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ABSTRACT  5 

Energetic trade-offs are particularly pertinent to bio-ballistic systems which impart energy to 6 

projectiles exclusively during launch.  We investigated such trade-offs in the spring-propelled 7 

seeds of Loropetalum chinense, Hamamelis virginiana, and Fortunearia sinensis. Using similar 8 

seed-shooting mechanisms, fruits of these confamilial plants (Hamamelidaceae) span an order of 9 

magnitude in spring and seed mass. We expected that as seed mass increases, launch speed 10 

decreases. Instead, launch speed was relatively constant regardless of seed mass. We tested if 11 

fruits shoot larger seeds by storing more elastic potential energy (PE).  Spring mass and PE 12 

increased as seed mass increased (in order of increasing seed mass: L. chinense, H. virginiana, F. 13 

sinensis). As seed mass to spring mass ratio increased (ratios: H. virginiana = 0.50, F. sinensis = 14 

0.65, L. chinense = 0.84), mass-specific PE storage increased. The conversion efficiency of PE to 15 

seed kinetic energy (KE) decreased with increasing fruit mass. Therefore, similar launch speeds 16 

across scales occurred because (1) larger fruits stored more PE and (2) smaller fruits had higher 17 

mass-specific PE storage and improved PE to KE conversion. By examining integrated spring 18 

and projectile mechanics in our focal species, we revealed diverse, energetic scaling strategies 19 

relevant to spring-propelled systems navigating energetic trade-offs.    20 

INTRODUCTION 21 

The fastest motions in biology consist of lightweight projectiles that are accelerated by 22 

springs [1–11]. Across kingdoms, examples of biological springs include the bow-shaped 23 

exoskeletal structures on the legs of froghoppers [1], the everting membrane of the cannonball 24 

fungus [8], and the buckling walls of carnivorous bladderwort plant traps [12]. Equally diverse 25 

are the projectiles launched by these springs such as the entire body of the froghopper, a mass of 26 

spores, and the walls of the trap for the previous examples, respectively. These diverse 27 

mechanisms, which span kingdoms, functions, and size scales, operate within the mechanical 28 

principles of spring recoil and projectile dynamics [8,13–15]. We investigated the relationship 29 

between springs and projectiles through the seed-shooting witch hazel study system. 30 
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Spring actuation is defined as the transformation of elastic potential energy stored in the 31 

spring into kinetic energy of the projectile.  Therefore, given a constant amount of energy in the 32 

spring, there is a tradeoff between the mass of the projectile and its launch speed [13]. This is 33 

exemplified by the decreasing speeds of progressively heavier arrows shot by a crossbow [16].  34 

Similarly, the launch speeds of appendages, mandibles, propagules, or other spring-launched 35 

biological projectiles are expected to decrease as they increase in mass if the elastic potential 36 

energy is held constant [13]. Biological examples include multifunctional systems in which the 37 

spring-launched projectile varies across functions. Trap-jaw ants can launch their 145 µg 38 

mandibles against prey at speeds up to 60 m s-1 or use the same mandible strike against the 39 

ground to propel their entire 15 mg body at much slower speeds of 0.24 m s-1 [6]. Similarly, a 40 

grasshopper can use its legs to kick away predators, moving its 21 mg tibia at around 80 degrees 41 

ms-1 (linear speed of up to 28 m s-1 for a  20 mm long tibia), or use the same system to launch its 42 

3 g body at 3 m s-1 [17,18]. 43 

However, elastic potential energy need not be held constant for spring-propelled 44 

projectiles.  Returning to the crossbow example, a crossbow can shoot heavier arrows at similar 45 

or even greater speeds than lighter arrows if the bowstring is drawn back further for the heavier 46 

arrows or if a different crossbow is used that requires more force or displacement and can 47 

thereby store more elastic potential energy.  Variation in elastic potential energy storage across 48 

biological springs is expected when comparing springs across kingdoms which vary in size, 49 

shape, and material composition [8]. Even across the scaling of related biological systems, elastic 50 

potential energy storage varies. For example, elastic potential energy storage in the tendons of 51 

jumping marsupials increases with increasing body mass [19].  Furthermore, across individuals 52 

of the same species of mantis shrimp, Gonodactylaceus falcatus, elastic potential energy storage 53 

increased with body mass [20]. 54 

Diverse plants use spring actuation to launch seeds out of fruits [21]. In flowering plants, 55 

the fruit is a specialized structure with the primary function of aiding in the dispersal of seeds or 56 

other propagules [22]. Plants with seed-shooting fruits disperse their seeds by launching them 57 

with springs [8]. Generally, the mechanism of seed launch is as follows: the slow transport of 58 

water in or out of cells deforms a spring within the fruit that later rapidly recoils to launch one or 59 

many seeds [15]. The basic building blocks of spring propulsion in flowering plants span 60 

considerable sizes. Spring mass spans at least three orders of magnitude (0.1 mg range for 61 
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springs of Oxalis spp. to the 100 mg range for springs of Fortunearia sinensis; [23], Table 1) 62 

while seed mass spans at least four orders of magnitude (0.1 mg seeds of Cardamine hirsuta to 63 

the 1 g seeds of Hura crepitans; [11,24,25]). 64 

Within the flowering plants are seed-shooting species of the witch hazel family 65 

(Hamamelidaceae) which are particularly well suited for studying the energetics of springs and 66 

seeds across scales. Among the seed shooting Hamamelidaceae species, we selected 67 

Loropetalum chinense, Hamamelis virginiana, and Fortunearia sinensis as our focal species 68 

