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For centuries, scientists have explored the limits of biological jump height?, and for
decades, engineers have designed jumping machines®'® that often mimicked or took
inspiration from biological jumpers. Despite these efforts, general analyses are

missing that compare the energetics of biological and engineered jumpers across
scale. Here we show how biological and engineered jumpers have key differencesin
their jump energetics. The jump height of a biological jumper is limited by the work its
linear motor (muscle) can produce in a single stroke. By contrast, the jump height of
anengineered device can be far greater because its ratcheted or rotary motor can
‘multiply work’ during repeated strokes or rotations. As a consequence of these
differencesin energy production, biological and engineered jumpers should have
divergent designs for maximizing jump height. Following these insights, we created a
device that canjump over 30 metres high, to our knowledge far higher than previous
engineered jumpers and over an order of magnitude higher than the best biological
jumpers. Our work advances the understanding of jumping, shows a new level of
performance, and underscores the importance of considering the differences
between engineered and biological systems.

“Jumping [is] a peculiarly attractive subject for investigations”, noted
preeminent biomechanist R. M. Alexander”. Jumping is found across
diverse species and size scales, yet is performed in strikingly similar
manners and has clear, quantifiable metrics by which ultimate capabili-
ties canbe compared: jump height and distance. Indeed, the seemingly
simple act of jumping has intrigued thinkers for centuries. Aristotle
pondered how humans could increase jump height with halteres’,
whereas a Renaissance model approximates that all animals, regard-
less of size, jump roughly the same height of one metre®. More recent
biological jumper models have examined performance limits across
scale in more detail®, incorporating effects of leg length®, jumper
height?* and muscle dynamics® %, as well as considering the use of
springs®*? and latches?®* for power-limited jumpers, and air drag for
small and light jumpers™*°. The performance limits of jumping across
scale are thus well studied within the domain of biology.

These studies have informed the design of many bio-inspired engi-
neered jumpers, dating back to atleast 1967°. However, ageneral model-
ling framework to capture and quantify inherent differences in biological
and engineered jumpers across scaleis missing from the literature. Most
engineering works focus on specific designs®'#*, draw conclusions based
on previous biological models', or present models that only describe
single-stroke linear motors, as found in biological jumpers'>2,

Model

Here we present a model of jumping that compares the energetics
of both biological and engineered jumpers. We define ajump as a

movement created by forces applied to the ground by the jumper,
while maintaining a constant mass (Fig. 1a). Thus, a rocket does not
jump, nor does an arrow shot from a bow. We examine two aspects
of a jump: specific-energy production limits (the maximal energy
that could be created for a single jump per unit mass of ajumper) and
specific-energy utilization (the efficiency of converting this specific
energy intojump height). We concentrate the following discussion on
specific-energy production limits, as in previous biological studies®,
because we are interested in the upper bounds of jumping without
any losses, and specific energy directly corresponds to the ultimate
limit of jump heightinagivengravitational field (e = gh, where gis the
accelerationdue togravity and his the jump height). (See Methods sec-
tion‘Model of energy utilization’ for a discussion of energy utilization
non-idealities such as non-vertical motions®, distributed mass in the
spring® and air drag®).

For our analysis, we consider the following components of ajumper:
amotor, an optional spring, a linkage and a payload (Fig. 1b). For the
motor, we consider two types: biological and engineered (we focus on
electromagnetic, though others could be substituted). Both motor
types can have one of two transmission types—direct-drive (no spring)
or spring-actuated (with spring)—resulting in four jumper configura-
tions. For direct-drive transmissions, the motor directly connects viaa
stiff, light tendon to alinkage, the structure necessary to transmit forces
to the ground. For spring-actuated (also termed power-amplified)
transmissions® 4, the motor may slowly pre-stretch aspring before the
spring rapidly releases the energy into the linkage?®; this can be done
without a latch™?, but here we focus on the latched case. Finally, the
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Fig.1|Graphical overview of the modelling framework. a, Temporally, we
consider ajump toinclude an optional pre-stretch phase (for jumpers with
latched springs), anacceleration phase during whichaforceisapplied tothe
groundtoaccelerate the jumper upward, and aflight phase (see Supplementary
Information for details of the simulation shown). Energetically, we consider
two aspects ofajump.Firstis the specific-energy production limit (red
dashed), which gives the upper bound onthe energy per unit massthatcanbe
produced. Second is the specific-energy utilization (grey curve), which
terminates at the jump apexand considerslosses, for example due to
non-idealities in energy transfers and air drag (see Methods section ‘Model of
energy utilization’). Note that only the latched-spring case is shown. b, We
categorize jumpersaccordingto transmission type (direct-drive versus
spring-actuated) and motor type (biological versus engineered). For
direct-drive transmissions, the motor connects directly to the linkage, and for
spring-actuated transmissions, the motor stretches aspring, which drives the
jump. Forbiological motors (muscles), the output work Wis the integral of
force Fover thesingle stroke distance d. For engineered motors, the output
work s this single-stroke work multiplied by the number of strokes n; we term
thisincreasein energy production ‘work multiplication. Here aratcheted linear
motoris shown; rotary motors performsimilarly (Extended Data Fig.1).

