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Abstract 1 

Across the tree of life – from fungi to frogs – organisms wield small amounts of energy to 2 

generate fast and potent movements.  These movements are propelled with elastic structures and 3 

their loading and release are mediated by latch-like opposing forces.  They comprise a class of 4 

elastic mechanisms termed latch-mediated spring actuation (LaMSA).  Energy flow through 5 

LaMSA begins when an energy source loads elastic element(s) in the form of elastic potential 6 

energy.  Opposing forces, often termed latches, prevent movement during loading of elastic 7 

potential energy.  As the opposing forces are shifted, reduced or removed, elastic potential 8 

energy is transformed into kinetic energy of the spring and propelled mass.  Removal of the 9 

opposing forces can occur instantaneously or throughout the movement, resulting in dramatically 10 

different outcomes for consistency and control of the movement.  Structures used for storing 11 

elastic potential energy are often distinct from mechanisms that propel the mass: elastic potential 12 

energy is often distributed across surfaces and then transformed into localized mechanisms for 13 

propulsion.  Organisms have evolved cascading springs and opposing forces not only to serially 14 

reduce the duration of energy release, but often to localize the most energy dense events outside 15 

of the body to sustain use without self-destruction.  Principles of energy flow and control in 16 

LaMSA biomechanical systems are emerging at a rapid pace.  New discoveries are catalyzing 17 

remarkable growth of the historic field of elastic mechanisms through experimental 18 

biomechanics, synthesis of novel materials and structures, and high-performance robotics 19 

systems.    20 
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Introduction 21 
 22 
Manipulation of energy flow through integrated materials, structures, and the environment is key 23 

to spectacular movements in organisms (Dickinson et al., 2000).  In particular, the ability to 24 

manipulate potential energy and kinetic energy is exemplified in elastic mechanisms (Alexander, 25 

1988; Alexander & Bennet-Clark, 1977; Biewener & Patek, 2018; Vogel, 2009).  In the past 26 

century, hundreds of Journal of Experimental Biology articles have revealed diverse movements 27 

that use elastic mechanisms, including cyclic, efficient locomotion in hopping wallabies, running 28 

dogs, and flying insects (Biewener & Baudinette, 1995; Ellington, 1985; Gregersen et al., 1998), 29 

power-enhanced locomotion in jumping frogs, humans, and insects (Bennet-Clark & Lucey, 30 

1967; Farley et al., 2019; Farris et al., 2016; Mendoza & Azizi, 2021), reduction of damage in 31 

landing animals and colliding insect wings (Dick et al., 2021; Mountcastle & Combes, 2014), 32 

and sound production and reception in buzzing cicadas, singing bark beetles, rasping spiny 33 

lobsters, and listening salamanders (Lindeman & Yack, 2019; Patek, 2002; Pringle, 1954; Smith, 34 

1968). 35 

Amidst this engaging history of research has emerged a rapidly developing and 36 

interdisciplinary field that focuses on the integrated biomechanics of elastic mechanisms in 37 

ultrafast, small, spring-propelled systems (Fig. 1).  These organisms use a class of elastic 38 

mechanisms recently termed Latch Mediated Spring Actuation (LaMSA) (Fig. 2) (Longo et al., 39 

2019), referred to historically by various terms including catapults, click mechanisms, and power 40 

amplification (Box 1) (Biewener & Patek, 2018; Gronenberg, 1996; Patek et al., 2011; Vogel, 41 

2009).  LaMSA encompasses the realm of the fastest jumpers, strikers, and shooters which are 42 

primarily propelled using elastic potential energy.  They include irresistibly fascinating 43 

organisms – from rapidly-striking chameleon tongues (the subject of one of the first elastic 44 

mechanisms paper published in JEB’s history) (Zood, 1933) to recent studies including trap-jaw 45 

spider mandibles (Wood, 2020), snapping seahorse heads (Avidan & Holzman, 2021), larval 46 

mantis shrimp strikes (Harrison et al., 2021), cavitation-shooting snapping shrimp (Longo et al., 47 

2023), and trap-jaw ant strikes (Larabee et al., 2017; Sutton et al., 2022).   48 

Unlike cyclic movements which have been the focus of most elastic mechanisms 49 

research, such as flying, trotting, running, hopping, vibrating, and sensing, many LaMSA 50 

systems are aperiodic, not cyclic, and not energetically efficient (Ilton et al., 2018; Ilton et al., 51 

2019; Kagaya & Patek, 2016; Marsh, 2022; Patek et al., 2011; Roberts & Azizi, 2011; Sutton et 52 
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al., 2019).  LaMSA systems often take orders of magnitude longer duration to load compared to 53 

the duration of spring propulsion (the time period when the spring propels or launches a mass).  54 

They use opposing forces (more colloquially termed latches) to enable the prolonged process of 55 

elastic energy storage (Galantis & Woledge, 2003; Ilton et al., 2018).  Latches are rapidly or 56 

gradually removed such that they mediate the transformation from elastic potential energy to 57 

kinetic energy of the spring and propelled mass (Fig. 2) (Divi et al., 2020).  This process 58 

generates brief, intense, spring-propelled movements that can result in jumping, spearing, 59 

puncturing, fracturing, cavitation, and high acceleration projectile launching (Ilton et al., 2018).  60 

Even though the popular appeal of LaMSA systems often revolves around extraordinary 61 

accelerations and the amplification of mechanical power output enabled by this aperiodic process 62 

(Fig. 1; Box 1) (Patek, 2015, 2016), perhaps even more remarkable is the evolution of 63 

dynamically integrated LaMSA components that enable small organisms to perform potent 64 

movements with small (µJ-mJ) amounts of energy, over short durations (µs-ms) and 65 

displacements (µm-mm) (Vogel, 2005a; Vogel, 2005b).  From the earliest studies to the latest 66 

research, these systems exemplify how organisms use integrated mechanisms to manipulate 67 

energy and perform movements still unmatched by human engineering.  As will be addressed in 68 

this review, LaMSA research constitutes an interdisciplinary field with insights into tiny energy-69 

controlling structures, manipulation of fluids, environment-system tuning and robustness, control 70 

of energy flow, and mechanisms for wielding highly energetic events without self-destruction.  71 

Following the generative process of examining energetics via structures, systems, and 72 

environments (Dickinson et al., 2000) and grounded in the integrated components that comprise 73 

the LaMSA framework (Fig. 2) (Ilton et al., 2018; Longo et al., 2019), the review begins with the 74 

principles of energy sources and ends with the remarkable consequences of integrated and 75 

cascading spring-propelled and latch-mediated systems.   76 

Energy source 77 
 78 
In LaMSA systems, energy sources serve the function of loading energy into an elastic structure, 79 

such as a spring (Fig. 2).  Seemingly a simple task, this process is achieved through diverse 80 

mechanisms.  Numerous animals use muscles as the energy source: a muscle contracts to 81 

generate force and displacement in an elastic structure (Fig. 3) (Alexander & Bennet-Clark, 82 

1977).  The mechanical work of the muscle is thereby transformed into elastic potential energy.  83 
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Countless organisms, including plants, animals, and fungi, manipulate liquids to load elastic 84 

mechanisms: by moving fluids, organisms induce deformation and thereby perform work on 85 

surrounding elastic structures (Bauer et al., 2021; Edwards et al., 2019; Farley et al., 2019; Sakes 86 

et al., 2016; Skotheim & Mahadevan, 2005).    87 

Given that work is defined as the product of force and displacement, energy sources can 88 

maximize mechanical work through various combinations of force and displacement (Fig. 3).  89 

However, in systems at the mm-scale or smaller - such as a flea’s leg or a trap-jaw ant’s head - 90 

displacement is inherently limited.  Therefore, small mechanisms can prioritize force over 91 

displacement to generate sufficient work to load an elastic mechanism.  Upper limits to the 92 

mechanical power of any motor-like system causes tradeoffs between force and velocity 93 

(Galantis & Woledge, 2003; Ilton et al., 2018; Peplowski & Marsh, 1997).  Therefore, high 94 

force, low displacement energy sources perform work more slowly than low force, high 95 

displacement energy sources (Bennet-Clark, 1975; Roberts, 2016; Rosario et al., 2016).  96 

Consequently, LaMSA energy sources typically perform work on elastic mechanisms by slowly 97 

generating high forces over small displacements, which can result in orders of magnitude 98 

differences between the duration over which the energy source is active and the duration of the 99 

final movement.  For example, loading durations of legless jumping gall midge larvae 100 

(Contarinia sp.) and body-snapping click beetles (Campsosternus auratus) are orders of 101 

magnitude longer than takeoff (Bolmin et al., 2021; Farley et al., 2019). 102 

It is an intriguing puzzle as to whether LaMSA energy sources are the cause of the high 103 

force, long durations required for spring loading or whether small, rapidly propelled masses 104 

demand these properties of the energy sources (Bobbert, 2013; Galantis & Woledge, 2003; 105 

Gronenberg, 1996; Ilton et al., 2018; Sutton et al., 2019).  Evolutionary and comparative 106 

analyses offer insights through comparisons of spring and muscle evolution across closely 107 

related clades with and without LaMSA.  Ants have independently evolved LaMSA numerous 108 

times (e.g., trap-jaw, Dracula, or snap-jaw ants) (Booher et al., 2021; Gibson et al., 2018; 109 

Larabee et al., 2016; Larabee et al., 2017; Larabee et al., 2018; Patek et al., 2006).  In ant clades 110 

with LaMSA, spring-loading mandible muscles exhibit more force-modified morphology, 111 

including longer sarcomeres and more pennate arrangements, than closely related species 112 

without LaMSA (Booher et al., 2021; Gronenberg et al., 1997; Spagna et al., 2008).  Across 113 

mantis shrimp (Stomatopoda), increased force capacity of spring loading muscles is correlated 114 
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with increased elastic potential energy (Blanco & Patek, 2014; Patek et al., 2013). Spring-115 

loading muscle properties are correlated with jump performance in frogs (Fig. 3) (Mendoza & 116 

Azizi, 2021; Mendoza et al., 2020), but spring-loading muscles do not appreciably vary across 117 

performance in tongue-shooting salamanders (Deban et al., 2020; Olberding et al., 2018) 118 

possibly due to the restricted range of sarcomere lengths in vertebrates (Biewener & Patek, 119 

2018). 120 

Force-displacement dynamics of energy sources influence how organisms use LaMSA. 121 

Jumping animals requiring a rapid response and fast spring-loading muscle contraction must load 122 

the elastic mechanism within a shorter duration and with less force than animals that can take 123 

more time to load a stiffer elastic mechanism prior to jumping.  Indeed, animals preparing 124 

quickly for a jump are able to load maximal energy by using less stiff springs (i.e., springs 125 

loaded more quickly and with less force), whereas animals with longer spring-loading durations 126 

prior to a jump achieve maximal elastic potential energy by using more stiff springs (Roberts, 127 

2016; Rosario et al., 2016).  Mantis shrimp species requiring fast responses to capture evasive 128 

prey (“spearers”) have faster-contracting, shorter sarcomere length muscles than mantis shrimp 129 

species that slowly load springs as they prepare to smash a snail (“smashers”) (Blanco & Patek, 130 

2014).  Mantis shrimp (Gonodactylaceus bredini) increase the duration of spring-loading muscle 131 

contractions to increase strike forces (Kagaya & Patek, 2016).  Similarly, Cuban tree frogs 132 

(Osteopilus septentrionalis) increase the duration of spring-loading muscle contractions to 133 

increase the work performed by the muscle on the elastic mechanism and enhance jump power 134 

(Marsh, 2022).  Locusts (Schistocerca gregaria) also vary leg velocity through changes in 135 

spring-loading muscle contractions (Burrows & Morris, 2001).   136 

The energy source can be part of the propelled mass or located separately from the part of 137 

the body that is being propelled.  The mass of the energy source is consequential for both total 138 

energy requirements and the pathways through which energy is loaded into the elastic 139 

mechanism (Fig. 1) (Cox et al., 2014; Galantis & Woledge, 2003; Sawicki et al., 2015).  Insect 140 

and frog jumps propel the entire body mass including the energy source (i.e., the leg muscles that 141 

load the elastic mechanism).  In contrast, other LaMSA systems only propel one part of the body 142 

– such as the prey-capturing tongue of salamanders and toads which does not carry the mass of 143 

the spring-loading muscles that propel the tongue (Deban et al., 2007; Lappin et al., 2006).  144 

Animals can also do both with the same mechanism: some trap-jaw ant species use their 145 



 7 

mandibles to capture prey, which does not require propelling the energy source, and they also 146 

use their ultrafast mandible snaps to propel their body in a jump, which does require propulsion 147 

of the energy source (Larabee & Suarez, 2015; Patek et al., 2006; Spagna et al., 2009). Likewise, 148 

a locust can propel its whole body in a jump or perform a high speed kick with one leg (Burrows 149 

& Morris, 2001).  Therefore, systems that do not (always) require whole body propulsion can 150 

locate the mass of the energy source outside of the propelled body part, thereby decreasing the 151 

mass of the propelled system.  This arrangement both reduces energy requirements for 152 

propulsion and removes size constraints of the energy source.   153 

Storage of elastic potential energy 154 
 155 
Storage of elastic potential energy requires integration of an energy source, elastic mechanism, 156 

and an opposing force that holds the system in place while it is loaded (Figs. 2, 3).  In other 157 

words, storage of elastic potential energy requires two mechanisms: a mechanism to perform 158 

work on an elastic element and an opposing force to hold the elastic element in place while it is 159 

loaded.  Elastic mechanisms encompass systems and structures that deform when forces are 160 

applied and recoil when released.  In LaMSA mechanisms, the recoil of the elastic mechanism 161 

actuates (propels) movement of the propelled mass.  Latch mechanisms encompass any opposing 162 

force that holds the system in place during deformation of the elastic mechanism.  Detailed 163 

consideration of the terminology surrounding elastic mechanisms and latches is addressed 164 

elsewhere, including the similar use of the term catch mechanism (Divi et al., 2020; Ilton et al., 165 