[26]. The fruits of these species shoot their seeds with a pinch mechanism [26–28], yet their 69 

springs and seeds span an order of magnitude in mass (ranging from 20 mg to 200 mg). In all 70 

three species, the seed is a smooth and fusiform projectile and the spring is the endocarp, a hard 71 

structure that surrounds each seed (Fig. 1). As the endocarp desiccates, it deforms, applying 72 

forces on the seed [27]. However, the seed resists these forces, leading to energy storage of the 73 

endocarp. Ultimately, the forces keeping the seed in place are overcome by the forces applied by 74 

the endocarp.  The seed is then squeezed out as the stored elastic potential energy in the endocarp 75 

propels the seed. In addition to their range of seed sizes, the three witch hazel species share this 76 

mechanism by which one spring launches one seed, further facilitating the investigation of the 77 

mechanical relationship between the spring and seed.  78 

 Here we test how biological spring-actuated systems - exemplified by spring-propelled 79 

seeds - vary elastic potential energy storage across a range of projectile speeds and masses.  We 80 

address three guiding questions related to scaling and tradeoffs among elastic potential energy 81 

storage, projectile mass, and projectile velocity across three seed-shooting Hamamelidaceae 82 

species: (1) How does elastic potential energy storage vary across species? (2) How is the 83 

tradeoff between projectile speed and mass expressed given constant or varying elastic potential 84 

energy?  (3) How does variation in elastic potential energy storage occur through variation of 85 

spring morphology, specifically via spring size (measured in terms of mass)? Answers to these 86 

questions offer insights into how plants and other organisms navigate physical principles through 87 

coordinated variation of the spring and projectile across developmental and evolutionary 88 

timescales.  89 

 90 
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METHODS 91 

Study System 92 

Loropetalum chinense, Hamamelis virginiana, and Fortunearia sinensis are in the family 93 

Hamamelidaceae and are considered to be understory shrubs. A DNA sequence-based phylogeny 94 

placed these three species in the Hamamelidoideae subfamily, which is characterized by seed-95 

shooting fruits [26]. Each species represents one of the three major clades of the 96 

Hamamelidoideae subfamily (Fig. 1). 97 

Fruits were collected throughout the 2019, 2020, and 2021 witch hazel seed launch 98 

seasons (September - November) starting when at least one fruit on the plant showed signs of 99 

dehiscence. F. sinensis and L. chinense fruits were collected with permission from Duke 100 

Gardens. H. virginiana fruits were collected from Duke Forest under research permit R2122-522. 101 

Sample sizes are reported in Table 1. 102 

Measuring seed launch and its predictors 103 

Seed launch kinematics were collected using high-speed videography (100,000 frames 104 

s−1; 256×128 pixel resolution, 2.33 μs shutter speed; SA-Z, Photron, San Diego, CA, USA). For 105 

each test, we attached the intact fruit to a metal block by applying cyanoacrylate glue to the base 106 

of the fruit. The metal block was then clamped in place. By applying glue to the surface of the 107 

fruit and not the endocarp inside of the fruit, we ensured that the endocarp was free to recoil. 108 

The seed was tracked throughout the initial frames of movement (auto-tracking 109 

MATLAB script; DLTdv8 MATLAB script; MATLAB 9.9, version R2020b; [29]).  The auto-110 

tracking script placed a point on the leading tip of the seed for each frame, starting 10 frames 111 

before the seed starts to move and ending 50 frames after. The distance traveled by the seeds was 112 

calibrated with measurements of a millimeter-scale ruler filmed in the plane of focus after each 113 

seed launch. We used a stage micrometer (KR-814 stage micrometer, Klarmann Rulings, Inc., 114 

Litchfield, NH, USA) with a resolution of 0.02 mm to re-calibrate our ruler to 0.1 mm. The 115 

position data were then exported into R to calculate the maximum initial speed (v.3.6.1; R 116 

Foundation for Statistical Computing, https://www.r-project.org/). The maximum initial speed 117 

was calculated by finding the maximum value of the first derivative of position over the 60 118 

frames. 119 

Once the fruit launched its seeds, we collected the seeds, ran materials tests on the fruit 120 

(see next section), extracted the endocarps from the fruit, and used a microbalance (0.001 mg 121 
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readability, XPE56, Mettler Toledo, Columbus, OH, USA) to measure the mass of the seeds and 122 

endocarps. We calculated the ratio of seed mass to endocarp mass. 123 

We calculated the kinetic energy of the launched seed as a function of the seed’s mass 124 

and launch speed. Specifically, we used the equation !
"
𝑚#$$%𝑠#$$%" where 𝑚#$$% is the mass of 125 

the seed and 𝑠#$$% is the maximum initial speed of the seed. While we observed cracks on the 126 

endocarp prior to launch, these cracks formed well before seed launch and thus would not affect 127 

energetic measurements. This observation is corroborated by a study on Hamamelis mollis which 128 

also noted crack formation prior to launch and concluded that these cracks were not the 129 

unlatching mode [27]. 130 

 We conducted an uncertainty analysis for speed and kinetic energy [30]. The analysis 131 

resulted in an uncertainty of 2% for speed (temporal resolution of 1e-5 s, calibrated ruler 132 

resolution of 2e-5 m) and 2% for kinetic energy (balance resolution of 1e-9 kg). 133 

