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The integrity of soft materials against puncturing is of great relevance for their performance because of the
high sensitivity to local rupture caused by rigid sharp objects. In this work, the mechanics of puncturing is
studied with respect to a sharp-tipped rigid needle with a circular cross section, penetrating a soft target solid.
The failure mode associated with puncturing is identified as a mode-I crack propagation, which is analytically
described by a two-dimensional model of the target solid, taking place in a plane normal to the penetration
axis. It is shown that the force required for the onset of needle penetration is dependent on two energy
contributions, that are, the strain energy stored in the target solid and the energy consumed in crack
propagation. More specifically, the force is found to be dependent on the fracture toughness of the material,
its stiffness and the sharpness of the penetrating tool. The reference case within the framework of small strain
elasticity is first investigated, leading to closed-form toughness parameters related to classical linear elastic
fracture mechanics. Then, nonlinear finite element analyses for an Ogden hyperelastic material are presented.
Supporting the proposed theoretical framework, a series of puncturing experiments on two commercial
silicones is presented. The combined experimental—theoretical findings suggest a simple, yet reliable tool to
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1. Introduction

Puncturing of soft solids is characterised by complex mechan-
isms of progressive failure and penetration of a cutting tool into
a target material." The analysis and experimental measurement
of puncturing and cutting forces are of great interest for a
diversified range of engineering applications, including opti-
misation of high-precision cutting machines in the food
industry,”* mechanical characterisation of soft polymers®®
and biological tissues,”* optimisation of surgical tools'*™®
and design of advanced drug delivery systems.'®*® Research
concerning the mechanics of puncturing is particularly active
in the realm of soft biological tissues.”* Scientists are taking
inspiration by puncturing systems found in nature to develop new
bio-inspired solutions.>*** In addition, biological tissue-
mimicking phantoms obtained by additive manufacturing
techniques are employed in medical training,?*"® thanks to their
capability to replicate the mechanical conditions encountered in
surgical procedures involving cutting and puncturing.’
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easily handle and assess safety against puncturing of soft materials.

A central part in the mechanics of puncturing is played by
fracture mechanics.”®*® Studying the deep penetration of a
rigid needle into the skin, Shergold and Fleck,"*° recorded
the load-displacement curves for different indenters and
observed that the crack geometry is highly dependent on the
indenter tip and on the material properties of the soft solid.
Detailed finite element (FE) analyses enabled a better under-
standing of the complex interaction between the tool and the
target material,*"** including the complex scenarios enabled by
highly deformable and asymmetric indenters.** More recently,
needle insertion in soft solids has been reconsidered in the
works by Fakhouri et al.” and Fregonese and Bacca.*® Friction
plays a major role in puncturing of soft tissues.* For instance, it
was observed that the fracture is altered by friction and result in
higher cutting forces.'®*® Furthermore, rate-dependent effects
have been analysed in terms of the insertion velocity'”*"** and
correlated to tissue damage in biological tissues.*”

Overall, puncturing soft solids involves crack propagation at
large strains, interaction with the geometry and mechanical
properties of the penetrating tool, effects of the insertion tech-
nique and of friction exerted against the target material.*® In
addition, we should consider that when puncturing is studied in
relation to biological tissues, such as the human skin, an
anisotropic and heterogeneous nature is involved.*' The com-
plexities of fracture in soft materials are well-known and it is
reasonable to assume that some peculiar aspects, including large
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deformation prior to crack propagation and rate-dependent
effects, persist during puncturing. For recent accounts on this
topic, the reader is referred to the reviews by Long and Hui** and
Spagnoli et al.*® In particular, Spagnoli et al.** have shown how
the blunting of a crack tip due to large deformations interacts
with a characteristic size of the indenter in determining the
condition for penetration. Depending on the mechanical proper-
ties of the tissue, the size of the indenter can act as a limiting
constraint on the free blunting of the crack, as previously
suggested by Hui et al.** This latter aspect is crucial in discri-
minating between puncturing and tearing as distinct failure
modes.*’ As brilliantly observed by Gent,*® the limited blunting
during cutting of soft solids might explain why cutting a material
is much easier than tearing it.

