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Biomimetic fracture model of lizard tail autotomy

Navaijit S Baban?, Ajymurat Orozaliev’, Sebastian Kirchhof?, Christopher J Stubbs®, Yong-Ak Song®*5*

Lizard tail autotomy is an antipredator strategy consisting of sturdy attachment at regular times but
quick detachment during need. We propose a biomimetic fracture model of lizard tail autotomy using
multiscale hierarchical structures. The structures consist of uniformly distributed micropillars with
nanoporous tops, which recapitulate the high-density mushroom-shaped microstructures found on the
lizard tail's muscle fracture plane. The biomimetic experiments showed adhesion enhancement when
combining nanoporous interfacial surfaces with flexible micropillars in tensile and peel modes. The
fracture modeling identified micro- and nanostructure-based toughening mechanisms as the critical
factor. Under wet conditions, capillarity-assisted energy dissipation pertaining to liquid-filled microgaps
and nanopores further increased the adhesion performance. This research presents insights on lizard tail
autotomy and provides new biomimetic ideas to solve adhesion problems.

or millions of years, the constant struggle
for survival has driven lizards to evolve
a defense mechanism known as tail or
caudal autotomy (7, 2). This autotomy
has a seemingly paradoxical nature: sturdy
attachment at normal times but quick detach-
ment during need. As an explanation of tail
autotomy, previous studies have reported the
segmented anatomy of the lizard tail with
functional fracture planes (3, 4) in skeletal

Fig. 1. Scanning electron micro- A
scope (SEM) image of the auto-
tomized interface of an

H. flaviviridis tail. (A) Autotom-
ized tail location (scale bar,

1.5 cm). Segmented tail morphology
(scale bar, 1 cm) shows region P,
representing the proximal part

of the tail, and region D, repre-
senting the distal part (scale bar,
0.5 cm), in a plug-and-socket type
assembly (scale bar, 1 mm).

(B) SEM of the distal (D) part
showing the wedge-shaped
tissues with highly dense
mushroom-shaped microstruc-
tures (scale bar, 1 mm). The
enlarged portion shows the
mushroom-shaped micropillared
arrangement (scale bar, 100 um)
with the single mushroom top
indicated as MT (scale bar, 10 um)
containing the nanopores (NP)
and nanobeads (NB) (scale bar,

1 um). SEM of region P (scale bar,
1 mm) shows the corresponding
MT imprints indicated as MTI
(scale bar, 100 um). The single
MTI (scale bar, 10 um) shows a
planar topology (scale bar, 1 um).
(C) Hypothesized model of the
lizard tail interface between two
complementary segments before
fracture, consisting of micropil-

muscles throughout the postpygal vertebrae
(for details, see supplementary text 1). The frac-
ture planes consist of the bulged-out distal
ends of muscle fibers arranged as highly dense,
mushroom-shaped micropillars (separated by
connective tissue) (3, 4) with a role in autotomy
that is still not understood quantitatively.
From an engineering perspective, a typical
fracture plane would make the tail overly vul-
nerable to fracture, even in situations that are
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lared nanoporous top connections at the wedge-shaped tissue faces.
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not life threatening. In reality, the tail remains
sturdily and faithfully connected to the body
part, quickly detaching only when the lizard
wills it. Simplistic fracture models of lizard tail
autotomy cannot resolve the tail’s attachment’s
seemingly paradoxical nature. A proteomic
study (3) on the fluid that was released after
Tokay gecko tail autotomy revealed an absence
of any protein-breaking chemicals, thus sug-
gesting a mechanical fracture problem. To under-
stand the biophysics of lizard tail autotomy, we
analyzed the fracture plane connections of three
different lizard species: Hemidactylus flaviviridis
(Gekkonidae), Cyrtopodion scabrum (Gekkonidae),
and Acanthodactylus schmidti (Lacertidae).
Fig. 1A shows the autotomy location in the
H. flaviviridis individual’s tail and illustrates
the segmented nature of the tail connected
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through a “plug-and-socket” sort assembly. The
distal part contains eight (two ventral, four
lateral, and two dorsal) circumferentially ar-
ranged wedge-shaped muscle bundles, whereas
the proximal part encloses the corresponding
complementary grooves or pockets lined with
layers of connective tissue (myosepta). Fig. 1B
shows the high-density mushroom-shaped micro-
pillars (muscle fibers with dilated termini) on
the wedge-shaped muscle bundle and the com-
plementary pockets where the wedges remained
inserted before fracture. Microcomputer tomog-
raphy of the fractured tail (H. flaviviridis in-
dividual) showed fragmented intravertebral
fracture planes located in close proximity to
the wedge-shaped muscle fracture planes (see
supplementary text 2). The enlarged portions
within Fig. 1B show the associated mushroom
top with dense nanopores and scanty nano-
beads constituting the interface. The magni-
fied view of the complementary pockets shows
the planar mushroom top imprints in the myo-
septum resulting from its surface contact-
based attachment with the mushroom top
in vivo. These surface imprints implied that
the mushroom tops were not penetrating the
proximal part, as would be the case for stronger
tail attachment. Instead, the lizard has adopted
a different strategy for tail attachment at the
interface composed of the surface contact-
based attachment with microscale and nano-
scale discontinuities. Thus, we hypothesize
a model of how the distal tail section could
have been attached to the proximal one before
fracture, in which mushroom-shaped micro-
structures contact the opposite surface with
their nanoporous tops, as schematically illus-
trated in Fig. 1C.