Measuring elastic potential energy storage of the endocarp 134 

To investigate the role of the endocarp in the energetic tradeoff between seed mass and 135 

launch speed, we first developed and validated a method for measuring elastic potential energy 136 

storage in the endocarp. Next, we used this method to measure how elastic potential energy 137 

storage varied across the endocarps of the three species. Finally, we measured how elastic 138 

potential energy scaled with endocarp mass. 139 

We accounted for the complexities of the endocarp as a spring by performing materials 140 

tests on the entire structure [30,31]. We based our methods on a study that measured the elastic 141 

potential energy storage of similarly complex mantis shrimp springs. In this study, the mantis 142 

shrimp’s entire raptorial appendage, containing the spring, was deformed with care to match the 143 

natural deformation range of the appendage [20]. We devised a similar method whereby the 144 

entire endocarp was deformed in a manner that closely resembled the endocarp’s natural 145 

deformation prior to seed launch.   146 

To estimate the elastic potential energy stored in the deformation of the endocarp, we 147 

used a materials testing machine (ElectroPuls E1000 outfitted with Instron Dynacell Dynamic 148 

Load Cell ± 250 N, Catalog number: 2527-131, Instron, Norwood, MA, USA) to reinsert the 149 

seed back into endocarp after it was launched (Fig. 2). We measured the force and displacement 150 

required to push the seed back into its original position and thereby calculated an estimate of the 151 

elastic potential energy stored through deformation of the endocarp. Displacement is defined as 152 
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the depth at which the seed is pushed into the endocarp and thus, we refer to this displacement as 153 

depth throughout the paper. 154 

To push the seed back into the endocarp, we created a seed-pushing probe. The probe 155 

consisted of a set screw threaded into a metal block that was attached to the arm of the materials 156 

testing machine. The socket head of the set screw guided the seed during the tests. A small set 157 

screw (metric size M3) was used for testing H. virginiana and L. chinense fruits and a larger set 158 

screw (metric size M8) was used for testing F. sinensis fruits to accommodate for the wider 159 

seeds of F. sinensis. These design considerations prevented the seed from slipping out of the 160 

endocarp during the test while still allowing the seed to rotate as it does during launch. 161 

The fruits were carefully positioned underneath the probe prior to a test. Immediately 162 

after seed launch, we affixed the fruit, still containing the endocarp, to a platform with 163 

cyanoacrylate glue. The seed was then loosely placed back into the endocarp cavity with care to 164 

match the natural orientation of the seed in the endocarp. We then used micromanipulators on the 165 

platform to position the fruit, now containing the endocarp and seed, directly beneath the seed-166 

pushing probe (Fig. 2). 167 

To conduct a test, the probe was lowered onto the seed, thereby pushing it into the 168 

endocarp. The seed was pushed into the endocarp at a rate of 0.1 mm s-1 until the seed was at the 169 

same depth in the endocarp as it was before it was launched (Fig. S1 and Table S1). The 170 

materials testing machine recorded the force and depth of the seed in the endocarp over time. See 171 

Table 1 for sample sizes. 172 

We analyzed the force and depth data in terms of work (N m; J) and slope (N m-1). To 173 

calculate the slopes, we used a piecewise linear regression. Specifically, we used the 174 

“segmented” R package [32] to assign one to two breakpoints to each plot where the slope 175 

changed significantly. A slope was calculated for each of the sections of the plot created by the 176 

breakpoints (Fig. S1). To calculate work (area under the force-depth curve for each of these 177 

sections; Fig. 3), we used the “bayestestR” R package [33]. The code used to analyze these data 178 

is archived in Dryad: https://doi.org/10.5061/dryad.c59zw3rbn. 179 

To ensure that we measured the slope that corresponded to when the seed was loading the 180 

endocarp rather than the slope when the endocarp was pushing into the experimental setup, we 181 

performed a series of validation tests. Immediately following the seed reinsertion tests, we 182 

detached the fruit from the platform, removed the seed, and attached it to a custom-built clamp 183 
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that grabbed onto the fruit. This clamp replaced the probe from the seed reinsertion tests. With 184 

this setup, the fruit was pressed into the platform at a rate of 0.1 mm s-1 while the force output 185 

and depth of the fruit were recorded. The data were analyzed in the same way as the seed 186 

reinsertion tests and the slopes from these validation experiments were compared to slopes from 187 

the seed reinsertion tests with a series of Welch's t-tests (Table S1). 188 

Finally, having established a method to compare variation in elastic potential energy 189 

storage across the endocarps of the three species, we selected a scaling metric that related the 190 

morphology of the endocarp to its ability to store elastic potential energy. Given that our method 191 

relies on measuring deformations across the entire endocarp, the most encompassing 192 

morphological correlate with elastic potential energy storage is mass. 193 

 194 

RESULTS 195 

Measuring seed launch and its predictors 196 

Within and across species, endocarp mass increased as seed mass increased. The rate at 197 

which endocarp mass increased with seed mass differed across species, such that the relationship 198 

between seed mass and endocarp mass across species is non-linear (Fig 4A). The slope results 199 

are as follows – ranked from highest to lowest rate of endocarp mass increase for a given 200 

increase in seed mass: H. virginiana (slope = 1.691, R2 = 0.6616, F-Statistic = 143.7, P-Value: < 201 

1.0e-10), L. chinense (slope = 1.131, Adjusted R2 = 0.6530, F-Statistic = 112, P-Value: < 1.0e-202 

10), then F. sinensis (slope = 0.7973, Adjusted R2 = 0.7664, F-Statistic = 158.5, P-Value: < 1.0e-203 

10). The slopes from the three species cannot be compared statistically since there were not 204 

enough species included in our analysis to perform phylogeny-corrected statistics. 205 

Seed mass and endocarp mass each spanned an order of magnitude across the three 206 

species, but seed launch speed was not associated with seed mass or endocarp mass (Fig. 4B, 207 

4C). Within and across species, launch speed did not decrease as seed mass increased (Fig. 4B). 208 

