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Biological springs can be used in nature for energy conservation and ultra-fast
motion. The loading and unloading rates of elastic materials can play an
important role in determining how the properties of these springs affect move-
ments. We investigate the mechanical energy efficiency of biological springs
(American bullfrog plantaris tendons and guinea fowl lateral gastrocnemius
tendons) and synthetic elastomers. We measure these materials under sym-
metric rates (equal loading and unloading durations) and asymmetric rates
(unequal loading and unloading durations) using novel dynamic mechanical
analysis measurements. We find that mechanical efficiency is highest at sym-
metric rates and significantly decreases with a larger degree of asymmetry.
A generalized one-dimensional Maxwell model with no fitting parameters
captures the experimental results based on the independently characterized
linear viscoelastic properties of the materials. The model further shows
that a broader viscoelastic relaxation spectrum enhances the effect of rate-
asymmetry on efficiency. Overall, our study provides valuable insights into
the interplay between material properties and unloading dynamics in both
biological and synthetic elastic systems.

1. Introduction

Biological springs perform a variety of functions in natural movements including
energy conservation and latch-mediated spring actuation [1-4]. Energy-
conserving movements involve cyclic, repeating locomotor patterns such as
terrestrial running or hopping gaits [5-7], insect flight [8,9] and fish swimming
[10]. By contrast, latch-mediated spring actuation is characterized by a rapid
release of energy such as the movements of jumping frogs [11,12] and insects
[13-16], raptorial appendage strikes of mantis shrimps [17,18], tongue projections
of chameleons [19-21] and mandible closures of trap-jaw ants [22]. These diverse
functions often result in variations in the relative rate of loading and unloading of
elastic structures during a movement. Elastic structures used for latch-mediated
spring actuation are often loaded at slow rates compared with the rapid unload-
ing rates associated with elastic recoil (figure 1a). By contrast, the behaviour of
elastic structures during cyclic movements are more varied. Previous work has
shown symmetrical patterns with near equal strain rates observed during loading
and unloading [25]. Others have shown that tendon strain rates are highest
during loading, at the beginning of the stance phase (figure 1b). The diverse
patterns of loading and unloading rates observed in biological systems suggest
that shifts in mechanical properties arising from rate-asymmetry are likely to
have significant performance consequences.

For vertebrates, tendon is a tissue often characterized as a biological spring
that operates in series with skeletal muscle [1] and exhibits a highly nonlinear
elastic response. When stretched, tendon is relatively compliant at low strain
and stiffens before reaching a roughly linear elastic regime at approximately
3-10% strain [26]. This strain-stiffening response enables significant elastic

© 2024 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Strains patterns experienced by tendons in vivo during latch-mediated spring actuation (a) and cydlic locomotion (b). (a) Tendon strains in the plantaris
(gastrocnemius) tendon of bullfrogs plotted against the proportion of the take-off phase of a single representative jump. The maximum strain rate during the unloading
phase is approximately 3.5 times faster than the loading phase. (b) Strain of the lateral gastrocnemius tendon of guinea fowl during the stance phase of a representative
running trial. The maximum tendon strain rates experienced during the loading are faster that those observed during the unloading phase. These plots highlight the
variation in observed strain patterns during different modes of locomotion. Data for (a) and (b) are recreated from [23,24], respectively.

energy storage in tendon to drive latch-mediated spring-
actuated movements [11,12,27]. Tendons also operate with
relatively high mechanical energy efficiency which allows
them to conserve energy during cyclical movements [1,25].

Previous work on the mechanical energy efficiency of ten-
dons has focused on symmetric loading and unloading rates.
The primary metric used to describe a material’s energy effi-
ciency is its resilience, defined as the ratio of the energy
released divided by the energy stored during a single loading
and unloading cycle. Tendon has been shown to have a 90-
95% resilience over a range of symmetric rates (approx. 0.1
to 10Hz) [28-30] with a range of resilience from 80% to
97% measured across a variety of tendons [31]. However, resi-
lience can depend on how it is measured. For example, when
measured as a mass—spring system, tendons from the feet of
sheep have a significantly lower resilience (62% at 5 Hz) [32].