Tensile mode

Fulcrum distance

-

-

P
=y

No Fracture initiation

These multiscale hierarchical features cor-
related with design strategies extensively found
in nature (for examples, see supplementary text
3) that imply toughening mechanisms associ-
ated with micro- and nanoscale structural fea-
tures. The high-speed video analysis showed
that the tail’s bending actuated the fracture
(movies S3 and S4 and supplementary text 4).
By contrast, the tensile stretching of the tail
showed no fracture at all (Fig. 2). Moreover,
on the basis of the H. flaviviridis specimens
analyzed (n = 7), it was also confirmed that
the tail should be grasped at least a short dis-
tance distal to the autotomy plane. This would
provide a sufficient pivot length about which
the muscles can favorably act. For A. schmidti,
the shorter pivot distance required more force
to induce the fracture (movie S5 and S6).

To support our hypothesis, we built a biomimetic
model using polydimethylsiloxane micropillars
with nanoporous tops in two different height
ranges: 1.75 to 30 um as low-aspect-ratio micro-
pillars and 30 to 100 um as high-aspect-ratio
micropillars (Fig. 3, A and B). For both the low-
and high-aspect-ratio micropillars, the results
in Fig. 3, C to H and I to N (summarized in
table S1), show that adhesion energy and peak
force significantly decreased in peel mode (see
experimental details in supplementary text 5),
demonstrating the fracture’s mode-dependent
vulnerability. The difference in mode-dependent
results can be explained by the equal load sharing
of the micropillars (5), which was quantified by
comparing the associated characteristic stress
decay lengths (6, 7). We recorded a 17-fold dif-
ference between the modes (see the “Equal
load sharing calculation” section in supple-
mentary text 5). The mode-dependent find-

B Bending mode

Fracture initiation

Fracture Propagation

Fig. 2. High-speed analysis of tail autotomy. (A) Tensile mode, in which the tail was in the fully stretched
condition with the fulcrum distance between the fracture plane and the grasp point. No fracture initiation was
observed for the tensile stretching mode. (B) Bending mode, in which the tail was in the fully stretched
condition showing fracture initiation. Catastrophic fracture propagation was observed after the fracture

initiation in the bending mode.
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ings correlated with the experimental results
of the high-speed video analysis showing a
facile fracture in the bending mode.

Within each mode, a significant increase in
adhesion energy and peak force was obtained
at nanoporous top surfaces, thus validating the
role of micropillared nanoporous interface
in improving the adhesion performance. The
combined use of micropillared interface with
nanoporous top showed a significant adhe-
sion enhancement for both low-aspect ratio
micropillars (maximally, 7.9-fold in the ten-
sile mode and 4.5-fold in the peel mode) and
high-aspect ratio micropillars (maximally, 14.8-
fold in the tensile mode and 14-fold in the peel
mode) compared with the plain unstructured
interface. The enhancement effect of the nano-
porous interface can specifically be filtered out
by comparing the plain top and nanoporous top
pillars’ results, in which a significant adhesion
increment was recorded for both the low-aspect-
ratio micropillar (4.8-fold in the tensile mode
and 2.5-fold in the peel mode) and the high-
aspect-ratio micropillar (1.4-fold in the tensile
mode and 2.1-fold in the peel mode).