However, species with larger average seed or endocarp masses had a greater variance of mass. 209 

Within and across species, the ratio of seed mass to endocarp mass was not associated 210 

with seed launch speed (Fig. 4D). L. chinense fruits had the highest average seed mass to 211 

endocarp mass ratio, followed by F. sinensis fruits, then H. virginiana fruits. Across species, 212 

average seed launch speed was lowest for F. sinensis which exhibited an intermediate average 213 

seed mass to endocarp mass ratio. 214 
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Across and within species, seed kinetic energy increased with endocarp mass (Fig. 5). 215 

The rate at which seed kinetic energy increased with endocarp mass was highest in H. virginiana 216 

(Slope = 0.0338 J g-1, Adjusted R2 = 0.4688, F-statistic = 65.42, P-value = 1.049e-11) followed 217 

by F. sinensis (Slope = 0.0327 J g-1, Adjusted R2 = 0.2552, F-statistic = 17.45, P-value = 218 

0.0001), then L. chinense (Slope = 0.0288 J g-1, Adjusted R2 = 0.4896, F-statistic = 57.59, P-219 

value = 3.000e-10). Again, a phylogeny-corrected statistic comparing the slopes would require 220 

more than three species. 221 

Measuring elastic potential energy storage of the endocarp 222 

The seed reinsertion methods successfully differentiated between the seed deforming the 223 

endocarp walls and the seed pushing against the base of the endocarp and platform. We observed 224 

a change in slopes in the majority of the resulting plots. We used the piecewise regression to 225 

assign an inflection point to each plot that marked the change in slopes and broke the plot into 226 

two sections (Fig. S1). The slopes for the second section of the seed reinsertion test plots were 227 

more similar to the slopes from the validation test plots compared to the first sections, indicated 228 

by the Welch's t-tests (Table S1).   229 

Across the three species, as endocarp mass increased, the work to deform the endocarp 230 

increased (Fig. 6). We defined work as the area under the curve calculated for the section of the 231 

seed reinsertion tests during which the seed deformed the endocarp walls. Meanwhile, mass-232 

specific work was highest in the species with the smallest endocarp mass (L. chinense, Fig. 7A) 233 

and as seed mass to endocarp mass ratio increased, mass-specific work increased (Fig. 7B). 234 

Work (i.e., elastic potential energy stored in the endocarp) was greater than the kinetic 235 

energy of seed launch for all fruits. When kinetic energy was plotted against potential energy, 236 

smaller fruits (less massive springs and seeds) were closer to a one-to-one line delineating a 237 

perfect conversion of elastic potential energy to kinetic energy compared to larger fruits (Fig. 8). 238 

DISCUSSION 239 

Despite considerable variation in mass, the seeds of three witch hazel species were 240 

launched at similar speeds. We revealed differences in energetics resulting from diverse 241 

combinations of seed and spring masses. In summary, fruits that shot more massive seeds also 242 

had more massive springs that stored more elastic potential energy than smaller springs. The 243 

ratio of seed mass to endocarp mass varied across the three species. Fruits that shot larger seeds 244 
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relative to their springs had more energy-dense springs, meaning that they stored more energy 245 

per mass. Finally, as fruit mass (seed mass plus endocarp mass) increased, energy conversion 246 

efficiency decreased. 247 

We begin the Discussion by sequentially examining key components of the ballistic 248 

equation - projectile launch speed, mass, and kinetic energy [34,35]. We then examine these 249 

findings in the context of the latch-mediated spring actuation framework which focuses on how 250 

energy is stored in the spring and transferred into the projectile [30]. We conclude by critically 251 

examining emerging questions related to the evolution and operation of energy sources, springs, 252 

and latches as integrated components. 253 

Applying a ballistics framework: projectile mass and launch speed 254 

Projectile launch speed, mass, and kinetic energy define the energetics and kinematics of 255 

any ballistic system. Given the same kinetic energy at takeoff, as seed mass increases, launch 256 

speed should decrease. However, this relationship was not found across the three witch hazel 257 

species. Comparisons of previously studied seed-shooting plants provide additional examples of 258 

similar seed launch speeds despite a range of seed masses. The mean seed launch speed for Vicia 259 

sativa and Croton capitatus is 4.64 m s-1 and 4.71 m s-1, respectively [36]. Yet, V. sativa seeds 260 

have a mean mass that is almost twice that of C. capitatus (23.3 mg compared to 12.8 mg; [36]). 261 

Even more remarkable is the comparison between Impatiens glandulifera and Cardamine 262 

parviflora. I. glandulifera has an average seed mass of 20.7 mg while that of C. parviflora is 263 

only 0.15 mg, yet the average launch speeds of I. glandulifera and C. parviflora are 6.19 m s-1 264 

and 6.29 m s-1, respectively [37,38]. Therefore, for many seed-shooting plants, conclusions about 265 

launch speed cannot be made with seed mass alone, given that kinetic energy at launch varies. 266 

