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The integumentary system in animals serves as an important line
of defence against physiological and mechanical external forces. Over
time, integuments have evolved layered structures (scales, cuticle and
skin) with high toughness and strength to resist damage and prevent
wound expansion. While previous studies have examined their defensive
performance under low-rate conditions, the failure response and damage
resistance of these thin layers under dynamic biological puncture remain
underexplored. Here, we utilize a novel experimental framework to
investigate the mechanics of dynamic puncture in both bilayer structures
of synthetic tissue-mimicking composite materials and natural skin tissues.
Our findings reveal the remarkable efficiency of a thin outer skin layer in
reducing the overall extent of dynamic puncture damage. This enhanced
damage resistance is governed by interlayer properties through puncture
energetics and diminishes in strength at higher puncture rates due to
rate-dependent effects in silicone tissue simulants. In addition, natural
skin tissues exhibit unique material properties and failure behaviours,
leading to superior damage reduction capability compared with synthetic
counterparts. These findings contribute to a deeper understanding of the
inherent biomechanical complexity of biological puncture systems with
layered composite material structures. They lay the groundwork for future
comparative studies and bio-inspired applications.

1. Introduction

The integument of an animal (skin, scales, cuticle and keratinized armours)
is the first line of mechanical defence between the organism and the outside
world. Surprisingly, this outer layer of tissue is often thin compared with the
subcutaneous tissue [1], and, in the case of the skin, it would seem to have a
limited contribution to overall mechanical and damage resistance. However,
extensive studies have shown unique mechanical and failure behaviours of
layered skin and skin-like tissues, with a focus on their remarkable perform-
ance in providing protection and resistance against damage and injuries
caused by external mechanical hazards such as biting, piercing, insertion and
cutting of animal weapons [2-12]. Many of these damage mechanisms can
be broadly categorized as puncture and often involve dynamic mechanical
interactions and energy transfer processes [13].

Most experimental investigations of the mechanics of puncture in skin,
skin-like tissues and tissue-mimicking simulants have been conducted under
a low to quasi-static loading rate condition (1 x 10°1 x 10? m s™) using
methods such as deep indentation or needle insertion [2-6,9,11,14,15]. These
studies have demonstrated that the layered structure of skin-like materi-
als significantly enhances puncture resistance by redistributing stress and
dissipating energy, thereby increasing the force and energy required for
puncture and preventing deep penetration and extensive damage. How-
ever, natural mechanical interactions, impacts and punctures often occur
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at dynamic speeds [13,16-19]. For example, animal weapons and puncture tools have a range of operating speeds, from viper [ 2 |

strikes (approx. 3 m s™) [20-22] to cone snail harpoons (approx. 19 m s™) [23], cnidarians stinging cells (approx. 30 m s™) [24]
and trap-jaw ant mandibles (approx. 60 m s™) [25]. A better understanding of puncture behaviours under these biologically
relevant dynamic conditions is crucial to gain insight into the evolution and diversification of natural puncture and defensive
systems. Dynamic puncture with a conical tool has been reported, in contrast to lower rate puncture, to exhibit distinct
damage morphology [26], reduced sensitivity to failure geometry [19] and other unique properties, such as limited maximum
puncture performance at higher puncture speeds, related to dynamic energy and momentum transfer [17,27] in viscoelastic
rate-dependent target materials. However, a systematic quantification is necessary to explore how a layered skin-like composite
material structure mechanically responds to dynamic puncture, and how it attenuates the damage induced to enhance the
overall puncture resistance through complex tool-material interactions, energy transfer and rate-dependent effect.

1.1. Theoretical framework and hypotheses

We explore the dynamic puncture mechanics of layered composite materials in both biological (layered porcine skin-adipose
tissues) and synthetic (bilayer silicone tissue simulants) model material systems. Based on a theoretical framework of the
energetics of dynamic puncture and fracture-relevant material properties, we propose four main hypotheses underlying the
puncture resistance and damage reduction capability of a simplified bilayer composite structure consisting of a thin skin-like
layer that covers a soft substrate.

In a general context, one of our main hypotheses is that differences in material properties between the outer skin-like layer
and the substrate layer play an important role in enhancing the overall puncture resistance and damage reduction capability
of the composite material. An outer layer material having higher stiffness and toughness compared with the substrate material
will potentially lead to enhanced energy dissipation via higher stored elastic energy and work to fracture per unit thickness
of penetration and thus reduce the overall extent of damage along the puncture direction. This shielding effect can be further
enhanced by friction and viscosity or by an increase in the thickness of the outer skin-like layer, based on the hypotheses in
our following discussions. Consequently, such a bilayer structure would produce a smaller-scale puncture damage than the
substrate material alone for the same initial energy investment. Theoretically, this damage reduction capability can be explained
by the previously established model for the energetics of dynamic puncture by Zhang & Anderson [13], where the total energy
required for a dynamic puncture event with a conical tool, or the loss of initial kinetic energy, Wy, scales with the maximum
depth of puncture Dy, in the following generalized relationship:

Wi = Ktrac T Dhax + ke Dinax + K. f Donax, (1.1)

where the three terms represent energy contributions from creating fracture surfaces, elastic deformation and frictional
dissipation, respectively. kgae, k. and ky are the corresponding pre-factors related to the half angles of the puncture tool
(Boot) and fracture (Bgac), With explicit expressions given in Zhang & Anderson [13]. Specifically, Agac = KiracD2hax = tan BpacDaax
estimates the area of the fracture surface. I' is the fracture toughness/critical strain energy release rate, y is the shear modulus
and f =7p is a frictional constant calculated as the product of the Coulomb friction coefficient (1) and the interfacial contact
pressure (p) [13]. Equation (1.1) implies that for the same amount of initial energy investment, Wy, a higher value of ' or u
will lead to a decreased Dpax. Conversely, for a fixed penetration distance, such as a controlled outer layer thickness (fout),
higher stiffness and toughness (i.e. 4 and I') will result in larger energy dissipation and thus less energy available for further
penetration in the substrate. Both cases contribute to an overall increase in puncture resistance and a reduction in damage size
in the bilayer composite material.

