from the rest of the interstitial tissue at the end stage of wound healing process [86].
Later, abundant amount of fatty tissues and significantly less connective tissues
penetrates completely into the pores of the mesh to form a layer of neo-tissue unit.
But, why does the host tissue not heal normally around implants and what are the
reasons for post-operation complications? These are very critical questions in
surgical interventions for which thorough understanding of the foreign body
response and the biocompatibility of the medical devices is important.

Biosafety (appropriate host response and in-growth of the patient’s host tissue)
and biofunctionality (effectiveness of biomaterial to further strengthen the defected
area) are two elements to estimate the short-term and long-term biocompatibility
and to predict post-operation complications and device failure/rejection [7]. In vivo
assessment and cell culture examination are often performed to screen the tissue
compatibility (toxicity) of implantable devices and to simulate the biochemical
response of the host body [71, 73], the degree of which depends on the properties of
the device, such as polymer composition, bacterial adhesion prior to surgery,
smoothness and polymer surface area. However, biofunctionality (functional per-
formance) of the mesh implants in vivo depends on the structural properties (ef-
fective porosity, pore size, pore deformation, filament type) and on the mechanical
properties (tensile strength, isotropy, elasticity). A perfectly biocompatible mesh

Small gelatin 
cups across 
mesh pores 
bursts at low 
stress causing 
GMC failure

Compliant 
gelatin burst 
against stiff 
mesh at the 
edge of the 
cover plate

(a) (b)

Fig. 8 Failure of tissue surrogate-mesh under biaxial inflation test: a Gelatin-CICAT mesh;
b Gelatin-PRS mesh
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material should provide maximum safety, match the behavior of the anisotropic
host tissue and sufficient structural stability to physiological loadings; otherwise.
Adverse effects are often observed in the form of chronic pain, infection, mesh
shrinkage, scar formation and mesh rejection [3, 13, 21, 27, 52, 54, 58, 59, 62,
84, 85].

3.7.1 Mesh Complications

Inflammation

Almost all modern biomaterials trigger a wide variety of adverse responses in vivo
mainly due to inflammation right after implantation [47]. The biosafety of the mesh
implant is characterized by the inflammation phase: acute and chronic, that are
associated with the deposition of proteins and macrophages/monocytes. Longer
acute inflammation directly enhances the development of a greater amount of
fibrous tissue, whereas, longer chronic inflammation initiates infection [5]. An
ideal, biocompatible material is assumed to deposit thin fibrous tissue around the
mesh filament and to fill sufficiently larger pores mainly by fat tissues [50] that
maintains the elasticity of the mesh even after the inflammation phase. These
animal experiments with a low-weight, large pore size and monofilament made
mesh reduces the inflammation, maintains the flexibility of the mesh and provides
greater host tissue mobility during physiological loadings [46].

In contrast, heavy-weight, multifilament made mesh with small pores increases
the surface areas in contact with the recipient host tissue that basically aggravate the
acute and chronic inflammatory phase. The adverse effects are seen in the form of
(a) huge macrophages and FBGCs deposition at the interface, (b) intense fibrosis
forming thicker connective tissue around filament, (c) poor or no fat cell penetration
to the pore, and (d) disordered collagen metabolism with much lower collagen (I/
III) ratio, see Fig. 9. Changes in this ratio affect both tensile strength and
mechanical stability and may increase the risk of recurrence. This consequently
forms a thick continuous connective tissue, also known as scar plate with tangled
bundles of collagen fibers around the filaments which grow to the adjacent filaments
[40, 63], a phenomena called ‘bridging’ [15]. This bridging of newly formed
inter-filament connective tissue (stiff scar plate) as shown in Fig. 9 (a) prevents the
pores to deform freely, (b) reduces the mesh compliance, (c) restricts the mobility of
the host tissue, (d) prevents further tissue ingrowth and (d) finally causes recur-
rence. As a result, the healing of the wound may be retarded.

The polymer and fiber surface greatly affect the inflammatory response. PVDF
made meshes result in a significantly reduced foreign body granuloma size [49]
with reduced diameters of the inner (inflammatory infiltrate) and the outer (con-
nective tissue infiltrate) ring of granulomas [39] compared to conventional PP
(deposits more collagen, longer inflammation and scar neo-tissue) [8], and polyester
mesh (long-lasting chronic inflammatory response) [65].
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Seroma

Seroma is an ill-defined event, typically involving a collection of serous fluid in any
potential fluid-occupying space that develops in the recipient body after surgery or
any blunt injury. It usually appear under the surface of the skin as a swollen lump,
like a large cyst when blood seeps out of the injured or ruptured blood vessels
during operation. Seroma etiology remains unclear, its formation after incisional
hernia repair with mesh is a most frequent problem due to local inflammatory
response aggravated by the presence of the foreign body [10] and lasts for several
weeks [81]. Chronic seromas are evidenced due to a long-term inflammatory
reaction with heavyweight and small sized mesh monofilamentous PP and polyester
meshes [46, 74].