The hierarchical toughening can be explained
as follows. First, the nanoporous-assisted con-
tact on top of the micropillars exerts a crack-
arresting effect that can be explained by the
crack initiation at multiple discontinuities plus
the coplanar Cook-Gordon mechanism (7, 8)
that imparted repulsive stress interactions be-
tween the vicinal coplanar cracks (8, 9) during
propagation. This greatly contributed toward
the intrinsic (70) fracture toughening mecha-
nism at the interface. Furthermore, multiple
nanolevel discontinuity-associated intermittent
crack propagations induced a coplanar Lake-
Thomas (8) effect that dissipated energy simi-
lar to bond rupturing in soft elastomer chains.
Second, the phenomenon of flaw insensitiveness
(5) caused by micropillar-based contact-splitting
phenomena also contributed to the increasing
adhesion through extrinsic (10) toughening
in tandem with the nanopore-induced intrinsic
toughening. Last, as the micropillars’ height
increased, a considerably large amount of
strain energy was absorbed by the flexible
micropillars, improving the extrinsic toughen-
ing further (see the “Flaw insensitivity” and
“Effect of micropillar height” sections in sup-
plementary text 5). For the high-aspect-ratio
micropillars, the 100-um-high micropillars that
closely resembled the mushroom-like micro-
structures in terms of their aspect ratio showed
the highest adhesion energy and peak forces.

We also evaluated the effect of strain rate,
prestress, and wet conditions (see supplemen-
tary text 6) and found improvement in adhe-
sion performance in all cases. The adhesion
performance improvement in wet conditions
was attributed to the combined effect of micro-
scale and nanoscale liquid bridges (Z7) in dis-
sipating elastic energy, plus the spatially varying
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Fig. 3. Adhesion test results using a biomimetic model. (A) Low-aspect-ratio
nanoporous top micropillars (50 um in diameter, 1.75 um in height). (B) High-
aspect-ratio nanoporous top micropillars (50 um in diameter, 100 um in height).
(C to H) Results for the low-aspect-ratio micropillars. Shown are force-
displacement curves [(C) and (D)], adhesion energy results [(E) and (F)], and
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peak force results [(G) and (H)]. (I to N) Results for the high-aspect-ratio
micropillars. Shown are force-displacement curves of the fracture tests [(I)
and (J)], adhesion energy results [(K) and (L)], and peak force results [(M) and
(N)]. The sample number was n = 10 for each case. The error bars represent
SD. Each difference in the figure was significant with a P value < 0.05.

modulus during contact separation (72). Regard-
ing the prestress condition at the interface be-
fore fracture, we found a notable effect of the
prestress in restricting the fracture initiation
and propagation. On the basis of this finding,
we hypothesize that relieving the prestress by
the skeletal muscle fibers’ contraction (4) would
provide favorable autotomy conditions.

To analyze and compare the toughening
mechanism at the nanoscale and microscale
levels, we also performed cohesive zone model-
ing and submodeling (7). The contour plots in
Fig. 4 show the repulsive (9) stress interaction
between the primary and the secondary crack,

Baban et al., Science 375, 770-774 (2022)

which was generated because of the subse-
quent nanopore-induced discontinuity (supple-
mentary text 7). The plain top micropillar
interface in Fig. 4, A and B, showed a single
crack front with a larger crack tip stress singu-
larity zone compared with the nanoporous top
in both the tensile mode (Fig. 4, C and E) and
the peel mode (Fig. 4, D and F). The stresses
were distributed through nanolevel disconti-
nuities, indicating intermittent crack propaga-
tion [as described in the coplanar version of the
Lake-Thomas effect (8)], with considerably less
crack tip singularity. Fig. 4, G and H, compare
the strain energy dissipation or release rate

18 February 2022

and contact opening between the nanoporous
and plain top pillar interface. A decrease in the
strain energy release rate was found between
the concerned interfaces (54 and 48% for the
tensile and peel modes, respectively). Similarly,
a decrease in the contact opening was found
between the concerned interfaces (19 and 39%
for the tensile and peel modes, respectively),
illustrating the nanoporous interface’s intrin-
sic toughening effect.