2018; Longo et al., 2019). Given that deformable structures and mechanisms that generate forces 166 

to oppose or facilitate deformation of structures are omnipresent in organisms, myriad latches 167 

and elastic mechanisms have evolved anywhere from inside cells to outside of the body.   168 

Storage of elastic potential energy is a dynamic interaction between an energy source and 169 

an elastic structure (Fig. 3).  Therefore, the force-displacement properties of both mechanisms 170 

together define the energy that can be stored.  This interplay between muscles and elastic 171 

mechanisms is particularly compelling when illustrated through overlaid graphs of work 172 

produced by both the energy source and elastic mechanism (Fig. 3) (Cox et al., 2021).  This 173 

approach yields insights into the tradeoffs experienced by organisms with limited time to load 174 

elastic potential energy (requiring faster loading at lower forces) (Rosario et al., 2016) and 175 

scaling rules imposed by the upper limits of elastic energy storage (Mendoza & Azizi, 2021; 176 
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Sutton et al., 2019). Some organisms, such as mantis shrimp, adjust the loading of elastic energy 177 

storage depending on the particular context in which they are using the movement, such as 178 

feeding or fighting (Green et al., 2019; Kagaya & Patek, 2016).  Spring loading in locusts 179 

(Schistocerca gregaria) is correlated both with leg speed and the behavioral context of the leg 180 

movement (Burrows & Morris, 2001).  Across development, locusts vary their elastic 181 

mechanism depending on the need for faster, but less energetically efficient jumps in the solitary 182 

morph or slower, more energetically efficient jumps in the gregarious morph; solitary jumpers 183 

produce greater jump performance by developing larger spring-loading muscles and less-stiff 184 

springs than the gregarious jumpers (Rogers et al., 2016).  185 

Although they have been an important focus of research (Alexander, 1988), tendons 186 

(termed apodemes when in arthropods) can be a limited pathway for energy storage in small 187 

LaMSA systems.  Like elastic bands, tendons are deformed primarily along their long axis with 188 

length changes of up to 10%, such that a longer tendon can store proportionally more elastic 189 

energy than a small tendon (with the same material stiffness) due to its absolutely longer 190 

displacement (Alexander & Bennet-Clark, 1977; Roberts, 2016; Zajac, 1989). Consequently, 191 

when located in a small space with limited room for a long, stretchy tendon, a tendon would 192 

potentially need to be prohibitively stiff to store sufficient elastic energy via a small 193 

displacement (Sutton et al., 2019).   194 

Deformable, shell-like structures are key to achieving sufficient elastic energy storage in 195 

small LaMSA systems (Fig. 4).  These structures generate rapid snapping movements through 196 

geometric instabilities (Forterre et al., 2005; Holmes & Crosby, 2007; Skotheim & Mahadevan, 197 

2005) and exemplify strong yet flexible geometries built of robust, thin-walled curvatures 198 

(Heitler, 1977; Mensch et al., 2021; Patek et al., 2004; Tadayon et al., 2015; Tadayon et al., 199 

2018).  At the subcellular scale, nematocysts (cells containing propulsive organelles 200 

characteristic of cnidarians) integrate stretchy elastomeric proteins (Cnidoins) and stiffer micro-201 

collagen fibers into spectacular shapes that surround and sequentially propel microscopic spears 202 

and adhesive devices (Beckmann et al., 2015; Karabulut et al., 2022).  Mantis shrimp load elastic 203 

energy into the exoskeleton of the merus segment of their raptorial appendage: the exoskeleton 204 

deforms as a complex, monolithic structure comprised of varying material density integrated 205 

across complex shapes (Patek et al., 2007; Rosario & Patek, 2015; Tadayon et al., 2015; Tadayon 206 

et al., 2018).  Jumping insects use springs with complex shapes built of rubber-like resilin 207 
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integrated with stiff cuticle (Burrows et al., 2008; Burrows & Sutton, 2012; Heitler, 1977; Katz 208 

& Gosline, 1994).  Trap-jaw ants deform their shell-like head exoskeleton to store elastic energy 209 

(Fig. 4) (Larabee et al., 2017; Sutton et al., 2022).  Even spiders build LaMSA mechanisms out 210 

of integrated materials and shapes such that they can reel in the web to load it and then release it 211 

to propel their body and the web toward prey (Alexander & Bhamla, 2020; Han et al., 2019).   212 

Complex geometries characteristic of arthropod exoskeletons and plants can make use of 213 

displacements that do not require large forces and can be distributed across a larger area than a 214 

strap-like tendon (Katz & Gosline, 1994).  For example, trap-jaw ants combine deformation of 215 

their head exoskeleton and apodeme deformation to power ultrafast mandible strikes (Fig. 4) 216 

(Sutton et al., 2022).  There is not enough space in the head to permit sufficient length change of 217 

the apodeme to power the mandible strike.  Instead, by combining head deformation with 218 

apodeme stretching, they can store sufficient energy to propel the mandibles with exceptional 219 

mechanical power density. This potency of additive displacements of elastic structures may 220 

explain why LaMSA is disproportionately found in arthropods (animals with thin-walled, shell-221 

like exoskeletons) and plants (built primarily using tube-like structures) which inherently have 222 

structures that can evolve to distribute elastic potential energy via small displacements across 223 

their surfaces (Fig. 4) (Sakes et al., 2016). These geometries can enhance a structure’s energy 224 

density (elastic potential energy divided by the mass of the deforming structure).   225 

Organisms produce latch-like opposing forces with mechanisms ranging from 226 

antagonistic muscle contractions to adhesive microscopic hairs.  Antagonistic muscle 227 

arrangements are well suited to provide opposing forces to loading elastic mechanisms, such that 228 

one muscle performs work on the elastic mechanism while its antagonist holds the system in 229 

place (Abbott et al., 2019; Bennet-Clark, 1975; Bennet-Clark & Lucey, 1967; Heitler & 230 

Burrows, 1977).  The leverage of antagonist muscles can be enhanced with additional latch 231 

structures: embedded in the flexor muscle apodemes of mantis shrimp, flea beetles, and other 232 

insects are hard structures (sclerites) that further enhance mechanical advantage of the flexor 233 

muscle contraction (Burrows, 1969; Kagaya & Patek, 2016; Nadein & Betz, 2016; Patek et al., 234 

2007; Ruan et al., 2020).  Other latches range from adhesive hairs or fluids that hold the curled 235 

up body of insect larvae and nematodes in place while the animal loads elastic potential energy 236 

prior to a jump (Campbell & Kaya, 1999; Farley et al., 2019) to combinations of mechanical 237 

advantage and shifting moment arms that enable insect and frog legs to dynamically oppose the 238 
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forces loading elastic energy into tendons (Astley & Roberts, 2014; Burrows & Morris, 2003).  239 

Even within a clade, latches evolve with varying capacities and mechanisms: some snapping 240 

shrimp species rely on a large adhesive disc to oppose spring loading forces whereas other 241 

species have minimal to no adhesive discs and instead use shifting geometries and antagonistic 242 

muscles to hold the system in place prior to snapping (Kaji et al., 2018; Longo et al., 2023; 243 

Ritzmann, 1974). 244 

Transformation from elastic potential energy to kinetic energy 245 
 246 

The energetic transformation from elastic potential energy to kinetic energy begins with and is 247 

guided by the dynamic removal of the latch-like opposing forces that enables the storage of 248 

elastic potential energy (Figs. 2, 5).  Kinetic energy includes a spring’s energetics as it propels 249 

itself and any attached mass, such as the propelled body of a jumping insect. We will address the 250 

mechanisms of transformation of spring potential energy to the kinetic energy of the propelled 251 

mass in the next section.  In this section, we primarily focus on the role of latch removal on this 252 

energetic transformation.   253 

The removal of latch-like opposing forces is central to the transformation of elastic 254 

potential to kinetic energy.  Latch removal can occur across time ranges from a brief event at the 255 

onset of spring actuation to an event that spans the duration of spring actuation (Figs. 2,5) (Divi 256 

et al., 2020; Ilton et al., 2018; Olberding et al., 2019).  If a latch is removed at the start of spring 257 

actuation, then the dynamic interaction between spring forces and internal forces of the driven 258 

mass will largely guide propulsion.  If a latch is removed over a larger proportion of the duration 259 

of spring actuation, then the latch and spring dynamics together determine dynamics of spring 260 

actuation (Fig. 5) (Divi et al., 2020; Hyun et al., 2023).  These latch removal dynamics impact 261 

whether an organism can control the dynamics of spring actuation and whether substantial 262 

energetic losses are incurred due to the mechanism and scaling of latch removal.   263 

Organisms can use latch removal to produce consistent spring-propelled movement 264 

regardless of variability during loading of elastic potential energy. A snapping shrimp species 265 

(Alpheus heterochaelis) uses a torque reversal latch mechanism to mediate the transformation 266 

from elastic potential to kinetic energy and reduce the effects of variable spring loading to yield 267 

consistent snap kinematics (Longo et al., 2023).  Intriguing from an evolutionary perspective, 268 

mathematical modeling demonstrates that the torque reversal mechanism in A. heterochaelis 269 
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could instead yield variable snaps simply through subtle modifications of their joint morphology 270 

and geometry (Longo et al., 2023).  It is not yet known whether other snapping shrimp species 271 

vary geometry-based latch removal dynamics.  In trap-jaw ants, latch removal reduces variation 272 

in spring loading such that mandible strikes remain consistent regardless of the fatigue level of 273 

the spring-loading muscle (Larabee et al., 2022).    274 

  A mechanism incorporating variation in latch removal duration can allow organisms to 275 

produce either consistent or variable kinematics.  Dracula ants (Mystrium camillae) press their 276 

mandibles together, deform the mandibles to store elastic potential energy, and use friction 277 

between the mandibles as the latch (Fig. 5) (Larabee et al., 2018).  Depending on the size and 278 

speed of the interacting surfaces during release of elastic potential energy, the latch removal 279 

process produces consistent or variable mandible kinematics (Divi et al., 2020). Comparative 280 

studies of click beetles, which use a combination of bending beams, snap-through transitions, 281 

and frictional opposing forces, reveal the integrated evolution of latch removal dynamics, spring 282 

propulsion energetics, and body size (Bolmin et al., 2022; Bolmin et al., 2021; Bolmin et al., 283 

2019).  Even the snapping of human fingers leverages the dynamics (and lossiness) of frictional 284 

latching mechanisms to enable tunable outputs (Acharya et al., 2021). 285 

Latch removal based solely on relaxing antagonist muscles allows some adjustments to 286 

energetic outputs.  However, relaxing muscles offer limited power enhancement without 287 

additional integrated latches to reduce the duration of energy release (Abbott et al., 2019; 288 

Burrows & Hoyle, 1972; Galantis & Woledge, 2003; McNeill et al., 1972; Sawicki et al., 2015). 289 

Even so, subtle changes in the duration of relaxation influences the power outputs of spring-290 

propelled movements, including possibly through eccentric muscle contraction dynamics (Abbott 291 

et al., 2019; Sawicki et al., 2015).  Compared to systems solely relying on the relaxation of 292 

muscle antagonists, the integration of mechanical advantage, geometric over-centering, and 293 

integrated contact latches facilitates greater energy storage as well as controllability of the rate of 294 

energy release (Galantis & Woledge, 2003; Steinhardt et al., 2021).  295 

Dynamics of latch removal can be tuned to the physical environment, such that removal 296 

occurs only under specific environmental conditions (Kim et al., 2021).  In some predatory 297 

plants, external conditions for stimulating latch removal are driven by the movement of prey or 298 

other hydrodynamic cues (Bauer et al., 2021).  Materials of the latch itself can be changed based 299 

on ambient conditions. In pines, resin holds the scales of the cones closed until the right 300 
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conditions for seed release.  When a particular combination of temperature and humidity is 301 

reached, the physical properties of resin change such that the resin releases its holding force on 302 

the scales, at which point the scales pop open to allow later release of the pine seeds (Horstmann 303 

et al., 2022).  These discoveries encourage further investigations into the tuning of latch 304 

dynamics, especially in systems requiring deployment during specific environmental conditions 305 

(Kim et al., 2021). 306 

LaMSA springs are effective for propulsion of small masses, but that effectiveness is not 307 

synonymous with efficiency: the transformation from potential to kinetic elastic energy can incur 308 

significant energetic losses (Hyun et al., 2023; Ilton et al., 2019; Liang & Crosby, 2020a, 2020b). 309 

LaMSA springs deliver energy during recoil, and then oscillations afterward may reduce damage 310 

by dissipating energy but do not further propel the system (Burrows & Morris, 2003; Sutton et 311 

al., 2022); this process is fundamentally different from the oscillatory elastic mechanisms in 312 

flying insects and larger jumpers, such as kangaroos, which efficiently cycle energy (Roberts & 313 

Azizi, 2011).  Most studies treat springs as Hookean (ideal, massless).  However, in tiny spring-314 

propelled systems, the spring’s mass can be consequential, especially when the mass of the 315 

spring exceeds that of the propelled mass (Ilton et al., 2018). Physical models, theory, and 316 

mathematical modeling point toward upper limits to recoil velocity given a spring’s inertia, yet 317 

studies in biology are currently lacking (Ilton et al., 2018; Ilton et al., 2019; Longo et al., 2019).    318 

Energetic losses of propulsive springs at small scales make LaMSA systems not as efficient as 319 

oscillatory locomotor systems, but those energetic losses offer pathways for control of energy 320 

transformations just as we observed in latch mechanisms (Hyun et al., 2023; Kim et al., 2021; 321 