Although the literature has historically focused on tendon
stretched at symmetric rates, the growing body of literature
suggests that tendons undergo diverse patterns of asym-
metric loading rates during natural behaviours (figure 1).
These observed differences in loading and unloading rates
have motivated studies to explore the response to asymmetric
rates in tendon [30] and other biological springs [33] over a
relatively narrow range of asymmetry.

Here, we explore rate-asymmetry over a broad range of
timescales to understand its underlying physical principles.
In this study, we ask: is there a connection between the
biological function of energy-conserving movements and
material performance under symmetric rates? How does
changing the relative loading and unloading rate affect the
mechanical efficiency of tendon? The measurement of
materials at asymmetric rates is typically performed using
elastic recoil experiments, where a material is slowly loaded
followed by a rapid high-rate unloading of elastic waves in
the material [34-42]; however, these measurements require
strains larger than those accessible with tendon.

To address these guiding questions in tendons, we perform
novel dynamic mechanical analysis (DMA) measurements
using triangular waveforms that either have the same loading
and unloading times (symmetric rates) or different loading
and unloading times (asymmetric rates) for the same maxi-
mum strain. By measuring lateral gastrocnemius tendons

from guinea fowl and plantaris tendons from American bull-
frogs, we find these tendons are most energy efficient when
subjected to symmetric loading and unloading rates. To test
the generality of this result and understand its underlying
physical cause, we also repeat the same measurements on
synthetic elastomer materials with known linear viscoelastic
properties and perform simulations. We find the same quali-
tative result independent of the material and amount of
applied deformation: a higher degree of asymmetry between
the loading and unloading rates reduces mechanical energy
efficiency. Using a one-dimensional linear viscoelastic model,
we find that a broad distribution of relaxation times (character-
istic of biological materials) enhances the strength of the
asymmetric rate effect. Given the generality of our model
and results, these findings should be applicable to a wide
range of biological materials and could be used to inform
the design of efficient elastic mechanisms in soft robotics
and bioengineering.

2. Results

We measured the mechanical response of American bullfrog
plantaris tendons (used to drive rapid motion during jump-
ing) and guinea fowl] lateral gastrocnemius tendons (used in
walking and running). We stretched the tendons by increas-
ing their length by 5% and returning them back to their
original length at controlled loading and unloading rates
(figure 2a,b). For equal loading and unloading rates, the
tendons returned approximately 80% of the mechanical
energy applied during stretching with a slight increase
in resilience as the symmetric loading/unloading time
increased (towards the upper-right in both figure 2c,d). For
asymmetric rates, we either applied a slow loading followed
by a fast unloading or vice versa. For the most extreme differ-
ences between the loading and unloading rates we measured,
the resilience decreased of both types of tendons significantly
to approximately 60% (figure 2c,d). Given a fixed loading
rate, we found that the maximum resilience generally
occurs when the unloading rate matches the loading rate.
To understand the generality and the underlying physi-
cal principles of this phenomenon, we performed similar

£TS0€T0T LT 2ppdu) 20§ Y Jisi/jeuinol/b10°buiysijgndanosiefos H



@ 09 A (© bullfrog plantaris @ guinea fowl gastrocnemius
// | \‘
~ 06 E 10
AR
«w 0.3 / | N
/ \ o
! e
0 10 20 £ 1
1(s) l
)
0.8
4 -1
f 10
3 4
< 04 -1 -1
Py , /, ,,’ 10 1 10 10 1 10
4 tload (S) tload (S)
Rt
T T 20 T 20
0 03 06 09 60 70 80 60 70 80
6 (mm) resilience (%) resilience (%)