Our studies based on two species of the
Gekkonidae and one species of the Lacertidae
lizard family revealed an essential role of the
highly dense mushroom-shaped micropillars

3of5
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Fig. 4. Computational fracture modeling of a plain top versus nanoporous
micropillar interface. (A to D) Maximum principal stress contour plots for the

plain top micropillar (1.75 um in height) in the tensile mode (A) and in the

peel mode (B) and for the nanoporous top micropillar in the tensile mode (C)
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(F). (G and H) Strain energy dissipation rate and contact opening comparison
in the tensile mode (G) and in the peel mode (H).
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with nanoporous top surfaces in tail autotomy. | ever, within each mode, the connections showed | ities that assisted the coplanar version of the
These micropillars and nanopores establish | toughening mechanisms with nanoporous top | Cook-Gordon mechanism and the Lake-Thomas
interfacial connections along the tail fracture | micropillars that helped the tail avoid undue | effect. Furthermore, the increased height of
planes that are exposed to higher vulnerability | breakage. The intrinsic toughening mechanisms | micropillars, as well as the flaw insensitivity
in bending mode than in tensile mode. How- | were composed of nanolevel crack discontinu- | caused by microlevel discontinuities, contributed
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to the extrinsic toughening mechanisms. In wet
conditions, microscale and nanoscale liquid
bridges facilitated capillary-assisted and suction-
based energy dissipation. This, along with the
toughening mechanisms associated with direct
solid-solid contact, improved the adhesion per-
formance. Using this multiscale interfacial strat-
egy, the lizard carefully balances attachment
and detachment, achieving the “just right” con-
nection in its tail that is neither too weak nor
too strong for its best chance of survival.
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Engineered for a quick escape

When under attack, lizards will shed their tails as a way of escaping the predator while leaving behind a wiggling decoy
to distract the enemy. The tail needs to be firmly attached most of the time, but it must also have a quick-release
mechanism that won’t engage during normal activities. Baban et al. devised a multiscale hierarchical model for the

tail attachment (see the Perspective by Ghatak). Microscopy data of the broken surfaces of the tail showed that the
fracture plane consists of mushroom-shaped pillars with nanopores at their tops. These pillars allow for enhanced
adhesion of the tail in tension and peeling modes but enable fracture during oscillatory bending. The authors confirmed
their hypothesis using polymer models and modeling. —MSL
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opment could lead to permanent damage
to neurological function (5). The biological
mechanisms of how EDCs influence human
fetal brain development are difficult to study,
partly because the tools to effectively monitor
brain development in utero are lacking (7).

Standard chemical risk assessment con-
sists of several steps, including quantifica-
tion of chemical exposure for a given popu-
lation (exposure assessment), determination
of safe concentrations for chemicals (hazard
identification and characterization), and es-
timation of the health risks associated with
exposures (risk characterization) (8). Over
the past 60 years, chemical risk assessments
for thousands of individual environmental
substances have been performed. Regulatory
agencies have now started to develop guide-
lines to assess chemical mixtures (9).

Caporale et al. used a population-based
cohort of 1874 mother-child pairs enrolled
from Sweden during 2007-2010 with mea-
sured concentrations of PFASs, phthalates,
bisphenol A, and triclosan in serum or urine
from mothers in the 10th week of pregnancy.
They estimated an EDC mixture that was as-
sociated with subsequent delayed language
development in children using biostatisti-
cal modeling. About 10% of children in the
cohort had language delay, defined as the
use of fewer than 50 words at the age of 30
months old. Six varying concentrations of
the EDC mixture identified from this cohort
analysis were tested in multiple experimen-
tal models, including human cerebral organ-
oids, Xenopus laevis tadpoles, and zebrafish
larvae. The authors identified gene networks
altered by the EDC mixture in human cere-
bral organoids, and validated thyroid, estro-
gen, and peroxisome proliferator-activated
receptor (PPAR) endocrine pathways as ma-
jor convergent targets in vivo. Based on these
empirical data, the authors estimated that
~54% of the children in the cohort had been
prenatally exposed to EDC mixture concen-
trations that could induce biological effects,
including language development.

