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A B S T R A C T

Surgical mesh is used widely in operations to treat hernias, prolapsed organs, urinary incontinence, etc. A major
complication following surgery is so-called “mesh erosion”, in which the mesh material rubs on adjacent soft
tissue, causing it to wear away. Mesh erosion is the subject of a large body of clinical case histories, but there is
no literature reporting in vitro laboratory experiments to investigate this phenomenon. In this paper we describe
a preliminary study to generate and measure the erosion of soft tissue (porcine muscle) by a surgical mesh
material (knitted polypropylene fibres). We found significant differences in the rate of erosion depending on the
applied force and the direction of loading and on the presence or absence of connective tissue (perimysium). Two
different methods of making the edge of the mesh sample gave similar erosion rates: this may be due to changes
in the nature of the edge during erosion. Overall the rates measured were consistent with the clinical experience
that mesh can erode completely through the walls of organs such as the bladder and vagina in a few weeks or
months. In our opinion, the phenomenon of mesh erosion should be more extensively investigated and different
mesh products characterised in order to prevent future clinical complications.

1. Introduction

The term “surgical mesh” refers to a range of fabric materials which
are implanted into the body in various operations. The most common
types of mesh use fibres of polypropylene in a knitted or woven con-
struction, but other materials (including some natural and resorbable
materials) have been used, along with other methods of manufacture
(for examples see (Deeken et al., 2014; Brown and Finch, 2010):).

Mesh was first used in significant amounts in hernia repair opera-
tions, as a patch sutured around the affected area. In this role it has
been very successfully used for over fifty years. About twenty years ago,
products made from mesh were developed for use in pelvic organ op-
erations, notably to relieve stress urinary incontinence and in the
treatment of prolapsed organs such as the vagina, bladder and bowel.
These products, of which there are hundreds of different ones now
available, often take the form of a tape of width approximately 1 cm
and length several centimetres, though other designs are used. The
mesh is often attached at its ends by sutures or other means, though
sometimes relies on tissue ingrowth for anchoring. The aim is to apply a
compressive force to a chosen area, though steps are taken to minimise
the tension in the mesh.

These products have been used in very large numbers. For example,
the National Health Service in the UK reported that in England in the

decade from 2008 to 2017, 100,516 patients were given mesh products
to treat urinary incontinence, and 27,016 patients were given mesh
products to treat pelvic organ prolapse (Nhsdigital, 2018).

Recently major complications have emerged, the most serious of
which is so-called “mesh erosion”, in which mesh, by rubbing on soft
tissue, erodes it to the extent of cutting through the walls of organs such
as the vagina, bladder and rectum. This has resulted in severe pain and
functional difficulties. For a recent review see (Taylor, 2018).

Mesh erosion has been documented in many clinical case reports
and some animal studies, but to our knowledge there have been no
publications of in-vitro studies into the phenomenon. Analyses of
clinical data show that mesh erosion occurs in about 10% of cases for
pelvic organ prolapse operations (Abed et al., 2011) and about 2.5% of
operations treating stress urinary incontinence (Jonsson Funk et al.,
2013). Complications often occur quickly, within weeks or months:
long-term studies are limited but it is likely that the problem will
continue. The phenomenon has been recorded for a long time: for ex-
ample a report in 1986 noted the large incidence of mesh erosion fol-
lowing the treatment of contaminated hernias (Dayton et al., 1986) and
in 1997 it was reported as a complication in 9% of pelvic organ pro-
cedures (Iglesia et al., 1997). Animal studies have also reported sig-
nificant rates of erosion and exposure of mesh (Manodoro et al., 2013;
Tayrac et al., 2007).
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Recently, some manufacturers appear to be taking steps to address
this problem. For example, amongst mid-urethral slings (mesh tape
devices used to treat stress urinary incontinence) the Advantage Fit
(Boston Scientific, USA) is made with an edge which is specially treated
(“detanged”) with the stated aim of reducing irritation to the urethral
wall. The Serasis tape (Serag Wiessner, Germany) has been described as
a “softly knitted” mesh and hypothesised to be less likely to erode into
the vagina, according to a recent clinical trial (see Clinicaltrials.gov,
identifier NCT02867748).