Following from the above-mentioned energetics, another important hypothesis is that the longitudinal extent of puncture
damage or the maximum depth of puncture (Dma.y) decreases asymptotically at larger outer layer thicknesses (tou), and its
magnitude is constrained by the properties of the two material layers. To show this via puncture energetics, we assume an
infinitely large bilayer structure with a half-space of substrate material covered by an outer layer (electronic supplementary
material, figure S1). An incremental increase in outer layer thickness (At,) substitutes a section of the original damage (AD max)
in the substrate with new damage in the outer layer, following an energy balance,

Wy = Wout(tout,O + Atout) + Wsub(Dmax, 0~ ADpmax — tout,O)
= Wout(tout,O) + Wsub(Dmax, 0~ tout,O)/ (12)

where o410 and Dpay, o are the original thickness of the outer layer and total depth of puncture, respectively; Woyu: and Wy, are
the energy contributions from the outer and substrate layers, respectively. Wy, takes a form similar to equation (1.1) with the
substitution of damage size and material properties (Wgp = Wy). The magnitude of W for a thickness ., can be approximated
using the following expression (see the electronic supplementary material for the detailed deviation):

Aoy 1 Aou 1
Wout(tout) = Wk(d()+:il + Etout) - Wk(do+:il - Etout)r (13)
where Ayyt = %(do + dp)tout calculates the area of fracture surface in the outer layer, and dy and d; denote the width of the fracture

surface at the surface and interface, respectively (electronic supplementary material, figure S1). The relative magnitude of the
new total depth of puncture characterizes the damage reduction capability of the bilayer structure and can be calculated by
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solving for AD . and using the expression Dporm = Dmax/Dmax,0 =1 = (AD max — Atout)/Dmax,0- Equations (1.2) and (1.3) lead to n

several important predictions that can be validated through puncture experiments in bilayer model materials:

— For the extent of damage (Dmax) to decrease with increasing tou, ADmax must be greater than At which requires the
outer layer to have stronger energy dissipation capability than the substrate material.

— Interlayer differences in fracture morphology, such as a larger area of fracture surface (Aoy) or lateral extent of damage
(do and dj) due to a more brittle failure behaviour in the outer layer compared with the substrate layer, also lead to higher
energy dissipation and a stronger damage reduction capability.

— As toy increases, at a critical point when Dpax = tou, dynamic puncture no longer penetrates and reaches the substrate
layer, and the outer layer encompasses the entire fracture surface. Consequently, the upper limit of D, is determined
by the less damage-resistant substrate material; D, decreases and eventually approaches its lowest possible value,
constrained by the properties of the outer layer material, as o increases.

A further observation from the above-mentioned energy balance is that the substrate material also plays a substantial role in
damage reduction. Therefore, we hypothesize that when the magnitude of damage reduction (ADax) due to an increase in the
thickness of the outer layer (At,,;) compensates for the difference between the initial extent of damage (Dmax,0) in different types
of substrate materials (e.g. a moderate resistance silicone (MRS) elastomer and an ultra-soft silicone (USS) elastomer, see §2 for
details), i.e.

ADn’la)(
>(5 ,
Uss max, 0 /MRS

( ADimax (1.4)

D max, 0

a lower magnitude of Dyom is obtained for the bilayer tissue simulant having a softer, less damage-resistant substrate layer
(e.g. USS). This implies a higher damage reduction capability for a larger difference between the outer and substrate layers,
consistent with our first hypothesis. Nevertheless, we speculate that the measured values of Dy, from the two types of bilayer
silicone tissue simulants will eventually asymptote to a similar lower limit if a thicker outer layer is applied.

Based on the viscoelastic behaviours of constituent materials, we further hypothesize a strong rate dependence of fracture-
relevant material properties in both our selected bilayer silicone tissue simulants and natural skin tissues that may significantly
impact their capability to resist puncture damage. Experimental evidence has shown that soft elastomers generally exhibit
increased elastic modulus and fracture toughness at higher applied strain rates [28-32]. Similar rate-based stiffening and
toughening effects have been reported in both natural adipose [33] and skin tissues [28,34-36]. We consider a case where the
magnitude of changes in material properties is significantly larger in the substrate material of a bilayer composite structure
than in the outer layer material for the same increase in the applied puncture rate (v). Consequently, the difference between
the two layers diminishes at higher puncture rates. Based on the energy balance described in equations (1.1) and (1.2), the
resultant puncture damage becomes less sensitive to the bilayer structure (t,.) as the energy dissipation and damage reduction
capabilities of the two layers approach (i.e. Wy, — Woye). Within silicone-based tissue simulants, such a rate-based effect can be
induced by a lower level of chemical cross-linking in the substrate material [37—41], which introduces more free polymer chains
and defects into the network [41,42] and results in lower stiffness. All of these factors lead to an enhanced viscoelastic effect
[31] and, consequently, stronger rate dependence of toughness and modulus in the substrate material. However, we note that
complex natural layered materials, such as the selected porcine skin-adipose tissues, may exhibit a unique viscoelastic effect and
different rate-based puncture response than these synthetic counterparts, which necessitates further quantification.

To test the above-mentioned hypotheses that the effects of interlayer material properties, outer layer thickness and
dynamic puncture rate play a significant role in enhancing the overall puncture resistance and damage reduction
capability of bilayer composite materials, we perform dynamic puncture tests in both natural skin tissues and synthetic
tissue simulants. As described in §2, the puncture-relevant material properties, such as stiffness and fracture toughness,
outer layer thickness and puncture rate conditions, are carefully tuned in the bilayer tissue simulants to partly reproduce
the properties of natural skin tissues and enable a quantitative comparison of their puncture behaviours. This provides
a fundamental material and mechanical basis for examining the hypotheses (§3). We discuss the mechanics underlying
the distinct fracture morphology, extent of damage, puncture resistance, and rate dependence of natural and synthetic
layered materials, and specifically how similarities and differences in their material properties are mechanically related
to and influence these different aspects of dynamic puncture behaviours. This systematic comparative characterization
provides experimental evidence for the generalization of the above-mentioned theoretical framework to explain the
damage reduction capability of bilayer skin-like structures.