Figure 2. Tendons are most mechanically efficient when loaded and unloaded at equal rates. (a) The displacement—time (6—t) profiles for a symmetric rate test
where a tendon was loaded for 10 s and unloaded for 10 s (dashed black curve) and an asymmetric rate test where the tendon was loaded for 10 s and unloaded for
0.1s (dashed blue curve). (b) Representative force—displacement (F-8) responses of bullfrog plantaris tendon to the two displacement-time inputs from (a). The
tendons exhibit a characteristic strain-stiffening response with a low hysteresis between the loading and unloading curves (high resilience). The tendon has a lower
resilience for the asymmetric rate (dashed blue curve) compared with the symmetric rate (dashed black curve). (c) The resilience of bullfrog plantaris tendons was
measured for different combinations of loading and unloading rates. The resilience was highest when measured at symmetric rates, which corresponds to the
diagonal elements of the heatmap. Each resilience is calculated from an average of five tendons. The black and blue dashed squares indicate the rates described
in (a) and (b). (d) The average resilience of five guinea fowl lateral gastrocnemius tendons was consistent with the bullfrog plantaris tendon response. The full
dataset is available in electronic supplementary material, tables S1 and S2.
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Figure 3. Symmetric loading and unloading rates are also most mechanically efficient for a synthetic polyurethane elastomer. (a) The experimentally measured
average resilience of six polyurethane elastomer samples (left) and its simulated resilience (middle) both show a significant decrease when the loading and unload-
ing rates are unequal. The resilience for the experimental timescales used (left and middle panels) is a part of a larger resilience profile (right) normalized by the
mean characteristic relaxation time 7. The experimental timescales within this larger profile is denoted by the grey box and lies near the edge of the backbone
region (yellow diagonal). (b) The simulations were performed using a generalized Maxwell solid model. The single spring £, represents the long-time equilibrium
behaviour of the solid, while each pair of spring and dashpot in series (£; ;) represent a characteristic relaxation modulus and timescale in the material. (c) An £,
of 28.2 MPa and the values for N =90 £, 7; pairs (orange dots) for the spring-damper elements are obtained from a one-dimensional linear viscoelastic charac-
terization of the polyurethane elastomer. A Pearson distribution (blue curve) was fitted to the discrete relaxation spectrum to create a continuous representation of
the spectrum.

measurements on synthetic elastomers. The synthetic elasto-
mers enable us to measure their viscoelastic properties in
the linear regime using time-temperature superposition that
includes measurements on samples at sub-freezing tempe-
ratures, conditions which are inaccessible to the tendon
samples without causing changes to the mechanical response
of the tissue.

Synthetic elastomer materials exhibit the same response as
tendon to rate-asymmetry: they are most mechanically effi-
cient when the loading and unloading rates are equal. The
resilience of the polyurethane elastomer at a 1% maximum
strain (left panel of figure 3a) was found to be relatively high
with symmetric rates (greater than 90%), but had an approxi-
mately 20% drop in resilience over the two orders of
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magnitude in asymmetry measured. At higher maximum
strains where nonlinear effects are more pronounced, the poly-
urethane elastomer showed a similar significant decrease in
resilience with more asymmetry and was slightly less resilient
overall (electronic supplementary material, figure S3). A more
dissipative elastomer, neoprene, was also consistent with this
result (electronic supplementary material, figure S4).

To understand why materials are less energy efficient
when subjected to asymmetric rates, we used the one-
dimensional generalized Maxwell model, a discrete linear
viscoelastic representation of solids (figure 3b). The model
consists of an elastic element that accounts for the long-
term equilibrium mechanical response of the material (E,,)
in parallel with elastic and viscous (spring and dashpot)
elements that each confer a stiffness and characteristic relax-
ation time (E; and 7; for i=1,...,N). We measured the
linear viscoelastic response of the polyurethane elastomer
using time-temperature superposition to obtain values for
E. (282MPa) and the discrete relaxation spectrum of E;
versus 7; (orange dots in figure 3c) that we use to simulate
the material response to symmetric and asymmetric loading
and unloading rates. From this one-dimensional linear visco-
elastic model, the simulated resilience values are independent
of the maximum strain (electronic supplementary material:
Independence from €n,x) and the modulus dependence is
solely based on Ey/E, the ratio of the instantaneous mod-
ulus (Eg = Ew + Y E;) to the equilibrium modulus (E),
with a higher Ey/E,, value corresponding to a more dissipa-
tive viscoelastic material (electronic supplementary material:
Dependence on Ey/E,).