Postoperative seroma formation anterior to mesh is very common up to 100%
[35, 56, 81]; however, deep seroma behind the mesh develops an infection which
ultimately requires surgical removal of the mesh [61, 77]. Further, a clear discharge
of the serous fluid is non-harmful, however, bloody, colorful and odorous discharge
indicates infection. Treatment options include observation for spontaneous reso-
lution, percutaneous aspiration, closed suction drainage, abdominal binders, and
sclerosant [57]. Though surgical drainage technique is used to prevent a seroma
development and to reduce infection, seroma drainage and infection are
inter-related. Drainage can introduce infection and in cases where the seroma causes

Fig. 9 Tissue response after suture repair. Histological analysis of explanted heavyweight
polypropylene mesh stained with hematoxylin and eosin (H&E) or Masson’s Trichrome. Histology
reveals a large colony of leukocytes adjacent to the mesh filament and a thin layer of muscle
surrounding the mesh filaments with an adjacent, dense layer of collagen surrounding the mesh
filaments and is continuous between filaments ‘bridging’. Images reprinted with permission
courtesy of Melinda Harman, Ph.D. at Clemson University [15]
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discomfort or is infected then drainage is required [33], thus, conservative follow up
and microbiological examination is required.

Adhesion

Postsurgical adhesions are serious and frequent complication resulting in a similar
way that a scar tissue forms and vary from filmy to dense [39]. Such adhesions
occur in almost all meshes as a result of inflammation [12] containing multiple
foreign body granulomas that connect tissues or anatomic structures to the textiles.
Studies shows 20–80% of the subjects develop adhesions after ePTFE and PP mesh
implantation [28, 60]. Other than the polymer type, factors associated with adhesion
formation include trauma, tight suturing, thermal injury, infection and foreign
bodies. Traditional heavy PP meshes with small pores induce an intense fibrotic
reaction that produce dense adhesion around 62% of the mesh area and provide a
strong adherence to the abdominal [12]. An anti-adhesion film-like barrier around
the mesh filaments have been an alternate to reduce adhesions [12], however, light
weight, large porous PVDF constructs with PP coating seem to be superior with
regard to the induced intensity of inflammation and filmy adhesion of 34.6% mesh
area that could be lysed with traction [39].

Collagen Metabolism

Collagen metabolism has an intense influence on the wound healing after mesh
repair [48]; decreased ratio of collagen I to III increases the risk of hernia recur-
rences [41]. The inflammatory process after surgical implantation is accompanied
by a pronounced fibrosis to deposit the fibrillary collagen molecule that are stabi-
lized by intracellular hydroxylation reaction forming hydroxylysine and hydrox-
yproline [80]. Lysyl oxidase enzymes mediates a cross-linking process to form a
strong, stable collagen fibrils and fibers that provides strength, integrity and
structure. Among 20 different collagen types, I and III are synthesized in huge
amount. Collagen type I is stronger, mature and thick whereas type III is less
cross-linked and immature that provides less tensile strength predominantly found
in early wound healing [29]. Balanced collagen maturation and degradation by
matrix metalloproteinases [64] to form type I collagen is a requirement for normal
scar formation [29, 30]. Reduced ratio of collagen type I to III lead to thinner
collagen fibrils, changed geometrical arrangement [37] with higher levels of
non-polymeric soluble collagen [29] that contributes to a decreased tensile strength
and instability of the connective tissue and induced scar tissue [11].

It has been proven that the fibroblastic ingrowth, chronic inflammation and scar
formation is dependent on the weight and structure of the implanted mesh [12, 40,
46, 63, 70], but the quality and mechanics of such scar tissues are characterized by
the extent of collagen type I/III [11, 67]. Studies on the ECM of the explanted
hernia meshes constructed from PP, polyester and ePTFE shows lowered collagen
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type I/III and reduced tensile strength, a major reason for hernia recurrence [41].
Though, altered ratios of collagen can be seen within fibroblasts located at the edges
of recurrent hernia [50], yet it is not clear if the type of mesh used has any effect
[12].