2. Methods

2.1. Porcine skin-adipose tissues

Pork jowls were obtained from the Meat Science Laboratory at the University of Illinois Urbana-Champaign (Urbana, IL, USA)
and subjected to freezing within a time frame of 1 h. The jowls were kept frozen for approximately 24 h before sample prepara-
tion. The jowls were then thawed for approximately 3 h to allow adequate softening and cut into layered cubic samples (figure
1f,i) weighing approximately 90 g each using a sharp fillet knife. Although the muscle layer of a sample was not punctured
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Figure 1. Representative dynamic puncture testing systems and resultant damage morphologies. Selected layered composite material samples and test conditions:
left column: bilayer silicone tissue simulant with a high resistance silicone (HRS) outer layer and an ultra-soft silicone (USS) substrate (¢, = 2 mm, v = 10.3 + 0.3
m s~'); middle column: bilayer silicone tissue simulant with an HRS outer layer and a moderate resistance silicone (MRS) substrate (o, = 2 mm, v = 16.7 + 0.3
m s™"); right column: layered porcine skin-adipose tissue (£o,; = 2.6 mm, v = 16.7 = 0.3 m s™). See table 1 for detailed material properties relevant to puncture.
(a—c) Still-frame high-speed images of dynamic puncture tests captured at the onset of impact (upper) and maximum penetration (lower), respectively. Scale bars: 10
mm. (d—f) Schematics of the synthetic and biological layered structures. (g—i) Microscopic images of undeformed fracture surfaces. The orange dotted lines indicate
the interface between the outer and substrate layers. (i) The fracture surface in a porcine sample was dyed with blue food colouring before being cross-sectioned to
increase the visibility and contrast with surrounding tissues. The vertex of the fracture surface in (g) and (i) is determined by identifying and extrapolating the edge
lines (as indicated by dashed lines of different colours). Inset of (7): image of the porcine sample before puncture.

during the test, the sample preparation ensured that the muscle fibres were orthogonally oriented to the puncture direction
(figure 1f) to promote uniformity. The samples were tested in a 1 h time window after the thawing and cutting processes. Due to
time constraints, a subset of the prepared samples was refrozen before testing, and their results were examined for consistency
and included in the final analysis.

2.2. Bilayer silicone tissue simulants

Different silicone elastomers were selected to create transparent bilayer composite material structures as skin-mimicking tissue
simulants. These tissue simulants consist of an outer layer and a substrate layer with controlled but markedly different
thicknesses, elastic moduli, fracture toughness and stretchability, which partly reproduce the structures and material properties
of porcine skin-adipose tissues. These tailored material characteristics enable a systematic evaluation of distinct puncture
behaviours and fracture morphologies between the two layers, as well as between the two selected types of substrate materials,
compared with those in porcine skin-adipose tissues. This allows for testing the hypotheses described in §1, particularly
regarding how the effects of interlayer properties and outer layer thickness impact the damage reduction capability.

Fabrication of bilayer silicone tissue simulants was carried out by adapting established protocols [13,19,43], which involved
a two-step curing process. The substrate layer material was fabricated using Solaris silicone (Smooth-On, Inc.) or Sylgard 184
silicone (Dow Corning, Inc.) by mixing two parts of the polymer kit as received in a 1 : 1 (weight by weight (w/w)) mixing
ratio (Solaris), designated as a MRS substrate, or 55 : 1 (w/w) mixing ratio (Sylgard 184), designated as an USS substrate.
These designations reflect the mechanical characteristics and functions of the materials during puncture tests. The mixture was
subsequently degassed (approx. 30 min), poured into a cube mould, cured and placed at room temperature for approximately
24 h. A standard cube mould (ASTM C-109) was used for the MRS substrate material with polycarbonate (PC) sheets (0.02
inches thick) attached to the inner surfaces to enhance the clarity and transparency of the samples. A customized cube container
(figure 1) constructed with the same PC sheets was used for the USS substrate material to account for its strong adhesion and
low modulus. Subsequently, an outer skin-like layer is fabricated by mixing part A and part B Solaris silicone polymers in a
ratio of 4 : 1 (w/w), designated as a high resistance silicone (HRS) outer layer. The liquid mixture was degassed, poured on top
of the substrate layer at a designed weight (2 or 4 g) and cured (approx. 24 h) to create an outer layer with a controlled thickness
(2 or 4 mm). The sample cubes were examined before testing for proper dimensions (approx. 49 x 49 x 42 mm, ¢ x w x h) and
mass verification (approx. 100 +1 g).

In table 1, we compare documented values of selected material properties, including shear modulus (u), fracture tough-
ness/critical strain energy release rate (I') and tensile stretchability (1¥), between silicone simulant materials and porcine skin
and adipose tissues. Although the bilayer silicone simulant structures used in this study (figure 1) are a simplified representa-
tion of the anatomy of animal skin [50], their constituent materials are suitable model systems for studying the mechanical
behaviours of skin tissues due to their high controllability and low variability in material properties and structures [11,50-52].
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Notably, the design of our bilayer silicone simulant integrating a USS substrate reproduces the stiffness of porcine skin and [ 5 |

adipose tissues, providing a basis for the comparison between synthetic and biological layered materials. Specifically, the HRS
outer layer has a documented low-rate shear modulus, x =390 kPa [43], which coincides with u =400 kPa measured from
porcine skin using low-rate uniaxial tension [28]. The USS substrate material and silicone elastomers with similar poly-
mer—cross-linker mixing ratios have been widely used for their extremely low modulus and biocompatibility [11,41,42,45,46].
Compared with biological materials, the low-rate shear modulus of the USS substrate (u = 5 kPa) [11,45,46] closely matches
u =5.6 kPa determined from porcine subcutaneous adipose tissues using low-frequency shear rheology (approx. 0.1 rad s™)
[47] and agrees in order of magnitude with other reported values (1 = 1 kPa) [33,53]. In comparison, the MRS substrate layer
exhibits an intermediate shear modulus (table 1). However, the strong viscoelastic behaviours of the MRS substrate, evident
from previous high-rate puncture tests [19,26], allow us to test the hypothesis on the rate-based puncture resistance of layered
composite materials.