Given that mesh erosion is recognised as a major clinical compli-
cation and that companies appear to be modifying their products to
address this problem, it is surprising that we were unable to find any
publications of in-vitro laboratory studies into this phenomenon. Some
in vitro studies were carried out using ballistic gelatine as a surrogate for
soft tissue, to characterise different anchoring systems for mesh pro-
ducts (Staat et al., 2012), but erosion has not been evaluated in this
way.

The aims of the present work were to devise a test protocol to
generate and measure mesh erosion of soft tissue in vitro, and to in-
vestigate the effect of variables such as applied force, tissue type and
the method used to create the mesh edge on the rate of erosion.

2. Methods and materials

The mesh used in this study was Sutulene (Sutumed Corp, Fort
Myers, USA). As shown in Fig. 1a, this is a knitted mesh made from
polypropylene fibres of diameter 150 μm. It is broadly similar to many
commonly used mesh materials (see (Deeken et al., 2014; Brown and
Finch, 2010) for examples of various mesh types).

The soft tissue used was porcine muscle (abdominal muscle known
as “belly pork”), purchased from a butcher. This was convenient to
obtain, and has mechanical properties similar to tissues in the pelvic
organs. Muscle has a tensile strength of the order of 0.3MPa when
loaded parallel to its fibre direction (Christensen et al., 2000) which is

comparable to the strength of tissue from the bladder wall
(0.28–0.34MPa (Jokandan et al., 2018)). Our samples were prepared
either with or without layers of connective tissue (perimysium) which

Fig. 1. Scanning electron microscope images of mesh used in the experiments. (a) A general view showing the mesh structure. (b) A scalpel-cut edge showing how
this creates small isolated loops (white arrow). (c) A manufactured edge giving a continuous band of melted/resolidified material. (d) A scalpel cut edge after use in
erosion tests: most of the cut ends have gone (except for one: black arrow) leaving closed loops. (e) A manufactured edge after erosion testing: the continuous band
has broken up.

Fig. 2. Equipment developed for erosion testing. (a) Front view: a length of
mesh is held in a metal holder which moves a distance Δd with a reciprocating
action whilst applying a force W. A sample of tissue is kept stationary in its
holder. (b) Side view: as the edge of the mesh erodes the tissue it moves
downwards in a slot in the side of the tissue holder, creating a vertical cut in the
tissue. (c) Top view. (d) A photograph of the top view after testing.
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has a tensile strength of the order of 3MPa (Lewis and Purslow, 1989),
which can be compared to tissue from the wall of the vagina
(6.5–7.5MPa (Ulrich et al., 2014)). However it should be noted that the
measured mechanical properties of soft tissues vary considerably with
factors such as age, orientation and the methods used to prepare and
test the samples.

Fig. 2 shows the purpose-built apparatus used for the erosion tests.
A piece of mesh, width 10mm and length 35mm, was attached to the
lower edge of a hollow, square metal holder. A small amount of tension
(10% strain) was applied along the length of the mesh sample before
attaching it with adhesive, to create a straight lower edge. A tissue
sample of dimensions 12 mm×12mm x 10mm was inserted into a
hollow, square metal holder. All tissues were purchased fresh, kept fully
hydrated and used on the day of purchase. The test commenced with
the lower edge of the mesh in contact with the upper edge of the tissue,
applying a downwards force W due to the weight of the mesh holder.
The mesh was then moved sideways with a reciprocating action, over a
distance Δd=19mm for each stroke. Two slots in the tissue holder
enabled the mesh to move downwards as it eroded the tissue. After a
given number of reciprocating strokes, the tissue sample was removed
from the holder and the depth of the cut created in the sample was
measured using calipers.

Fig. 3 shows some examples of tissue samples after testing. Often,
the depth of the cut was somewhat greater at the edges of the sample
than in the middle, the difference being typically 2mm, so the cut was
measured at the two edges and in the centre to determine its average
depth. The erosion rate was defined as the depth of the cut divided by
the total horizontal movement between mesh and tissue (i.e. the
number of reciprocating strokes multiplied by the stroke distance Δd). It
was convenient to express this in units of millimetres per metre.

