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A B S T R A C T   

Despite the worldwide spread of surgical meshes in abdominal and inguinal surgery repair, the lack of specific 
standards for mechanical characterization of synthetic meshes, used in hernia repair and urogynecologic surgery, 
makes performance comparison between prostheses undoubtedly difficult. This consequently leads to the 
absence of acknowledged specifications about the mechanical requirements that synthetic meshes should achieve 
in order to avoid patient discomfort or hernia recurrences. 

The aim of this study is to provide a rigorous test protocol for the mechanical comparison between surgical 
meshes having the same intended use. The test protocol is composed of three quasi-static test methods: (1) ball 
burst test, (2) uniaxial tensile test, and (3) suture retention test. For each test, post-processing procedures are 
proposed to compute relevant mechanical parameters from the raw data. Some of the computed parameters, 
indeed, could be more suitable for comparison with physiological conditions (e.g., membrane strain and 
anisotropy), while others (e.g., uniaxial tension at rupture and suture retention strength) are reported as they 
provide useful mechanical information and could be convenient for comparisons between devices. The proposed 
test protocol was applied on 14 polypropylene meshes, 3 composite meshes, and 6 urogynecologic devices to 
verify its universal applicability towards meshes of different types and produced by various manufacturers, and 
its repeatability in terms of coefficient of variation. 

The test protocol resulted easily applicable to all the tested surgical meshes with intra-subject variability 
characterized by coefficient of variations settled around 0.05. Its use within other laboratories could allow the 
determination of the inter-subject variability assessing its repeatability among users of alternative universal 
testing machines.   

1. Introduction 

Since the introduction of synthetic meshes for the strengthening of 
the abdominal wall in hernia repair surgery and for the treatment of 
pelvic organs prolapse, many studies tested commercial meshes in order 
to assess their mechanical characteristics (Deeken et al., 2011a; 
Hernández-gascón et al., 2011; Wolloscheck et al., 2004). The absence of 
specific standards to verify the safety and the performance of surgical 
meshes results in the arise of a plurality of test set ups, leading to dis-
similar and often ambiguous methods used for the computation of me-
chanical parameters (Sahoo et al., 2015; Todros et al., 2017, 2018). 
Despite test methods (i.e., uniaxial, planar biaxial, equi-biaxial, ball 
burst, suture retention, and tear retention) have being repeated between 
studies, the variability between set ups and dimensions of the specimens 

makes the comparison between the results burdensome (Cordero et al., 
2015; Deeken et al., 2011b, 2014; Wolf et al., 2013). In this context, the 
common practice is indeed to adapt, for the testing of surgical meshes 
(Deeken et al., 2011a), International Standards (ISs) or National Stan-
dards (NSs) originally developed for the textile industry as reported in 
Table 1. This adaptation is often induced by the limited availability of 
material linked to the small size and the high costs of the devices under 
investigation. Reductions in specimens dimension were indeed adopted 
by Li et al. (2014), Deeken et al. (2011b), Pott et al. (2012), whereas, for 
the same reason, a reduced number of replicas are performed by Maurer 
et al. (2014), that conducted only one or two replicas for each tested 
configuration. However, variability is found in other test parameters, 
such as the strain rate, for not always reported or justified reasons. In 
fact, despite the standards recommend values (e.g., ISs for ball burst test 

* Corresponding author. Department of Mechanical and Aerospace Engineering, Politecnico di Torino, 10129, Turin, Italy. 
E-mail address: vittoria.civilini@polito.it (V. Civilini).  

Contents lists available at ScienceDirect 

Journal of the Mechanical Behavior of Biomedical Materials 

journal homepage: www.elsevier.com/locate/jmbbm 

https://doi.org/10.1016/j.jmbbm.2023.105987 
Received 21 December 2022; Received in revised form 6 June 2023; Accepted 20 June 2023   