Even in ballistic animal systems, such as the spring-powered jumps of locusts, launch 267 

speed did not trade off with projectile mass. Juvenile locusts, spanning tens to thousands of 268 

milligrams in body mass, did not vary significantly in launch speed [18]. Adult locusts had 269 

higher launch speeds than juveniles, but also did not experience a large variance in launch speed 270 

across their range of body masses. Similar launch speeds within both the juvenile and adult 271 

groups were explained by differing uses of the jumps by each group [18]. Juveniles used jumps 272 

primarily for locomotion, such that consistent average launch speed yielded a characteristic jump 273 

distance. Meanwhile, adults used jumps to reach the minimum launch speed off the ground 274 
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needed to initiate flight. It was hypothesized that for both size groups, no significant benefit was 275 

achieved via higher launch speeds [18]. 276 

Similar launch speeds across an order of magnitude difference in Hamamelidaceae seed 277 

masses may be indicative of a threshold launch speed required to disperse seeds a certain 278 

distance. In the context of the ballistics equation and our earlier finding that kinetic energy at 279 

launch can increase, larger projectiles launched at similar speeds have more momentum and an 280 

increased dispersal distance. However, the spinning of seeds and other aerodynamic effects could 281 

cause the trajectory to diverge from this expectation [25,37,39]. While interesting, an 282 

investigation of aerodynamic effects was outside the realm of this study (see the supplemental 283 

information for rotational kinetic energy measurements for spinning Hamamelidaceae seeds). 284 

Thus, future studies of drag and seed trajectories are required to relate our findings to dispersal 285 

distance [40]. 286 

To establish if dispersal distance drives variation in the elastic mechanism and energetics 287 

of these plants, two additional ballistics equation measurements are needed: the launch angle and 288 

starting height. For a given projectile and its drag profile, a theoretical launch angle maximizes 289 

distance [34,35]. Additionally, if all other parameters are held constant, fruits higher on the plant 290 

would be shot further [41]. Measurements of launch angle are particularly pertinent to witch 291 

hazel fruits given that the fruit’s orientation is directly correlated with the launch angle of the 292 

seed due to the seed launching mechanism (witch hazel seeds are launched from one end of the 293 

fruit while for other seed-shooting mechanisms the fruit sends seeds in multiple directions; 294 

[23,24,34,39,42]). Future investigations may reveal that fruit height is correlated with launch 295 

angle, seed mass, and endocarp mass. Such findings would identify launch angle, seed mass, and 296 

endocarp mass, as control parameters for the initial dispersal distance of the seed. Within-297 

individual phenotypic plasticity across vertical gradients has been described in leaf and flower 298 

morphology [43]. 299 

Applying a latch-mediated spring actuation framework: the spring as the energy source 300 

While the ballistic equation analyzes projectile kinematics given the projectile’s initial 301 

conditions such as its mass and launch speed, latch-mediated spring actuation considers the flow 302 

of energy from the spring to the projectile that results in the projectile’s launch speed [30]. 303 

Relevant spring parameters include the total elastic potential energy stored in the spring, mass-304 

specific elastic potential energy storage, ratio between seed and spring mass, and efficiency of 305 



 11 

converting elastic potential energy to kinetic energy. In the following two sections, we 306 

contextualize these measurements which are applicable to other seed-shooting systems as well as 307 

spring-actuated animal systems. 308 

The endocarps of the three witch hazel species stored more energy on average than the 309 

springs of three other seed-shooting plants for which energy storage was measured 310 

experimentally. The fruits of Impatiens capensis [44], Impatiens glandulifera [42], and 311 

Cardamine hirsuta [24] generally use the rapid coiling of springy strips of material, referred to as 312 

valves, to launch seeds. A combination of beam bending mechanics and measurements of the 313 

force required to uncoil the valves back to their pre-launch state from custom-built 314 

extensometers revealed that the springs of I. capensis, I. glandulifera, and C. hirsuta stored 8, 315 

0.9, and 0.5 mJ, respectively. In comparison, our study found that the endocarps of L. chinense, 316 

H. virginiana, and F. sinensis stored 8, 13, and 23 mJ on average, respectively. 317 

Endocarp mass was a good predictor of the endocarp’s ability to store elastic potential 318 

energy. The constant launch speeds across seed masses can therefore be explained by fruits with 319 

larger seeds having larger springs.  More importantly, the relationship between endocarp mass 320 

and its ability to store elastic potential energy allowed for the testing of an additional integrative 321 

metric: the ratio of seed mass to endocarp mass. Because launch speed remained constant across 322 

seed masses, fruits with larger seeds had greater kinetic energy. Meanwhile, since elastic 323 

potential energy storage increased with endocarp mass, fruits with larger endocarps had greater 324 

elastic potential energy storage. The ratio of seed to endocarp mass accounts for both of these 325 

effects on energetics. 326 

The ratio of seed mass to endocarp mass contextualizes differences in the mass-specific 327 

elastic potential energy storage of endocarps. Each witch hazel species had a different average 328 

seed mass to endocarp mass ratio (Fig. 4D). For example, L. chinense, had the least massive 329 

seeds of the three species (Fig. 4B), yet because it had proportionally smaller endocarps, it also 330 

had the most massive seeds relative to its endocarp mass (Fig. 4D). One explanation for the 331 

consistent launch speeds across ratios was that the springs of fruits with higher ratios were able 332 

to store more energy relative to their mass (Fig. 7B). 333 

The mass-specific elastic potential energy storage in the three witch hazel species was 334 

within the range of previously studied mass-specific elastic potential energy storage of seed-335 

shooting plant springs. Empirical measurements found that the mass-specific elastic potential 336 
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energy storage of Impatiens capensis was 124 J kg-1 [44] while the mean mass-specific elastic 337 

potential energy storage of Cardamine parviflora was 89.3 J kg-1 [38]. In comparison, the range 338 

of mass-specific elastic potential energy storage was 100 J kg-1 to 200 J kg-1 across the three 339 

Hamamelidaceae species. 340 

The relationship between seed mass and endocarp mass exemplified by the ratio of their 341 

masses suggests the potential for a resource investment tradeoff during the fruit’s development. 342 