Liang & Crosby, 2020a, 2020b).  These losses allow regulation of the timing of energy release – 322 

such as for tuning with environments – and for coordination with the release of the latch 323 

mechanism (Hyun et al., 2023).  324 

Given our focus on energy flow, we have not comprehensively reviewed the stunning 325 

diversity of biological latches and the principles underlying whether or not the latches can be 326 

used, re-used, or reset.  Several studies have collated this information (Ilton et al., 2019; Longo 327 

et al., 2019; Sakes et al., 2016); however, even with advances in high speed imaging, few studies 328 

have successfully measured the short timeline and tiny displacements of real-time latch removal 329 

in organisms. 330 
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Dynamics of spring-propelled masses 331 
 332 
Now that we have examined elastic energy storage and release, we can probe the energetics of 333 

spring-propelled masses.  The transformation from spring potential energy to kinetic energy of a 334 

propelled mass - simultaneously (Fig. 2) or sequentially - requires a mechanism to deliver energy 335 

from an elastic structure to the propelled mass.  In other words, the elastic structure must perform 336 

work (i.e., deliver force and displacement) on the propelled mass.  How the energy source 337 

performs work on the elastic mechanism to load elastic potential energy is often distinct from 338 

how elastic structures perform work on a propelled mass (Fig. 4).  Furthermore, as a spring 339 

propels a mass, resistive forces (such as drag) on the propelled mass also exert force back on the 340 

elastic mechanism.  These resistive forces can include substantial and dynamically changing 341 

environmental forces on the mass as it is propelled.  We focus here on the integration of the 342 

propulsive elastic structure and the propelled mass, regardless of whether the mass ultimately 343 

stays attached to the organism (e.g., an insect’s leg) or if it is propelled into the environment 344 

(e.g., a cone snail’s harpoon) (Schulz et al., 2019).  The intriguing distinctions among single-use, 345 

re-useable, re-settable LaMSA mechanisms are considered elsewhere (Ilton et al., 2018; Longo 346 

et al., 2019; Sakes et al., 2016).   347 

Organisms have evolved remarkable pathways to transform distributed energy storage 348 

across surfaces to localized mechanisms for propulsion (Fig. 4). In many cases, multiple springs 349 

act at multiple locations to develop rapid rotation, such as in the mouthparts of dragonfly larvae, 350 

snapping heads of feeding seahorses and snipefish, snapping mouthparts of spiders, recoiling 351 

pleural arches powering planthopper and flea jumps, and the rapid strikes of both mantis shrimp 352 

and snapping shrimp (Büsse et al., 2021; Longo et al., 2018; Longo et al., 2023; Rothschild & 353 

Schlein, 1975; Siwanowicz & Burrows, 2017; Steinhardt et al., 2021; Van Wassenbergh et al., 354 

2008; Wood, 2020). The transformation of distributed deformations of shapes into directed 355 

motion is also the norm in plants and fungi.  Fungal ballistospores are fired with the surface 356 

tension energy of a droplet, yet the gradual formation of distributed and stored energy via the 357 

surface tension of a droplet is distinct from the directed energy delivery to the spores: the 358 

delivery of energy to the spore utilizes directional micro-fluidics to launch the spore in a 359 

particular direction (Liu et al., 2017). Bunchberry plants (Cornus canadensis) transform 360 

distributed elastic potential energy into a directional catapult to launch pollen into the air 361 

(Whitaker et al., 2007).  Pilobolus fungi and sphagnum moss transform displacements distributed 362 
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across a shape into remarkably controlled and directional projectile release (Edwards et al., 2019; 363 

Page, 1964; Whitaker & Edwards, 2010).  Bladderworts suck water into their traps with the 364 

elastic recoil of their bladder walls (Fig. 4) (Singh et al., 2011; Vincent et al., 2011).  365 

In arthropods, integration of apodeme recoil with exoskeletal deformation confers three 366 

additional capabilities: development of torque, reduction of joint constraints, and use of the 367 

mechanism with or without activating the LaMSA mechanism (Fig. 4).  While these capabilities 368 

are widespread in arthropods (Bennet-Clark & Lucey, 1967; Büsse et al., 2021), an intensively 369 

studied example is found in Odontomachus trap-jaw ants.  Trap-jaw ants use the combined 370 

outward recoil of the head capsule and shortening recoil of an apodeme to rapidly torque a tiny 371 

mandible closed at high rotation rates (Fig. 4) (Sutton et al., 2022).  Exoskeletal and apodeme 372 

recoil also provides the spring-driven torque of jumping insect legs (Bennet-Clark, 1975; 373 

Burrows & Morris, 2001).  This mechanism, termed a dual spring force couple by Sutton et al 374 

(2022), transforms the energy stored across the entire trap-jaw ant’s head capsule into work 375 

delivered at one location and solely along the plane of a tiny mandible’s rotation (Sutton et al., 376 

2022).  The combination of the push by the recoiling head capsule and the pull by the recoiling 377 

muscle-apodeme unit also reduces the need for joint constraints on the mandible, which would 378 

otherwise cause such high friction at these tiny scales that the movement could not occur at the 379 

observed rotation rates.  Even with the evolution of this intriguing mechanism, trap-jaw ants 380 

have retained the ability to move their mandibles directly with muscle and with multiple degrees 381 

of freedom.  They can simply contract the mandible closer muscle to move the mandible; 382 

alternatively, they can engage the latches and then contract the mandible closer muscle which 383 

loads elastic energy into the head and closer muscle apodeme (Fig. 4).  This multifunctionality – 384 

the ability to switch in and out of using the LaMSA mechanism - is also observed in mantis 385 

shrimp and insect jumpers (Burrows & Morris, 2001; Steinhardt et al., 2021).  386 

Loading imposed by the environment on the propelled mass, such as drag forces, is 387 

dependent on rate and length scales, especially in the fluid regimes at which LaMSA often is 388 

used (Fig. 1) (Vogel, 2005a).  Larval mantis shrimp, nematocysts, and ballistospores use spring 389 

propulsion to transition the propelled mass from viscous to inertial fluid regimes (Hamlet et al., 390 

2020; Harrison et al., 2021; Liu et al., 2017).  Adult mantis shrimp experience considerable 391 

tradeoffs among the inertial forces, fluid forces, out lever length, and strike kinematics given the 392 

costly fluid dynamic forces during their ultrafast rotations (Anderson et al., 2014; McHenry et 393 
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al., 2016).  Animals that jump from flexible substrates – such as leaves and branches – 394 

sometimes can recapture substrate energy to enhance propulsion and in other cases experience 395 

energetic losses or disruption to the elastic mechanism (Astley et al., 2015; Reynaga et al., 2019).  396 

Spinning seeds often manipulate fluid dynamics for stabilization, efficiency, and directionality 397 

(Cooper et al., 2018; Vogel, 2005a; Vogel, 2005b, 2009).  398 

Tuning of the magnitude of the projectile mass to the spring and latch dynamics 399 

determines the characteristics of the movement - regardless of whether spring propulsion 400 

ultimately enhances mechanical power output (Burrows & Morris, 2001; Cook et al., 2022; Ilton 401 

et al., 2018).  Therefore, organisms can switch into or out of using LaMSA depending on the size 402 

of the accelerated mass and the degree of tuning between LaMSA components and the 403 

accelerated mass (Cook et al., 2022; Ilton et al., 2018).  This interplay between projectile mass, 404 

kinematics, and LaMSA components is a fascinating area for experimental manipulations of 405 

projectile mass and for analyses of developmental and size-based evolutionary transitions to and 406 

from the use of LaMSA systems (Harrison & Patek, 2023; Harrison et al., 2021).  407 

Principles of cascading time compression to achieve extreme mechanical power density 408 
 409 
The spectacular movements produced by LaMSA mechanisms are achieved not by using large 410 

amounts of energy, but instead by reducing the time over which energy is released.  LaMSA 411 

mechanisms are low energy systems, in the sense that they are small and use minimal energy to 412 

move – often on the order of µJ (e.g., Kuan et al., 2020; Sakes et al., 2016; Sutton et al., 2022).  413 

The key to their potency is the enhancement of mechanical power through reduction of duration 414 

at each stage of energy flow. In many LaMSA systems, this is achieved not by sequentially 415 

operating one of each of the components we have discussed thus far, but instead through 416 

dynamic interactions between (sometimes multiple) springs, latches, and energy sources to 417 

reduce durations, enhance the rate of energy release, and move potent energetic events outside of 418 

the organism to avoid failure and damage. This review began by considering the historical focus 419 

on mechanical power (work divided by time) of a whole body compared to its spring-loading 420 

muscles (Box 1).  In contrast, dynamic interactions among LaMSA components are the 421 

foundation of the latest emerging discoveries exploring the control of power enhancement at 422 

each step from energy source to the use of the movements in daily life (Fig. 6).   423 
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 The cascading reduction of the duration of energy release is evident in extreme temporal 424 

asymmetries – in some cases spanning nine orders of magnitude (Fig. 6).  Locusts (Schistocerca 425 

gregaria) load springs in their jumping legs for up to 800 ms, spring propulsion occurs in less 426 

than 5 ms, and legs can be fully propelled within 3 ms (Burrows & Morris, 2001).  In snapping 427 

shrimp (Alpheus heterochaelis), spring-loading durations of 390 ms are transformed to strike 428 

durations averaging 0.7 ms which ultimately yield cavitation bubble collapse lasting 429 

nanoseconds - a cascade spanning eight orders of magnitude (Brennen, 1995; Lohse, 2005; 430 

Lohse et al., 2001; Longo et al., 2023; Versluis et al., 2000). In snapping fern sporangia, spring 431 

loading durations of 60 s are transformed to 0.7 µs launches – a transformation over seven orders 432 

of magnitude (Noblin et al., 2012).  Smashing mantis shrimp transform a 300 ms spring-loading 433 

duration to a 49 µs impact accompanied by a nanosecond scale cavitation bubble collapse –an 434 

eight order of magnitude reduction of duration (Fig. 6) (Patek, 2019; Patek & Caldwell, 2005; 435 

Patek et al., 2004).   436 

Underlying these extreme LaMSA examples is the use of multiple integrated LaMSA 437 

components, such as multiple latches, springs, and even the outcomes of the movements. At the 438 

subcellular scale, nematocysts exemplify a cascade of integrated, sequential, and repeated elastic 439 

and latch mechanisms to sling-shot their microscopic weaponry.  They utilize multiple elastic 440 

mechanisms operating sequentially at the organelle level as well as at the level of tube eversion, 441 

and their latch mechanisms include touch-sensitive processes, osmotic pressure release, and 442 

recoiling Cnidoin proteins (Beckmann et al., 2015; Hamlet et al., 2020; Karabulut et al., 2022; 443 

Nüchter et al., 2006).  Mantis shrimp (Stomatopoda) sequentially use three different latches to 444 

control energy release: two contact latches (hard structures embedded in their apodemes) and a 445 

hypothesized geometric over-centering (torque reversal) latch (Fig. 6) (Burrows, 1969; Kagaya 446 

& Patek, 2016; Patek et al., 2007; Steinhardt et al., 2021).  They use a four-bar linkage 447 

mechanism embedded in their elastic mechanism to transform spring propulsion into rotation 448 

(McHenry et al., 2016; McHenry et al., 2012; Patek et al., 2007; Steinhardt et al., 2021).  The 449 

relative dimensions of the four bar linkage vary across species, influencing the rate of energy 450 

release and correlating with the behavioral use of the appendages (Anderson et al., 2014; 451 

Claverie & Patek, 2013).  Each of these integrated and sequential mechanical systems allow 452 

mantis shrimp to reduce the duration of energy release.  Similarly, snapping shrimp have evolved 453 

a diverse array and varying degrees of integration between adhesive latches and geometric 454 
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latches, and even varying degrees of shooting water jets with or without cavitation bubbles (Kaji 455 

et al., 2018; Longo et al., 2023; Patek & Longo, 2018; Ritzmann, 1973; Ritzmann, 1974).   456 

 LaMSA mechanisms not only confer remarkable control of the rate of energy release, but 457 

they also enable organisms to circumvent their small size to achieve large-animal performance 458 

and use potentially damaging energetic events outside of their body.  For example, the peak 459 

impact forces of snail-smashing mantis shrimp rival the bite forces of alligators and hyenas 460 

(Patek, 2019; Patek & Caldwell, 2005), ultimately enabling small mantis shrimp to externally 461 

consume and process snails that cannot fit between their mandibles (Crane et al., 2018).  The 462 

nematocysts of cnidarians and harpoons of cone snails enable external poisoning and capture of 463 

large prey (Hamlet et al., 2020; Nüchter et al., 2006; Schulz et al., 2019; Schulz et al., 2004).   464 

Cavitation is one of the most notable examples of cascading energy release to yield 465 

external energetic events.  Cavitation is arguably most brief and energetically potent event in 466 

biology; multiple organisms using LaMSA wield cavitation as the ultimate use of their rapid 467 

movements (Brennen, 1995; Caupin & Herbert, 2006; Cox et al., 2014; Koukouvinis et al., 2017; 468 

Lohse, 2005; Lohse et al., 2001; Patek & Caldwell, 2005; Versluis et al., 2000).  Smashing 469 

mantis shrimp cavitate during snail shell impact, thereby doubling the number of impacts used to 470 

fracture shells (Cox et al., 2014; Crane et al., 2018; Patek & Caldwell, 2005; Patek et al., 2004). 471 

Similarly, snapping shrimp shoot water jets that cavitate at a distance from their body, effectively 472 

knocking out prey and deterring competitors with no damage to themselves (Dinh & Patek, 473 

2022; Kingston et al., 2022). 474 

These uses of LaMSA mechanisms are fundamentally distinct from other types of elastic 475 

mechanisms, noted in the Introduction, that serve to cycle energy efficiently or strategically 476 

within a body, particularly for locomotor and acoustic systems (Patek et al., 2011; Roberts & 477 

Azizi, 2011).  In other words, in many LaMSA mechanisms, the pathway of energy flow does 478 

not necessarily end with the propelled mass; instead, it often concludes with the propelled mass 479 

interacting with the environment to generate energetically concentrated events, such as puncture 480 

(Anderson, 2018).  Furthermore, by moving the final, brief and intense release of energy outside 481 

of the body, organisms can avoid self-destruction and repeatedly use the mechanism.   482 

Conclusions and Future Directions 483 
 484 
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Discoveries emerging from the integrated dynamics of LaMSA components exemplify why these 485 

systems have generated enduring interest to researchers for over a century.  Until recently, high 486 

speed imaging of LaMSA systems primarily focused on whole body dynamics which typically 487 

requires on the order of 102-103 frames per second (Sakes et al., 2016), yet the flow of energy 488 

through ultrafast, integrated LaMSA components has been largely or entirely invisible to high 489 

speed imaging and materials testing in the fastest systems which typically require 104-106 frames 490 

per second imaging (Longo et al., 2019).  To measure energy flow through integrated LaMSA 491 

components, it is essential to study the components and how they dynamically interact in vivo.  492 