Journal of the Mechanical Behavior of Biomedical Materials 144 (2023) 105987

2

define a loading rate of 305 ± 13 mm/min) or ranges (e.g., ISs prescribe 
an elongation rate related to the gauge length - g.l. - of the specimen for 
uniaxial tensile tests and two elongation rates for the tear resistance test, 
to be selected in agreement with the manufacturer), strain rates reported 
in literature are widely variable. For instance, in uniaxial tensile test, 
strain rates greater than 100% g.l./min were used by Pott et al. (2012) 
(50 mm/min with a g.l. < 45 mm) and by Dietz et al. (2003) (1200 
mm/min with a g.l. = 46 mm). On the contrary, Velayudhan et al. 
(2009) adopted a lower strain rate than the one suggested by the ASTM 
Standard followed (specimen used = 45x30, strain rate = 10 mm/min; 
ASTM specimen min g.l. = 75 ± 1 mm, strain rate = 300 ± 10 mm/min). 
Deviations about strain rate were also reported in ball burst test (Klos-
terhalfen et al., 2000). Moreover, various strain rates were selected in 
suture retention test, for which no reference standards are available 
(Deeken et al., 2011a; Klosterhalfen et al., 2000; Martin et al., 2013; 
Soares et al., 1996). An additional variation in ball burst set-ups regards 
the ratio between the clamped circle region and the sphere diameter 
(Deeken et al., 2011b; Klosterhalfen et al., 2000; Lerdsirisopon et al., 
2011). Last, but not least, the post-processing of raw data is addressed 
with different methods in the literature. The aim of the post-processing 
is mainly the computation of the meshes mechanical properties. Some of 
these are described in the ISs, while many others can be defined and 
computed from experimental data in order to assess and compare the 
mechanical properties of the different surgical meshes. Some properties 
can indeed lead to a better understanding of implant acceptability (e.g., 
anisotropy, membranal tension, and strain), while others are useful for 

mechanical comparison (e.g., maximum uniaxial tensile force and ten-
sion, uniaxial stiffness) (Pott et al., 2012). Examples regarding differ-
ences in raw data manipulation can be found considering the stiffness of 
the specimens computed from the uniaxial tensile test data or the 
anisotropy between the two main directions of the knitted meshes. 
Regarding the stiffness, some studies used the slope of the secant at 10% 
of elongation (Maurer et al., 2014) or at 15% and 30% of elongation as 
high and low values, respectively (Jones et al., 2009; Moalli et al., 2008; 
Shepherd et al., 2012). Others calculate the slope of a small linear region 
of the stress-strain curves or load-displacement curves (Dietz et al., 
2003; Li et al., 2014; Velayudhan et al., 2009) or in addition, consider 
the averaged slope of the whole linear portion of tension-strain curves 
(Saberski et al., 2011). On the contrary, Maurer et al. considers the ratio 
between the physiological membrane tension for the pelvic region 
calculated from Laplace’s law (0.035 N/mm (Ozog et al., 2014)) and the 
corresponding Δε (Maurer et al., 2015). Finally, even though anisotropy 
is recognized as an important parameter for the correct graft alignment 
in order to minimize patient discomfort and recurrences (Anurov et al., 
2012; Est et al., 2017; Rastegarpour et al., 2016; Zhu, 2015) it is rarely 
reported and, when done, different definitions are used (Deeken and 
Lake, 2017; Est et al., 2017; Maurer et al., 2014; Saberski et al., 2011). 

The above-described issues impact the repeatability and reliability of 
the results and are the main cause of the meaningful variability reported 
in literature. Tables 1 and 2 collect the mechanical properties of poly-
propylene surgical meshes and urogynecologic devices (UD) focusing on 
the test types most frequently found in the literature: the ball burst test, 

Table 1 
Mechanical parameters of polypropylene and composite meshes (comp) reported in literature: BS: bursting strength; MTmax: maximum membrane tension; DSmax: 
maximum dilatational strain; DS16: dilatational strain at 16 N/cm; UTR: uniaxial tension at rupture; SR: strain at rupture; k: secant stiffness; SRS: suture retention 
strength. Column IS lists the standards cited in the study: a: ISO Standard - I: ISO 13934, II: ISO 527-1, b: ASTM standard - I: D3787-07, II: D638-03, III: D2261-07a, IV: 
D5034, c: National Standard - I: DIN 53455, II: DIN 54307, III: DIN 53857, d: Custom set up, NP not reported. The numerical values found in literature were converted 
for consistency with the units of measure used below. *1 replica performed; **2 replicas performed; ◦ value derived from bar graph; ^ sphere diameter equal to 9.53 
mm. 
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the uniaxial tensile test, and the suture retention test. Synthetic meshes 
were classified by density: ultra-light weight (ULW), light weight (LW), 
standard weight (SW) and heavy weight (HW) (Coda et al., 2012). In 
addition to the dispersion of the data, the incompleteness of the table 
stands out, representing the lack of multi-test protocols that the authors 
can follow to mechanically characterize the devices. 

In this panorama, the aim of this study is to propose a comprehensive 
test protocol comprising: (1) a set of mechanical testing methods 
adapted from the ISs and (2) the post-processing algorithms used to 
extract from the raw data the mechanical parameters useful to compare 
different devices. The defined test protocol is tested on 23 different 
devices to confirm its repeatability on devices having different struc-
tures and different intended use. 