The investigation of the fracture behaviour of a soft material
during puncturing is of particular importance, as this can
determine its sensitivity to local rupture caused by rigid hitting
objects and affect the structural integrity of the material.
Guided by the above-mentioned challenge, in the present paper
we aim at studying experimentally the puncture-driven failure
in soft materials and the related mechanical modelling.
An experimental campaign is carried out, involving different
puncturing experiments on two commercial silicones and a
sharp-tipped rigid circular needle. Thanks to its good mechanical,
thermal, and electrical properties and stability, as well as high
deformability, low-toxicity and bio-compatibility, silicone is one of
the most widely used polymeric materials. An analytical planar
model of cutting, recently proposed by the authors,””*® is then
introduced to describe the mechanism of crack propagation
observed during puncturing. Closed-form solutions are obtained
for the dimensionless penetration force as a function of the
relative fracture toughness of the material.”® Finite element
analyses on an Ogden’s hyperelastic material are presented to
validate the simplified model proposed. A further validation of the
theoretical findings is provided by the experimental results, which
complement analogous data available in the literature.

2. Mechanics of puncturing

The mechanics of an object piercing a target solid is characterised
by two stages: an initial stage of indentation and a subsequent
stage of penetration. In the former, the tip of the indenter is in
contact with the target solid, which accumulates strain energy while
the indentation progresses. The indentation stage terminates when
an energetically favourable mechanism of laceration takes place in
the target solid.* This mechanism features the development of a
crack linearly increasing its depth with the penetration length of
the indenter. According to Shergold and Fleck,*® for soft materials
either mode-II crack ring or mode-I planar cracks develop for flat-
bottomed punch and sharp-tipped punch, respectively.

In the present paper, a rigid sharp-tipped punch (needle) of
radius 2R is assumed to penetrate a large soft solid along the z
direction, leading to a mode-I cracking in the solid (Fig. 1). The
puncturing process which takes place in the material can be
described using an energy-based formulation. Neglecting additional
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Fig. 1 Sketch of the mode-I crack mechanism of puncturing in the
steady-state penetration of a rigid circular needle. The enlarged view
shows the crack profile and the contact area with the needle. The
dimensions reported in the sketches are the nominal ones related to the
undeformed configuration of the target solid.

inelastic phenomena in the bulk of the material, the increment of
external work generated by the puncturing force is consumed by the
elastic strain energy, the work of fracture and the frictional dissipa-
tion. The general incremental form of the energy balance is

dUey = dUy + dUg + dU, (1)

where dUey is the external work input, dUs is the strain energy
variation in the solid, dUg is the energy spent to advance the
crack, and dUs is the energy dissipated due to friction at the
needle-material interface. A force F is exerted on the needle in
order to penetrate a small amount dD, so that dUe = FdD.

Following the initial stage of indentation, penetration is
characterised, unless otherwise stated, by a steady-state condi-
tion, where a mode-I planar crack of size 2a x D propagates (the
crack area is defined by the region |x| < ¢and 0 < z < D in
Fig. 1). Unless othervise stated, the crack (semi-) length refers to
the nominal size in the undeformed configuration of the target
solid. The strain energy G available per unit increase in area of
one fracture surface, dA = 2adD, is given by

e _F U au o
" 2adD  2a 2adD 2adD’ )

The critical condition of crack propagation is expressed as
dUg/dD = 2aG,, where G. is the fracture energy of the material.
In this way, eqn (2) can be employed to derive the force
corresponding to the onset of steady-state penetration, here-
after denoted as penetration force F,.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00011g

Open Access Article. Published on 10 May 2023. Downloaded on 8/16/2025 11:04:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