Porcine muscle samples were tested in two different orientations,
such that the muscle fibres lay either parallel or perpendicular to the
length of the mesh sample, and therefore also to the direction of re-
ciprocating motion. Some samples contained perimysium, which is a
connective tissue that surrounds bundles of muscle fibres (Christensen
et al., 2000). This appeared in the form of thin layers and strings of
white material. We prepared some samples such that the perimysium
was running in the perpendicular direction. Two different mesh edges
were used. Most edges were made using a scalpel: Fig. 1b shows the
appearance of the edge thus created, in which each individual fibre is
cleanly cut. The mesh was supplied in squares of size approximately
300 mm×300 mm, which had been cut from a larger piece using heat,
creating a relatively thick, continuous edge as a result of local melting
(Fig. 1c). Some samples were created using this edge, which we refer to
as a manufactured edge, though this is not to imply that this type of
edge would be present in a product intended for surgery.

Samples were prepared for scanning electron microscopy by coating
with a layer of gold/palladium alloy. Statistical significance in the re-
sults was tested using ANOVA and T-tests with a critical p value of 0.05.

3. Results

Table 1 shows the number of samples tested in each group and the
resulting erosion rates. As shown in Fig. 4a, the erosion rate for an
applied force of 1N was found to be smaller in samples tested perpen-
dicular to the fibre orientation compared to those tested with the mesh
running parallel to the fibres. The erosion rate was even smaller in
samples containing perimysium. These differences were all statistically
significant (p < 0.05).

Fig. 4b summarises the results from testing with different applied
forces, for tests conducted perpendicular to the fibre direction, with no
perimysium. The erosion rate was found to be significantly greater
(p < 0.05) when the force was 2N but not significantly different for
forces of 1N and 0.5N. A small number of tests conducted using the
manufactured edge (W=1N, perpendicular) showed no significant
difference compared to the scalpel cut edge.

Fig. 1d shows the edge of a mesh sample after being used for erosion
testing. This edge had been cut with a scalpel (like the one shown in
Fig. 1b) but most of the cut ends of fibres are no longer present. This is
because in this knitted mesh the cuts create small loops of fibre which
have worked loose during the erosion test. We found that if the same
piece of mesh was used to erode several tissue samples, the erosion rate

Fig. 3. Examples of tissue samples after erosion testing. (a) & (b) Samples with
no perimysium; (c) Sample containing perimysium (black arrows).

Table 1
Details of test conditions and results.

Tissue and erosion
direction

Applied Force
W (Newtons)

Edge Condition Number
of samples

Erosion Rate
(mm/m)

Parallel 1 Scalpel cut 7 13.1 ± 5.7
Perpendicular 0.5 Scalpel cut 6 7.2 ± 3.6
Perpendicular 1 Scalpel cut 6 5.7 ± 1.5
Perpendicular 2 Scalpel cut 6 16.8 ± 5.3
Perpendicular 1 Manufactured 4 5.8 ± 0.6
Perpendicular

with
perimysium

1 Scalpel cut 6 1.2 ± 0.6
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did not change significantly, despite the fact that all the loops with cut
ends were lost during the first test. Fig. 1e shows a manufactured edge
after testing: the continuous band seen in Fig. 1c has broken up into
several discreet pieces.

4. Discussion

This work has demonstrated that it is possible to generate mesh
erosion of tissue in a simple laboratory experiment. The equipment was
capable of consistent results, allowing statistically significant differ-
ences to be demonstrated between groups. The applied forces and
movement distances used in the test were chosen to reflect likely con-
ditions in vivo. For example (Brandão et al., 2017) estimated move-
ments of 6–15mm and forces of 1.6–3.4N for midurethral sling pro-
ducts. However it should be pointed out that the literature on the
biomechanics of these products is very sparse and more work is needed
in this area.