2. Materials and methods 

Three quasi-static test methods were selected with the aim of 
providing the parameters of interest albeit using tests characterized by 
ease of execution and adaptability in terms of specimens dimensions. In 
detail, given its multiaxial characteristic, the static ball burst test was 
selected for performance assessment. It indeed replicates a solicitation 
pattern that resembles the in vivo load state, and it can therefore be used 
to evaluate rupture behavior at high loads and deformability behavior 
under physiological or pathological stresses. The static uniaxial test is 
the most performed mechanical test and was therefore selected to pro-
vide basic mechanical characteristics. A static suture retention test was 
added to complete the surgical meshes mechanical characterization 
providing parameters related to the mesh positioning procedure. In 
order to evaluate different behaviors along the two principal direction of 
the knitted pattern of the meshes, specimens were collected in two 
perpendicular directions mention as “weak” and “strong” in the para-
graphs below. The “strong” direction was determined comparing the 
failure force obtained in the uniaxial tensile test by the specimens of the 
same mesh in the two directions. The three set ups are shown in Fig. 1. 

2.1. Ball burst test protocol 

ASTM D6797-15 is used as reference standard for this test. Reduced 
circular specimens (diameter = 55 mm) and ball-burst attachment di-
mensions (ring clamp internal diameter (aperture) = 35 mm and pol-
ished steel sphere diameter = 20 mm) are used in place of the 
recommended ones in order to allow testing and comparison between 
surgical meshes of small and variable commercial sizes. The ratio be-
tween the aperture and the ball diameter suggested by the standard 
(44.45 mm/25.4 mm = 1.75) is not modified. 

A custom test grasping based on a screw mechanism was realized in 
INOX AISI 316, in order to apply a uniform pressure on the constrained 
annulus of the specimen allowing to clamp the specimens without ten-
sion between the plates of the ring clamp mechanism (Fig. 1a, the .STEP 
file of the ball burst grasping mechanism is provided in the Supple-
mentary Material). 

After specimen positioning, the spherical indenter is moved towards 
the mesh at 300 mm/min as the standard prescribes, while recording the 
force and the displacement. For each mesh typology, five specimens are 
tested as suggested by the standard, in order to give statistical consis-
tency of results. 

2.1.1. Parameters computation 
From the raw data the bursting strength is computed as the 

maximum force value. Due to the dependency of the maximum force on 
the ratio between the sphere diameter and the aperture diameter, the 
computation of membrane tension and strain is also mandatory for 
comparison purposes. These parameters are computed through an 
analytical method developed by Freytes et al. (2005) and Sahoo et al. 
(2015), which relies on the following assumptions:  

• The specimen is isotropic, incompressible, there are negligible shear 
stress, and negligible friction between the steel ball and the 
specimen;  

• The specimen can be modeled as a thin-walled membrane (i.e., 
specimen thickness is negligible, being more than one order of 
magnitude lower than specimen radius). 

The method is briefly described below for ease of reference. 
During the test, the ball-specimen contact area progressively in-

creases and the ball traversing the specimen leads to specimen defor-
mation that assumes the shape shown in Fig. 2a. Therefore, the central 
region of contact assumes a spherical dome shape, while the peripheral 
region, out of contact, assumes a truncated cone shape, with a base equal 
to the fixed-edge of the aperture (Fig. 2b). 

The dilatational strain (DS, %) is defined as the percent modification 
of specimen area as the ball penetrates the specimen: 

DS=
Ai − A0

A0
100% [1]  

where the initial specimen area is A0 = πa2 = 962.11 mm2. 
The instantaneous specimen area Ai at each time step i can be 

calculated as the sum of the surface area in contact with the ball, Ab and 
the truncated cone area, Ac. The estimation of the two areas needs the 
computation of geometric entities starting from the ball displacement l 
recorded by test machine ([mm]), the ball radius R and the aperture 
radius a as follows: 

• The distance b between the aperture and the ball centroid is calcu-
lated as b = R − l for l < R or b = l − R for l > R (Fig. 2c and d).  

• The free length of the specimen is computed as f =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 + b2 − R2

√

(derived from c2 = f2 + R2 = a2 + b2).  
• The angle φ between the vertical axis and the line connecting ball 

centroid and the boundary point between the contact with the ball 
and the free length of the specimen (point A in Fig. 2b and c) is 

computed as φ = tan− 1( a
b
)
− tan− 1

(
f
D

)
if l < R and as φ = π −

tan− 1( a
b
)
− tan− 1

(
f
R

)
if l > R.  

• Therefore:  
⁃ Ab is computed by integration of the dome circumference along the 

angle ε (in red in Fig. 2c) which spans from 0 to φ: Ab =
∫ φ

0 2π •

R sin ε • R dε = 2πR2[1 − cos φ]; .  
⁃ Ac is directly computed from geometric relations as Ac = πf(rb +

a).  
• Finally, Ai = Ab + Ac. 