The traditional risk assessment approach
depends on testing single chemicals across
dosage concentrations in animal models,
but uncertainty remains about directly ap-
plying these toxicological outputs to guide
policy. This is especially true when testing a
combination of chemicals; there are multi-
tudinous combinations (in terms of relative
proportions and concentrations) between
and within different classes of chemicals to
consider. Caporale et al. showed that the ex-
isting human epidemiological cohort data
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can be used to guide and determine typical
human-relevant mixtures and subsequently
test their biologic and molecular effects in
relevant in vitro and in vivo models. This
integrated approach strengthens the causal-
ity of the exposure-outcome associations ob-
served in human cohorts and improves the
generalizability of experimental data.

The success of this approach, how-
ever, is highly dependent on the mixture
analysis from the cohort study to be valid.
Methodological challenges in environmental
epidemiological research—such as errors in
measuring exposures or health outcomes, un-
controlled confounding or selection bias, and
incorrect statistical models—could threaten
the validity of findings. Multiple experiments
were conducted by Caporale et al., but draw-
ing conclusions might have become difficult
if the results from each did not collaborate.
The extent to which and how many such
experiments are needed to generate reliable
data for mixture risk assessment is unclear.

The study of Caporale et al. focused on
three classes of EDCs, but this is not an ex-
haustive list of chemicals of concern. For ex-
ample, it has been reported that more than
4000 PFASs have been applied in commer-
cial products, whereas, at present, no human
studies can accurately detect and quantify
the concentrations for all possible PFASs
(6). Technological advancement and cost-
effective methods are needed to generate
exposure profiles accurately and comprehen-
sively. Setting up a longitudinal cohort study
is costly and time consuming. A continuing
investment to support ongoing cohorts (to
assess cumulative exposure and long-term
health impacts) as well as setting up new
cohorts (to capture contemporary exposure
profiles) is essential to keep up with assess-
ing and mitigating human exposure to harm-
ful chemical mixtures. A framework is also
needed for mixture risk assessment to test
new chemicals (including the replacement of
recently banned chemicals) that are rapidly
introduced in the global environment.
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How does
a lizard
shed its tail?

Hierarchical microstructures
help a lizard self-amputate
its tail when needed

By Animangsu Ghatak

mong many escape strategies that ani-

mals have evolved to evade capture by

their predators, autotomy is a promi-

nent one, whereby an animal self-

amputates a body part, such as a leg

or a tail (see the photo), just to elude
its attacker. The ease with which animals can
shed their body parts depends on the anat-
omy of the joint that connects the said body
part to their body (7). How does the animal
ensure that a limb does not shed off during
its regular activity yet easily and quickly de-
taches when it struggles to escape the grasp
of a predator? On page 770 of this issue, Ba-
ban et al. (2) show that for lizards that self-
amputate their tail when under threat, the
hierarchical microstructure of the tail plays
an important role in this balancing act.

The lizard tail consists of segments
separated by distinct fracture planes that
are weak zones. Experiments with three
different lizard species—Hemidactylus
flaviviridis, Cyrtopodion scabrum, and
Acanthodactylus schmidti—show that these
planes are not smooth but instead consist
of microscopic structural features with sizes
spanning from hundreds of micrometers
down to tens of nanometers. On the larger
side, the tail consists of a wedge-shaped tis-
sue assembly, the proximal and distal parts
of which form a “plug and socket” type of
arrangement. Going down to the submil-
limeter scale, the tissue surface contains
microscopic pillars in the shape of mush-
rooms. Zooming in even further, the “mush-
room heads” themselves are decorated with
nanoscopic pores and, in some cases, nano-
scopic beads. Proteomic studies and scan-
ning electron microscopy of the fractured
planes show that the mushrooms that com-
pose the cleaved surface of the tail do not
get into mechanical interlocking or covalent
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Researchers have shown that caudal autotomy in lizards, such as that seen in the J

bonding with the main body of the animal
but rather form physical bonds through ad-
hesive forces.