Despite successfully replicating elastic moduli, the different toughness values in table 1 suggest that the bilayer simulant
with a USS substrate and its tissue counterpart may still exhibit divergent failure behaviours during dynamic puncture.
Notably, the fracture toughness of porcine skin (I' = 30 k] m2) estimated using mode-I quasi-static crack opening tests [44] is
two orders of magnitude higher than T = 0.18 kfm™ for the HRS outer layer material measured from pure shear tearing tests
at a quasi-static rate [43,54]. While the failure properties of the USS elastomer are practically challenging to measure due to its
softness and strong adhesion [42,45], it is unlikely to be tougher than porcine subcutaneous tissue, considering an order-of-mag-
nitude estimation of the puncture toughness of USS substrates (I' ~ 0.1 k] m™2) from low-rate puncture tests using specific tool
and failure geometries [11]. In contrast, porcine adipose tissue exhibits I' = 4 k] m 2 estimated from low-rate trousers tests [48],
which is even higher than I' = 0.18 k] m~2 of the HRS outer layer. Given these differences in toughness, the skin-mimicking tissue
simulant probably underestimates the puncture resistance, resulting in a different extent and morphology of damage compared
with the natural skin tissue.

2.3. Dynamic puncture method

Dynamic puncture tests were performed using an established experimental framework [13,19] integrating a compressed air
cannon (Ballistic Loading and Structural Testing Lab; NC State University) and three-dimensional (3D)-printed projectiles/
puncture tools (Form 3 stereolithography (SLA) 3D printer, Formlabs Inc., clear resin, FLGPCLO04). The rates of dynamic
puncture (v=(10.3+0.3,16.7 +0.3,34.4 £ 0.8) m s™'; numbers indicate the mean and s.d.) were controlled by the pressure and
loading position of the projectile inside the air cannon and calibrated using high-speed imaging (FASTCAM SA-Z, Photron Inc.;
10 000-20 000 fps) across all samples tested.

The selected puncture tools have a conical shape with a controlled cusp angle, 60 =30°, and an average tip radius
r=40+2 um after surface polishing (2000 grit sandpaper). Given the length scale and focus of our puncture experiments
on deep penetration of layered materials, we adopted conical geometry as a simplified representation of natural puncture
tools. It provides a solid mathematical basis and facilitates comparison with previous studies adopting similar geometry
on the biomechanics of puncture [3,55-59]. The choice of the cusp angle corresponds approximately to the average value
of a range of tool angles found in nature [19]. We recognize that while a power-law or paraboloid-like geometry is
considered representative in nature based on the profile of the tip region (with a length scale of <1 mm) [60] or growth
[61] of various biomechanical elements, it does not preclude the coexistence of a conical shape in the same puncture tool
at a larger scale beyond the tip region. While a power-law profile at the tip may play an important role during the
damage initiation phase of puncture on the surface of a target material by enhancing the buckling resistance of the tip
[60], such effect becomes less significant at a larger depth of puncture during the deep penetration phase. Therefore, the
body of a puncture tool, which governs the material interactions during deep penetration [13], can still maintain a conical
shape without negatively impacting performance.

2.4. Characterization of fracture surface

Images of the fracture surfaces created by dynamic puncture tests (e.g. figure 1g—i) were captured using a stereo microscope
(M205C, Leica Microsystems Inc.). The maximum depth of puncture (Dp,x) defines the distance between the superficial opening
and the vertex of the fracture surface along its centreline. The mean and s.d. of Dp,.x were determined by summarizing
measurements from both post-processing (Image]) and manual probing [13,19].
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Table 1. Comparison of documented material properties for silicone simulant materials and porcine tissues.

material name elastomer structural role u (kPa) r (KWm?) A
HRS Solaris (4: 1) outer skin layer 390 [43] 0.18[43] 2[43]
porcmeskm—outerskmlayer ........................ 400[28]::30[44] ............................ 12—18[28]
MRSSolar|s(11)substratelayer130[43] ................................. 005[43] ............................ 29[43] ...........
USSSylgard184(551)substratelayer5[114546]z01[11]24 ................
[11,26,42]
porc|nead|pose—substratelayer56[47] .................................. 4[48] ................................. 13[3349] ......

Symbols: 1, shear modulus; T, fracture toughness; 1%, tensile stretchability.

2.5. Statistical analysis

The statistical significance of all datasets was quantified using a two-way analysis of variance (ANOVA) in Matlab (figures 2
and 3b). The resultant p-values are denoted in the corresponding figures with asterisks (p < 0.05: *; p < 0.01: **; p <0.001: ***) and
included in their captions.

3. Results and discussion
3.1. Comparison of dynamic puncture behaviours for natural tissues and tissue simulants

3.1.1. Puncture damage morphology

Representative images of puncture damage in figure 1 demonstrate distinct fracture morphologies in bilayer silicone tissue
simulants and porcine skin-adipose tissues. The fracture surfaces created by dynamic conical puncture exhibit a clear transition
between the outer and substrate layers in both types of bilayer silicone tissue simulants (e.g. figure 1g,i1). The HRS outer layer
exhibits a planar penny-shaped crack characterized by a large lateral extent of damage, which is estimated to be similar to
the corresponding width/diameter of the puncture tool (see electronic supplementary material). This corresponds to a brittle
type of puncture failure behaviour [43,51]. Consequently, the area of the fracture surface in the outer layer (i.e. Ay in equation
(1.3)) is substantially increased compared with in the substrate layer. As shown in figure 3, a significant reduction in damage
(ADnorm = 20%) occurs with a small outer layer thickness (fout =2 mm). This damage reduction capability is contributed by the
extra energy dissipation from the increased fracture surface area (A,y) in the thinner outer layer, in addition to the contributions
of higher stiffness (1) and toughness (I'). This is consistent with the correlation between Ay, and Dpax in equation (1.3) and is
confirmed by the theoretical predictions in figure 3.