3. Experiments on silicone samples

Silicone samples have been prepared with two silicone rubbers,
with the commercial denomination Elite Double 32 (ED32) and
Elite Double 8 (ED8) (Zhermack Dental). The samples are made
of Polyvinyl Siloxane (PVS) silicone elastomers, widely employed
for model duplication in the dentistry field. The number in
the commercial denomination of the silicone elastomers under
consideration refers to the Shore A hardness (equal to 32 and 8,
respectively). A representative silicone sample is illustrated in
Fig. 2a. A 3D printed ABS supporting cylinder is manufactured,
in which the silicone samples are cast. Such a supporting element
is deemed not to affect the overall mechanical response during
needle penetration, as demonstrated by the vertical deflection on
the surface of the silicone specimens, localized near the spot of
needle penetration, and by preliminary finite element calculations.

Puncturing experiments have been performed on cylindrical
samples with diameter and height equal to 45 mm. A sharp-tipped

(@ Elite Double 32
ED32
¢ 45 3
ED8
45
ABS supporting cylinder
(b)

1 mm/min

ED32

needle tip

el

(©)

ED8

Fig. 2 (a) Fabrication of the silicone specimens used for the puncturing
experiments and their dimensions in mm. (b) View of the rigid needle at the
beginning of a test on a specimen made of ED32. (c) View of the mode |
crack appearing on the specimen surface in the position of needle
penetration (2R = 2.72 mm).
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steel punch (tip opening angle o in the range 35 to 45 deg) with
circular cross-section having different diameters (2R = 1.28, 1.50,
2.15, 2.72 mm) is inserted under displacement-control into the
target material at a constant speed of 1 mm min " (Fig. 2b). A view
of the mode I cracking developing on the surface of a representative
EDS silicone sample is depicted in Fig. 2c.

A preliminary set of experiments has been performed in
order to characterise the mechanical behaviour of the materi-
als. Firstly, four 15 x 55 x 3 mm?® specimens for each silicone
were manufactured and then tested in uniaxial tension at an
average strain rate of 0.001 s~' (5 mm min ") until failure
(Fig. 3a). The experimental uniaxial tensile curves have been
fitted with an incompressible Ogden strain-energy function

N
= Z%@;ﬂ +2,77 = 3), 3)
=

where 4, is the uniaxial principal stretch. Accordingly, the

nominal stress P,, along the direction of stretching turns out
N

to be Py = Z 2&(2?—1 . )»2—(1-%—0(['/2))‘
p=1 %

In the fitting of experimental curves, single-term Ogden
strain-energy functions (N = 1) are employed. For the ED8
silicone, the best fitting turns out to be that of an Ogden
function with 4 = 0.061 MPa and « = 2.54, while for ED32
silicone, the best fitting is obtained with a Neo-Hookean
material (o = 2) with ¢ = 0.405 MPa.

Further tests are conducted on 50 x 10 x 3 mm® specimens,
containing a 12.5 mm edge crack created with a sharp cutter, in
order to estimate the fracture energy G. (see Fig. 3b). This
configuration, known in the literature as pure-shear, is widely
used to characterise the fracture behaviour of elastomers and
hydrogels.** The same strain rate of 0.001 s~ * as that adopted in
the tensile tests was used for the ED32 silicone, while a strain rate
of 1 s~! was employed for the EDS silicone in order to avoid the
so-called sideways crack propagation® (Fig. 3c). Note that
the values of G, are calculated by considering the strain energy
in the uncracked sample related to the strain at peak stress in the
cracked samples. This criterion is adopted as the strain corres-
ponding to the crack initiation cannot be clearly identified from
experiments. It is worth mentioning that the resulting values of
fracture energy might underestimate the actual values, particu-
larly in the case of EDS silicone where the post-peak softening is
rather mild (see Fig. 3b). For instance, by considering the limit
case of strain at complete specimen failure, the resulting average
value of G, for ED8 would be equal to 1.348 N mm " instead of
0.754 N mm . All the mechanical tests were performed using a
universal testing machine Galdabini Quasar 2.5 with a sampling
frequency set to 10 Hz, at a room temperature of 20, 24 hours after
the preparation of the specimens. The results of the mechanical
characterisation are summarised in Fig. 3, where the mechanical
parameters of interest are shown.