Resource-limited plants may face a tradeoff between investing resources into increasing the size 343 

of the seed or the size of the spring. This may result in various seed mass to endocarp mass 344 

ratios, launch speeds, and ultimately dispersal patterns. Alternatively, adjustments of the 345 

endocarp, such as increased mass-specific elastic potential energy storage, may allow for 346 

robustness in launch speeds across a range of seed to endocarp mass ratios as found in our study. 347 

However, to address this resource investment tradeoff, studies should test the consequences of 348 

resource limitation on the development of plant latch-mediated spring actuation mechanisms. 349 

Finally, examining how energy storage increases with body mass in mantis shrimp 350 

provides insight into potential mechanisms for how energy storage increases with endocarp 351 

mass. Larger mantis shrimp can store more elastic potential energy not because their springs 352 

have higher spring constants but rather because they can deform them more [20]. Thus, the 353 

muscle’s ability to load energy into the spring was identified as a potential limiting factor in 354 

these mantis shrimp. The scaling of endocarps in Hamamelidaceae may follow a similar pattern 355 

in which larger endocarps are deformed more than smaller ones rather than increasing in spring 356 

constant. Measuring where along the endocarp deformation occurs as well as the magnitude of 357 

deformation thus emerges as an interesting future direction. 358 

Applying a latch-mediated spring actuation framework: energy conversion efficiency  359 

Comparative studies of the springs of seed-shooting plants reveal that springs storing low 360 

amounts of energy can achieve a greater than expected kinetic energy by more efficiently 361 

converting stored elastic potential energy to kinetic energy. For example, Impatiens glandulifera 362 

and Impatiens capensis share a seed-shooting mechanism that uses the rapid coiling of a springy 363 

strip of material to launch seeds. The fruits of I. glandulifera launch a greater number of heavier 364 

seeds per fruit at greater velocities (5-10 seeds per fruit, mean mass of 19.9 mg, mean speed of 3 365 

m s-1; [42]) than those of I. capensis (2-5 seeds per fruit, mean mass of 10.7 mg, mean speed of 366 

1.24 m s-1; [44]). Experiments conducted on the entire springs of these plants found that despite 367 
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the increased kinetic energy demand of the fruits of I. glandulifera, their springs stored less 368 

energy than those of I. capensis (around 1 mJ for I. glandulifera versus 8 mJ for I. capensis). 369 

However, due to differences in the shapes of the elastic strips between the two species, the fruits 370 

of I. glandulifera had an energy conversion efficiency close to 100% compared to an energy 371 

conversion efficiency of 50% for I. capensis [42,44]. Similarly, in our dataset, L. chinense, 372 

which launched the largest seeds relative to its endocarp mass, had springs with the most 373 

efficient conversion of elastic potential energy to kinetic energy.  Meanwhile, F. sinensis stored 374 

the most elastic potential energy, yet was the least efficient energy converter resulting in both 375 

species having similar launch speeds. 376 

Examining the other components involved in latch-mediated spring actuation can reveal 377 

additional methods of adjusting elastic potential energy storage and release. Besides the 378 

projectile and spring, other components of spring-actuated systems include the motor (which 379 

loads energy into the spring; [45,46] and the latch (which mediates the transition of elastic 380 

potential energy to kinetic energy; [30,47]). The tuning of muscles (the motor) to tendons (the 381 

spring) explains why some frog species had higher mass-specific elastic potential energy storage 382 

in their tendons than others [45]. The species that stored the most mass-specific elastic potential 383 

energy had the stiffest springs and was able to deform these springs with muscles that generated 384 

greater forces due to improved pennation angles compared to the other species [45]. In the three 385 

witch hazel species, the motor is hypothesized to be the desiccation of the endocarp [15,27]. 386 

Thus, the endocarp acts as a structurally integrated motor-spring system. Future investigations 387 

can uncover how witch hazel fruits adjust the endocarp to fulfill both its roles as a motor and a 388 

spring and how the endocarps of L. chinense were able to store more energy per mass compared 389 

to those of the other species. Such an investigation may also reveal that limitations of the motor 390 

in this system explain our observed relationship between seed mass and endocarp mass (Fig. 391 

4A). 392 

The morphology of the latch can alter the amount of energy dissipated during the 393 

conversion of elastic potential energy to kinetic energy of the projectile. For example, in the 394 

spring-actuated mandible strikes of Dracula ants (Mystrium camillae), the tips of their two 395 

mandibles push against each other until the latch mandible slips off the strike mandible, resulting 396 

in the rapid acceleration of the strike mandible in a motion similar to a finger snap [2]. Large 397 

worker ants had latch mandibles with greater radii resulting in more energy dissipated during the 398 
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unlatching and a lower maximum strike velocity [47]. Similarly, in the witch hazels, latching 399 

dynamics may scale with fruit size, because friction between the endocarp and seed may be the 400 

latch [27,48]. A decrease in the surface area of contact between the seed and the endocarp may 401 

result in fewer losses for the smaller seeds of L. chinense than the larger seeds of F. sinensis. 402 

However, to fully understand the role of friction in seed launch, future experiments are required. 403 

Comparisons to synthetic spring-actuated systems 404 

For biological and synthetic spring-actuated systems, the maximum amount of elastic 405 

potential energy stored in the spring depends on how well the motor and spring are tuned to one 406 

another [13,45,49]. If the spring is too stiff, the motor cannot load the spring to its full potential. 407 

Likewise, if the motor’s work output exceeds the spring’s elastic potential energy storage 408 

capacity, the motor’s output is underutilized. For many synthetic and animal systems, the motor 409 

and the spring are separate structures that must be tuned to one another to form an integrated unit 410 