Moreover, we expect the contribution to energy dissipation due to friction and viscosity to decrease with a thicker and more
brittle outer layer. As shown in Fregonese & Bacca and Montanari & Spagnoli [62,63], both the average contact pressure and
contact area will decrease significantly for a larger lateral extent of damage relative to the tool diameter, due to the detachment
of the fracture surface from the tool surface. However, such a decrease in energy dissipation may not offset the increase in the
fracture or elastic energy contribution due to higher Ay, 4 and I, as suggested by figure 3. Future quantitative verification
requires an accurate estimation of the tool-material contact area in the outer layer, which may be complicated by partial
visibility of the closed transparent fracture surfaces (e.g. figure 1g,h).

In contrast, both the MRS and USS substrates exhibit a planar crack with a regular triangular shape, consistent with
the ductile-like puncture failure behaviour prevailing in soft and stretchable materials [13,26,64]. This damage morphology
indicates a fully expanded material cavity conforming to the surface of the puncture tool during deep penetration. The
interlayer transition of puncture failure behaviour from brittle to ductile, as pointed out by Zhang & Anderson [13,26], is
primarily governed by the defect/flaw tolerance and the strength of the crack-blunting effect of the target material, which
determines the deformability of the puncture cavity and thus damage morphology. It can be contributed by a material’s low
stiffness and high stretchability [65]. As listed in table 1, this is supported by the relatively low shear modulus (u = 130 kPa) and
high tensile stretch at break (1* = 2.9) for the MRS substrate layer and y = 5 kPa and A* > 4 for the USS substrate layer, compared
with u = 390 kPa and 1* = 2 for the HRS outer layer at low rates.

The ductile puncture behaviour in the substrate layer leads to the following two interesting observations related to the
extent of damage: (i) the longitudinal extent/total length of damage in the undeformed state (Dpay) is similar to the length
of the region of the puncture tool that penetrates the composite material and (ii) the lateral extent/width of damage in the
undeformed substrate layer is significantly smaller than the corresponding width/diameter of the puncture tool, and the relative
magnitude of the extent of damage does not change within the same substrate material. Both observations are evident from
previous dynamic puncture tests in MRS and USS materials [13,26] and can be verified from figure 1 through measurements. In
particular, the angular ratio between the tangent of the half cusp angle of the puncture tool and that of the undeformed damage
is a constant that mathematically corresponds to the stretchability of the target material at a specific applied rate of puncture
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Figure 2. Box and whisker plot of the dynamic puncture results of porcine tissues. The datasets were obtained from both layered porcine skin-adipose tissues
(‘skin-adipose’) and adipose tissues with skin removed (‘adipose alone’) at two different puncture rates (v = 10.3 + 0.3 m s~ and v = 16.7 + 0.3 m s7"). The top
and bottom edges of each box correspond to the 75th and 25th percentiles; the centre red line indicates the median; and the red cross indicates the average. The
whiskers indicate the scatter of the dataset, with the outliers marked by open circles. Statistical analysis using two-way ANOVA indicates a significant effect of skin layer
(horizontal variation, bottom asterisks (***): p < 0.001) and a significant effect of puncture rate (vertical variation, left asterisks (***): p < 0.001) on the damage
reduction capability.

[26] (i-e. tan Bipo1tan Ogac = 17). Therefore, the high stretchability of the two substrate materials explains their small lateral extent
of damage.

In contrast to the interlayer transition observed in silicone tissue simulants, the puncture damage in cross-sectioned porcine
skin-adipose tissue samples exhibits an overall triangular shape similar in both undeformed layers. The interlayer disruption to
the crack shape is negligible at v =16.7 £ 0.3 m s (figure 1), while no penetration through the skin layer occurs at v=10.3+0.3
m s. Within all porcine tissue samples tested, the lateral extent/angle of the undeformed fracture surface is comparable to or
slightly smaller than the corresponding diameter of the puncture tool throughout the entire depth of puncture, indicating a
ductile puncture failure behaviour in both skin and adipose layers similar to that observed in silicone tissue simulants. This
is further evidenced by our observation during and immediately after dynamic puncture that the displaced tissue conforms to
the surface of the puncture tool, and no brittle lateral crack expansion occurs in the porcine tissue samples. It is interesting to
note that the angular ratio in porcine skin and adipose tissues is consistent with a range of their stretchability determined from
low-rate uniaxial tension tests [28,33,49], 1* = 1.2-1.8 (table 1), which is even lower than that of the HRS outer layer material.
While these observations seem to contradict the observed ductile puncture response, we emphasize that high stretchability is
not a necessary condition for high defect/flaw tolerance and strong crack-blunting. As discussed in the next section, porcine
skin and adipose tissues possess unique fibrous microstructures that can provide additional reinforcement and fundamentally
alter their failure behaviour compared with soft polymeric materials. The similarity in the ductile failure behaviour and
the stretchability of the outer skin layer and the subcutaneous adipose layer, despite their markedly different stiffness and
toughness (table 1), may theoretically play a key role in minimizing cross-layer transition of damage, mitigating excessive
lateral crack growth and thus preventing delamination as observed in tissue simulant counterparts.

3.1.2. Resistance to dynamic puncture

In addition to damage morphology, the resistance to puncture damage, evaluated by the average maximum depth of puncture
(Dmax and Dporm), shows some level of similarity in the dependence on the outer layer but differs significantly in magnitude and
rate dependence between the natural skin tissues and synthetic bilayer tissue simulants.

The box and whisker plot in figure 2 compares Dpn,x measured from two types of porcine samples (bilayer skin-adipose
tissue and single-layer adipose tissue with skin layer removed) under two selected puncture rates (v=10.3+0.3 m s and
v=16.7+0.3 m s™). The presence of the porcine skin layer markedly enhances puncture resistance at both dynamic puncture
rates, as indicated by the significantly reduced Dp,x values in bilayer porcine samples compared with adipose tissue samples
(two-way ANOVA, p <0.001). Additionally, the two-way ANOVA reveals a significant effect of puncture rate (v) on Dpax
(p <0.001), as well as a strong interaction between the effects of the skin layer and v (p < 0.001).