Results of the puncturing experiments are illustrated in
Fig. 4. Here, the force-displacement curves obtained during
the puncturing tests are shown separately for each needle
diameter, along with a comparison in terms of the penetration

Soft Matter, 2023,19, 3629-3639 | 3631
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Fig. 3 Mechanical characterisation of the silicone rubbers, Elite Double 32 (ED32) and Elite Double 8 (ED8). (a) Uniaxial tensile tests (strain rate equal to

N
0.001 s7Y). The initial shear modulus is obtained as u = 3 #, With N = 1. (b) Pure-shear tearing tests with strain rate equal to 1 s~tand 0.001s* for ED8
p=1

and ED32, respectively (the inserts show two examples of the specimens after complete separation). (c) Comparison of the results obtained with pure-

shear tests at different strain rates performed on EDS8.

force between the two silicones (Fig. 4c). The penetration force
F,, is identified in the experimental force-displacement curves
as the onset of steady-state penetration, following the material
rupture and subsequent relaxation.

4. Plane strain linear elastic model of
puncturing
4.1. Analytical formulation

In this section, a theoretical model for the steady-state penetra-
tion of puncturing, based on linear elastic fracture mechanics

3632 | Soft Matter, 2023,19, 3629-3639

(LEFM), is presented. Specifically, we describe here the inser-
tion of a rigid circular needle into a semi-infinite linearly elastic
solid, having Young modulus E and Poisson’s ratio v. The
assumptions of small-scale yielding at the crack tip, frictionless
contact at the needle-material interface and infinitesimal
strains are introduced. This model was presented for a more
general case of a rigid elliptical wedge in Terzano et al.*’ and
Spagnoli et al.,*® to which the reader is referred for an in-depth
presentation.

Let us consider a section of the solid normal to the needle
axis, corresponding to a plane of equation z=zwith0 <z < D
(refer to the enlarged view in Fig. 1). The resulting two-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Force—displacement curves resulting from the puncturing experiments for ED32 (a) and ED8 (b), for the different needle diameters (2R =
1.28,1.50,2.15 and 2.72 mm). (c) Comparison of the penetration forces F, at the onset of material puncturing between the two silicones.

dimensional problem is characterised by plane strain condi-
tions, at least for not too small values of z. A crack extends
along the region |x| < a,y = 0 (note that, within the framework
of linear elasticity, the undeformed and deformed configura-
tions of the target solid are assumed to coincide, so that there is
no distinction between the initial crack length and the current
one under loading). Let v(x) describe the opening displacement
of the crack and h(x) = vV R? — x2 the circular cross-section
profile of the needle. It was shown in Terzano et al.*” that the
crack surfaces detach from the needle profile at a coordinate |x|
= a4, so that the crack is traction-free for a; < |x| < a (see
Fig. 1). A boundary value problem (BVP) can be defined, from
which the position of the point of separation a; and the stress
intensity factor (SIF) at the crack tip K are obtained. Because of

This journal is © The Royal Society of Chemistry 2023

the double symmetry, only one quarter of the geometry can be
considered. The following set of equations defines the BVP*’

v(x) = A(x), oy(x) <0 for |x| < ay; ()
wx) > A(x), o) =0 fora, < |x| <R  (5)
vx) > 0, 6,(x)=0 forR < |x| < g (6)
v(x)=0 for |x| > a; (7)

Ty(¥)=0  fory=o. (8)

where (4) defines unilateral contact conditions (normal stresses
must be compressive and inter-penetration is not permitted) in
the region |x| < a,, while (8) defines zero shear stresses