Visualization must navigate ultra-high speed imaging to capture brief movements of latches and 493 

high resolution imaging to resolve tiny displacements of propulsive springs (e.g., Longo et al., 494 

2021; Nüchter et al., 2006; Pringle et al., 2005).  Likewise, when measuring flow from energy 495 

source to environment, such as through puncture, impact and cavitation, the requisite sample 496 

rates for sensors are high (105-106 samples per second) (Jorge et al., 2021; Patek & Caldwell, 497 

2005).  Substantial technical improvements in extreme high speed imaging, dynamic sensing, 498 

and unrestrictive analog to digital data acquisition sample rates (McHenry & Hedrick, 2023) 499 

have allowed researchers to increasingly focus on in vivo experiments with real-time spring and 500 

latch dynamics, resulting in an exciting uptick in the pace of discovery.   501 

Experimental biomechanics research addressing energy flow through LaMSA 502 

components is revealing remarkable pathways and principles in multiple fields.  LaMSA 503 

research is engaging thermal physiology and climate change research, given the lower sensitivity 504 

to temperature of springs than the underlying muscles - meaning that LaMSA systems can be 505 

robust to thermal extremes (Anderson & Deban, 2010; Anderson & Deban, 2012; Deban & 506 

Lappin, 2011; Olberding & Deban, 2021; Scales et al., 2017).  Behavioral research is focusing on 507 

the intersection of biomechanical systems and the evolved behavior of animals to resolve 508 

potentially lethal conflicts (Dinh & Patek, 2022; Franklin et al., 2019; Green et al., 2019; Green 509 

& Patek, 2018; Taylor & Patek, 2010).  Evolutionary research is incorporating the mechanical 510 

sensitivity of these integrated components into core principles of rates and patterns of 511 

evolutionary change (Anderson, 2022; Claverie & Patek, 2013; Muñoz et al., 2017; Muñoz et al., 512 

2018).  The evolutionary history of LaMSA mechanisms is emerging as insightful for addressing 513 

fundamental questions about the connections among evolutionary biomechanics, ecology, 514 

geography, and climatic shifts (Friedman & Muñoz, 2022; Mendoza et al., 2020; Moen et al., 515 
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2022; Moen et al., 2013).  These discoveries in biology are catalyzing a burgeoning field of 516 

exploration and inventions of synthetic systems that rely on many of the principles addressed in 517 

this review – including metamaterials, latching, jumping, fluid dynamics, and cascading energy 518 

control (Divi et al., 2020; Duduta et al., 2019; Haldane et al., 2016; Hawkes et al., 2022; Ilton et 519 

al., 2019; Kim et al., 2021; Koh et al., 2015; Liang & Crosby, 2020a, 2020b; Ma et al.; 520 

Steinhardt et al., 2021; Wang et al., 2023; Zhang et al., 2020). 521 

Perusing JEB’s century of comparative biomechanics research, and the thousands of 522 

papers examining elastic mechanisms, it is exciting and inspiring to witness broadly insightful 523 

growth of the field of latch-mediated spring actuated systems from a strong foundation in the 524 

historical fields of insect and vertebrate jumping and such classic paradigms as power 525 

amplification (Vogel, 2005a; Vogel, 2005b, 2009).  The ability of these systems to inspire 526 

discovery, catalyze new pathways for cross-cutting discoveries in the field of biology, and to 527 

open new pathways for novel design in materials and robotics is as much a testament to the 528 

extraordinary organisms populating our planet as it is a testament to the tenacity of researchers 529 

working for the past century to explore the often-invisible and technically challenging realm of 530 

integrated biomechanical systems.  531 
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Boxes 544 
 545 

Box 1: The term “power amplification” was first mentioned in the Journal of Experimental 546 

Biology in a classic study of locust jumping energetics (Bennet-Clark, 1975).  Subsequently 547 

addressed in numerous JEB review articles (James et al., 2007; Longo et al., 2019; Patek et al., 548 

2011; Roberts, 2016; Roberts & Azizi, 2011), power amplification (units: W kg-1) expresses the 549 

mechanical power output of a movement (Watts) relative to the mass of the muscle (kg) used to 550 

produce that movement.  If the mechanical power output relative to muscle mass of the focal 551 

movement exceeds the maximum mass specific power output of the muscle, then it is inferred 552 

that something other than muscle must be responsible for the enhanced power output (i.e., a 553 

spring).  Power amplification is essentially a “mechanism-free” metric that allows 554 

characterization of a system as spring-propelled without knowledge of the integrated components 555 

that generate this power amplification.   Power amplification can be effective when applied to 556 

spring-propelled animal movements which use clearly-delineated muscle(s) with known 557 

maximum power output to load springs.  However, it is less useful for the myriad systems across 558 

the tree of life that do not use muscle or for which key information about spring-loading muscles 559 

is not known or available (Longo et al., 2019).  Indeed, some animals with muscles, such as 560 

cnidarians, use non-muscle mechanisms to load springs inside organelles (Beckmann et al., 561 

2015; Karabulut et al., 2022).  While the strengths, limitations, and best practices for using the 562 

power amplification metric are detailed elsewhere (Longo et al., 2019), suffice it to say that this 563 

historic metric was not intended to address the energetics of integrated LaMSA systems (the 564 

focus of this review) – comprised of energy sources, latches, springs, propelled mass, and 565 

interactions between the moving mass and surrounding environment.   566 

  567 
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Figures 568 
 569 

 570 

 571 
Figure 1. Small organisms use springs and latches to achieve extraordinary accelerations.  572 
Accelerated mass is defined as the mass propelled by the elastic mechanism, such that a jumping 573 
insect’s propelled mass is comprised of the entire body mass whereas a termite’s accelerated 574 
mass only includes one striking mandible. Data are compiled and replotted from sources detailed 575 
in (Cooper et al., 2018; Harrison & Patek, 2023; Harrison et al., 2021; Ilton et al., 2018; Patek, 576 
2019; Poppinga et al., 2019; Sakes et al., 2016; Whitaker et al., 2007).  577 
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 578 

579 
Figure 2: Latch-mediated spring actuation (LaMSA) exemplifies the power of integrated 580 
biomechanical systems to control and manipulate energy flow.  (A) LaMSA begins with an 581 
energy source (turquoise), such as a muscle, loading energy into an elastic structure, such as a 582 
spring (blue). An opposing force (termed a latch, pink) holds the system in place while energy is 583 
loaded.  (B) Latch removal can happen nearly instantaneously at the onset of spring actuation or 584 
it can occur throughout spring actuation, thereby mediating spring actuation as shown here.  585 
Elastic potential energy is transformed into kinetic energy as the latch is removed.  In the 586 
depicted mechanism, kinetic energy of the spring and accelerated mass (orange) are inextricably 587 
coupled until the mass separates from the spring.  In tiny systems, spring mass can be large 588 
compared to the propelled mass, such that idealized, massless Hookean spring assumptions are 589 
not applicable; both the propelled mass and spring mass can be important to the dynamics of 590 
these systems (Hyun et al., 2023; Ilton et al., 2018).  (C) Once the mass is ballistic (i.e., no 591 
longer powered by spring actuation), the spring dissipates any residual energy through 592 
oscillations. This schematic depicts a mass that separates from the spring and is propelled into 593 
the environment; however, the propelled mass often remains attached to the organism, such that 594 
the mass can be spring-actuated throughout its motion or it can transition to ballistic movement 595 
(i.e., no longer powered by spring actuation) even while still attached to the organism.  Energetic 596 
losses occur throughout this process such that the final energy of the propelled mass is less than 597 
the initial elastic potential energy.    598 
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 599 
Figure 3: Force-length properties of the energy source are tuned with work of elastic 600 
structures through their intersecting force and length relationships.  Cuban tree frogs (left; 601 
Osteopilus septentrionalis) can store considerably more elastic potential energy (16 mJ; blue 602 
shaded region) relative to body mass (28 g), and thereby produce more potent jumps, than the 603 
much larger cane toad (middle: Rhinella marina; 20 mJ, 90 g) and bull frog (right: Rana 604 
catesbeiana; 47 mJ, 99 g).  Evolutionary tuning between motor and elastic structure is 605 
exemplified by this experimental study of muscle force-length relations (turquoise dashed lines) 606 
and spring force-length relations (solid blue lines) across species.  Modified and adapted from 607 
Mendoza and Azizi (2021).  Photos reproduced with permission from Mendoza and Azizi; 608 
images not to scale.     609 
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 610 

 611 
Figure 4. Diverse organisms leverage distributed displacements across the surfaces of 612 
shapes to store elastic potential energy, yet these storage mechanisms are often distinct 613 
from the spring actuation mechanisms used for propelling a mass.  (A) Aquatic bladderwort 614 
plants (Utricularia inflata) grow prey-trapping bladders.  Right image: These bladders store 615 
elastic potential energy by pumping water out of their bladder (solid white line) so that, when 616 
latch removal occurs, their bladder walls recoil outward (dashed white lines; blue arrows) to 617 
suction water and prey inwards (orange arrows).  Modified from (Vincent et al., 2011) with 618 
permission from Royal Society Publishing. Photo by Barry Rice © 2023, used with permission. 619 
(B) Similarly, trap-jaw ants (Odontomachus brunneus) capture prey with their mandibles. They 620 
store elastic potential energy by deforming their head exoskeleton (right image; ventral view) 621 
indicated as anterior and medial flexion (solid white lines).  When the latches are removed, the 622 
head recoils anteriorly and laterally (dashed white lines; blue arrows).  Head exoskeleton recoil 623 
and internal apodeme recoil together generate mandible rotation (orange arrows).  (C) Many 624 
arthropods combine shape deformation (push and pull) and apodeme recoil (pull) to operate dual 625 
spring force couples which develop rapid torque using minimal joint constraints.  These images 626 
illustrate the dual spring force couple in trap-jaw ants (depicting one half of the ant’s head).  The 627 
“unloaded” phase is also the state trap-jaw ants use when directly moving the mandible with 628 
muscle (i.e., when they have not activated their LaMSA mechanism).  B and C adapted from 629 
(Sutton et al., 2022). O. brunneus photo © Alex Wild, used by permission.   630 
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 631 

 632 
Figure 5: Latch mediation can strongly or minimally influence the kinematics of the 633 
propelled mass.  Dracula ants (Mystrium camellae) store elastic potential energy by 634 
bending their mandibles and use friction between the mandible tips as their latch 635 
mechanism (Larabee et al., 2018).  Two types of Dracula ant workers use this 636 
mechanism, the larger major ant workers (filled circles) and the smaller minor ant 637 
workers (squares). Scale bars 0.1 mm. As latch velocity is varied in the major ants, their 638 
strike velocity is also varied.  By contrast, regardless of latch velocity in the minor ants, 639 
strike velocity remains in the same range.  Reconstructed microCT images from (Larabee 640 
et al., 2018); data from (Divi et al., 2020); M. camellae photo © Alex Wild, used by 641 
permission.  642 
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Figure 6: The cascading reduction of time achieved through integrated components of 644 
LaMSA is exemplified in the snail-smashing raptorial appendages of mantis shrimp 645 
(Stomatopoda). Smashing mantis shrimp use raptorial appendages to strike hard shelled prey 646 
with high peak forces and cavitation bubbles (photo inset).  Raptorial appendage schematics 647 
(lateral view, distal to left) contrast the actions and geometry of muscles and sclerites (left 648 
column) with springs and linkages (right column). The merus segment’s extensor muscles 649 
(turquoise) load elastic potential energy via distributed displacements across the merus 650 
exoskeleton (blue) (Burrows, 1969; Burrows & Hoyle, 1972; McNeill et al., 1972; Patek et al., 651 
2004; Patek et al., 2007; Patek et al., 2013; Rosario & Patek, 2015; Zack et al., 2009).  652 
Antagonist flexor muscles (pink) and embedded sclerites (pink) prevent movement during spring 653 
loading (Burrows, 1969; Patek et al., 2007).  Latch release occurs sequentially, beginning with 654 
relaxation of flexor muscles, then release of the sclerites (Burrows, 1969; Burrows & Hoyle, 655 
1972; Kagaya & Patek, 2016; McNeill et al., 1972) and concluding with a hypothesized torque 656 
reversal of the four bar linkage system (Steinhardt et al., 2021).  Recoiling elastic exoskeleton 657 
(blue) pushes the distal segments which comprise the accelerated mass (orange) (McHenry et al., 658 
2012; Patek et al., 2004; Patek et al., 2007).  Spring actuation ends as the appendage rotates 659 
ballistically to its target, causing an impact followed by cavitation bubble implosion (Crane et 660 
al., 2018; Patek & Caldwell, 2005; Patek et al., 2004; Patek et al., 2007). Colored areas indicate 661 
the percent of total duration (~368 ms total duration): spring loading (turquoise), latch release 662 
(pink), spring actuation (blue) and strike, impact and cavitation bubble collapse (orange).  663 
Adapted from (Patek, 2019). Photo courtesy of Roy Caldwell.  664 
  665 



 30 

References Cited 

Abbott, E. M., Nezwek, T., Schmitt, D., & Sawicki, G. S. (2019). Hurry up and get out of the 
way! Exploring the limits of muscle-based latch systems for power amplification. 
Integrative and Comparative Biology, 59(6), 1546-1558. 
https://doi.org/10.1093/icb/icz141  

Acharya, R., Challita, E. J., Ilton, M., & Saad Bhamla, M. (2021). The ultrafast snap of a finger 
is mediated by skin friction. Journal of the Royal Society Interface, 18(184), 20210672. 
https://doi.org/10.1098/rsif.2021.0672  

Alexander, R. M. (1988). Elastic mechanisms in animal movement. Cambridge University Press.  
Alexander, R. M., & Bennet-Clark, H. C. (1977). Storage of elastic strain energy in muscle and 

other tissues. Nature, 265, 114-117.  
Alexander, S. L. M., & Bhamla, M. S. (2020). Ultrafast launch of slingshot spiders using conical 

silk webs. Current Biology, 30(16), R928-R929. 
https://doi.org/https://doi.org/10.1016/j.cub.2020.06.076  