Mesh Wrinkling

Wrinkling of the mesh is caused by failure or inadequate mesh fixation in defected
place. In the sutureless technique to repair abdominal hernia, meshes are placed flat
on the floor of the abdomen. With insufficient dissection to insert the meshes,
during physiological movement, meshes have a tendency to wrinkle or curl
increasing the potential for the formation of dead spaces where unintended mesh
overlap occurs, see Fig. 10a. This process augments the mesh relative movement
from its total implanted position leaving gaps at the edges for the protrusion of
tissues, causing hernia recurrence, see Fig. 10b. Further, the localized fibroblastic
infiltration into mesh pores are greatly altered that mechanically cause inhomoge-
neous inelastic mesh deformation between the implant (stiffer scar tissue around
mesh at dead spaces) and the underlying soft tissue and biologically (a) leaves
spaces for infection, (b) chronic postoperative pain, and mesh deterioration.
A wrinkled mesh may also add to adhesion problems with viscera which can result
in the uneven distribution of stress on the mesh and cause an undesirable distortion,
premature weakening of the mesh, and hence predispose the wound to infection
[82].

Other reasons of wrinkling have been identified due to (a) tearing edge fibers out
of seam during mechanical loadings, (Fig. 7b) and (b) extreme pore deformation
(Figs. 6a, b and 7c). Surgeons often cut the desired dimension of the mesh out of a
large flat sheet to match the defect to be repaired; edge fibers loosely supported
along the transverse woven direction get pulled out when the mesh is stretched. The
fibers once out of the knitted mesh can no longer maintain their flat shape and start
to curl around. In addition, pores of the compliant meshes can completely collapse
under uniaxial mesh stretch. This process dramatically curls the mesh into an
unclosed cylindrical geometry from its initial flat shape, see Fig. 6a, b. Repeated

Mesh wrinkling

Pelvic bone  

Mesh implant 
Dead space

Possible recurrence 
region (blue dotted 
edge) due to 
wrinkled mesh

(a) (b)

Fig. 10 Segmentation with Amira® (Zuse Institute Berlin, FEI™ Bordeaux) of abdominal hernia
repair using mesh implant [34]: aMRI image showing mesh wrinkled after placed in the abdomen:
superior view (with permission of N. A. Krämer, Uniklinik RWTH Aachen, Germany);
b representation of the position of the wrinkled mesh in abdomen (anterior-lateral view)
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loading and unloading during rest and straining damages the ingrown tissue,
impairing the mechanical biocompatibility of the implantation and finally recurring
the damage. A physiologically relevant preconditioning prior to implantation might
suppress such mesh wrinkling, but a hypothetic preconditioning procedure might
make the mesh less compliant than initially expected.

Mesh Shrinkage

Shrinkage is most common in the surgical repair with the use of heavyweight small
pore size PP meshes. Studies assume that it is not the mesh which undergoes
shrinkage [50], which is supported by our strain measurement on mesh implants.
Assuming the thickness of the mesh to remain constant during test, the mesh area
increases on stretching, see Fig. 11. Mesh shrinkage results due to contraction of
scar tissue around the mesh, starting with a constant water loss, followed by a
surface area decrease [2]. Depending on the properties (pore size, weight and
filament type) of the prosthesis, shrinkage of the mesh implants due to wound
contraction are observed to be within a wide range from 5–62% [39, 50, 75].
Therefore, use of large implants to cover defects can justify the shrinkage effect,
however, larger foreign body reactions, scarring, dyspareunia, shrinkage, mesh
exposure and stiffening of the recipient host tissue can no longer be avoided [59].
Lightweight large porous PP meshes are specifically designed to reduce the
bridging and scar formation [45], however, the use of highly inert PVDF material is
found to significantly reduce the wound contraction, (9.3–19.9%) minimal loss of
the original area [22, 39] provide long-term stability as a result of lower foreign
body reaction and maintain original strength after years of implantation [32, 45, 49].

Fig. 11 Area change under uniaxial tensile test on SIS direct soft mesh. A0 and A are the initial
and current surface area of the mesh
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Pain

Biomaterials, such as mesh implants are associated with a potential risk of chronic
pain, as they are recognized as foreign body by the host tissue immediately after
repair. The reasons for chronic pain are still unclear and vary from patient to patient.
Studies suggest pain associated with mesh surgery can be (a) early pain immedi-
ately after surgery due to irritation from surgical material or nerve damage during
surgery or (b) chronic pain existing for more than 3 months after surgery [50].
Repairs using small pore, heavyweight meshes with reduced effective porosity lead
mainly to complaints about chronic pain that often requires the complete removal of
the implant from the body [53, 69]. Post-retrieval studies on such explants obtained
from similar patients with failed repair indicate irritation and destruction of nerve
fiber and fascicles by the inflammation at the interface with the mesh [50]. Today’s
new generation meshes have been greatly improved using softer material, large pore
and light weight meshes [44] which have proved to be a better mesh material with
reduced level of inflammation and scar formation, which is directly related to pain
[70].