Soft Matter, 2023,19, 3629-3639 | 3633


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00011g

Open Access Article. Published on 10 May 2023. Downloaded on 8/16/2025 11:04:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
(a) (b)
v(x) v(x)
R 2s
R X ay a .;
<—>
oy A oy A R
<>
0o
0y(x)
X X
_0'0 Uy(x)

Fig. 5 Decomposition of the solution of the boundary value problem
illustrated in the bottom sketch of Fig. 1 (due to symmetry only a quarter of
the original problem is treated here). (a) Equivalence between the rigid
circular wedge and a crack of length 2R with an applied pressure ag. (b) A
crack of length 2s is considered, with prescribed stresses on its surface, in
order to equilibrate the stress field from (a). Notice the discontinuity in the
displacement derivative at x = a.

everywhere due to frictionless interfaces and symmetry
conditions.

The BVP described by (4)-(7) is decomposed into two differ-
ent cases, which are solved separately (Fig. 5). Fig. 5a shows the
well-known solution of a crack of length 2R in an infinite plate
subjected to a uniform pressure ¢, applied to its surfaces.’®
The resulting opening displacement is

X

2
v(x) = %\/ R2 —x2 for

<R ©

which is the equation of an ellipse, whereas E* = E/(1 — 1) is the
Young modulus of the material under plane strain conditions.
The equivalence with the circular cross-section of the needle is
obtained by taking o, = E*/2. Solving for the stresses, we have

—
[

-

—

View Article Online
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oy(x) =00 for |x| <R, (10)

X
O'y(x) = 09 (ﬂ— 1) for \x| > R. (11)

Comparing this solution with the equations defining the
BVP, we notice that the condition of zero normal stresses
in (5) and (6) is not satisfied on the open part of the crack,
i.e. a; < x < a. Therefore, a corrective solution is superposed
on the previous, obtained by considering a crack of length

2s = (a — a,) (Fig. 5b). The following stresses need to be applied
to its surfaces

oy(x) =0 fora; < |x| <R, (12)
o,(x) =09 (1 - \/ﬁ) for R < |x| < a. (13)

Details of the solution to this problem are provided in
Terzano et al.*’. The unilateral contact conditions defined in
(4) exclude singularities at x = a;. Instead, we expect a stress
singularity at x = a, where we can define a mode-I SIF K. Using a
recursive procedure, we obtain the results illustrated in Fig. 6a.
Here, the position of the point of separation a; and the SIF at
the crack tip K are illustrated against the normalised needle
radius R/a. The SIF is normalised with respect to K, namely the
stress intensity factor related to the needle filling the entire
crack (R/a = 1). This is defined as

KR = E7V TR. (14)

Fig. 6a can be employed to determine the critical condition
of crack propagation, for a given radius of the needle and
fracture toughness K. According to the LEFM model, a planar
crack of semi-length a forms so that K = K. at the crack tips. The
critical value of the relative radius R/a., along with the critical
value of the contact relative semi-length a,/a., are therefore
obtained from Fig. 6a by posing K = K.. Note that, according to
the present model, the needle penetration produces a mode-I
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Fig. 6 Plane strain linear elastic model of puncturing. (a) Normalised SIF and contact length against relative radius of the needle. (b) Normalised strain
energy against relative radius of the needle, for an incompressible material. Results in (a and b) are compared with geometrically nonlinear finite element
analyses on a linear elastic material. (c) Normalised penetration force against normalised fracture energy, for an incompressible material and Hertz

contact pressure distribution, from eqgn (21).
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crack propagation provided that R > R., where R, is a material-
based sharpness parameter, defined as*’

(=)
Ro=—(=5) .
m\ E*

It is worth noticing that the relevant sharpness of the needle
is that related to its cross-sectional roundness, i.e. to the radius
R, consistently with the two-dimensional treatment of the
physical problem (a unit thickness slice of the target material
taken normal to the penetration axis is considered). The taper-
ing of the sharp tip of the needle is not relevant in this respect;
the only effect of a sharp-tipped needle, e.g. as compared to that
of a flat-bottomed needle, is to promote the mode-I fracture
mechanism during penetration.