To validate our modelling approach, we compared the
simulated resilience with the measured resilience of the poly-
urethane elastomer under the same stretching conditions for
the range of loading and unloading times tested. The simulated
resilience shows an excellent agreement with the experimen-
tally measured data (left and middle panels of figure 3a) with
a less than 2% difference in resilience between the experiment
and simulation (electronic supplementary material, figure S2).
This agreement between the experiment and simulation demon-
strates that a simple one-dimensional linear viscoelastic model
captures the important mechanical properties necessary to repro-
duce the reduced efficiency at asymmetric rates.

Using the discrete relaxation spectrum and E, for the poly-
urethane elastomer, the resilience at timescales beyond the
experimental loading/unloading times was simulated (right
panel of figure 3a) to capture the full resilience profile. We find
regions of high resilience (yellow squares in the right panel of
figure 3a) for very short timescales (fast rates) and very long
timescales (slow rates) relative to the mean characteristic relax-
ation time of the material 7. For the short timescale, none of
the dissipative modes become active as long as tj,,g < 7and
tunload <€ 7. For long timescales, the system is adiabatic and
energy is approximately conserved in the material if fjpoq > 7
and tynead > 7. In addition, we find a backbone region (the
edge of which the experimental window is located) joining
these extremes where the loading and unloading rates must clo-
sely match to have a high resilience (yellow diagonal in the right
panel of figure 3a). In the regions not covered by the extremes, a
higher degree of asymmetry results in a lower resilience (pink
areas in the right panel of figure 34).

These regions of higher resilience do not necessarily
correspond to a higher overall energy output. For short
unloading times, the highest energy output occurs when

the loading time is also short (electronic supplementary
material, figure S5), and the overall energy output of fast
unloading decreases significantly when the loading time is
increased (electronic supplementary material, figure S5b).
The elastic energy output can also be significantly modulated
by changing the applied strain, or by changing the overall
volume of elastic material. Because these factors are highly
variable across different elastic systems, we focus on
resilience rather than energy output in this work.

With the modelling approach validated, we further use a
one-dimensional linear viscoelastic model to explore how
resilience depends on material properties over a broad
range of loading and unloading rates. To reduce the
number of parameters in our model, we represent the discrete
relaxation spectrum as a continuous curve and fit a Pearson
distribution on a log 7 scale (blue curve of figure 3c). This
fit depends on only four parameters: a mean of
log 7= —8.56, standard deviation of log o = 2.05, skewness
of y;=-0.0847 and kurtosis of B,=2.55 (with y;=0 and
B>=3 for a normal distribution). We use this continuous
relaxation spectrum (blue curve of figure 3c) with N = 10> dis-
crete points (E;, 7;) chosen equally spaced on the log 7 scale
and the corresponding E,/E,, value of 126 to match the poly-
urethane elastomer’s linear viscoelastic properties as a
starting point for the simulations. We find two primary prop-
erties of the material that shape the resilience response to
asymmetric rates: (i) the ratio between the instantaneous
modulus Ey and the equilibrium modulus E., and (ii) the
breadth of the material’s relaxation spectrum characterized
by the standard deviation log o.

To explore how changes in E; relative to E, change
the resilience, we compared the resilience profile of different
Ey/E. values represented by a change in the height of
the continuous relaxation spectrum with a constant E,
(figure 4a). At the short and long timescale extremes character-
istic of high resilience (yellow squares in the panels of figure 4b),
we find that Ey/E., does not significantly affect the resilience.
By contrast, the resilience is significantly impacted by Ey/E,
in the regions of low resilience, asymmetric stretching (orange
areas in the left panel to pink areas in the right panel of
figure 4b) with a lower resilience for larger values of Ey/E.
The resilience in these regions converges to Ee/Ey x 100% as
the loading and unloading rates become more asymmetric.

Using the model, we also examined how changes to the
distribution of the relaxation spectrum affect how a material
responds to rate-asymmetry. By varying log o, we find that
the breadth of the relaxation spectrum affects the resilience
profile (figure 5). For a material with a narrow distribution
of relaxation times, the material is highly resilient if the load-
ing and unloading times both occur on the very short or very
long timescale extremes (left panel of figure 5b). In these
regions, the resilience is high even if the loading and unload-
ing rates are quite different (yellow squares in the left panel
of figure 5b). However, for a broader relaxation spectrum,
the resilience is high when the loading and unloading rates
match, regardless of the experimental timescale (yellow diag-
onal in the right panel of figure 5b). Thus, the breadth of the
viscoelastic relaxation spectrum is important in shaping how
the mechanical efficiency of the material responds to asym-
metric rates. We also examined higher-order moments of
the relaxation spectrum and found no significant changes
with varying skewness (electronic supplementary material,
figure S6) while a higher kurtosis broadens the resilience
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Figure 4. A more dissipative viscoelastic material has a lower resilience at asymmetric rates. (a) Using the generalized Maxwell model, £o/E, was varied from the

