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ABSTRACT 

 

Biomimetic design has gained popularity and momentum in recent years as advances in 

characterisation have allowed scientists and engineers to better comprehend how biological 

materials function. One area that stands out in view of materials mechanics is the stick-slip 

mechanism, which can occur at molecular, mesoscopic and macroscopic length scales. As 

consequence of hierarchical stick-slip mechanisms, biological materials are able to absorb, 

dissipate and redistribute mechanical energy when loaded or subjected to impaction. As a result, 

biological materials are able to withstand fracture more effectively than engineering materials. 

This keynote lecture paper aims to bring to light the combination of stick-slip and structural 

hierarchy in biology, and the means by which they collectively heighten the energy absorptive 

capabilities of biological materials. The paper will then draw upon recent advancements in the 

characterisation of biological materials and will elucidate a new macroscale stick-slip 

mechanism that we have recently discovered in Haliclona sp. that onsets double strain-hardening 

behaviour.  

 

STICK-SLIP, A MULTISCALE PHENOMENON PROVIDING MECHANICAL 

ADVANTAGE 

 

Technical advancements in research tools for imaging, mechanical testing and in modelling have 

in recent times, brought to light the importance of structural hierarchy in biological materials. 

Intricate multiscale materials architectures exhibited by organisms incorporating high-toughness 

materials are progressively being understood as materials-designs of the future, where 

mechanical toughening is viewed as important. Archetypal examples in nature include but are 

not limited to; spider silks, shells, bones, and wood. Current research trends lay focus on 

elucidating further information on biostructures and biological architectures, translating ideas 

and inspiration from those findings, and applying bioinspired concepts to modern engineering 

materials. One phenomenon that has been discussed for decades is stick-slip, primarily though as 

a function of frictional resistance at macroscopic length scales. Macroscopic stick-slip 

mechanisms are influenced by factors such as surface roughness, local material friction 

coefficients, frequency of roughness peaks and the shapes on surfaces that give rise to roughness 

[1-3]. The primary benefit of stick-slip at the macroscopic scale is to slow down the progress and 

dynamics of force-imposed motion, a result of which is to ensure that higher levels of force are 

needed for movement to occur across a distance [4]. This macroscale concept of stick-slip exists 

in biological materials, examples of which include; suction-type or Stefan adhesion that resists 

pull-off and shear forces [5], cranial sutures that are attached like jigsaw puzzle pieces to resist 

shear [6-7], and hairy hooks that assist in resisting shear as in burdock plant [8].  

At the macroscopic scale, these fundamental mechanisms of stick aid in increasing the 

mechanical energy needed to cause a slip. Biological materials are nevertheless more complex, 



exhibiting stick-slip mechanisms at every length scale [9-10]. Structural hierarchy leading to 

stick-slip at multiple length scales is a critical feature in composites [11]. Sticking is analogous 

to the absorption of mechanical energy, but by slipping, albeit over even short distances, 

mechanical energy is released and the material does not reach a critical stress intensity for 

through-fracture. Rather, small fractures release strain energy and divert stresses, increasing thus 

the energy that the composite as a whole can absorb. At the nano-scales, stick-slip is often 

related to hydrogen bonding [12-15]. Importantly, it is the cumulative effect of stick-slip 

mechanisms at every length scale, and working in unison, which increase the absorption of 

mechanical energy within a material.  

It is perfectly reasonable to assume that by applying similar hierarchical stick-slip designs 

to modern composites manufacture, we will be able to replicate the high toughness and high 

fracture resistance characteristics observed in natural materials. A few successful attempts have 

been made to replicate hierarchical stick-slip type mechanisms in composites. Olszewska et al. 

[16] manufactured biomimetic composites of nanofibrillated cellulose and carboxymethyl 

cellulose, re-creating biological stick-slip hierarchies and increasing the work of fracture by 3-

fold. By using a cellulose basis, they were able to reproduce the segmented hydrogen-bonded 

networks within the composite structure, since beta-cellulose has several potential sites for 

electrostatic interaction across its molecule. Ghatak et al. [17] noticed considerable 

improvements in crack-resistance and adhesive strength of thin elastic films were possible by 

mimicking biological stick-slip patterning on the adhesive surfaces of the films. Stick-slip 

tearing behaviour and high toughness has been mimicked in hydrogels by creating permanent 

metal-coordination regulated cross-links [18], and self-healing has been replicated in a number 

of polymers and composites through biomimetic design [19]. One particular polymer, PMMA, 

when arranged into a brick-and-mortar (nacre-mimicking) configuration, has been shown to 

duplicate stick-slip effectively, has been shown to effectively spread inelastic deformations 

across the entire volume of the material, as opposed to only within certain regions or planes [20]. 

The consequence of this is of course that, PMMA turns into a material with increased strain 

capacity and work to failure.  

 

CASE STUDY: Stick-slip leading to double strain hardening in a 

Haliclona sp. 
 