The true membrane tension depends on the instantaneous specimen- 
edge length and the corresponding load, which is generated by the 
pressure applied to the specimen through the ball during the test. The 
true membrane tension depends on the radius in the truncated cone 
portion of the specimen free from the ball, decreasing as the considered 
radius increases. The maximum solicitations are therefore gathered at 
the rb radius, while solicitations decrease approaching the aperture. For 
this reason, both membrane tensions are computed (at r = rb and r = a). 

The pressure P acts on the contact region, defined in Fig. 2a, called Ab 
in the previous section, and it is estimated from thin membrane theory 
as: 

P=
L
Ab

=
L

2πR2[1 − cos φ]
[2] 

It follows that the true membrane tension (T, N/cm) in the specimen 
contact area (r = rb) can be estimated as: 

T =
PR
2

=
L

2πR2[1 − cos φ]
•

R
2
=

L
4πR[1 − cos φ]

[3] 

The true membrane tension at the aperture (r = a, see Fig. 2d) is 
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estimated as: 

Ta =T ×
2πrb

2πa
= T ×

R sin φ
a

[4] 

The true tension in the portion of the mesh in contact with the 
sphere, T, is the greatest tension that the specimen stands and is there-
fore used to compute the maximum membrane tension and the corre-
sponding dilatational strain. On the other hand, the true membrane 
tension at the aperture, Ta, is the tension that affects the entire area of 
the specimen and can be thus considered to assess the dilatational strain 
of the graft corresponding to a membrane tension of 16 N/cm and at 32 
N/cm, that corresponds to the most reported tension requirements for 
surgical meshes (Bilsel and Abci, 2012; Deeken et al., 2011a; Zhu, 2015). 

2.2. Uniaxial tensile test protocol 

Test parameters are selected with reference to the ISO 13934-1:2013 
international standard. Being the reference standard not designed for 
medical device testing, a change in specimen shape and dimension was 
necessary in order to allow testing and comparison between meshes of 

small and variable commercial sizes. The actual specimen design 
(Fig. 1b, the 2D drawing of the dogbone specimen is provided in the 
Supplementary Material) was obtained through an iterative experi-
mental process aimed at avoiding specimens rupture within 5 mm from 
the grip (jaw break), as prescribed by the standard. Indeed, according to 
the standard, these specimens need to be discarded from subsequent 
evaluations. 

Due to the choice of dogbone specimens and, at the same time, the 
impossibility to attach a strain gauge to the specimen because of ma-
terial nature, it is necessary to use an optical measurement system in 
order to analyze the displacement of the necking zone of the specimen. 
Therefore, two markers are sewn on the mesh, in the narrow section, 
taking care not to interfere with the movement between the yarns. The 
initial distance between the markers is 20 mm. Markers displacements 
are recorded and analyzed using a Digital Image Correlation (DIC) sys-
tem after the cameras calibration. 

Five specimens for the two principal knitting direction of each mesh 
types are tested. The specimens are mounted on the testing machine by 
the mean of pneumatic grips set to 1.8 bar without a preload, and the 
upper grip is moved vertically at 20 mm/min, 100% gauge length/min 

Table 2 
Mechanical parameters of polypropylene urogynecologic devices reported in literature: UTR: uniaxial tension at rupture; SR: strain at rupture; k: 
secant stiffness. No International Standard are reported in literature for urogynecologic devices. The numerical values found in literature were 
converted for consistency with the units of measure used below. *1 replica performed; **2 replicas performed. 
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elongation rate as suggested by the standard for specimens that exhibit 
elongation at maximum force of fabric >75%. The force and the 
displacement data as well as images are acquired at 5 Hz. 

2.2.1. Parameters computation 
From marker coordinates, the deformation in the central portion of 

the specimen is computed as: 

ε= l − l0

l0
*100 [5]  

where l is the incremental marker distance along the motion axis, and l0 
is the initial marker distance at rest along the motion axis. 

From the force F recorded during the test, the tension is computed as: 

T =
F
w0

[6]  

where w0 is the specimen width at rest, equal to 8 mm in the dogbone 
geometry defined. 

The tension at rupture and the corresponding strain are reported as 
meaningful parameters. From the tension vs. deformation curve, the 
slope of the initial portion, named secant stiffness (k), is computed as the 
slope of secant line at 10% deformation (Maurer et al., 2014). This value 
of strain is considered as representative of a physiological range of 
deformation for implanted devices (Junge et al., 2001; Konerding et al., 
2011; Ruiz-zapata et al., 2018). A representative tension vs. strain curve 
is shown in Fig. 3 depicting the computed parameters. 

The anisotropy of the meshes is thus computed starting from the 
mean value of secant stiffness in the two perpendicular directions as: 

α=

⃒
⃒
⃒
⃒log

ks

kw

⃒
⃒
⃒
⃒ [7]  

where ks is the secant stiffness in the strong direction and kw in the weak 
direction (Saberski et al., 2011). 