experimental value of £o/F., = 126. (b) A larger value of Eo/E,

(left to right on the panels), constituting a larger stiffness contribution from the spring-dashpot

elements > F; compared with the long-term equilibrium spring £, lowers the resilience in the regions significantly impacted by asymmetric stretching (orange
areas in left panel to pink areas in right panel) with the resilience converging to £oo /£y X 100% as the rate-asymmetry is increased. The resilience at the extremes
(tioads tunload <<<< 7 and tioaq, tunioad =>=> 7) depicted by the yellow squares is not significantly affected and remains at nearly 100% resilience.
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Figure 5. A broader viscoelastic relaxation spectrum increases the impact of rate-asymmetry on resilience. (a) Using the generalized Maxwell model, we compare the
effect of increasing the breadth of the relaxation spectrum by varying the standard deviation from the experimental value of log o = 2.05. (b) For a narrow
relaxation spectrum (left panel), the material is resilient if both the loading and unloading rates are much slower or are both much faster than the mean charac-
teristic relaxation time 7. For a broader relaxation spectrum (right panel), the loading and unloading rates need to closely match to have a high resilience.

transition between the long timescale extreme and asym-
metric regions (electronic supplementary material, figure S7).

Finally, we verified the generality of the results to asym-
metric loading and unloading conditions with non-constant
rates. In the in vivo tendon measurements (figure 1), the
strain rate during each phase of movement is not constant.
To explore this effect, we calculated the resilience for piece-
wise smooth sinusoidal strain loading and unloading
profiles. The calculated resilience yields the same main
result: over a broad range of rates, viscoelastic materials
recover elastic energy most efficiently when the loading and
unloading rates match (electronic supplementary material,
figure S8). In this work, although we performed the calcu-
lations using only two functional forms for the strain
profile (constant rate and piecewise sinusoidal), these func-
tional forms are extremely different in how abruptly they
transition from loading to unloading. We therefore believe
that our results will hold for any arbitrary strain profile,
with a more rigorous analysis needed to prove full generality.

3. Discussion

Using a combination of experimental mechanical properties
measurements and continuum material modelling, we find

that viscoelastic materials are most mechanically efficient
when loaded and unloaded at the same rate. The breadth
of a material’s viscoelastic relaxation spectrum is a key
factor that determines the extent to which it will exhibit a
drop in efficiency in response to asymmetric loading and
unloading rates. Given the generality of our approach, we
expect these results to apply to a variety of materials used
in elastically driven movements in biology such as resilin-
rich cuticle in locusts [15] or chitinous exoskeleton used by
mantis shrimp [18] as well as the actuation of soft elastomers
in recent robotics applications [43,44].

For biological materials with a broad distribution of relax-
ation times, various levels of the hierarchical material structure
could respond differently to asymmetry in the loading and
unloading rates. The materials that comprise biological springs
are often composite materials that yield a complex mechanical
response to deformation [45,46]. Biological materials have a
multi-scale hierarchical structure that causes multiple impor-
tant length scales and timescales to emerge in response to
mechanical deformation [47-50]. This hierarchical structure
results in a broad viscoelastic relaxation spectrum caused by
the different dynamical properties at the individual protein
level [47] and at the whole tissue level [49,50].