Figure 3 presents the results of the dynamic puncture test for synthetic bilayer tissue simulants (squares and circles).
The puncture resistance of each sample is evaluated by the maximum depth of puncture (Dma), plotted against the
thickness of the corresponding outer layer (to,). Different groups of data in figure 3 indicate variations in puncture rate
(v=(10.3£0.3,16.7+0.3,34.4+0.8) m s) and material type (bilayer simulant having either a MRS or USS substrate). Figure
3b shows normalized Dpax values, Dnorm = Dmax/Dmax,0, Where Dpax, 0 = Dmax(fout = 0) is the maximum value within the same
data group, i.e. the average D, determined from the substrate layer alone. The normalized trends in figure 3b isolate the
dependence of the extent of damage on f,y from the magnitude effect. As indicated in figure 3b, a two-way ANOVA yields
statistically significant dependence (p < 0.001) of Dyorm On both o, and v in bilayer silicone samples having an MRS substrate.
Furthermore, a significant interaction between to, and v (p <0.05) indicates that the effect of t,, depends on applied v.
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Figure 3. Puncture performance in different layered composite materials. Data were obtained from both bilayer silicone simulant samples (MRS substrate: solid
squares; USS substrate: open circles) and porcine skin-adipose tissue samples (stars) at different outer layer thicknesses (¢, = 0—4 mm) and puncture rates
(v =103 + 0.3 ms" light blue error bars, v = 16.7 + 0.3 ms™": yellow error bars, v = 34.4 + 0.8 ms™": orange error bars). (a) The dependence of the maximum
depth of puncture (Dynay) on £, and v. (b) The dependence of relative damage reduction capability, as evaluated by the normalized maximum depth of puncture
values (Dporm = Dima/ D max,0 = Dinay/ D maxtout = 0)), on variation of £, and v. Each error-barred data point represents the mean and s.d. obtained from at
least three individual tests. The theoretical curves (blue solid lines) are calculated by combining equations (1.1)—(1.3) and correspond to the puncture response of
the silicone simulant with an MRS substrate layer at v = 10.3 £ 0.3 m s™". Statistical analysis using two-way ANOVA indicates the following effects on Dy to be
statistically significant: effect of £,,: p < 0.001, top asterisks (***); effect of v: p < 0.001, upper right asterisks (***); interaction between £, and v: p < 0.05;

effect of substrate material: p < 0.05, lower right asterisk (*). Controlled puncture test conditions: cusp angle: 30°; tip radius: 7 = 40 £ 2 ym.

Similarly, a two-way ANOVA between the data of the two types of silicone samples (MRS and USS substrates) indicates
statistically significant effects of substrate material (p < 0.05) on the damage reduction capability (Dporm). These observations are
consistent with the dependence of puncture damage reduction on t,y, U and the substrate material predicted by the hypotheses
in §1.

To quantitatively compare the puncture resistance and damage reduction capability in natural tissues and tissue simulants,
the Dmax and Dporm values of porcine skin-adipose tissue samples are included in figure 3, where the t,, values correspond
to the average thickness of the skin layer measured across all porcine skin-adipose samples. While the lower Dy, values in
the porcine adipose tissue alone compared with its silicone substrate counterparts (USS and MRS; figure 3) already indicate a
higher damage resistance, incorporation of the skin layer provides porcine tissue with even stronger reinforcement compared
with the silicone outer layer counterpart. Despite having a relatively low skin layer thickness ({5 = 2.7 mm), the porcine
skin-adipose tissue samples exhibit average relative magnitudes of damage, Dporm = 0.40 at v=10.3+0.3 m s™ and Dporm = 0.27
at v=16.7 0.3 ms™, which are even lower than the average values of Dyom obtained from bilayer silicone samples with fo,; = 4
mm at the corresponding puncture rates.

Additionally, the porcine tissue samples exhibit a stronger damage reduction capability (an approx. 73% decrease in Dynorm)
as the applied puncture rate increases (from v =10.3+0.3 m s to v =16.7+0.3 m s™). This rate dependence contrasts with the
diminishing damage reduction capability observed in the bilayer simulants with an MRS substrate at higher rates (figure 30b),
which might be related to the unique viscoelastic effect of skin and adipose tissues, such as a strong strain-rate-based stiffening
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effect [28,49,66]. These results highlight distinct dynamic puncture response and remarkable rate-mediated puncture resistance n

of porcine skin-adipose tissues compared with their synthetic counterparts, despite their similarity in elastic moduli. Further
considerations are necessary to account for the intrinsic mechanical and microstructural complexity of layered skin tissues.

For example, the enhanced damage reduction capability of the porcine skin-adipose tissues is probably contributed by
a unique micromechanical process coupled with the bulk mechanical and failure properties. Both porcine skin and adipose
tissues contain substantial fibrous microstructures that are absent in synthetic polymers. For perspective, collagen fibres
constitute approximately 75% of the dry fat-free mass of the skin dermis [66], and adipocytes in adipose tissue are supported
by networks of collagenous structures such as the reinforced basement membrane and interlobular septa [33,67]. Therefore,
it is reasonable to theorize that collagen microfibres near the crack tip play an important role in the local failure process
during dynamic puncture of these tissues. This involves reversible intensification and realignment of local collagen fibres
along the crack opening direction under crack expansion stresses, as revealed by mode-I fracture tests and post-mortem
microscopy [44,68]. The reconfigured, highly aligned fibres can mitigate and redistribute stress concentration through non-local
deformation, leading to the emergence of strong crack blunting and fibre bridging effects [44]. This creates a shielding
mechanism that enhances the energy dissipation and defect/flaw tolerance of the bulk collagenous tissue compared with a
single-network synthetic polymer counterpart [68]. These complex interactions between microstructures and micromechanical
effects are ultimately responsible for the ductile-like failure behaviour and strong damage reduction capability of the layered
porcine skin-adipose tissue during dynamic puncture, as well as its unique material properties (as described in §2), including
the combination of relatively low modulus, stretchability and exceptionally high toughness. Although the characterization of
collagen-fibre-mediated microstructural damage in biological tissues is beyond the scope of this work, we have observed fibre
pull-out from puncture damages in both our porcine skin and adipose tissues.