2.3. Suture retention test protocol 

The attachment and the test setup, showed in Fig. 1c, were designed, 
adapting the setup used by Deeken et al. (2011b), and were realized in 
INOX AISI 304 (the .STEP file of the suture retention test grasping 
mechanism is provided in the Supplementary Material). Rectangular 

specimens (70 x 55 mm) are securely clamped without tension at the 
upper pneumatic grip set to 1.8 bar, while a Assusteel® monofilament 
wire with a diameter of 0.350–0.399 mm is inserted 10 mm from the 
inferior edge of each specimen. The specimens are loaded at a rate of 
300 mm/min in displacement control and the force and the displace-
ment data are acquired. Five specimens for the two principal knitting 
direction of each mesh types are tested. 

2.3.1. Parameters computation 
From the raw data, the suture retention strength (Fmax) for the single 

specimen is computed as prescribed by the ASTM D2261-13 (Fig. 4):  

- Option 1: For fabrics exhibiting five peaks or more, after the initial 
peak, determine the five highest peak forces and calculate the 
average of these five highest peak forces.  

- Option 2: For fabrics exhibiting less than five peaks, record the 
highest peak force as the single-peak force. 

2.4. Test protocol verification 

Fourteen polypropylene meshes, used for abdominal or inguinal 
hernia repair, three composite meshes used for abdominal hernia repair 
and six urogynecologic devices, used for pelvic floor disorders (i.e., 
pelvic organ prolapses and stress urinary incontinence), were tested in 
the three different set ups in order to verify its suitability for the surgical 
meshes. Only the uniaxial tensile test in longitudinal direction was 
conducted on the urogynecologic devices. 

All the tests were performed using a universal testing machine, Ins-
tron E3000 (INSTRON®, Norwood, MA, USA) under displacement 
control conditions. The sensors used to record the force and the 
displacement during the tests are certified with an Accuracy Class 0.5 
specify in ISO 9513:2012. The requirements of the aforementioned IS (e. 
g., ISO 13934-1:2013 and ASTM D6797-15) are therefore completely 
fulfill. The VIC-3D system (Isi-sys GmbH, Kassel, Germany) was used to 
record the markers displacement during uniaxial tests. The post- 
processing of the data was entirely conducted in Matlab (version 
9.10.0 (R2021a). Natick, Massachusetts: The MathWorks Inc.). 

Due to the devices dimensions, it was not possible to carry out all test 
methods for all the selected meshes. The tests performed on each mesh 
(335 specimens in total) are indeed detailed in Table 3 where the devices 
are grouped by intended use as hernia meshes (HM) and urogynecologic 

Fig. 1. Tests set up with an example of a mounted specimen. a) Ball burst test; b) Uniaxial tensile test; c) Suture retention test.  
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devices (UD) and by weight in ultra-light weight (ULW), light weight 
(LW), standard weight (SW) and heavy weight (HW) or composite 
(Comp), as previously described. 

In order to determine the dispersion level around the mean and to 
verify the test protocol repeatability, the coefficient of variation (CV) 
was determined for all the extracted parameters, with the exception of 
anisotropy, as the ratio between the standard deviation and the mean 
computed on the 5 replicas performed for each tested configuration. 
Moreover, the median value of the CV was assessed for each set up 
gathering the CV values of the different parameters computed from the 
raw data. 

3. Results 

For each tested configuration five replicas were performed. The 
repeatability of the test was evaluated by the mean of frequency analyses 
on the CVs. 

The first frequency analysis was implemented between the CVs of all 
the parameters and all the devices for each test method. The results are 
displayed in Fig. 5 as bar diagrams and heat maps. The bar diagrams 
depict the CVs values of all the parameters computed for each test 
method. The heat maps draw the attention on the CVs distribution of the 
different parameters. Considering the three test types, the CVs distri-
bution is highly concentrated in a range between 0.05 and 0.20, as 
highlighted by the darker colors of the heat map above 0.20. The median 
values of CVs for the different tests are: 0.14 for the uniaxial tensile test, 
0.05 for the ball burst test, and 0.08 for the suture retention test. 

Additionally, the frequency distribution of CVs for all the parameters 
of all the test methods is shown in Fig. 6 toghether with the frequency 
distribution of the CVs of the parameters found in literature and re-
ported in Tables 1 and 2. Among all the tests parameters the most 
frequent CV value is 0.05. The frequency distribution appears similar 
comparing our parameters to literature parameters. However, in liter-
ature there are sporadic CVs equal or higher than 1 wheres CVs higher 
then 0.30 are rare in our results. 