4.1.1. Contact pressure and strain energy. When the needle
penetrates for a depth D, strain energy accumulates in the
target material due to its deformation induced by the contact
pressure at the needle-solid interface (see Section 2). As a first
estimation, the contact pressure might be described by the Hertz
theory of non-conforming contacts. Accordingly, the contact
pressure tends to be null at the boundaries of the contact region
(|| = a1) and maximum in its centre (x = 0), with the contact
pressure resultant P depending on the contact length 2a;.
Specifically, the resultant of the contact pressure acting over
the area 2a; x D is®>

(15)

E* 2
p— TL A
4R

(16)
Making use of (14) to express K, it turns out that

2
R2

(17)

On the other hand, by assuming a uniform contact pressure
equal to o, = E*/2 - which, according to (9), produces a
maximum crack flank displacement equal to R - we get

E* 2 a
P=2a—D=-"=-%
2 VT g
Finally, considering a linear contact force-displacement rela-
tion, the elastic strain energy per unit penetration depth can be

KrD.

(18)

N
~ ——

du,
approximated by

Specifically, for the Hertz distribu-

dD D’
tion in (16) we derive
du.
dDS = Tlt,ua|2, (19)

which was obtained by expressing the plane strain Young
modulus for an incompressibile material (v = 0.5) as E* = 4y,
with u the shear modulus.

Results of the normalised strain energy per unit thickness,
considering the two theoretical distributions of contact pres-
sure described above, are illustrated in Fig. 6b as a function of
the relative needle radius R/a.

4.1.2. Penetration force. The penetration force F, is
computed by considering the critical condition of crack propa-
gation in (2). As we are interested in describing the critical

This journal is © The Royal Society of Chemistry 2023
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condition at the onset of fracture, which follows the initial
indentation stage of the needle, the contribution of friction is
neglected® (note that friction is indeed relevant when the deep
penetration of the needle has to be described®). Accordingly,
we have

F, = mua,*+ 2aGe, (20)

where the strain energy contribution was computed from (19)
for the Hertz contact pressure distribution. This expression can
be formulated in a convenient dimensionless form as

F n(ﬂﬂ&)ﬁ

uRr? a.) \R
The values of a,/a. and R/a. are inferred from the theoretical
results shown in Fig. 6a, for a given value of fracture toughness.
Notice that fracture energy and fracture toughness are related by
Ir'win’s equation G, = K.>/E* = K.>/4y1. According to the LEFM model
proposed, a mode-I penetration mechanism can occur only if G/
(uR) < m, derived from the condition (15). However, if a fracture

criterion different from that of LEFM is used, higher values of the
normalised fracture energy might be allowed (see Section 5).

2Gc dc

RE 1)

4.2. Finite element verification

In order to verify the theoretical results obtained above, a unit-
thickness slice of the target solid centred at z = 2 < D is
analysed using a finite element (FE) model in the commercial
software Abaqus.”® Due to symmetry conditions, only a quarter
of this slice is described by the FE models. To enforce the
condition of semi-infinite solid assumed in the theoretical
formulation, a large plate with dimensions 20a x 20a, being
a the crack semi-length, has been modelled. Plane strain 8-
node isoparametric elements are used. A suitable mesh is
adopted, with minimum size of the elements near the crack
equal to a/100. Nonlinear springs (with a penalty compressive
stiffness and nearly zero stiffness in tension) are introduced to
simulate the unilateral frictionless contact between needle and
target material. Incremental static geometrically nonlinear
analyses are carried out, by keeping a constant and varying R
(R/a = 0.1,0.2,...,1). The needle is pushed against the target
material by an incremental displacement from 0 to R.
Comparisons between FE results and theory in terms of
contact length a,/a, SIF K/Kg and strain energy U are presented
in Fig. 6a and b. An almost perfect agreement between theore-
tical and numerical results is observed for a,/a and K/Ky, while
the best approximation of the strain energy is obtained by
considering the Hertz contact pressure distribution.