Anderson, C. V., & Deban, S. M. (2010). Ballistic tongue projection in chameleons maintains 
high performance at low temperature. Proceedings of the National Academy of Sciences, 
107(12), 5495-5499. https://doi.org/10.1073/pnas.0910778107  

Anderson, C. V., & Deban, S. M. (2012). Thermal effects on motor control and in vitro muscle 
dynamics of the ballistic tongue apparatus in chameleons. Journal of Experimental 
Biology, 215(Pt 24), 4345-4357. https://doi.org/10.1242/jeb.078881  

Anderson, P. S. L. (2018). Making a point: shared mechanics underlying the diversity of 
biological puncture. Journal of Experimental Biology, 221(22), jeb187294. 
https://doi.org/10.1242/jeb.187294  

Anderson, P. S. L. (2022). Shifts in morphological covariation and evolutionary rates across 
multiple acquisitions of the trap-jaw mechanism in Strumigenys 
[https://doi.org/10.1111/evo.14557]. Evolution, 76(9), 2076-2088. 
https://doi.org/https://doi.org/10.1111/evo.14557  

Anderson, P. S. L., Claverie, T., & Patek, S. N. (2014). Levers and linkages: mechanical trade-
offs in a power-amplified system. Evolution, 68(7), 1-15. 
https://doi.org/10.1111/evo.12407  

Astley, H. C., Haruta, A., & Roberts, T. J. (2015). Robust jumping performance and elastic 
energy recovery from compliant perches in tree frogs. Journal of Experimental Biology, 
218(21), 3360-3363. https://doi.org/10.1242/jeb.121715  

Astley, H. C., & Roberts, T. J. (2014). The mechanics of elastic loading and recoil in anuran 
jumping. Journal of Experimental Biology, 217(24), 4372-4378. 
https://doi.org/10.1242/jeb.110296  

Avidan, C., & Holzman, R. (2021). Elastic energy storage in seahorses leads to a unique suction 
flow dynamics compared with other actinopterygians. Journal of Experimental Biology, 
224(17), jeb236430. https://doi.org/10.1242/jeb.236430  

Bauer, U., Müller, U. K., & Poppinga, S. (2021). Complexity and diversity of motion 
amplification and control strategies in motile carnivorous plant traps. Proceedings of the 
Royal Society B: Biological Sciences, 288(1951), 20210771. 
https://doi.org/10.1098/rspb.2021.0771  

Beckmann, A., Xiao, S., Müller, J. P., Mercadante, D., Nüchter, T., Kröger, N., Langhojer, F., 
Petrich, W., Holstein, T. W., Benoit, M., Gräter, F., & Özbek, S. (2015). A fast recoiling 

https://doi.org/10.1093/icb/icz141
https://doi.org/10.1098/rsif.2021.0672
https://doi.org/https:/doi.org/10.1016/j.cub.2020.06.076
https://doi.org/10.1073/pnas.0910778107
https://doi.org/10.1242/jeb.078881
https://doi.org/10.1242/jeb.187294
https://doi.org/10.1111/evo.14557
https://doi.org/https:/doi.org/10.1111/evo.14557
https://doi.org/10.1111/evo.12407
https://doi.org/10.1242/jeb.121715
https://doi.org/10.1242/jeb.110296
https://doi.org/10.1242/jeb.236430
https://doi.org/10.1098/rspb.2021.0771


 31 

silk-like elastomer facilitates nanosecond nematocyst discharge. BMC Biology, 13(3), 1-
15. https://doi.org/10.1186/s12915-014-0113-1  

Bennet-Clark, H. C. (1975). The energetics of the jump of the locust Schistocerca gregaria. 
Journal of Experimental Biology, 63, 53-83.  

Bennet-Clark, H. C., & Lucey, E. C. A. (1967). The jump of the flea: A study of the energetics 
and a model of the mechanism. Journal of Experimental Biology, 47(1), 59-76. 
http://jeb.biologists.org/content/jexbio/47/1/59.full.pdf  

Biewener, A., & Baudinette, R. (1995). In vivo muscle force and elastic energy storage during 
steady-speed hopping of tammar wallabies (Macropus eugenii). The Journal of 
Experimental Biology, 198(9), 1829-1841.  

Biewener, A. A., & Patek, S. N. (2018). Animal Locomotion. Oxford University Press.  
Blanco, M. M., & Patek, S. N. (2014). Muscle trade-offs in a power-amplified prey capture 

system. Evolution, 68(5), 1399-1414. https://doi.org/10.1111/evo.12365  
Bobbert, M. F. (2013). Effects of isometric scaling on vertical jumping performance. PLoS One, 

8(8), e71209. https://doi.org/10.1371/journal.pone.0071209  
Bolmin, O., McElrath, T., Wissa, A., & Alleyne, M. (2022). Scaling of jumping performance in 

click beetles (Coleoptera: Elateridae). Integrative and Comparative Biology, icac068. 
https://doi.org/10.1093/icb/icac068  

Bolmin, O., Socha, J. J., Alleyne, M., Dunn, A. C., Fezzaa, K., & Wissa, A. A. (2021). Nonlinear 
elasticity and damping govern ultrafast dynamics in click beetles. Proceedings of the 
National Academy of Sciences, 118(5), e2014569118. 
https://doi.org/10.1073/pnas.2014569118  

Bolmin, O., Wei, L., Hazel, A. M., Dunn, A. C., Wissa, A., & Alleyne, M. (2019). Latching of 
the click beetle (Coleoptera: Elateridae) thoracic hinge enabled by the morphology and 
mechanics of conformal structures. The Journal of Experimental Biology, 222(12), 
jeb196683. https://doi.org/10.1242/jeb.196683  

Booher, D. B., Gibson, J. C., Liu, C., Longino, J. T., Fisher, B. L., Janda, M., Narula, N., 
Toulkeridou, E., Mikheyev, A. S., Suarez, A. V., & Economo, E. P. (2021). Functional 
innovation promotes diversification of form in the evolution of an ultrafast trap-jaw 
mechanism in ants. PLoS Biology, 19(3), e3001031. 
https://doi.org/10.1371/journal.pbio.3001031  

Brennen, C. E. (1995). Cavitation and bubble dynamics. Oxford University Press.  
Burrows, M. (1969). The mechanics and neural control of the prey capture strike in the mantid 

shrimps Squilla and Hemisquilla. Zeitschrift für vergleichende Physiologie, 62, 361-381.  
Burrows, M., & Hoyle, G. (1972). Neuromuscular physiology of the strike mechanism of the 

mantis shrimp, Hemisquilla. Journal of Experimental Zoology, 179(3), 379-394.  
Burrows, M., & Morris, G. (2001). The kinematics and neural control of high-speed kicking 

movements in the locust. Journal of Experimental Biology, 204(20), 3471-3481. 
http://jeb.biologists.org/cgi/content/abstract/204/20/3471  

Burrows, M., & Morris, O. (2003). Jumping and kicking in bush crickets. Journal of 
Experimental Biology, 206(6), 1035-1049. https://doi.org/10.1242/jeb.00214  

Burrows, M., Shaw, S., & Sutton, G. (2008). Resilin and chitinous cuticle form a composite 
structure for energy storage in jumping by froghopper insects. BMC Biology, 6(41), 1-16. 
http://www.biomedcentral.com/1741-7007/6/41  

https://doi.org/10.1186/s12915-014-0113-1
http://jeb.biologists.org/content/jexbio/47/1/59.full.pdf
https://doi.org/10.1111/evo.12365
https://doi.org/10.1371/journal.pone.0071209
https://doi.org/10.1093/icb/icac068
https://doi.org/10.1073/pnas.2014569118
https://doi.org/10.1242/jeb.196683
https://doi.org/10.1371/journal.pbio.3001031
http://jeb.biologists.org/cgi/content/abstract/204/20/3471
https://doi.org/10.1242/jeb.00214
http://www.biomedcentral.com/1741-7007/6/41


 32 

Burrows, M., & Sutton, G. P. (2012). Locusts use a composite of resilin and hard cuticle as an 
energy store for jumping and kicking. The Journal of Experimental Biology, 215(19), 
3501-3512. https://doi.org/10.1242/jeb.071993  

Büsse, S., Koehnsen, A., Rajabi, H., & Gorb, S. N. (2021). A controllable dual-catapult system 
inspired by the biomechanics of the dragonfly larvae’s predatory strike. Science Robotics, 
6(50), eabc8170. https://doi.org/10.1126/scirobotics.abc8170  

Campbell, J. F., & Kaya, H. K. (1999). Mechanism, kinematic performance, and fitness 
consequences of jumping behavior in entomopathogenic nematodes (Steinernema spp.). 
Canadian Journal of Zoology, 77(12), 1947-1955. https://doi.org/10.1139/z99-178  

Caupin, F., & Herbert, E. (2006). Cavitation in water: a review. Comptes Rendus Physique, 7(9-
10), 1000. http://www.sciencedirect.com/science/article/B6X19-4MG6PCC-
1/2/5e3a129aca767571cc074275dd4d89bd  

Claverie, T., & Patek, S. N. (2013). Modularity and rates of evolutionary change in a power-
amplified prey capture system. Evolution, 67(11), 3191-3207. 
https://doi.org/10.1111/evo.12185  

Cook, A., Pandhigunta, K., Acevedo, M. A., Walker, A., Didcock, R. L., Castro, J. T., O’Neill, 
D., Acharya, R., Bhamla, M. S., Anderson, P. S. L., & Ilton, M. (2022). A tunable, 
simplified model for biological latch mediated spring actuated systems. Integrative 
Organismal Biology, 4(1), obac032. https://doi.org/10.1093/iob/obac032  

Cooper, E. S., Mosher, M. A., Cross, C. M., & Whitaker, D. L. (2018). Gyroscopic stabilization 
minimizes drag on Ruellia ciliatiflora seeds. Journal of the Royal Society Interface, 
15(140), 20170901. https://doi.org/doi:10.1098/rsif.2017.0901  

Cox, S. M., DeBoef, A., Salzano, M. Q., Katugam, K., Piazza, S. J., & Rubenson, J. (2021). 
Plasticity of the gastrocnemius elastic system in response to decreased work and power 
demand during growth. Journal of Experimental Biology, 224(21), jeb242694. 
https://doi.org/10.1242/jeb.242694  

Cox, S. M., Schmidt, D., Modarres-Sadeghi, Y., & Patek, S. N. (2014). A physical model of the 
extreme mantis shrimp strike: kinematics and cavitation of Ninjabot. Bioinspiration & 
Biomimetics, 9(1), 1-16. http://stacks.iop.org/1748-3190/9/i=1/a=016014  

Crane, R. L., Cox, S. M., Kisare, S. A., & Patek, S. N. (2018). Smashing mantis shrimp 
strategically impact shells. Journal of Experimental Biology, 221, jeb176099.  

Deban, S. M., & Lappin, A. K. (2011). Thermal effects on the dynamics and motor control of 
ballistic prey capture in toads: maintaining high performance at low temperature. Journal 
of Experimental Biology, 214(8), 1333-1346. https://doi.org/10.1242/jeb.048405  

Deban, S. M., O'Reilly, J. C., Dicke, U., & van Leeuwen, J. L. (2007). Extremely high-power 
tongue projection in plethodontid salamanders. Journal of Experimental Biology, 210(4), 
655-667. https://doi.org/10.1242/jeb.02664  

Deban, S. M., Scales, J. A., Bloom, S. V., Easterling, C. M., O’Donnell, M. K., & Olberding, J. 
P. (2020). Evolution of a high-performance and functionally robust musculoskeletal 
system in salamanders. Proceedings of the National Academy of Sciences, 117(19), 
10445-10454. https://doi.org/10.1073/pnas.1921807117  

Dick, T. J. M., Clemente, C. J., Punith, L. K., & Sawicki, G. S. (2021). Series elasticity 
facilitates safe plantar flexor muscle–tendon shock absorption during perturbed human 
hopping. Proceedings of the Royal Society B: Biological Sciences, 288(1947), 20210201. 
https://doi.org/10.1098/rspb.2021.0201  

https://doi.org/10.1242/jeb.071993
https://doi.org/10.1126/scirobotics.abc8170
https://doi.org/10.1139/z99-178
http://www.sciencedirect.com/science/article/B6X19-4MG6PCC-1/2/5e3a129aca767571cc074275dd4d89bd
http://www.sciencedirect.com/science/article/B6X19-4MG6PCC-1/2/5e3a129aca767571cc074275dd4d89bd
https://doi.org/10.1111/evo.12185
https://doi.org/10.1093/iob/obac032
https://doi.org/doi:10.1098/rsif.2017.0901
https://doi.org/10.1242/jeb.242694
http://stacks.iop.org/1748-3190/9/i=1/a=016014
https://doi.org/10.1242/jeb.048405
https://doi.org/10.1242/jeb.02664
https://doi.org/10.1073/pnas.1921807117
https://doi.org/10.1098/rspb.2021.0201


 33 

Dickinson, M. H., Farley, C. T., Full, R. J., Koehl, M. A. R., Kram, R., & Lehman, S. (2000). 
How animals move: an integrative view. Science, 288, 100-106.  