The repeatability of the test is reflected in the standard deviations of 
the force-displacement curves, that are usually limited in comparison to 
the respective mean value. Some examples are shown in Fig. 7, Figs. 8 
and 9 in which the low variability is observable in the depicted curves, 
where the standard deviation is represented as a semi-transparent area 
around the mean. Herein, the curves are reported only to further stress 
the repeatability of the performed tests. In this regard, the names of the 
meshes were not disclosed to prevent the attention from shifting towards 
the comparison of meshes and manufacturers, which falls beyond the 

Fig. 2. Schematic of the ball-burst test setup: a) representation of the ball-sample contact; b) split of the specimen geometry into a spherical dome and a truncated 
cone; c-d) geometrical parameters used in estimating mechanical properties of the test construct when the ball displacement is lower than the radius of the ball (c) 
and when the ball displacement is higher than the radius of the ball (d). 

Fig. 3. Representative tension vs. strain curve for uniaxial tension test. The 
blue line represents the secant stiffness computed as detailed above, whereas 
the red star depicts the tension at rupture and the corresponding strain. 
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scope of the work presented here. 
From the ball burst curves (Fig. 7) almost identical trends are 

appreciable in all LW meshes that exhibit overlapped areas. Similar 
trends are displayed also from SW meshes. In this case, the main dif-
ferences are in terms of maximum reached displacement. The composite 
meshes also reveal trends shifted in terms of displacement. From Fig. 8 
differences between the two tested directions can be stressed out. In 
particular, the anisotropy appears to be higher for the HW meshes with 
the exception of mesh 4 that reaches the highest anisotropy value. Only 
three meshes (i.e., mesh ID 2, 3 and 10) show similar behavior in the two 
tested directions with an anisotropy value less than 0.10. The HW 
meshes have completely separated curves between the two directions, 

with a high overlap among the devices mostly in the strong direction. 
The urogynecologic devices (Fig. 9) can be grouped in three couples 
with similar behavior, especially in terms of stiffness. Moreover, greater 
strains at rupture values are obtained from the urogynecologic devices 
with lower secant stiffness. 

A comparison between the computed parameters for all the 23 
meshes is conducted in order to assess a correspondence between the 
mechanical parameters and the types of meshes. The most relevant pa-
rameters are depicted in Fig. 10. Here, BF and SRS appear the most 
suitable mechanical parameters for a classification of the meshes 
showing a clear separation between the LW and the SW meshes. The 
composite meshes results in the BF graph are similar to the LW meshes, 

Table 3 
Tested meshes for the three test methods. 

Fig. 4. a) Representative force vs. displacement curve for option 1 peaks detection; b) Representative force vs. displacement curve for option 2 peaks detection.  
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as composite devices, here tested, are made up of a layer of different LW 
meshes and a non-adhesion membrane layer that does not significantly 
improve the mechanical properties of the devices. Finally, about uni-
axial tensile test, a grouping of the different meshes weights is possible 
by combining information from UTR and k results. In detail, LW meshes 
differentiate from SW and HW thanks to UTR values, whereas HW 
meshes obtained higher k values in the strong direction comparing to the 
SW meshes. 

4. Discussion 

The adoption of ISs used worldwide to assess the mechanical char-
acteristic of surgical meshes would be a chance to reduce the variability 
of tests set ups and methods for parameters computation, making the 
comparisons between different studies more reliable, or at least possible. 
In this perspective, the present study proposes an exhaustive test pro-
tocol for the mechanical characterization of synthetic meshes. The test 
protocol consists of a ball burst test, a uniaxial tensile test and a suture 
retention test. For the ball burst test, a steel sphere with a 20 mm 
diameter was used to penetrate a circular specimen with an indentable 
diameter of 35 mm. The sphere was moved along the vertical direction 
at a strain rate of 300 mm/min. In the uniaxial tensile test, a dogbone 
specimen with a gauge length of 20 mm was tensioned at a strain rate of 
20 mm/min until rupture. Finally, in suture retention test a 70 x 55 mm 
rectangular specimen was tested, propagating the threads rupture 
caused by an Assusteel® wire inserted 10 mm from the bottom edge of 
the specimen. The test was performed at a strain rate of 300 mm/min. 

Our set up choices were driven mainly by the prospect to easily 
replicate the tests (i.e., small specimens, simple set ups and, detailed 
computation of parameters), without neglecting the possibility of com-
parison with physiological conditions. 

We at first addressed the reduction of the specimens dimensions to 
limit the material needed for the tests. In this regard, if the scarcity of 
material, especially in specimens collected from preshaped devices (i.e., 
heavy weight and composite meshes), precludes the performance of all 
tests, we recommend excluding the suture retention test on those 
meshes. In our opinion, the uniaxial tensile tests and the ball burst test 
are the most significant for the comparison of the mechanical properties 
of surgical meshes. The need in performing at least uniaxial tensile test 
and ball burst test rises from the complex mechanical behavior of these 
textile implantable devices and moreover, the complex solicitations 
pattern that they have to stand once implanted. 