The following case study brings to light a stick-slip mechanism recently discovered to occur at 

the micro scale in Haliclona sp. sponges.  

 

Methods 

 

Haliclona sp. sponges were collected at Pantai Drini, Indonesia during December 2013. The 

sponges were cleansed of salts and impurities and dried under ambient conditions. Scanning 

electron microscopy (SEM) was conducted to optically characterise the sponge down to the 

micro-level. Fourier transform infrared (FTIR) spectroscopy was performed to chemically 

characterise the sponge. The sponge was loaded to failure in compression in an Instron 8872 

using blocks cuboidal blocks cut from the sponge. Tests were conducted against both the 

meridional and equatorial axes of the sponge. Finite element models were constructed and 

simulated using Comsol Multiphysics software. The geometries constructed were matched to 

geometries observed under SEM using ImageJ software to idealise the curvatures. The 

geometries were modelled in 2D within the confines of a rectangle. Higher order Lagrangian 

elements were used to discretise the structures. Fixed boundary conditions (zero degrees of 

freedom) were applied to one end of the model while the other end was subjected to loads at 

0.01N. A system of sparse asymmetrical linear solvers (UMFPACK) were used to solve the 

model.  



 

Results 

 

Figure 1 shows representative force-displacement curves for the sponge tested in compression 

against both meridional and equatorial axes. In both cases, a rather unconventional material 

characteristic of multiple strain hardening can be observed. Repetitive smaller breaks in the 

sample can also be observed. 

 
Figure 1. Load-displacement curves of a Haliclona sp. sponge tested in compression against 

its meridional and equatorial axes. 

 

The SEM images of Figure 2 elucidate the macro to microstructural arrangements of material 

from the Haliclona sp. sponge. At the macro scale, it is evident that the sponge is a highly porous 

material with a reticulated truss-strut type structural organisation. On observing the SEM images 

at the micro scale, we find that each truss and strut is in fact a composite, made up of at least two 

separate materials. The reinforcing material is a fibre-like spicule situated both, upon and within 

a host substrate. The spicules are approximately 10μm in length and curved at each end. These 

spicules cross over each other and appear to essentially, interlock with one another, which may 

give rise to increased mechanical energy absorption under loading.  

To characterise the chemistry of both the spicules and the substrate (matrix material), 

FTIR was performed, Figure 3. The composite structure of the sponge consists of biosilica 

making up the spicules as evidenced by the Si-O-Si peaks at 802cm-1 and 1049cm-1, the Si-OH 

peak at 984cm-1, the P=O peak at 1239cm-1 and the P-O-Si peaks at 1460cm-1 and 1420cm-1. The 

matrix (substrate) is an organic material made up of a collagenous protein known as spongin as 

evidenced by the Amide A and B peaks at 3500cm-1 and 3100cm-1 respectively, the Amide I 

peak associated with C=O stretching at 1632cm-1, the Amide II peak associated with N-H 

bending vibrations and C-N stretching vibrations at 1538cm-1 and the Amide III peak typical to 

collagenous matter at 1341cm-1.  

Having ascertained the material make-up of the Haliclona sp., a finite element model was 

constructed to clarify whether spicule-spicule interlocking will play a role in mechanical 

resistance. The models bring to light a hook-like action that occurs through the interlocking of 

spicules, which resists extra load until they slip past each other, as illustrated in Figure 4. This 

style of interlocking causes stick-slip to occur at the micro-scale, through the presence, 

geometries and arrangements of the spicules. The outcome of there being several stick-slip 

occurrences due to the large number of spicules present indicates that considerably higher levels 

of mechanical energy can be both, absorbed and dissipated to avoid a single fracture, than if the 



spicules were not interlocked. As such, a series of smaller fractures and failures should ensue, 

and this is evident from the small fractures that occur repeatedly in the load-displacement curves 

of Figure 1. The cause then for multiple strain hardening would most logically be down to that 

when a cumulative a level of force resistance through the spicules is exceeded, there is a drop in 

the load carrying capacity of the sponge. At this point, the spongin matrix, which is in 

continuum, begins to bear load and exhibits its own load-displacement characteristic with 

minimal reinforcing aid from the spicules. 

 

 
Figure 2. SEM images of a Haliclona sp. sponge. Scale bar = 1mm in (a) and 100μm in (b). 

 

 
Figure 3. FTIR spectrum of a Haliclona sp. sponge. 

 



 
Figure 4. Illustrative schematic showing how tractive resistance in increased by 

interlocking spicules. 

 

CONCLUSIONS 
Stick-slip is a phenomenon that can occur at several length scales. The two primary benefits of 

stick-slip are (1) the ability of a material to absorb heightened levels of mechanical energy prior 

to fracture and (2) the dissipation of fracture energies in small, disconnected areas of a material, 

which enables the material to avoid sudden, catastrophic failure. Multiscale materials design 

should therefore aim to incorporate stick-slip mechanics within the innate structure of the 

material if properties such as toughness and fracture toughness are to be maximised. 
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