Our results showed that the rate of erosion varies considerably de-
pending on the orientation and composition of the tissue. It was striking
that even a small amount of perimysium, in the form of fibres or layers
running perpendicular to the mesh (see Fig. 3c) greatly reduced the
wear rate. This can be attributed to the fact that (as noted above)
perimysium is about ten times stronger than muscle fibres.

The erosion which occurred in these tests is essentially a kind of
wear. Wear rates are classically described using a wear factor k (Jin
et al., 2006) which is related to the volume V of material lost for a given

relative movement x under an applied force W, as:

k = V/Wx (1)

This relationship implies that the amount of wear is proportional to
the applied force. Our results show only partial conformance to this
relationship: the highest rate of wear occurred under the highest force
2N, giving a wear factor (assuming a cut of width 1mm) of
k=101mm3/Nm. However the rate for the two lower forces (1N and
0.5N) was similar, leading to k values of 69 and 173mm3/Nm respec-
tively. Further work is needed to study this effect more closely: anyway
it is interesting to compare these values with the typical wear rate for
another biomedical polymer, UHMWPE (Ultra high molecular weight
polyethylene) in contact with metal on the articulating surfaces in ar-
tificial hip joints and knee joints. The wear rates in that case are typi-
cally of the order of 10−7mm3/Nm (Jin et al., 2006), about one billion
times smaller, and yet the wear of these joint components is a matter for
concern.

The walls of the bladder and vagina are typically 3–10mm thick.
Our results imply that mesh would be able to penetrate a 3mm wall
under a force of 1N after a total relative movement in the range
0.5–2.5m. Assuming a movement of 10mm per day this implies that
penetration could occur within 50–250 days. This is consistent with
clinical studies (Jonsson Funk et al., 2013; Iglesia et al., 1997; Dayton
et al., 1986; Abed et al., 2011) which report that mesh erosion of this
extent usually occurs quickly, within weeks to months following sur-
gery, implying that the erosion rates in our experiments are similar to
those which occur in vivo, though other factors (such as the formation of
scar tissue) may act to reduce or prevent erosion in some cases.

Our results showing no difference in erosion rate between a man-
ufactured edge and a cut edge should be treated with caution as we
tested only a small number of specimens and the manufactured edge
was not one which is recommended for implanted mesh products.
However it was interesting that a thicker, more continuous edge did not
result in lower wear rates as we had expected. The explanation for this
may lie in changes which occurred to the two types of edges during the
test: manufactured edges tended to break up (Fig. 1e), leading to gaps
in their continuity, creating local sharp edges, whilst the scalpel cut
edges tended to lose their cut fibres, leaving relatively smooth loops
(Fig. 1d).

This work had some limitations. Our tests were conducted in vitro
using ex vivo tissue samples. Mesh erosion will most likely be affected
by biological factors, such as tissue ingrowth and inflammatory reac-
tions. Further testing, involving animal models, will be needed to in-
vestigate these factors but our tests provide a necessary step in the
design process for these products. We used only one type of tissue, and
one size of sample. Our tests can be considered as a worse-case scenario,
since the entire force is applied through the edge of the mesh, whilst in
practice some force will pass through the side.

Further work is needed to apply the same approach to tissues from
the pelvic organs, such as the bladder, vagina and uterus, using applied
forces and movements which more precisely mirror those experienced
by tissue in contact with surgical mesh products. The present work
represents only the first step in what should be an extensive study to
characterise and compare different mesh materials and products. Other
types of experiments can also be envisaged, such as animal experiments
to investigate changes which will occur in vivo, such as the formation of
scar tissue (which might reduce erosion) and effect of microbial action
(which might alter the chemical environment). In our opinion these
should be essential experiments to be conducted before a surgical mesh
product is used clinically.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jmbbm.2019.103420.

Fig. 4. (a) The effect of tissue type and orientation on erosion rate (applied
force W=1N with scalpel cut edges). All results are significantly different
(p < 0.05). (b) The effect of applied force W on erosion rate (testing with a
scalpel cut edge perpendicular to fibres). The result at 2N is significantly dif-
ferent from other two (p < 0.05), but the result at 0.5N is not significantly
different from that at 1N (p= 0.38).
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