In our measurements here, we are operating at the
tissue level and see pronounced differences with an

£TS0€T0T LT 2ppdu) 20§ Y Jisi/jeuinol/b10°buiysijgndanosiefos H



approximately 20% drop in resilience at asymmetric rates. At
the next level down from the whole tissue, tendons comprise
tendon fascicles. Rosario & Roberts examined the mechanical
properties of rat tail tendon fascicles and observed no depen-
dence on rate-asymmetry [30]. This suggests that perhaps the
important broadening of the relaxation spectrum of tendon
for its rate-asymmetric behaviour occurs at the tissue level.
However, there are some important limitations to this com-
parison. The fascicle measurements were performed at close
to symmetric rates (only a factor of 0.5-4x difference in
loading/unloading rate), the lower forces of fascicles yielded
noisier data, and there are functional differences between rat
tail tendon and the energy storing tendons we examined in
this work. Future work comparing the relaxation spectrum
across multiple levels of biological material structure would
provide insight into the emergence of rate-asymmetry.
Structural differences found in energy storing versus
positional tendons [51] may also reveal differences in the
rate-asymmetric response of tendons.

Our results here also have potential impact in comparative
biomechanics. Previous work has highlighted how strain rate
can affect functional traits of biomechanical systems [52].
Translating our results here into the language of [52]: the visco-
elastic relaxation spectrum of the tendon (functional trait)
determines the tendon’s resilience (attribute) based on the
loading/unloading rate of the material (external factor).
Future work could probe deeper into this structure-property
relationship of tendon. Previous work has demonstrated
there are morphological changes that correlate to changes in
external factors or overall function [53-55]. Our work here
provides a framework for future investigation into these
morphological changes. Measuring specific properties of the
viscoelastic functional trait of biological materials (specifically
Ey/E and the breadth of the spectrum) determines how effi-
ciently they will respond to a variety of external loading
factors. Therefore, connecting changes in morphology to
these specific properties could inform the analysis of form—
function relationships in biomechanical systems.

In animals that use latch-mediated spring actuation,
muscles cannot load elastic energy quickly enough to
match the unloading rates, otherwise the elastic structure
would not be required to have a high kinematic output. How-
ever, there is some evidence that these timescales are not on
the extremes of asymmetry (e.g. smasher mantis shrimp
still load at 300ms even though they could take longer
because of their slow-moving prey) [56]. Why don’t these ani-
mals use slower muscle contractions to load their elastic
mechanisms? From our work here, we see there would be
no energetic benefit to loading more slowly. A slower loading
would increase the rate-asymmetry and thus decrease the
resilience of the elastic materials. For a short unloading
time like those characteristic of ultra-fast movements, a
shorter loading time actually yields an overall higher
energy output (electronic supplementary material, figure
S5) due to stress-relaxation that occurs during a slow loading.

Biological springs are also used for damping and decel-
eration (power attenuation) in landing and declined
running movements [1,57,58]. The performance of elastic
structures in biomechanics will often need to balance mul-
tiple roles, such as balancing energy conservation and
damping in passive elastic movements found in cockroach
legs [59]. Our work here suggests that viscoelastic materials
will have a similar energy efficiency when used during

power attenuating movements (fast loading followed by a [ 6 |

slow unloading) compared with latch-mediated spring actua-
tion movements (slow loading followed by fast unloading).
Future work measuring the asymmetric rate response of bio-
logical materials that balance different functional roles might
uncover interesting distinctions between them.

Our work suggests that symmetric loading and unloading
rates are the most mechanically efficient, but gaits that involve
cyclic loading and unloading can be biased towards a shorter
loading time. For example, asymmetric ground reaction forces
have been observed in running birds and lizards, with the
loading phase occurring more rapidly than unloading
[60-62]. This asymmetric gait appears to be more pronounced
among animals that have a body centre of mass (CoM) posi-
tioned forward of the hip [62]. However, humans also
exhibit asymmetry in the elastic bounce of the leg and body,
observed in ground reaction forces and body CoM motion,
but the asymmetry decreases with increasing speed [63,64].
Models that include intrinsic damping in the leg with a
single characteristic relaxation time predict these asymmetric
gaits are energetically optimal [61]. But our results here
suggest that a broad spectrum of relaxation times could be
important for the emergence of symmetric rate efficiency,
and biomechanical models that incorporate a more realistic
viscoelastic model could uncover shifts in energetically
optimal gaits.