[13]. Examples of motors for synthetic systems include shape memory alloy [50,51], rotary 411 

motors [52], pneumatic or hydraulic artificial muscles [53], or external magnetic fields [54]. 412 

These motors can be integrated with springs. While one might expect springs to be metal coils 413 

and sheets, they also include more complex geometry [50], materials such as rubbers or carbon 414 

fiber [49,52], and can exhibit dynamic loading and recoiling through the use of meta-materials 415 

[55]. Meanwhile, animals typically use muscles as motors and can vary pennation angle [45], 416 

cross sectional area, and sarcomere length [56] to adjust muscle outputs. Animal springs include 417 

tendons, apodemes, and exoskeletons and can vary greatly in morphology and material 418 

composition [30]. 419 

Unlike the previously described synthetic and animal systems, seed-shooting witch hazel 420 

species and other seed-shooting plants use a single structure as both a motor and a spring 421 

[23,24,42,44,57]. The motor is either the movement of water into the spring (building turgor 422 

pressure) or the movement of water out of the spring through evaporation [8,58]. Therefore, 423 

tuning the motor to the spring for these plant systems entails balancing a single structure’s role as 424 

both a motor and a spring. For example, in the witch hazel endocarp, desiccation of the structure 425 

affects both its roles as a motor and spring. As a motor, the endocarp depends on desiccation to 426 

drive deformation. However, as a spring, the endocarp’s stiffness increases as it desiccates, 427 

changing its ability to store energy as it deforms. Our study, along with studies measuring elastic 428 

potential energy storage in other seed-shooting plant springs, sets the foundation for 429 
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understanding how plants balance the roles of these combined motor-spring structures. By 430 

investigating the endocarp as a spring, we found that while absolute elastic potential energy 431 

storage increased with endocarp mass, the species with the least massive endocarps stored the 432 

most mass-specific elastic potential energy. Future studies investigating the endocarp as a motor 433 

may reveal how the morphology of the endocarp also facilitates the accumulation of strain 434 

energy through water loss such as by increasing surface area or varying thickness [15]. 435 

Furthermore, morphological features may reflect tradeoffs between the structure’s function as a 436 

motor or as a spring. 437 

Engineers have begun to explore the use of a single structure as both a motor and spring 438 

for synthetic spring actuation. A synthetic hydrogel jumper, inspired by the ultrafast buckling 439 

motions of plants, uses spring actuation to perform multiple jumps [59]. Like the seed-shooting 440 

witch hazel endocarps, this jumper is a single structure that is both a motor and a spring. The 441 

hemisphere shape of the jumper facilitates the asymmetric evaporation of a solvent, the energy 442 

source for the jumps.  Increased rates of evaporation on the convex side relative to the concave 443 

side of the hemisphere cause an accumulation of strain energy that triggers an eversion of the 444 

hemisphere [59]. The hydrogel jumper is representative of the rich design space emerging 445 

through combined motor-spring structures. 446 

Continued investigation of seed-shooting plants can inform the design of synthetic 447 

spring-actuated systems. Implicit in the use of combined motor-spring structures for spring 448 

actuation is a reduction of components compared to traditional systems which consist of a 449 

separate motor and spring. Furthermore, combining the motor and spring into one structure may 450 

facilitate the capturing of energy from the environment through processes like evaporation. The 451 

previously mentioned hydrogel jumper captured 15.6 J of energy from the environment to power 452 

its jumps [59]. Although the kinetic energy output was optimized for this material, less than one 453 

percent of the captured energy was converted into kinetic energy [59]. Nevertheless, this jumper 454 

reveals the potential for harnessing environmental energy to power actuation. Attempting the 455 

same kinetic energy output optimization for other materials may allow for greater use of the 456 

captured energy from evaporation. The witch hazel and other seed shooting plants provide a 457 

wealth of examples of materials and geometries used to form combined motor-spring structures 458 

[8,21]. Measuring these biological systems using measurements shared with engineers, such as 459 
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the energy captured from the environment, elastic potential energy stored in the spring, and 460 

kinetic energy, will hasten the translation of biological designs into synthetic innovation. 461 
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FIGURE CAPTIONS 481 