Dinh, J. P., & Patek, S. N. (2022). Weapon performance and contest assessment strategies of the 
cavitating snaps in snapping shrimp [https://doi.org/10.1111/1365-2435.14190]. 
Functional Ecology, n/a(n/a). https://doi.org/https://doi.org/10.1111/1365-2435.14190  

Divi, S., Ma, X., Ilton, M., St. Pierre, R., Eslami, B., Patek, S. N., & Bergbreiter, S. (2020). 
Latch-based control of energy output in spring actuated systems. Journal of the Royal 
Society Interface, 17(168), 20200070. https://doi.org/doi:10.1098/rsif.2020.0070  

Duduta, M., Berlinger, F. C. J., Nagpal, R., Clarke, D. R., Wood, R. J., & Temel, F. Z. (2019). 
Electrically-latched compliant jumping mechanism powered by a dielectric elastomer 
actuator. Smart Materials and Structures, 28(9). https://doi.org/10.1088/1361-
665X/ab3537  

Edwards, J., Laskowski, M., Baskin, T. I., Mitchell, N., & DeMeo, B. (2019). The role of water 
in fast plant movements. Integrative and Comparative Biology, 59(6), 1525-1534. 
https://doi.org/10.1093/icb/icz081  

Ellington, C. P. (1985). Power and efficiency of insect flight muscle. Journal of Experimental 
Biology, 115(1), 293-304. https://doi.org/10.1242/jeb.115.1.293  

Farley, G. M., Wise, M. J., Harrison, J. S., Sutton, G. P., Kuo, C., & Patek, S. N. (2019). 
Adhesive latching and legless leaping in small, worm-like insect larvae. The Journal of 
Experimental Biology, 222(15), jeb201129 (201121-201112). 
https://doi.org/10.1242/jeb.201129  

Farris, D. J., Lichtwark, G. A., Brown, N. A. T., & Cresswell, A. G. (2016). The role of human 
ankle plantar flexor muscle–tendon interaction and architecture in maximal vertical 
jumping examined in vivo. Journal of Experimental Biology, 219(4), 528-534. 
https://doi.org/10.1242/jeb.126854  

Forterre, Y., Skotheim, J. M., Dumais, J., & Mahadevan, L. (2005). How the venus flytrap snaps. 
Nature, 433, 421-425.  

Franklin, A. M., Donatelli, C. M., Culligan, C. R., & Tytell, E. D. (2019). Meral-spot reflectance 
signals weapon performance in the mantis shrimp Neogonodactylus oerstedii 
(Stomatopoda). The Biological Bulletin, 236(1), 43-54. https://doi.org/10.1086/700836  

Friedman, S. T., & Muñoz, M. M. (2022). The effect of thermally robust ballistic mechanisms on 
climatic niche in salamanders. Integrative Organismal Biology, 4(1), obac020. 
https://doi.org/10.1093/iob/obac020  

Galantis, A., & Woledge, R. (2003). The theoretical limits to the power output of a muscle–
tendon complex with inertial and gravitational loads. Proceedings of the Royal Society B: 
Biological Sciences, 270, 1493-1498.  

Gibson, J. C., Larabee, F. J., Touchard, A., Orivel, J., & Suarez, A. V. (2018). Mandible strike 
kinematics of the trap-jaw ant genus Anochetus Mayr (Hymenoptera: Formicidae) 
[https://doi.org/10.1111/jzo.12580]. Journal of Zoology, 306(2), 119-128. 
https://doi.org/https://doi.org/10.1111/jzo.12580  

Green, P. A., McHenry, M. J., & Patek, S. N. (2019). Context-dependent scaling of kinematics 
and energetics during contests and feeding in mantis shrimp. The Journal of 
Experimental Biology, 222(7), jeb198085. https://doi.org/10.1242/jeb.198085  

Green, P. A., & Patek, S. N. (2018). Mutual assessment during ritualized fighting in mantis 
shrimp (Stomatopoda). Proceedings of the Royal Society B: Biological Sciences, 
285(1871), 20172542. https://doi.org/10.1098/rspb.2017.2542  

https://doi.org/10.1111/1365-2435.14190
https://doi.org/https:/doi.org/10.1111/1365-2435.14190
https://doi.org/doi:10.1098/rsif.2020.0070
https://doi.org/10.1088/1361-665X/ab3537
https://doi.org/10.1088/1361-665X/ab3537
https://doi.org/10.1093/icb/icz081
https://doi.org/10.1242/jeb.115.1.293
https://doi.org/10.1242/jeb.201129
https://doi.org/10.1242/jeb.126854
https://doi.org/10.1086/700836
https://doi.org/10.1093/iob/obac020
https://doi.org/10.1111/jzo.12580
https://doi.org/https:/doi.org/10.1111/jzo.12580
https://doi.org/10.1242/jeb.198085
https://doi.org/10.1098/rspb.2017.2542


 34 

Gregersen, C. S., Silverton, N. A., & Carrier, D. R. (1998). External work and potential for 
elastic storage at the limb joints of running dogs. Journal of Experimental Biology, 
201(23), 3197-3210. https://doi.org/10.1242/jeb.201.23.3197  

Gronenberg, W. (1996). Fast actions in small animals: springs and click mechanisms. Journal of 
Comparative Physiology A, 178, 727-734.  

Gronenberg, W., Paul, J., Just, S., & Holldöbler, B. (1997). Mandible muscle fibers in ants: fast 
or powerful? Cell Tissue Research, 289, 347-361.  

Haldane, D. W., Plecnik, M. M., Yim, J. K., & Fearing, R. S. (2016). Robotic vertical jumping 
agility via series-elastic power modulation. Science Robotics, 1(1), eaag2048. 
https://doi.org/doi:10.1126/scirobotics.aag2048  

Hamlet, C., Strychalski, W., & Miller, L. (2020). Fluid dynamics of ballistic strategies in 
nematocyst firing. Fluids, 5(20), 1-18.  

Han, S. I., Astley, H. C., Maksuta, D. D., & Blackledge, T. A. (2019). External power 
amplification drives prey capture in a spider web. Proceedings of the National Academy 
of Sciences, 116(24), 12060-12065. https://doi.org/10.1073/pnas.1821419116  

Harrison, J. S., & Patek, S. N. (2023). Developing elastic mechanisms: ultrafast motion and 
cavitation emerge at the millimeter scale in juvenile snapping shrimp. Journal of 
Experimental Biology, 226(jeb244645), 2-14. https://doi.org/10.1242/jeb.244645  

Harrison, J. S., Porter, M. L., McHenry, M. J., Robinson, H. E., & Patek, S. N. (2021). Scaling 
and development of elastic mechanisms: the tiny strikes of larval mantis shrimp. Journal 
of Experimental Biology, 224(8). https://doi.org/10.1242/jeb.235465  

Hawkes, E. W., Xiao, C., Peloquin, R.-A., Keeley, C., Begley, M. R., Pope, M. T., & Niemeyer, 
G. (2022). Engineered jumpers overcome biological limits via work multiplication. 
Nature, 604(7907), 657-661. https://doi.org/10.1038/s41586-022-04606-3  

Heitler, W. J. (1977). The locust jump: III. Structural specializations of the metathoracic tibiae. 
The Journal of Experimental Biology, 67(1), 29-36. 
https://jeb.biologists.org/content/jexbio/67/1/29.full.pdf  

Heitler, W. J., & Burrows, M. (1977). The locust jump. I. The motor programme. Journal of 
Experimental Biology, 66, 203 - 219.  

Holmes, D. P., & Crosby, A. J. (2007). Snapping surfaces. Advanced Materials, 19, 3589-3593.  
Horstmann, M., Buchheit, H., Speck, T., & Poppinga, S. (2022). The cracking of Scots pine 

(Pinus sylvestris) cones [Original Research]. Frontiers in Plant Science, 13. 
https://doi.org/10.3389/fpls.2022.982756  

Hyun, N. P., Olberding, J. P., De, A., Divi, S., Liang, X., Thomas, E., St. Pierre, R., Steinhardt, 
E., Jorge, J., Longo, S. J., Cox, S., Mendoza, E., Sutton, G. P., Azizi, E., Crosby, A. J., 
Bergbreiter, S., Wood, R. J., & Patek, S. N. (2023). Spring and latch dynamics can act as 
control pathways in ultrafast systems. Bioinspiration & Biomimetics, 18(026002), 1-19. 
https://doi.org/10.1088/1748-3190/acaa7c  

Ilton, M., Bhamla, M. S., Ma, X., Cox, S. M., Fitchett, L. L., Kim, Y., Koh, J.-s., Krishnamurthy, 
D., Kuo, C.-Y., Temel, F. Z., Crosby, A. J., Prakash, M., Sutton, G. P., Wood, R. J., 
Azizi, E., Bergbreiter, S., & Patek, S. N. (2018). The principles of cascading power limits 
in small, fast biological and engineered systems. Science, 360(6387), eaao1082. 
https://doi.org/10.1126/science.aao1082  

Ilton, M., Cox, S. M., Egelmeers, T., Sutton, G. P., Patek, S. N., & Crosby, A. J. (2019). The 
effect of size-scale on the kinematics of elastic energy release [10.1039/C9SM00870E]. 
Soft Matter, 15(46), 9579-9586. https://doi.org/10.1039/C9SM00870E  

https://doi.org/10.1242/jeb.201.23.3197
https://doi.org/doi:10.1126/scirobotics.aag2048
https://doi.org/10.1073/pnas.1821419116
https://doi.org/10.1242/jeb.244645
https://doi.org/10.1242/jeb.235465
https://doi.org/10.1038/s41586-022-04606-3
https://jeb.biologists.org/content/jexbio/67/1/29.full.pdf
https://doi.org/10.3389/fpls.2022.982756
https://doi.org/10.1088/1748-3190/acaa7c
https://doi.org/10.1126/science.aao1082
https://doi.org/10.1039/C9SM00870E


 35 

James, R. S., Navas, C. A., & Herrel, A. (2007). How important are skeletal muscle mechanics in 
setting limits on jumping performance? Journal of Experimental Biology, 210(6), 923-
933. https://doi.org/10.1242/jeb.02731  

Jorge, J. F., Bergbreiter, S., & Patek, S. N. (2021). Pendulum-based measurements reveal impact 
dynamics at the scale of a trap-jaw ant. The Journal of Experimental Biology, 224(5), 
jeb232157. https://doi.org/10.1242/jeb.232157  

Kagaya, K., & Patek, S. N. (2016). Feed-forward motor control of ultrafast, ballistic movements. 
Journal of Experimental Biology, 219(3), 319-333. https://doi.org/10.1242/jeb.130518  

Kaji, T., Anker, A., Wirkner, C. S., & Palmer, A. R. (2018). Parallel saltational evolution of 
ultrafast movements in snapping shrimp claws. Current Biology, 28(1), 106-113. 
https://doi.org/https://doi.org/10.1016/j.cub.2017.11.044  

Karabulut, A., McClain, M., Rubinstein, B., Sabin, K. Z., McKinney, S. A., & Gibson, M. C. 
(2022). The architecture and operating mechanism of a cnidarian stinging organelle. 
Nature Communications, 13(1), 3494. https://doi.org/10.1038/s41467-022-31090-0  

Katz, S., & Gosline, J. (1994). Scaling modulus as a degree of freedom in the design of locust 
legs. Journal of Experimental Biology, 187(1), 207-223. 
http://jeb.biologists.org/cgi/content/abstract/187/1/207  

Kim, Y., van den Berg, J., & Crosby, A. J. (2021). Autonomous snapping and jumping polymer 
gels. Nature Materials, 20, 1695-1701. https://doi.org/10.1038/s41563-020-00909-w  

Kingston, A. C. N., Woodin, S. A., Wethey, D. S., & Speiser, D. I. (2022). Snapping shrimp 
have helmets that protect their brains by dampening shock waves. Current Biology, 
32(16), 3576-3583.e3573. https://doi.org/10.1016/j.cub.2022.06.042  

Koh, J.-S., Yang, E., Jung, G.-P., Yang, E., Jung, S.-P., Son, J., Lee, S., Jablonski, P. G., Wood, 
R. J., Kim, H.-Y., & Cho, K.-J. (2015). Jumping on water: surface tension-dominated 
jumping of water striders and robotic insects. Science, 349(6247), 517-521.  

Koukouvinis, P., Bruecker, C., & Gavaises, M. (2017). Unveiling the physical mechanism 
behind pistol shrimp cavitation. Scientific Reports, 7(1), 13994. 
https://doi.org/10.1038/s41598-017-14312-0  

Kuan, K.-C., Chiu, C.-I., Shih, M.-C., Chi, K.-J., & Li, H.-F. (2020). Termite’s twisted mandible 
presents fast, powerful, and precise strikes. Scientific Reports, 10(1), 9462. 
https://doi.org/10.1038/s41598-020-66294-1  

Lappin, A. K., Monroy, J. A., Pilarski, J. Q., Zepnewski, E. D., Pierotti, D. J., & Nishikawa, K. 
C. (2006). Storage and recovery of elastic potential energy powers ballistic prey capture 
in toads. Journal of Experimental Biology, 209(13), 2535-2553. 
https://doi.org/10.1242/jeb.02276  

Larabee, F. J., Fisher, B. L., Schmidt, C. A., Matos-Maraví, P., Janda, M., & Suarez, A. V. 
(2016). Molecular phylogenetics and diversification of trap-jaw ants in the genera 
Anochetus and Odontomachus (Hymenoptera: Formicidae). Molecular Phylogenetics and 
Evolution, 103, 143-154. https://doi.org/https://doi.org/10.1016/j.ympev.2016.07.024  

Larabee, F. J., Gibson, J. C., Rivera, M. D., Anderson, P. S. L., & Suarez, A. V. (2022). Muscle 
fatigue in the latch-mediated spring actuated mandibles of trap-jaw ants. Integrative and 
Comparative Biology, icac091. https://doi.org/10.1093/icb/icac091  

Larabee, F. J., Gronenberg, W., & Suarez, A. V. (2017). Performance, morphology and control 
of power-amplified mandibles in the trap-jaw ant Myrmoteras (Hymenoptera: 
Formicidae). The Journal of Experimental Biology, 220(17), 3062-3071. 
https://doi.org/10.1242/jeb.156513  

https://doi.org/10.1242/jeb.02731
https://doi.org/10.1242/jeb.232157
https://doi.org/10.1242/jeb.130518
https://doi.org/https:/doi.org/10.1016/j.cub.2017.11.044
https://doi.org/10.1038/s41467-022-31090-0
http://jeb.biologists.org/cgi/content/abstract/187/1/207
https://doi.org/10.1038/s41563-020-00909-w
https://doi.org/10.1016/j.cub.2022.06.042
https://doi.org/10.1038/s41598-017-14312-0
https://doi.org/10.1038/s41598-020-66294-1
https://doi.org/10.1242/jeb.02276
https://doi.org/https:/doi.org/10.1016/j.ympev.2016.07.024
https://doi.org/10.1093/icb/icac091
https://doi.org/10.1242/jeb.156513


 36 

Larabee, F. J., Smith, A. A., & Suarez, A. V. (2018). Snap-jaw morphology is specialized for 
high-speed power amplification in the Dracula ant, Mystrium camillae. Royal Society 
Open Science, 5(12), 181447. https://doi.org/doi:10.1098/rsos.181447  

Larabee, F. J., & Suarez, A. V. (2015). Mandible-powered escape jumps in trap-jaw ants increase 
survival rates during predator-prey encounters. PLoS One, 10(5), e0124871. 
https://doi.org/10.1371/journal.pone.0124871  

Liang, X., & Crosby, A. J. (2020a). Programming impulsive deformation with mechanical 
metamaterials. Physical Review Letters, 125(10), 108002. 
https://doi.org/10.1103/PhysRevLett.125.108002  

Liang, X., & Crosby, A. J. (2020b). Uniaxial stretching mechanics of cellular flexible 
metamaterials. Extreme Mechanics Letters, 35, 100637. 
https://doi.org/https://doi.org/10.1016/j.eml.2020.100637  

Lindeman, A. A., & Yack, J. E. (2019). Bark beetles use a spring-loaded mechanism to produce 
variable song patterns. Journal of Experimental Biology, 222(4), jeb190660. 
https://doi.org/10.1242/jeb.190660  

Liu, F., Chavez, R. L., Patek, S. N., Pringle, A., Feng, J. J., & Chen, C.-H. (2017). Asymmetric 
drop coalescence launches fungal ballistospores with directionality. Journal of the Royal 
Society Interface, 14(132). https://doi.org/10.1098/rsif.2017.0083  

Lohse, D. (2005). Sonoluminescence: Cavitation hots up. Nature, 434(7029), 33. 
http://dx.doi.org/10.1038/434033a   

Lohse, D., Schmitz, B., & Versluis, M. (2001). Snapping shrimp make flashing bubbles. Nature, 
413, 477-478.  