There are some important limitations in the scope of this
work. Although here we focused on the efficiency of energy
released from elastic structures, there are other behavioural
and physiological factors that contribute to the relative load-
ing and unloading rates of elastic biomechanical systems. The
dynamics of the entire biomechanical system contribute to
the overall performance, with muscle properties, linkage
mechanics and load mass all being important for the kin-
ematics of fast elastic movements [3]. Energy can be lost
during muscle contractions and to the environment, and
there are multiple ways that animals minimize the energetic
cost of locomotion. For example, changing gait and muscle
activation patterns during running can help minimize losses
during ground contact [65,66] and increase efficiency during
incline running [60].

Other limitations in the work include simplifications
made in the model. We used a one-dimensional linear visco-
elastic model as a minimal model to capture the essential
features of the asymmetric rate effect. But there are multi-
axial stress states and nonlinear viscoelasticity in tendons
[67]. We also considered tendons and synthetic viscoelastic
materials of a relatively similar size, but the size-scale of
the elastic material can also be an important consideration
when assessing its kinematic performance [39]. At small
size-scales, viscous drag forces can significantly impede loco-
motion [68] and can be a significant source of dissipation for
fast elastic movements [69]. These additional effects could be
added to extend the model and further generalize the results
of this work.

4. Conclusion

In this study, we examined the mechanical energy efficiency of
biological springs and synthetic materials under symmetric
and asymmetric loading/unloading rates. Our results reveal
that these materials are most mechanically efficient when
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subjected to symmetric loading and unloading rates. This find-
ing holds true for both tendons and synthetic elastomers.
By using a one-dimensional linear viscoelastic model to
analyse the data, we gained insight into the underlying prin-
ciples governing the resilience of these materials. We found
that the ratio between the instantaneous modulus and the equi-
librium modulus as well as the breadth of the viscoelastic
relaxation spectrum influence the impact of rate-asymmetry
on mechanical efficiency. These insights can be applied to
various fields, including soft robotics and bioengineering,
which can benefit from efficient elastic mechanisms. By under-
standing how materials respond to different loading and
unloading rates, the design of these systems can be
optimized for maximum performance.

5. Material and methods
5.1. Tendons

Bullfrog plantaris tendons were extracted from previously frozen
cadavers of the American bullfrog (Lithobates catesbeianus). The
plantaris muscle-tendon unit was isolated from the tibiafibula.
Muscle tissue was then carefully removed from the aponeurosis
and tendon. The elastic tissue was kept moist with physiological
saline before being frozen again for use in experiments. Previous
work has shown that given the low cellular density in tendon,
freezing and thawing has no effect on the general mechanical
properties of tendons [28,70,71]. All procedures were approved
by the University of California, Irvine Animal Care and Use
Committee (protocol AUP 20-129).

Guinea fowl common gastrocnemius tendons were extracted
from previously frozen cadavers of Numida meleagris. The tendon
was carefully removed from the insertion point at the tarsometa-
tarsus and the muscle-tendon unit was carefully dissected out
and removed from its origin on the femur. Muscle tissue was
carefully removed, and the tendon tissue was kept moist with
physiological saline before being frozen again to store for later
experiments. All procedures were approved by the University
of California, Irvine Animal Care and Use Committee (protocol
AUP-23-031).

The tendons were removed from the freezer and thawed in
a saline solution before being epoxied (J-B Weld WaterWeld
Epoxy Putty) between a pair of three-dimensional printed rec-
tangular plates on both ends or clamped between a pair of
laser cut acrylic plates with peak-to-peak serrations to prevent
slippage [72-74]. The resting length of the tendons was 15 to
22 mm between the printed plates, with a thickness of 0.5 to
1.5mm. The width of the tendons at the edge of the printed
plates was 10 to 20 mm.

5.2. Synthetic elastomers

Prefabricated synthetic elastomer sheets were obtained from
McMaster-Carr (polyurethane: catalogue no. 2178T32, thickness
1/32 in, 90A durometer; neoprene: catalogue no. 1370N32, thick-
ness 1/32 in, 60A durometer). These sheets were sectioned into
rectangular strips 6 by 40 mm.