Baban et al. show that this adhesion is
strong enough that the tail does not break
away during regular activities. Indeed,
straight pulling of the tail does not result in
any failure at all. On the contrary, when a
supposed predator grabs the tail a small dis-
tance down a fracture plane, a slight act of
bending of the tail initiates a crack from one
side, which propagates catastrophically and
leads to complete separation of the portion
of the tail that is under siege. It seems that
hierarchy in microstructure helps the tail by
providing flexibility to the mushroom-shaped
structures present on the fractured surface of
the severed limb. This flexibility allows these
structures to remain in intimate contact with
the complementary surface of the animal’s
body. The mushrooms help distribute the
pulling load throughout the area of contact.
As a result, the magnitude of stresses at the
interface hardly gets large enough to cause
a separation. Structural hierarchy also gener-
ates spatial modulation in topography as well
as variation in deformability, features that
help to trap and deflect a crack. A trapped
crack loses all its energy to propagate for-
ward and gets reinitiated only when the in-
terface is sufficiently stretched again at the
location of the crack tip. In wet conditions,
liquid nanobridges between the contacting
surfaces increase adhesion further through
capillary forces.

The findings of Baban et al. are relevant
to similar hierarchical features that are
present on the feet of many wall-climbing
animals (3-6). Geckos, insects, and frogs
have all drawn the attention of scientists for
their exceptional ability to walk or dart on
a variety of surfaces in their habitat, often
when situated on a vertical surface or even
completely upside down. The strong, yet
reversible, adhesion at their feet is derived
from hierarchical microstructures that di-
vide into finer and finer hairs, which termi-
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nate as spatula- or mushroom-shaped caps
(7). Billions of these hairs or bristles not
only allow these animals to follow the con-
tours of the nano- to microscopic roughness
of the surface that they hold on to but also
help in debonding and reattaching through
multiple crack arrests and reinitiation at
the edge of each of these caps (8).

Subsurface effects, like tunable pressure
within sacs filled with liquid or air (4, 9) and
hysteretic adhesion at the internal walls of
subsurface vessels, further amplify the ef-
fect of crack arrest (10, 1I) and the conse-
quent dissipation of energy. In some cases,
a liquid emerges from tiny holes on the
bristles to form a capillary bridge with the
adherent surface, resulting in both strong
and switchable adhesion. (72, 13). When the
animal’s foot is pulled off perpendicular
to the surface, hundreds and thousands of
minuscule attachments distribute the load
and help resist separation. By contrast, dur-
ing bending or peeling from one edge of the
contact, the pulling stress gets sufficiently
concentrated at the peeling front so that the
crack can overcome the resistance to frac-
ture, similar to the mechanism of autotomy
of the lizard tail.

The findings of Baban et al. are quite no-
table in that a phenomenon such as self-am-
putation, which was previously believed to
occur through a cohesive fracture, is shown
to be the result of adhesive failure mediated
by physical principles linked to the struc-
tural hierarchy of the adherent surfaces. It is
worth noting that not only lizards, but also
salamanders, crustaceans, spiders, mice,
and worms, use autotomy as a defense strat-
egy, and it will be interesting to determine
whether these animals use adhesion as the
dominant mechanism for keeping their ex-
pendable limb connected to the main torso.

Autotomy is but one strategy that organ-
isms have evolved to escape capture by their
predators. However, it starkly contrasts
other survival skills that work either on the
principle of camouflage or on the ploy of a

apanese five-lined skink (Eumeces japonicus)
pictured here, is mediated by the hierarchical microstructures at the fracture plane of their tails.

preemptive strike, such as spraying hot and
toxic chemicals or oozing out a bad odor
(14). Yet a large variety of species in the
animal kingdom and even some plant spe-
cies use autotomy to survive. For example,
plants like sourgrass resort to autotomy (15)
for defending themselves from being com-
pletely uprooted when pulled by herbivores.
A notch present at the base of the stalk of
the leaves of these plants acts as a weak link
that ensures that only the leaf gets torn away,
thereby saving the whole plant. Thus, autot-
omy proves to be a successful survival tool in
the natural world, and its prevalence in both
plants and animals gives confidence that it
may be useful for scientific and engineering
applications. Particularly in robotics, stealth
technology, and prosthetics and for the safe
operation of many critical installations, an
optimized link similar to the one present at
the lizard tail can go a long way in protecting
an expensive component or a device from an
unforeseen accident or mishap.
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