Longo, S. J., Cox, S. M., Azizi, E., Ilton, M., Olberding, J. P., St. Pierre, R., & Patek, S. N. 
(2019). Beyond power amplification: Latch-mediated spring actuation is an emerging 
framework for the study of diverse elastic systems. Journal of Experimental Biology, 
222(jeb197889), 1-10. https://doi.org/10.1242/jeb.197889  

Longo, S. J., Goodearly, T., & Wainwright, P. C. (2018). Extremely fast feeding strikes are 
powered by elastic recoil in a seahorse relative, the snipefish, Macroramphosus scolopax. 
Proceedings of the Royal Society B: Biological Sciences, 285(1882), 20181078. 
https://doi.org/doi:10.1098/rspb.2018.1078  

Longo, S. J., Ray, W., Farley, G. M., Harrison, J., Jorge, J., Kaji, T., Palmer, A. R., & Patek, S. 
N. (2021). Snaps of a tiny amphipod push the boundary of ultrafast, repeatable 
movement. Current Biology, 31(3), R116-R117. 
https://doi.org/10.1016/j.cub.2020.12.025  

Longo, S. J., St. Pierre, R., Bergbreiter, S., Cox, S., Schelling, B., & Patek, S. N. (2023). 
Geometric latches enable tuning of ultrafast, spring-propelled movements. Journal of 
Experimental Biology, 226(2). https://doi.org/10.1242/jeb.244363  

Ma, Y., Hua, M., Wu, S., Du, Y., Pei, X., Zhu, X., Zhou, F., & He, X. Bioinspired high-power-
density strong contractile hydrogel by programmable elastic recoil. Science Advances, 
6(47), eabd2520. https://doi.org/10.1126/sciadv.abd2520  

Marsh, R. L. (2022). Muscle preactivation and the limits of muscle power output during jumping 
in the Cuban tree frog Osteopilus septentrionalis. Journal of Experimental Biology, 
225(19), jeb244525. https://doi.org/10.1242/jeb.244525  

McHenry, M. J., Anderson, P. S. L., Van Wassenbergh, S., Matthews, D. G., Summers, A. P., & 
Patek, S. N. (2016). The comparative hydrodynamics of rapid rotation by predatory 

https://doi.org/doi:10.1098/rsos.181447
https://doi.org/10.1371/journal.pone.0124871
https://doi.org/10.1103/PhysRevLett.125.108002
https://doi.org/https:/doi.org/10.1016/j.eml.2020.100637
https://doi.org/10.1242/jeb.190660
https://doi.org/10.1098/rsif.2017.0083
http://dx.doi.org/10.1038/434033a
https://doi.org/10.1242/jeb.197889
https://doi.org/doi:10.1098/rspb.2018.1078
https://doi.org/10.1016/j.cub.2020.12.025
https://doi.org/10.1242/jeb.244363
https://doi.org/10.1126/sciadv.abd2520
https://doi.org/10.1242/jeb.244525


 37 

appendages. The Journal of Experimental Biology, 219(21), 3399-3411. 
https://doi.org/10.1242/jeb.140590  

McHenry, M. J., Claverie, T., Rosario, M. V., & Patek, S. N. (2012). Gearing for speed slows the 
predatory strike of a mantis shrimp. Journal of Experimental Biology, 215, 1231-1245.  

McHenry, M. J., & Hedrick, T. L. (2023). The science and technology of kinematic 
measurements in a century of Journal of Experimental Biology. Journal of Experimental 
Biology, 226(Suppl_1). https://doi.org/10.1242/jeb.245147  

McNeill, P., Burrows, M., & Hoyle, G. (1972). Fine structures of muscles controlling the strike 
of the mantis shrimp, Hemisquilla. Journal of Experimental Zoology, 179(3), 395-416.  

Mendoza, E., & Azizi, E. (2021). Tuned muscle and spring properties increase elastic energy 
storage. Journal of Experimental Biology, 224(24), jeb243180. 
https://doi.org/10.1242/jeb.243180  

Mendoza, E., Azizi, E., & Moen, D. S. (2020). What explains vast differences in jumping power 
within a clade? Diversity, ecology and evolution of anuran jumping power 
[https://doi.org/10.1111/1365-2435.13545]. Functional Ecology, 34(5), 1053-1063. 
https://doi.org/https://doi.org/10.1111/1365-2435.13545  

Mensch, T. E., Delesky, E. A., Learsch, R. W., Foster, K. E. O., Yeturu, S. K., Srubar, W. V., & 
Miyake, G. (2021). Mechanical evaluation of 3D printed biomimetic non-Euclidean 
saddle geometries mimicking the mantis shrimp. Bioinspiration & Biomimetics, 16(5), 
056002. https://doi.org/10.1088/1748-3190/ac0a33  

Moen, D. S., Cabrera-Guzmán, E., Caviedes-Solis, I. W., González-Bernal, E., & Hanna, A. R. 
(2022). Phylogenetic analysis of adaptation in comparative physiology and biomechanics: 
overview and a case study of thermal physiology in treefrogs. Journal of Experimental 
Biology, 225(Suppl_1), jeb243292. https://doi.org/10.1242/jeb.243292  

Moen, D. S., Irschick, D. J., & Wiens, J. J. (2013). Evolutionary conservatism and convergence 
both lead to striking similarity in ecology, morphology and performance across 
continents in frogs. Proceedings of the Royal Society of London B: Biological Sciences, 
280(1773), 1-9. https://doi.org/10.1098/rspb.2013.2156  

Mountcastle, A. M., & Combes, S. A. (2014). Biomechanical strategies for mitigating collision 
damage in insect wings: structural design versus embedded elastic materials. Journal of 
Experimental Biology, 217(7), 1108-1115. https://doi.org/10.1242/jeb.092916  

Muñoz, M. M., Anderson, P. S. L., & Patek, S. N. (2017). Mechanical sensitivity and the 
dynamics of evolutionary rate shifts in biomechanical systems. Proceedings of the Royal 
Society B: Biological Sciences, 284(1847), 1-8. https://doi.org/10.1098/rspb.2016.2325  

Muñoz, M. M., Hu, Y., Anderson, P. S. L., & Patek, S. N. (2018). Strong mechanical 
relationships bias the tempo and mode of morphological evolution. eLife, 7(e37621), 1-
18.  

Nadein, K., & Betz, O. (2016). Jumping mechanisms and performance in beetles. I. Flea beetles 
(Coleoptera: Chrysomelidae: Alticini). Journal of Experimental Biology, 219(13), 2015-
2027. https://doi.org/10.1242/jeb.140533  

Noblin, X., Rojas, N. O., Westbrook, J., Llorens, C., Argentina, M., & Dumais, J. (2012). The 
fern sporangium: a unique catapult. Science, 335(6074), 1322. 
https://doi.org/10.1126/science.1215985  

Nüchter, T., Benoit, M., Engel, U., Özbek, S., & Holstein, T. W. (2006). Nanosecond-scale 
kinetics of nematocyst discharge. Current Biology, 16(9), R316-R318.  

https://doi.org/10.1242/jeb.140590
https://doi.org/10.1242/jeb.245147
https://doi.org/10.1242/jeb.243180
https://doi.org/10.1111/1365-2435.13545
https://doi.org/https:/doi.org/10.1111/1365-2435.13545
https://doi.org/10.1088/1748-3190/ac0a33
https://doi.org/10.1242/jeb.243292
https://doi.org/10.1098/rspb.2013.2156
https://doi.org/10.1242/jeb.092916
https://doi.org/10.1098/rspb.2016.2325
https://doi.org/10.1242/jeb.140533
https://doi.org/10.1126/science.1215985


 38 

Olberding, J. P., & Deban, S. M. (2021). Thermal robustness of biomechanical processes. 
Journal of Experimental Biology, 224(1), jeb228973. https://doi.org/10.1242/jeb.228973  

Olberding, J. P., Deban, S. M., Rosario, M. V., & Azizi, E. (2019). Modeling the determinants of 
mechanical advantage during jumping: consequences for spring- and muscle-driven 
movement. Integrative and Comparative Biology, 59(6), 1515-1524. 
https://doi.org/10.1093/icb/icz139  

Olberding, J. P., Scales, J. A., & Deban, S. M. (2018). Movements of vastly different 
performance have similar underlying muscle physiology. The Journal of Experimental 
Biology, 221(2), jeb166900. https://doi.org/10.1242/jeb.166900  

Page, R. M. (1964). Sporangium discharge in Pilobolus: a photographic study. Science, 
146(3646), 925-927. http://www.jstor.org/stable/1714389  

Patek, S. (2002). Squeaking with a sliding joint: mechanics and motor control of sound 
production in palinurid lobsters. Journal of Experimental Biology, 205, 2375-2385.  

Patek, S. N. (2015). The most powerful movements in biology. American Scientist, 103(5), 330-
337. https://doi.org/10.1511/2015.116.330  

Patek, S. N. (2016). What a shrimp can teach a submarine. Duke Magazine(Spring 2016), 40-41.  
Patek, S. N. (2019). The power of mantis shrimp strikes: Interdisciplinary impacts of an extreme 

cascade of energy release. Integrative and Comparative Biology, 59(6), 1573–1585. 
https://doi.org/10.1093/icb/icz127  

Patek, S. N., Baio, J. E., Fisher, B. F., & Suarez, A. V. (2006). Multifunctionality and 
mechanical origins: ballistic jaw propulsion in trap-jaw ants. Proceedings of the National 
Academy of Sciences, 103(34), 12787-12792.  

Patek, S. N., & Caldwell, R. L. (2005). Extreme impact and cavitation forces of a biological 
hammer: strike forces of the peacock mantis shrimp (Odontodactylus scyllarus). Journal 
of Experimental Biology, 208, 3655-3664.  

Patek, S. N., Dudek, D. M., & Rosario, M. V. (2011). From bouncy legs to poisoned arrows: 
elastic movements in invertebrates. The Journal of Experimental Biology, 214(12), 1973-
1980. https://doi.org/10.1242/jeb.038596  

Patek, S. N., Korff, W. L., & Caldwell, R. L. (2004). Deadly strike mechanism of a mantis 
shrimp. Nature, 428, 819-820.  

Patek, S. N., & Longo, S. J. (2018). Evolutionary biomechanics: the pathway to power in 
snapping shrimp. Current Biology, 28(3), R115-R117.  

Patek, S. N., Nowroozi, B. N., Baio, J. E., Caldwell, R. L., & Summers, A. P. (2007). Linkage 
mechanics and power amplification of the mantis shrimp's strike. Journal of 
Experimental Biology, 210, 3677-3688.  

Patek, S. N., Rosario, M. V., & Taylor, J. R. A. (2013). Comparative spring mechanics in mantis 
shrimp. Journal of Experimental Biology, 215, 1317-1329.  

Peplowski, M. M., & Marsh, R. L. (1997). Work and power output in the hindlimb muscles of 
Cuban tree frogs Osteopilus septentrionalis during jumping. Journal of Experimental 
Biology, 200, 2861-2870.  

Poppinga, S., Böse, A.-S., Seidel, R., Hesse, L., Leupold, J., Caliaro, S., & Speck, T. (2019). A 
seed flying like a bullet: ballistic seed dispersal in Chinese witch-hazel (Hamamelis 
mollis OLIV., Hamamelidaceae). Journal of the Royal Society Interface, 16(157), 
20190327. https://doi.org/10.1098/rsif.2019.0327  

Pringle, A., Patek, S. N., Fischer, M., Stolze, J., & Money, N. P. (2005). The captured launch of 
a ballistospore. Mycologia, 97(4), 866-871.  

https://doi.org/10.1242/jeb.228973
https://doi.org/10.1093/icb/icz139
https://doi.org/10.1242/jeb.166900
http://www.jstor.org/stable/1714389
https://doi.org/10.1511/2015.116.330
https://doi.org/10.1093/icb/icz127
https://doi.org/10.1242/jeb.038596
https://doi.org/10.1098/rsif.2019.0327


 39 

Pringle, J. W. S. (1954). A physiological analysis of cicada song. Journal of Experimental 
Biology, 31(4), 525-560. https://doi.org/10.1242/jeb.31.4.525  

Reynaga, C. M., Eaton, C. E., Strong, G. A., & Azizi, E. (2019). Compliant substrates disrupt 
elastic energy storage in jumping tree frogs. Integr Comp Biol, 59(6), 1535-1545. 
https://doi.org/10.1093/icb/icz069  

Ritzmann, R. (1973). Snapping behavior of the shrimp Alpheus californiensis. Science, 181, 459-
460.  