The reduction of specimen dimensions for the uniaxial tensile test 
was crucial, as the prescription of the most used IS (i.e., ISO 13934) 
declares a rectangular specimen with a width of 50 mm and a gauge 
length of 200 mm (100 mm for material with an elongation greater than 
75% of g.l.). These sizes may be acceptable in the analysis of general 
fabrics but become inapplicable in the case of surgical meshes. The 
process followed in order to determine the best compromise in terms of 
small dimensions and failure in the central part of the specimen led to 
the selection of a dogbone shape, which however made the use of an 
optical system mandatory to follow and acquire the displacement of the 
narrow part of the specimen. In many studies that perform uniaxial 
tensile tests on dogbone specimens, there is no mention to local mea-
surements, neither with optical methods nor other techniques, for the 
recording of the actual displacement of the narrowed section of the 

(caption on next column) 

Fig. 5. CVs frequency analysis among all the parameters for the selected test 
method. a) Ball Burst test where BS: bursting strength; MTmax: maximum 
membrane tension; DSmax: maximum dilatational strain; DS16: dilatational 
strain at 16 N/cm; DS32: dilatational strain at 32 N/cm; b) Uniaxial tensile test 
where UTR: uniaxial tension at rupture; SR: strain at rupture; k: secant stiffness; 
c) Suture retention test where SRS: suture retention strength. The color per-
centage near the heat maps refers to the relative frequency percentage of the 
corresponding CV value. 
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Fig. 6. Frequency analysis of CVs among all the tests parameters reported in literature.  

Fig. 7. Force vs displacement curves from ball burst test data. The lines depict 
the mean behavior obtained from the five replicas whereas the standard devi-
ation is represented as semi-transparent area around the mean. In each graph, 
different colors refer to different devices and the numbers in the legend refer 
to Table 3. 

Fig. 8. Tension vs. strain curves from uniaxial tensile test data of hernia mesh. 
The lines depict the mean behavior obtained from the five replicas whereas the 
standard deviation is represented as semi-transparent area around the mean. In 
each graph, different colors refer to different devices and the numbers in the 
legend (tables on the right of graphs) refer to Table 3. The dashed lines refer to 
the weak direction, while the solid lines refer to the strong direction. The tables 
on the right report the anisotropy value for each mesh. 
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specimen (Deeken et al., 2011b; Li et al., 2014; Pott et al., 2012). The use 
of the displacement recorded by the testing machine when dealing with 
dogbone specimens leads to a wrong estimation of mechanical param-
eters, due to the non-constant cross-section of the specimen. A local 
strain measure is therefore mandatory to compare the stiffness and 
strain results using the proposed test protocol. Regarding the computed 
parameters, the choice of a small width could have affected results 
especially for the lighter meshes in which the large porosity leads to a 
small amount of load-bearing threads (Pott et al., 2012). Moreover, not 
all the tested meshes attained a 75% elongation at rupture that is re-
ported by the IS for the use of a strain rate equal to 100% of gauge 
length/min. Still, the strain rate was not varied between the different 
materials both considering that the majority of the surgical meshes 
reached the required elongation at rupture, and to allow comparability 
between the results. 

In ball burst test, the bursting strength is highly dependent on the 
aperture and the sphere diameters, and, as a consequence, on the 

circular specimen diameter. Nonetheless, the membrane tension and the 
dilatational strain depend only on the ratio between the two diameters. 
Changes in the specimens dimensions is therefore possible as long as the 
ratio between the aperture and the sphere diameter remains unchanged 
(1.75 as suggested by ASTM D6797-15 standard). 

In the proposed protocol the wider specimens are needed in the su-
ture retention test, because smaller specimen dimensions always resul-
ted in an incorrect and transverse propagation of the tear. Not only the 
size but also the Assusteel wire distance from the specimen edge affects 
the suture retention strength: a change in this distance would vary the 
number of mesh threads that withstand to the tear propagation and so 
the number and the value of force peaks. 

Although the parameters used to compare mesh performance recur 
in literature, the computation of these parameters is often not clearly 
described (e.g., tensile stress and strain in Deeken et al., 2011b and 
Eliason et al., 2011 for ball burst test) making the results interpretation 
troublesome. By providing a detailed description of how to calculate the 
mechanical parameters which we consider to be of interest, we 
encourage the use of directly comparable results. In this way an 
inter-subject variability analysis could be easily conducted in order to 
settle the strongest parameters by computing CVs for a same parameter 
collected in different laboratories. 