Infection

Infection is another common FBR in repair using mesh implants, hindering the
local clearance from bacteria [15]; Klinge and Klosterhalfen, 2002 that leads to a
chronic inflammatory wound with marked scarring, loss of compliance, mesh
contraction, migration, physiochemical changes, seroma, and in some cases,
eventual mesh removal to resolve the problem [55]. The incidence of chronic mesh
infection is highly related to the type of mesh material, type of filament, pore size,
and porosity [23, 70]. Generally, microporous and multifilament meshes with
increased surface of the mesh area and small pores are at higher risk of infection
than large porous monofilament meshes (>75 µm). Macrophages and neutrophils
are unable to enter small pores (<10 µm) but allows bacteria (<1 µm) to survive
unchallenged within the pores. In contrast, there is some evidence that the persis-
tence of the (a) colonies of Staphylococcus epidermis bacteria at the surface of the
polymer fibers [50], and (b) acute/chronic inflammatory response beyond a 3 weeks
period usually indicate higher risk of infection [5]. Chronic mesh infection fol-
lowing repair with small pore meshes or film like structures often requires removal
of the infected mesh, which rarely results in hernia recurrence if sufficient fibrosis
scarring remains [2]. Open pore meshes mostly can be treated conventionally.

3.7.2 Discussions

A physiological process of wound healing creates a combined reparative layer of
implant and fat or connective tissue, which is assumed to be achieved from meshes
with sufficient pore dimension and minimum surface area. Small pore sized mesh
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intensifies the fibrosis forming thicker scar tissue with poor or no fat cell penetration
to the pore. Mechanical response of such heterogeneous neo-scar tissue hugely
differs from the anisotropic recipient host tissue that may increase the risk of
infection, chronic pain, complete removal of the implant from the body, and
recurrence. Under extreme physiological movements and straining processes,
higher tensile and shear stresses on the ingrown tissue develops, which increase the
risk of postoperative complications such as mesh wrinkling and mesh erosion.
Moreover, if mesh pores are heavily deformed and wrinkling of the mesh occurs
(Fig. 5b, c), large stresses are developed at the edges of the interface (Fig. 6c).
During this process, the implanted mesh may wrap the host tissue and comes in
contact with the adjacent organs to irritate, degenerate and even lead to dysfunction
of the organs.

Specimen, during surgery, constructed by cutting the desired dimension out of a
large flat sheets to repair the defects often leaves free edges that gets seam out when
it is stretched. The fibers once pulled out of the knitted mesh can no longer maintain
their flat shape and start to stress the tissue locally. Successive tearing further
debonds the ingrown tissue and the implanted mesh fails to perform the intended
task in the body, see Fig. 6b. Repeated loading and unloading during rest and
straining damages the ingrown tissue, impairing the mechanical biocompatibility of
the implantation and finally recurring the damage. Thus, adequate structural sta-
bility as shown in Fig. 6a, which preserves the porosity under strain is essential for
the proper function of such textile structures in a tensile environment in vivo.

The common trend in clinical practice for the reconstructive surgery has been the
use of monofilamentous, lightweight large porous mesh in order to reduce the
foreign body reaction and to minimize the risk of complications. Soft meshes with
an adequate textile construction preserve their effective porosity and show structural
stability under mechanical strain and lead to reduced scar formation. However,
compliant meshes with additive softer material are often associated with intense
pore deformation reducing the effective porosity [19, 36], therefore, a good com-
promise of the mesh stiffness (formstability), polymer type and pore size should be
maintained. Rigorous clinical trials of such mesh should be done with respect to the
deposition of physiologically regenerated tissue, for example, fat with the amount
of stromal and fibroblasts, percentage of apoptotic cells, degree of foreign body
response to compare the effectiveness of the available implants. This not only
improves the behavior of existing meshes but insights to search for biomaterials
with perfect biocompatibility in order to develop the ideal textile devices which can
mimic the biomechanical properties of the tissues.

Calculation of the shear stress and maximum principal stresses at the
tissue-implant interface and the estimation of change of the structural proteins after
implantation could be quantities to compare the effectiveness of the meshes for such
reconstructive surgeries. Depending on the geometry of the pore, mesh orientation
and the loading direction, the physiological deformation of the implanted large pore
mesh is beneficial if these stresses can be minimized and if adjacent tissue
degeneration is successively avoided.
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In conclusion, this study shows that meshes with appropriate pore geometry,
adequate biaxial stiffness lead to a mechanically biocompatible structure during
complex physiological conditions compared to conventional mesh geometry. Since
the immune response and repair functions in the body are so complicated, it is not
adequate to describe the biocompatibility of a single material in relation to a single
tissue surrogate gelatin. However, these tests constitute an important step towards
the laboratory animal testing and clinical trials that will determine the biocompat-
ibility of the different meshes with variation in pore geometry, structure and
material composition in a given application. Considering these shortcomings, the
perfect mesh design should consider sufficient tensile strength, anisotropy/isotropy,
elasticity, and provide the appropriate biomimetic environment to ensure cell sur-
vival and at the same time should preserve its porosity under strain.
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