Furthermore, we speculate that the compressibility of skin and adipose tissues may also play a notable role in their excep-
tional damage reduction capability. As theorized in Fregonese et al. [69], tough and compressible soft materials exhibit a higher
puncture resistance than their incompressible counterpart. While a quasi-incompressibility (Poisson’s ratio approx. 0.45-5) was
assumed in some literature for human skin, adipose and various soft tissues [66,70-72], several studies have reported a finite
bulk modulus (100 kPa to 0.1 GPa) for human muscle, skin and subcutaneous tissues [73-75].

3.2. Validation of the damage reduction theory in bilayer structures

In general, the observed enhanced resistance to dynamic puncture and rate-based damage reduction capability in both natural
skin tissues and synthetic bilayer tissue simulants, compared with their substrate materials alone, can be explained by the
theoretical framework of dynamic puncture energetics outlined in §1. This theoretical framework adopts a simplified bilayer
structure that consists of a soft substrate layer covered by a thinner, more damage-resistant outer skin-like layer. Therefore,
based on the experimental results of dynamic puncture in simple bilayer silicone tissue simulants, we provide quantitative
evidence for the four key hypotheses and validate the theoretical damage reduction mechanics described in §1.

3.2.1. Effect of interlayer properties

Figure 3, combined with the material properties (u and I') provided in §2, demonstrates that the incorporation of a stiffer and
tougher outer layer (e.g. HRS) significantly enhances the damage reduction capability of the corresponding bilayer composite
structure. The maximum depth of puncture (Dmax) shows a significant decrease with increasing ¢, especially at a lower applied
puncture rate (v =10.3+0.3 m s™'). The relative extent of damage (Do) is reduced by approximately 50-40% across all bilayer
tissue simulants and puncture conditions tested. These results are consistent with equation (1.1) and validate the hypothesis that
the puncture resistance and damage reduction capability of a layered composite material are enhanced by the difference in the
fracture-relevant material properties between the outer and substrate layers.

3.2.2. Effect of outer layer thickness

While figure 3 indicates an enhanced damage reduction capability in all our tested bilayer silicone tissue simulants, we note that
the dependence of D,y and Dyporm ON tou appears to be nonlinear and asymptotic as o increases from 0 to 4 mm. The change
in the magnitude of Dy,.x between samples with a thinner (¢, =2 mm) and thicker (¢, = 4 mm) outer layer is minor compared
with that between t,,; = 0 mm and ¢y, = 2 mm and the total Dy, especially in the bilayer tissue simulant with a USS substrate
(hollow circles; figure 3) and the one with an MRS substrate tested at a high rate (orange squares; figure 3). This behaviour is
consistent with our hypothesis in §1 that the magnitude of Dy« decreases asymptotically with increasing tou: and is constrained
in a bilayer material.

To visualize and quantitatively validate the theory of the effect of outer layer thickness on damage reduction (Dmax and
Drorm), as outlined in equations (1.2) and (1.3), we present theoretical predictions of the dependence of Diax and Dyorm ON toyt in
figure 3a,b, respectively. The theoretical curves are compared with the puncture experiments in the bilayer tissue simulant with
an MRS substrate at v =10.3+0.3 m s (blue squares). As detailed in the electronic supplementary material, these theoretical
curves are estimated using the documented material properties (from §2) and measured fracture characteristics without data
fitting. The experimental results show good agreement with the theory, with the theoretical curve approaching a lower limit
corresponding to Dmax = 6.4 mm 0Or Dyorm = 0.69 as toy: increases. This confirms that the lower limit of Dp,y is constrained by the
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material properties of the outer layer. The discrepancy between the experiments and the theory at a large to, is probably due m

to the simplification of frictional dissipation (electronic supplementary material). While we assume a moderate rate-dependent
effect in the theory, further validation at higher puncture rates requires an accurate mathematical description and systematic
characterization of viscoelastic behaviours.

3.2.3. Effect of substrate material

While bilayer silicone samples with a USS substrate show a similar Dpom Versus toy trend in figure 2b compared with its
counterpart with a stiffer MRS substrate, the former material exhibits a higher damage reduction capability, as evident from
its significantly lower Dyorm values in figure 2b at the same outer layer thickness (t,u) and puncture rate (v=10.3+0.3 m s™).
However, in general, the USS substrate produces a slightly larger damage size (Dpmax) than the MRS substrate at the three
tested values tqy, as shown in figure 2a. This relatively high magnitude of Dp,y is probably attributed to the low stiffness and
toughness of the USS substrate material (table 1). Additionally, these properties also differ more significantly from the stiffness
and toughness of the HRS outer layer compared with the difference between the MRS substrate and the HRS outer layer.
Consequently, based on equation (1.2), the energy balance corresponding to an incremental increase of the thickness of the HRS
outer layer (tou) yields a higher reduction of Dy (ADmax) in the bilayer simulant with a USS substrate than in its counterpart
at the same applied puncture rate. Figure 3z indicates that the magnitude of AD .y is large enough to compensate for the
difference between Dp,, in the two substrate materials alone (o = 0), thus resulting in a lower Dyom value. This validates the
hypothesis of the effect of the substrate material on the damage reduction capability inferred from equation (1.4).

3.2.4. Rate-dependent damage resistance

The effect of outer layer thickness (t,,) on the resistance to puncture damage exhibits a strong rate dependence in bilayer
silicone tissue simulants with an MRS substrate, as shown in figure 3b, and verified by statistical analysis. The sensitivity of
Diporm to the variation in t,,; decreases significantly (p < 0.001) as the applied puncture rate increases from v=10.3+03 m s™ to
v=34.4+0.8 ms™. This rate dependence is consistent with the rate-mediated form—function relationship previously reported by
Zhang & Anderson [19] in the dynamic puncture testing of similar silicone simulants, where the effect of the sharpness of the
puncture tool (controlled by the cusp angle) on the depth of puncture decreases in strength as the puncture rate increases from
v=10 m s™ to v =50 m s™. Thus, the observed rate-dependent puncture behaviour in figure 3 is probably governed by similar
underlying viscoelastic mechanics related to the rate-dependent stiffening and toughening effects of the constituent silicone
elastomers in the two layers [19].