Ritzmann, R. (1974). Mechanisms for the snapping behavior of two alpheid shrimp, Alpheus 
californiensis and Alpheus heterochelis. Journal of Comparative Physiology, 95(3), 217-
236. https://doi.org/10.1007/BF00625445  

Roberts, T. J. (2016). Contribution of elastic tissues to the mechanics and energetics of muscle 
function during movement. Journal of Experimental Biology, 219(2), 266-275. 
https://doi.org/10.1242/jeb.124446  

Roberts, T. J., & Azizi, E. (2011). Flexible mechanisms: the diverse roles of biological springs in 
vertebrate movement. Journal of Experimental Biology, 214(3), 353-361. 
https://doi.org/10.1242/jeb.038588  

Rogers, S. M., Riley, J., Brighton, C., Sutton, G. P., Cullen, D. A., & Burrows, M. (2016). 
Increased muscular volume and cuticular specialisations enhance jump velocity in 
solitarious compared with gregarious desert locusts, Schistocerca gregaria. Journal of 
Experimental Biology, 219(5), 635-648. https://doi.org/10.1242/jeb.134445  

Rosario, M. V., & Patek, S. N. (2015). Multi-level analysis of elastic morphology: the mantis 
shrimp’s spring. Journal of Morphology, 276, 1123-1135. 
https://doi.org/10.1002/jmor.20398  

Rosario, M. V., Sutton, G. P., Patek, S. N., & Sawicki, G. S. (2016). Muscle–spring dynamics in 
time-limited, elastic movements. Proceedings of the Royal Society B: Biological 
Sciences, 283(1838), 20161561. https://doi.org/10.1098/rspb.2016.1561  

Rothschild, M., & Schlein, Y. (1975). The jumping mechanism of Xenopsylla cheopis. I. 
Exoskeletal structures and musculature. Philosophical Transaction of the Royal Society 
of London, 271(914), 457-490.  

Ruan, Y., Konstantinov, A. S., Shi, G., Tao, Y., Li, Y., Johnson, A. J., Luo, X., Zhang, X., 
Zhang, M., Wu, J., Li, W., Ge, S., & Yang, X. (2020). The jumping mechanism of flea 
beetles (Coleoptera, Chrysomelidae, Alticini), its application to bionics and preliminary 
design for a robotic jumping leg. ZooKeys, 915, 87-105. 
https://doi.org/10.3897/zookeys.915.38348  

Sakes, A., van der Wiel, M., Henselmans, P. W. J., van Leeuwen, J. L., Dodou, D., & Breedveld, 
P. (2016). Shooting mechanisms in nature: a systematic review. PLoS One, 11(7), 
e0158277. https://doi.org/10.1371/journal.pone.0158277  

Sawicki, G. S., Sheppard, P., & Roberts, T. J. (2015). Power amplification in an isolated muscle–
tendon unit is load dependent. Journal of Experimental Biology, 218(22), 3700-3709. 
https://doi.org/10.1242/jeb.126235  

Scales, J. A., O'Donnell, M. K., & Deban, S. M. (2017). Thermal sensitivity of motor control of 
muscle-powered versus elastically powered tongue projection in salamanders. Journal of 
Experimental Biology, 220(5), 938-951. https://doi.org/10.1242/jeb.145896  

Schulz, J. R., Jan, I., Sangha, G., & Azizi, E. (2019). The high speed radular prey strike of a fish-
hunting cone snail. Current Biology, 29(16), R788-R789. 
https://doi.org/10.1016/j.cub.2019.07.034  

https://doi.org/10.1242/jeb.31.4.525
https://doi.org/10.1093/icb/icz069
https://doi.org/10.1007/BF00625445
https://doi.org/10.1242/jeb.124446
https://doi.org/10.1242/jeb.038588
https://doi.org/10.1242/jeb.134445
https://doi.org/10.1002/jmor.20398
https://doi.org/10.1098/rspb.2016.1561
https://doi.org/10.3897/zookeys.915.38348
https://doi.org/10.1371/journal.pone.0158277
https://doi.org/10.1242/jeb.126235
https://doi.org/10.1242/jeb.145896
https://doi.org/10.1016/j.cub.2019.07.034


 40 

Schulz, J. R., Norton, A. G., & Gilly, W. F. (2004). The projectile tooth of a fish-hunting cone 
snail: Conus catus injects venom into fish prey using a high-speed ballistic mechanism 
[Article]. Biological Bulletin, 207(2), 77-79. https://doi.org/10.2307/1543581  

Singh, A. K., Prabhakar, S., & Sane, S. P. (2011). The biomechanics of fast prey capture in 
aquatic bladderworts. Biology Letters, 7(4), 547-550. 
https://doi.org/10.1098/rsbl.2011.0057  

Siwanowicz, I., & Burrows, M. (2017). Three dimensional reconstruction of energy stores for 
jumping in planthoppers and froghoppers from confocal laser scanning microscopy. 
eLife, 6, e23824. https://doi.org/10.7554/eLife.23824  

Skotheim, J. M., & Mahadevan, L. (2005). Physical limits and design principles for plant and 
fungal movements. Science, 208, 1308-1310.  

Smith, J. J. B. (1968). Hearing in terrestrial urodeles: a vibration-sensitive mechanism in the ear. 
Journal of Experimental Biology, 48(1), 191-205. https://doi.org/10.1242/jeb.48.1.191  

Spagna, J. C., Schelkopf, A., Carrillo, T., & Suarez, A. V. (2009). Evidence of behavioral co-
option from context-dependent variation in mandible use in trap-jaw ants (Odontomachus 
spp.). Naturwissenschaften, 96(2), 243-250. https://doi.org/10.1007/s00114-008-0473-x  

Spagna, J. C., Vakis, A. I., Schmidt, C. A., Patek, S. N., Zhang, X., Tsutsui, N. D., & Suarez, A. 
V. (2008). Phylogeny, scaling, and the generation of extreme forces in trap-jaw ants. 
Journal of Experimental Biology, 211(14), 2358-2368. 
https://doi.org/10.1242/jeb.015263  

Steinhardt, E., Hyun, N. P., Koh, J., Freeburn, G., Rosen, M. H., Temel, F. Z., Patek, S. N., & 
Wood, R. J. (2021). A physical model of mantis shrimp for exploring the dynamics of 
ultra-fast systems. Proceedings of the National Academy of Sciences, 118(33), 
e2026833118. https://doi.org/https://doi.org/10.1073/pnas.2026833118  

Sutton, G. P., Mendoza, E., Azizi, E., Longo, S. J., Olberding, J. P., Ilton, M., & Patek, S. N. 
(2019). Why do large animals never actuate their jumps with latch-mediated springs? 
Because they can jump higher without them. Integrative and Comparative Biology, 145, 
1-10. https://doi.org/10.1093/icb/icz145  

Sutton, G. P., St Pierre, R., Kuo, C.-Y., Summers, A. P., Bergbreiter, S., Cox, S., & Patek, S. N. 
(2022). Dual spring force couples yield multifunctionality and ultrafast, precision rotation 
in tiny biomechanical systems. Journal of Experimental Biology, 225(14), jeb244077. 
https://doi.org/10.1242/jeb.244077  

Tadayon, M., Amini, S., Masic, A., & Miserez, A. (2015). The mantis shrimp saddle: A 
biological spring combining stiffness and flexibility. Advanced Functional Materials, 
25(41), 6437-6447. https://doi.org/10.1002/adfm.201502987  

Tadayon, M., Amini, S., Wang, Z., & Miserez, A. (2018). Biomechanical design of the mantis 
shrimp saddle: A biomineralized spring used for rapid raptorial strikes. iScience, 8, 271-
282. https://doi.org/https://doi.org/10.1016/j.isci.2018.08.022  

Taylor, J. R. A., & Patek, S. N. (2010). Ritualized fighting and biological armor: the impact 
mechanics of the mantis shrimp’s telson. Journal of Experimental Biology, 213, 3496-
3504.  

Van Wassenbergh, S., Strother, J. A., Flammang, B. E., Ferry-Graham, L. A., & Aerts, P. (2008). 
Extremely fast prey capture in pipefish is powered by elastic recoil. Journal of the Royal 
Society Interface, 5, 285-296.  

Versluis, M., Schmitz, B., von der Heydt, A., & Lohse, D. (2000). How snapping shrimp snap: 
through cavitating bubbles. Science, 289, 2114-2117.  

https://doi.org/10.2307/1543581
https://doi.org/10.1098/rsbl.2011.0057
https://doi.org/10.7554/eLife.23824
https://doi.org/10.1242/jeb.48.1.191
https://doi.org/10.1007/s00114-008-0473-x
https://doi.org/10.1242/jeb.015263
https://doi.org/https:/doi.org/10.1073/pnas.2026833118
https://doi.org/10.1093/icb/icz145
https://doi.org/10.1242/jeb.244077
https://doi.org/10.1002/adfm.201502987
https://doi.org/https:/doi.org/10.1016/j.isci.2018.08.022


 41 

Vincent, O., Weißkopf, C., Poppinga, S., Masselter, T., Speck, T., Joyeux, M., Quilliet, C., & 
Marmottant, P. (2011). Ultra-fast underwater suction traps. Proceedings of the Royal 
Society B: Biological Sciences. https://doi.org/10.1098/rspb.2010.2292  

Vogel, S. (2005a). Living in a physical world II. The bio-ballistics of small projectiles. Journal 
of Biosciences, 30(2), 167-175.  

Vogel, S. (2005b). Living in a physical world III. Getting up to speed. Journal of Biosciences, 
30(3), 303-312.  

Vogel, S. (2009). Glimpses of Creatures in Their Physical Worlds. Princeton University Press.  
Wang, Y., Wang, Q., Liu, M., Qin, Y., Cheng, L., Bolmin, O., Alleyne, M., Wissa, A., 

Baughman, R. H., Vella, D., & Tawfick, S. (2023). Insect-scale jumping robots enabled 
by a dynamic buckling cascade. Proceedings of the National Academy of Sciences, 
120(5), e2210651120. https://doi.org/doi:10.1073/pnas.2210651120  

Whitaker, D. L., & Edwards, J. (2010). Sphagnum moss disperses spores with vortex rings. 
Science, 329(5990), 406. https://doi.org/10.1126/science.1190179  

Whitaker, D. L., Webster, L. A., & Edwards, J. (2007). The biomechanics of Cornus canadensis 
stamens are ideal for catapulting pollen vertically. Functional Ecology, 21(2), 219-225. 
https://doi.org/10.1111/j.1365-2435.2007.01249.x  

Wood, H. M. (2020). Morphology and performance of the ‘trap-jaw’ cheliceral strikes in spiders 
(Araneae, Mecysmaucheniidae). Journal of Experimental Biology, 223(14), jeb219899. 
https://doi.org/10.1242/jeb.219899  

Zack, T. I., Claverie, T., & Patek, S. N. (2009). Elastic energy storage in the mantis shrimp's fast 
predatory strike. Journal of Experimental Biology, 212, 4002-4009.  

Zajac, F. E. (1989). Muscle and tendon: properties, models, scaling, and application to 
biomechanics and motor control. Critical Reviews in Biomedical Engineering, 17, 359 - 
411.  

Zhang, C., Zou, W., Ma, L., & Wang, Z. (2020). Biologically inspired jumping robots: A 
comprehensive review. Robotics and Autonomous Systems, 124, 103362. 
https://doi.org/https://doi.org/10.1016/j.robot.2019.103362  

Zood, A. (1933). The mechanism of projection of the chameleon's tongue. Journal of 
Experimental Biology, 10(2), 174-185. https://doi.org/10.1242/jeb.10.2.174  

 

https://doi.org/10.1098/rspb.2010.2292
https://doi.org/doi:10.1073/pnas.2210651120
https://doi.org/10.1126/science.1190179
https://doi.org/10.1111/j.1365-2435.2007.01249.x
https://doi.org/10.1242/jeb.219899
https://doi.org/https:/doi.org/10.1016/j.robot.2019.103362
https://doi.org/10.1242/jeb.10.2.174

	Latch-mediated spring actuation (LaMSA): the power of integrated biomechanical systems
	Abstract
	Introduction
	Energy source
	Storage of elastic potential energy
	Transformation from elastic potential energy to kinetic energy
	Dynamics of spring-propelled masses
	Principles of cascading time compression to achieve extreme mechanical power density
	Conclusions and Future Directions
	Acknowledgments
	Boxes
	Figures
	Figure 1. Small organisms use springs and latches to achieve extraordinary accelerations.  Accelerated mass is defined as the mass propelled by the elastic mechanism, such that a jumping insect’s propelled mass is comprised of the entire body mass whe...
	Figure 2: Latch-mediated spring actuation (LaMSA) exemplifies the power of integrated biomechanical systems to control and manipulate energy flow.  (A) LaMSA begins with an energy source (turquoise), such as a muscle, loading energy into an elastic st...
	Figure 3: Force-length properties of the energy source are tuned with work of elastic structures through their intersecting force and length relationships.  Cuban tree frogs (left; Osteopilus septentrionalis) can store considerably more elastic potent...
	Figure 4. Diverse organisms leverage distributed displacements across the surfaces of shapes to store elastic potential energy, yet these storage mechanisms are often distinct from the spring actuation mechanisms used for propelling a mass.  (A) Aquat...
	Figure 5: Latch mediation can strongly or minimally influence the kinematics of the propelled mass.  Dracula ants (Mystrium camellae) store elastic potential energy by bending their mandibles and use friction between the mandible tips as their latch m...
	Figure 6: The cascading reduction of time achieved through integrated components of LaMSA is exemplified in the snail-smashing raptorial appendages of mantis shrimp (Stomatopoda). Smashing mantis shrimp use raptorial appendages to strike hard shelled ...

	References Cited