 482 
Figure 1: The three focal species are diverse in size and structure yet share a pinch-based 483 
seed-shooting mechanism. A. The three focal species represent seed-shooting plants from each 484 
of the major Hamamelidaceae clades. B. The external structure of the fruits, as well as the plants 485 
from which they grow, vary across the three species. A single fruit is circled in red in each 486 
picture. The fruits in these images are not yet mature. C. Mature fruits split open revealing one to 487 
two seeds. Each seed is launched by its own endocarp. As displayed in the insets, when the outer 488 
layer of the fruit (referred to as the exocarp) is peeled away, a similar looking endocarp (marked 489 
with a star) and seed (marked with a triangle) are observed across species. Note that only one of 490 
the two pairs of endocarps and their accompanying seeds is shown in the insets. Scale bars 491 
indicate 1 cm. 492 
 493 
Figure 2: A materials testing machine was used to measure the force and displacement 494 
required to reinsert the seed into the endocarp. After the fruit launched its seed, we collected 495 
the seed and placed it loosely in the endocarp. The fruit, containing the endocarp and seed, was 496 
attached to a bolt head with cyanoacrylate glue. Two micromanipulators allowed for fine 497 
adjustment of the bolt, endocarp, and seed assembly in two dimensions. The assembly was 498 
positioned underneath a set screw probe. An M3 set screw was used as the probe for testing L. 499 
chinense and H. virginiana while a larger M8 set screw was used as the probe for F. sinensis. 500 
The materials testing machine brought the probe down and recorded the distance traveled. A load 501 
cell measured the force required to reinsert the seed into the endocarp. 502 
 503 
Figure 3: As the materials testing machine pressed a seed into an endocarp, two distinct 504 
slopes were evident and were separated by an inflection point. A piecewise function 505 
identified the inflection point (red circle). Before this point, the seed was deforming the endocarp 506 
walls as it was pushed deeper into the endocarp. Beyond this point, the seed began to push 507 
against the base of the endocarp, compressing the endocarp and the rest of the fruit (signified by 508 
a greater slope after the point). The work required to reinsert the seed (green fill) was calculated 509 
from the origin to the inflection point. 510 
 511 
Figure 4: Endocarp mass increased with seed mass across and within species, however, 512 
seed launch speed was not associated with any of the mass measurements. A. As seed mass 513 
increased, endocarp mass increased both within and across species. The proportional increase in 514 
endocarp mass relative to seed mass varied across the three species. B. Across an order of 515 
magnitude increase in seed mass, average seed launch speed for the three species did not 516 
substantially decrease. It was notable that F. sinensis had the largest variance in seed masses. C. 517 
Seed launch speed was also not associated with endocarp mass. H. virginiana, with intermediate 518 
endocarp masses, had the highest seed launch speeds. D. The ratio of seed mass to endocarp 519 
mass was also not associated with seed launch speed. 520 
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Figure 5: Across and within species, as endocarp mass increased, the kinetic energy of the 521 
seed also increased. 522 
 523 
Figure 6: Across species, as endocarp mass increased, the work to reinsert the seed (elastic 524 
potential energy of the endocarp) increased. 525 
 526 
Figure 7: As the seed mass to endocarp mass ratio increased, mass-specific elastic potential 527 
energy increased. A. Of the three species, L. chinense fruits had the highest mass-specific stored 528 
energy. B. Fruits with smaller endocarps relative to their seeds stored more mass-specific elastic 529 
potential energy. 530 
 531 
Figure 8: Of the three species, L. chinense had fruits with the most efficient conversion of 532 
elastic potential energy stored in the endocarp into kinetic energy of the seed. Some H. 533 
virginiana fruits were as efficient as L. chinense fruits, while F. sinensis fruits were the least 534 
efficient of the three. The black line denotes a perfect conversion of stored elastic potential 535 
energy into kinetic energy of the seed. Points in the region to the left of this line were impossible 536 
since they would imply that more energy was released than was stored. Points on the line were 537 
also impossible since some of the stored energy was lost to friction during seed launch.  538 
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Table 1: Elastic potential energy storage and release across the three Hamamelidaceae species. 539 
Values are reported as the mean and the standard deviation with the range in parentheses, except 540 
for the number of plants and the number of fruits. 541 
 542 
Species Loropetalum chinense Hamamelis virginiana Fortunearia sinensis 
Dataset Seed launch Seed reinsertion Seed launch Seed reinsertion Seed launch Seed reinsertion 
Number of 
plants 

3 2 7 3 3 3 

Number of 
fruits 

57 5 59 7 46 7 

Seed mass (mg) 29.18 ± 6.75 
(13.95 – 43.89) 

30.27 ± 2.91 
(25.92 – 33.51) 

56.38 ± 9.84 
(26.36 – 78.02) 

61.88 ± 8.47 
(47.96 – 71.21) 

137.79 ± 37.86 
(52.40 – 205.66) 

128.06 ± 21.61 
(88.89 – 153.93) 

Endocarp mass 
(mg) 

35.12 ± 9.40 
(22.26 – 67.40) 

35.68 ± 1.70 
(33.06 – 37.25) 

112.94 ± 20.40 
(60.94 – 158.54) 

127.14 ± 14.91 
(101.35 – 
148.70) 

208.25 ± 34.37 
(129.19 – 
281.58) 

196.23 ± 17.75 
(178.36 – 
231.09) 

Ratio (seed 
mass: endocarp 
mass) 

0.84 ± 0.13 
(0.53 – 1.31) 

0.85 ± 0.10 
(0.70 – 0.98) 

0.50 ± 0.06 
(0.29 – 0.66) 

0.49 ± 0.03 
(0.43 – 0.53) 

0.65 ± 0.11 
(0.32 – 0.80) 

0.65 ± 0.08 
(0.49 – 0.74) 

Launch speed 
(m s-1) 

9.6 ± 1.0 
(6.9 – 11.5) 

9.3 ± 0.6 
(8.6 – 10.1) 

10.7 ± 1.3 
(7.7 – 14.5) 

10.8 ± 1.4 
(7.9 – 12.6) 

8.2 ± 1.7 
(4.0 – 11.4) 

9.5 ± 1.2 
(7.5 – 10.5) 

Kinetic energy 
(mJ) 

1.36 ± 0.38 
(0.65 – 2.51) 

1.30 ± 0.14 
(1.18 – 1.53) 

3.27 ± 1.00 
(1.48 – 5.33) 

3.72 ± 1.11 
(1.48 – 4.75) 

4.89 ± 2.16 
(0.43 – 9.40) 

5.74 ± 1.55 
(3.64 – 8.00) 

Elastic potential 
energy (mJ) 

NA 7.94 ± 2.89 
(5.82 – 12.97) 

NA 12.83 ± 7.37 
(6.78 – 24.10) 

NA 22.85 ± 4.78 
(17.38 – 30.54) 

Mass-specific 
elastic potential 
energy (J kg-1) 

NA 222 ± 84 
(164 – 366) 

NA 101 ± 50 
(51 – 183) 

NA 116 ± 24 
(91 – 154) 

  543 
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