A further issue for mechanical parameters extracted by in vitro test is 
their correlation with clinical outcomes and some studies emphasize the 
importance of mechanical parameters in order to get information of in 
vivo behavior or at least to guide the surgeon’s choice of feasible device 
(De Maria et al., 2016; Hollinsky et al., 2008; Klinge and Klosterhalfen, 
2012). On the other hand, other studies highlight that, at present, no 
simple correlation was found between biomechanical parameters and 
clinical outcomes, especially using uniaxial tests (Mangera et al., 2012; 
Maurer et al., 2014). Therefore, many precautions should be taken in 
interpreting the parameters extracted from in vitro tests. Moreover, the 
definition of mechanical requisites for the surgical meshes could be 
much more laborious due to the difficulties in the assessment of the 
physiological stress and strain state. The actual tension and the corre-
sponding deformation that act on abdominal wall, inguinal canal and 

Fig. 9. Tension vs. strain curves from uniaxial tensile test data of urogyneco-
logic devices. The lines depict the mean behavior obtained from the five rep-
licas whereas the standard deviation is represented as semi-transparent area 
around the mean. Different colors refer to different devices and the numbers in 
the legend refer to Table 3. The solid lines refer to the SW devices, the dashed 
and dotted line to the LW device and the dotted line to the ULW device. 

Fig. 10. Mechanical parameters computed for the tested meshes relevant for devices classification: a) BF computed from ball burst test for HM, b) e c) UTR and k 
respectively, computed from uniaxial tensile test and d) STS computed from suture retention test. The colored bands delimited the different meshes weight for HM: 
blue band for the LW, green band for the SW, orange band for the HW, yellow band for the Comp and finally violet dotted band for all the UD. 
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pelvic floor during everyday activities has been investigated by the 
mean of different approach but are still relatively not defined (Cobb 
et al., 2005a; Junge et al., 2001; Kalaba et al., 2016; Klinge et al., 1996; 
Ozog et al., 2014; Song et al., 2006; Williams et al., 1975). Therefore, 
mechanical requirements for surgical meshes are tough to settle and, to 
date, the parameters extracted from the mechanical characterization 
seem to have greater influence in device design and comparison than in 
in-vivo performance prediction. In addition, it should be noticed that 
recurrences and failures of hernia repairs are rarely caused by mesh 
rupture but usually result from mistakes during graft implantation or 
fixture (Cobb et al., 2005b). However, a crucial aspect of surgical meshes 
is the need to avoid alterations of the native tissue mobility after the 
implantation, and to promote the incorporation into native tissues. In 
this context, the stiffness and the anisotropy of the implant play a sig-
nificant role in preventing hernia recurrence or patient discomfort 
(Kalaba et al., 2016; Konerding et al., 2011; Miao et al., 2015). The mesh 
stiffness and the dilatational strain evaluated in multiaxial test, such as 
ball burst test or biaxial test, are in our opinion the most suitable me-
chanical parameters for the evaluation of clinical outcomes, in terms of 
patient’s comfort after implantation (Bilsel and Abci, 2012; Klos-
terhalfen et al., 2005; Mangera et al., 2012). The limits in the stiffness 
computed through uniaxial tensile test data are heightened by the 
reduced dimension specimens usually used in meshes uniaxial tensile 
test. However, the stiffness computed from uniaxial tensile test, even 
though not suitable as in vivo acceptability criterion, could be useful to 
assess the direction of graft implantation as well as anisotropy. On the 
contrary, thanks to its multiaxial pattern of solicitation, the membrane 
dilatational strain could be a stronger indicator of the mesh accept-
ability. Reference values can be found in literature where a range of 
elasticity between 11% and 32% is identified as physiologic for a tension 
of 16 N/cm and a value around 38% is determined for a tension of 32 
N/cm (Bilsel and Abci, 2012; Junge et al., 2001). 

5. Conclusions 

To date, the lack of International Standards for surgical meshes 
testing leads to the use of dissimilar test protocols and to the extraction 
of not harmonized parameters in order to mechanically characterize 
these devices. Here, a test protocol composed of three quasi-static test 
methods is proposed with the aim of promoting its adoption in other 
laboratories. Accordingly, a meticulous description of set-ups, specifi-
cations and parameters computation is given, as well as drawings of the 
developed fixtures for a faithful reproduction. The test protocol, verified 
on 23 surgical meshes from different manufacturers, revealed easy to 
perform and highly replicable, with intra-subject variability character-
ized by coefficient of variations settled around 0.05. Its use within other 
laboratories could allow the determination of the inter-subject vari-
ability assessing its repeatability among users of alternative universal 
testing machines. Moreover, the collection of an extended set of data on 
surgical meshes evaluated with the same test protocol could lay the 
foundations for the definition of acceptability criteria and mechanical 
requirements for these implantable devices. 
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