5 Large strain numerical analyses of
puncturing

Penetration of soft solids inevitably involves large deformation
well beyond the range of validity of linear elasticity. Conse-
quently, a refined analysis of the penetration mechanism needs
to be carried out numerically by means of finite strain elasticity
models. In the following, FE analyses under geometrical and
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Fig. 7 Deformed configuration of the FE model under full penetration of the
needle, with relative radius R/a = 0.5, being a the initial crack length in the
undeformed solid. Inset shows a detail of the mesh adopted in the crack tip
region. Note that the crack length a and the contact length a; depicted in the
figure refer to the deformed configuration of the target solid.

material nonlinearity are carried out. The hyperelastic Ogden
model is adopted, whose strain-energy function is expressed by

N 2/~Lp op op op
‘P:Za—pz(ll + AP+ 07 =3) = p(J = 1),
p=1

(22)

where /;, i = 1,2,3 are the principal stretches. A single term in
(22) is considered (N = 1), and the parameter « is taken equal to
2 (corresponding to a neo-Hookean material) and 9. In the FE
models, the same element type and mesh presented in Section
4.2 are here adopted.
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The ratio R/a is made to vary and the needle is modelled as a
circular rigid body in frictionless hard contact with the mate-
rial, where the displacement along the y axis of the needle
centroid is prescribed. A detailed view of the adopted mesh,
along with a plot of the deformed configuration related to full
penetration in the case of R/a = 0.5 is illustrated in Fig. 7, being
a the initial crack length while the current one in the deformed
solid is part of the solution.

The FE results for the hyperelastic constitutive model are shown
in Fig. 8a and b in terms of normalised contact length and strain
energy. A comparison with the FE results presented in Section 4.2
and related to linear elasticity is also provided. Note that the results
related to contact length (Fig. 8a) are not directly employed in the
subsequent calculation of the penetration force, but they might
offer an insight on the contact behaviour between rigid needle and
target material as its constitutive model is made to vary.

Similarly to Section 4.1.2, we need to determine the critical
condition for crack propagation in order to derive the penetra-
tion force F,. We have computed the J-integral from the FE
analyses, which in elastic materials is path-independent and
provides the crack driving energy G.>* Then, the critical condi-
tion of crack propagation is attained when Ji, = G = G.. Fig. 8¢
reports the normalised crack driving energy G as a function of
the relative needle radius, for the hyperelastic and the linear
elastic models. Recall that the curves shown in Fig. 8 were
obtained from FE analyses for specific values of the ratio R/a.
For this reason, we have fitted them with an appropriate func-
tion in order to have the full range. In addition, we have also
extrapolated the results in Fig. 8b and ¢ with the same fitting
functions for some simulations that did not attain convergence.

6 Discussion and conclusions

This paper presents some experimental results related to the
puncturing of soft silicone elastomers, and discusses the

—
O
~

-
N

@-0-® Ogden (e =9)
-l Neo-Hookean (a = 2)
V=9=¥ Linear elastic

8 Exponential fitting

-
o

Norm. crack driving energy, G / (1 R)

06 0.8 1 0 02 04 06 038 1

Normalised needle radius, R/ a

Fig. 8 Large strain results and comparison with the linear elastic case, obtained from FE analyses. (a) Normalised contact length against relative radius of
the needle. (b) Normalised strain energy against relative radius of the needle. (c) Normalised crack driving energy against relative radius of the needle,

obtained from the J-integral computation.
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validity of a recently proposed model, based on linear elastic
fracture mechanics (LEFM), to describe the penetration mecha-
nism of a rigid circular needle into a soft target material. The
needle has a sharp tip, so that penetration is governed by the
development of a planar mode-I crack due to the contact
pressure at the needle-material interface. A simple closed-
form expression is obtained for the dimensionless penetration
force as a function of the relative fracture toughness of the
material. The theoretical model is verified by running geo-
metrically nonlinear finite element (FE) analyses, where the
unilateral frictionless contact between the needle and the target
material is described.