Quantitative evidence from shear rheology suggests a stronger viscoelastic effect in Solaris elastomers with a lower mixing
ratio (part A : part B) [41]. This, combined with figure 3, supports our hypothesis that the MRS substrate layer exhibits stronger
rate dependence than the HRS outer layer. Consequently, the differences in the material properties (u and I') between the MRS
and HRS layers decrease at higher puncture rates. Based on the puncture energetics discussed in §1, this ultimately leads to
a reduced strength of damage reduction (as characterized by Dporm) in the bilayer structure. At extremely high puncture rates
such that the substrate and outer layers become mechanically similar, the Dporm Versus to, relationship in figure 3b is expected
to approach a theoretical limit, Dporm = 1, as indicated by the grey dotted line. Conversely, at low to quasi-static puncture rates,
the lower limit of the relationship is presumably close to the theoretical curve in figure 3. Overall, the rate-based properties of
the outer and substrate layers play a substantial role in the damage reduction capability of a bilayer structure during dynamic
puncture. The susceptibility of the bilayer structure to puncture damage depends on how the difference in interlayer properties
is affected at higher applied puncture rates.

4. Concluding remarks

Previous studies on the mechanics of living puncture systems often focus on the form—function relationship associated with
morphology of the puncture tool [19,43,55,57,76-80]. Our findings highlight the necessity of incorporating bio-relevant dynamic
material response of layered skin-like material structures for a comprehensive biomechanical analysis. The tool-material
interaction, energy transfer and damage creation during biological puncture are highly dependent on how the target material
reacts to external loading and impact at specific dynamic rates. Therefore, generalization of the puncture performance and
energetics across different biological systems requires knowledge of the rate-based mechanical and failure properties and the
architectures of the constituent material layers being punctured.

Our experimental characterization using dynamic puncture with a conical tool reveals the substantial role of a thin outer
layer in enhancing the damage reduction capability of bilayer composite structures, owing to its higher stiffness, toughness and
larger lateral extent of damage compared with the substrate layer. The longitudinal extent of damage (Dmax) is governed by
the material properties of both layers through puncture energetics, with larger differences in energy dissipation between the
two layers resulting in greater damage reduction (Dporm). Moreover, our findings suggest that a layered biological structure of
mammalian skin and adipose tissues may exhibit unique mechanical and failure properties during dynamic puncture, leading
to remarkable puncture resistance and superior damage reduction capability compared with its synthetic tissue simulant
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counterpart, despite a relatively thin skin layer. These findings offer new evidence-based insights into the universal presence
and adaptation of similar animal integumentary systems as a defensive mechanism against dynamic puncture.

The unique interplay between microfibre-mediated local failure process and elasticity in layered mammalian skin tissues,
coupled with large differences in the material properties and thicknesses of the outer and subcutaneous layers, allows for
concurrent optimization of both damage resistance and deformability. This dual functionality is crucial for preventing biological
puncture-induced damage and injuries while providing the organism with the ability to accommodate compression and blunt
impact through large reversible deformation [81] and the flexibility for complex movements and locomotion. These speculations
are supported by various studies on layered tissues and biological composite structures [3,4,8-10,12,82], which demonstrate
enhanced strength and superior mechanical performance due to variations in constituent materials and microstructures. For
example, dromedary camels can eat and swallow prickly pear cacti without internal damage due to their mesostructured
keratinized papillae [82]. Elephant trunks exhibit both exceptional durability and manoeuvrability due to the hierarchical
layered structure of its skin dermis with a thin keratin outer armour layer covering a bimodal network of both perpendicular
and parallel arrangement of collagen fibres [12]. These layered structures can maximize organism survival and provide the
animal with functional advantages in complex environments.

The rate-dependent puncture behaviours observed in our bilayer silicone tissue simulants imply that biological puncture
systems can potentially compensate for suboptimal performance or expand their selection of target materials by leveraging
higher puncture speeds, as observed in [19]. While preliminary dynamic puncture tests on layered porcine skin-adipose tissues
using two different puncture rates (v=10.3+0.3 m s and v=16.7+0.3 m s™) showed inconclusive rate-dependent effects on
the damage reduction capability (figure 2), we note that these tests were conducted at a relatively small scale, which limits
the magnitude of the maximum puncture rate. Future experimental studies on larger scale samples can focus on the effect of
puncture rate on the relative magnitude of the interlayer properties. We anticipate that similar rate-based puncture behaviours
as observed in bilayer silicone tissue simulants will occur in biological skin tissues if the subcutaneous layer exhibits stronger
strain-rate-based stiffening and toughening effects compared with the outer skin layer.

Finally, the distinct puncture failure behaviours of skin and skin-like tissues, compared with less damage-resistant synthetic
polymers and composites, highlight the necessity of a theoretical framework that incorporates ductile, flaw-tolerant failure
behaviours. However, existing puncture models often lack predictive power for such puncture behaviours due to their focus
on low-rate and quasi-static puncture mechanics related to needle insertion or deep indentation in polymeric materials (e.g.
[57,62,64,69,83-85]). To our knowledge, the mathematical framework for puncture energetics developed by Zhang & Anderson
[13] is a notable exception that addresses ductile failure behaviours for dynamic biological puncture. However, generalizing this
theory to layered integumentary systems requires further characterization and an improved understanding of their multi-scale
failure behaviours, with the incorporation of biological composite structures, viscoelasticity and even anisotropic effects.
Overall, this work represents an initial step towards unravelling the biomechanical complexity of biological puncture systems.
We hope that our findings will catalyse future discussions on the mechanics of animal weapons and defensive mechanisms,
with broad applications in evolutionary biomechanics, injury biomechanics and bio-inspired engineering designs.
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