5.3. Custom-waveform dynamic mechanical analysis

Using the arbitrary waveform mode of the TA Instruments
RSA-G2 DMA, symmetric and asymmetric triangular waves
were constructed by superimposing positively sloped and nega-
tively sloped strain versus time lines for the loading and
unloading phase respectively. Combinations of five loading
times (0.1, 0.316, 1, 3.16 and 10s) and five unloading times
(0.1, 0.316, 1, 3.16 and 10s) were used to create 25 different

loading and unloading combinations. The results in the elec- -

tronic supplementary material, tables S1 and S2 highlight the
loading and unloading time combinations used. The times
were chosen to span a difference of two orders of magnitude
between the shortest and longest time.

The samples were secured to the tensile clamps of the DMA
and a randomized ordering of the 25 different loading and
unloading combinations were conducted at approximately
23°C for the selected maximum strain. Three cycles were
performed consecutively at a single loading/unloading combina-
tion. Between each loading/unloading combination, the samples
were allowed to relax 120's at zero strain to ensure the previous
loading history of the material did not affect the results. For the
synthetic elastomers, the loading gap with the clamped sample
was increased incrementally so that the sample experienced no
initial compressive stress. For the tendon samples, approximately
0.05 N of preload force was imposed to reach a sensitive force
range that resulted in a final loading gap of approximately
18 mm. A preconditioning protocol of 12 cycles at 3% strain was
applied to the tendon samples before testing, consistent with
the recommendations of [75]. To keep the tendon samples
hydrated, saline solution was applied using a cotton swab
during each relaxation period. Because we measured tensile
force for thin samples near their equilibrium length, we did not
measure any significant negative force due to buckling of the
material in response to compression.

The energy input and output for a cycle were computed by
numerically integrating the positive area under the stress
versus strain curve for the loading and unloading phase respect-
ively. Resilience was calculated by dividing the energy output by
the energy input at the third loading and unloading cycle to
mitigate transient material response and the Mullins effect [67].

5.4. Modelling the linear viscoelastic resilience
of elastomers

To characterize the linear viscoelastic properties of the synthetic
polyurethane elastomer, a frequency sweep from 1 to 15Hz at an
oscillation amplitude of 1.0N was applied to a sample using a
TA Instruments Q800 dynamic mechanical analyser. The fre-
quency sweep was first conducted at —40°C and then in
increasing temperature increments of 5°C up to 55°C. In the TA
Instruments TRIOS software, the TTS functionality was used to
shift the storage modulus versus frequency data from all of
the temperatures in the experiment to 23°C, the approximate
temperature in which the symmetric and asymmetric stretching
tests were performed (electronic supplementary material,
figure S1). With a focus on the glassy-rubbery transition, the
values of storage modulus at the lowest and highest frequency
were extended beyond the experimental shifted frequencies to
elongate the glassy and rubbery plateau regions. A spline fit
interpolation was used to smooth the storage modulus (yellow
curve of figure Slc in the electronic supplementary material).
The relaxation modulus, Epy(t), for the polyurethane elastomer
was obtained from the sine transform of the storage modulus
(electronic supplementary material, equation S1).

To model the resilience of elastomers in the linear viscoelastic
regime, the generalized Maxwell model consisting of a spring
(stiffness E,) in parallel with N elements of springs (stiffness
E) and dashpots (characteristic relaxation time 7;) in series was
used, where i=1, ..., N (figure 3b). In the generalized Maxwell
model, the relaxation modulus is represented by equation [76]

N
E(t) =Ew+ Y Eie '™ (5.1)
i=1

For the polyurethane elastomer, E,, was obtained from the
equilibrium value of Epy(t). To determine the values of E; and

~
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7, a sum of N exponential decays (E; e "/%) with equally spaced
values for 7; on the log 7 scale across the range of times used
for the relaxation modulus was fitted to Epy(t) — E,, using the
Levenberg-Marquardt algorithm (electronic supplementary
material, figure S1d). From the sum of squared residuals of the
fit across a range of N values, N=90 spring-dashpot elements
were chosen from the convergence of the sum of squared residuals
for a parsimonious fit (electronic supplementary material, figure
Sle). From the values for E; versus 7; (representing a discrete relax-
ation spectrum) and E, the stress response from different loading
and unloading combinations was simulated, and the resilience at
the third cycle was computed for the polyurethane elastomer (elec-
tronic supplementary material, equation S13).
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