Thanks to its simplified assumptions, the present LEFM
model offers a first insight on the mechanics of puncturing in
soft materials. A more accurate description is provided by
means of FE analyses using Ogden’s hyperelastic model to
describe the finite strain deformation of soft materials. Assuming
an energy-based fracture condition for the target material, the
curves reported in Fig. 8b and c provide a critical condition for
puncturing in terms of penetration force F,. As explained in
Section 4.1.2, the dimensionless form of the penetration force is
expressed as

2GC de

5 _ M(&)Z Ge ac
URR’

nR? pal?  \R 23)
where the strain energy contribution dUy/dD computed from the
FE analyses replaces the analytical term (Hertz contact pressure
distribution) in (21). The results are illustrated in Fig. 9.

The combined experimental-theoretical framework can be
employed as a simple tool to assess the critical condition of
puncturing, given a specific combination of material parameters

Ogden (o = 9)
Neo-Hookean (o = 2)
Linear elastic

© O O Exp. results (ED32)
® ® ® Exp. results (ED8)

oo"//?

—
o
o
o

100

N
o

Norm. penetration force, F, /(1 R?)

1 10
Normalised fracture energy, G,/ (uR)

100

Fig. 9 Theoretical and experimental results of normalised penetration
force against the normalised fracture energy. Symbols in yellow refer to
literature data.® Silicone rubber Sil8800, symbol °: i = 2.7 MPa, o = 2.5,
Ge = 31 Nmm ™ R = 0.25, 0.5, 1 mm; silicone rubber B452, symbol:
u=04MPa o=3 G.=38Nmm™ R =0.5,1mm; sheep skin, symbol +:
w=011MPa, =9, G, =25Nmm™ R = 0.5 mm; human skin, symbol x:
u=011MPa, =9 G.=25Nmm% R =015 03 mm.
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and indenter geometry. Firstly, the critical ratio R/a. is determined
from the curves of Fig. 8c, for a material fracture energy G.. The
numerator in the first term of the right-hand side of (23) is then
computed from Fig. 8c, once the ratio R/a. is known. At this point,
the normalised penetration force Fj, is known.

Fig. 9 shows a comparison between the theoretical-
numerical results and the puncturing experiments of Section 1
performed on commercial silicones Elite Double 8 (ED8) and
Elite Double 32 (ED32). In addition, literature results taken®° are
added. The comparison between theoretical-numerical results
and experimental data seems fairly satisfactory, in line with the
trend of results reported in the literature, e.g. see ref. 30 and 34.
In particular, for the silicone rubber ED32, the experimental
results seem to match fairly well with both the model and the
corresponding literature data.*® On the other hand, we speculate
that the discrepancy between the predicted and experimentally
obtained values of penetration force occurring for silicone ED8
might partly depend on the calculated value of the fracture
energy (see discussion in Section 3 in relation to Fig. 3b), as a
higher value of G. would lead to a shift of experimental data
points of EDS in Fig. 9 towards the theoretical curves (note that
complementary experimental tests — see ESI;f demonstrated
negligible strain rate-dependence in material’s rigidity and
penetration force in the velocity ranges under consideration).
Finally, Fig. 9 shows that using different constitutive models (the
two values of o equal to 2 and 9 in the single-term Ogden
function are selected to encompass a broad range of material
response in relation to strain hardening) no significant differ-
ences in the penetration force are observed, at least not as large
as to prevail on the scatter of experimental data.

In conclusion, our study seems to support the theoretical
and experimental findings on puncturing available in the
literature. An original aspect of the present work is related to
the derivation of a closed form solution of the penetration
force, fully based on LEFM arguments. This provides a simpli-
fied, first approximation quantity to assess safety against
puncturing of soft materials.
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