payload comprises all remaining parts of ajumper, including the energy
supply (assumed to be sufficient for multiple jumps) and non-energetic
items, and we assume the payload does not directly limit or affect the
single-jump energy production. We thus consider payload in Methods
section ‘Model of energy utilization’.

Of the energy-production components, we find the motor to have
the most important differences between biological and engineered
jumpers. Abiologicalmotoris alinear muscle with afinite single stroke
bounding its work capacity. An engineered motor, by contrast, can
overcome this single-stroke work limit. A linear engineered motor
may use ratchets to combine multiple strokes (for example, in jumping
microrobots)*#, and arotary motor may turn repeatedly to combine
multiple rotations (for example, in centimetre-scale robots)". We
term this ‘work multiplication’. The number of strokes or rotations
can be raised by increasing the gear reduction between the motor
stroke and the jumper’s overall motion (see Extended Data Fig. 1). For
adirect-drive transmission, work multiplication occurs during the
acceleration phase, and for aspring-actuated transmission, it primarily
occurs during the pre-stretch phase. Work multiplication is available
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only to engineered jumpers as ratchets and rotary motors have not
been found above the cellular scale in biology®.

To describe the upper limits of specific-energy production, the
model considers three primary limiters. The first limiter is the motor’s
single-stroke specific work?, or the integral of specific force over stroke
length (termed ‘motor work limiter’). This limiter is not present for
engineered jumpers, owing to work multiplication. The second limiter
is the motor’s specific power-time, or the product of specific power
and available acceleration time?® (termed ‘motor power limiter’).
The third limiter is the spring specific energy, or energy that can be
stored and released per unit mass of the spring, and it is only present
for spring-actuated transmissions (termed ‘spring energy limiter’). We
assume sufficient time between jumps to fully pre-stretch the spring
regardless of the motor’s power as well as sufficient spring power to
discharge the energy during the acceleration time. Additionally, we
consider the linkage mass necessary to transfer and apply the energy.
Thus, the per-unit-mass specific jumper energy will approach but never
reachitsboundinglimiter, especially at the high specific energies of the
bestengineered jumpers that require substantial linkages (for scaling of
linkage mass, see Methods section ‘Model of energy production limits’).

Model results and insights

The results of our model (Fig. 2) show that for biological jumpers,
specific-energy production can never surpass the motor work lim-
iter, yet for engineered jumpers, the upper bound can be far greater.
Specifically, biological direct-drive jumpers at alarge scale (for exam-
ple, adog) can produce specific energy approaching the motor work
limiter; atasmall scale (for example, alizard), the specific energy will
be lower owing to power limitations®**”*2, Biological spring-actuated
jumpers at a small scale (for example, a flea) have sufficient power,
but againthe specificenergyis capped by the motor work limiter; ata
large scale, springs are unnecessary and actually decrease the specific
energy owing to added mass and muscle-spring force-displacement
characteristics?**>2, These trends align with previous models in the
literature and biological jump data (Extended Data Fig. 2).

For engineered jumpers, work multiplication eliminates the motor
work limiter. At a small scale, spring-actuated transmissions result in
higher jumps than direct-drive transmissions, with an upper bound
set by the spring energy limiter and the linkage mass. Theoretically,
at very large scales, direct-drive transmissions are superior, with an
upper bound set by the motor power limiter and the linkage mass.

These differences in energetics lead us to find that biological and
engineered jumpers should have divergent designs for maximizing
specific-energy production—and thus the limit on jump height. We
present three key insights into these design differences. First, for
biological jumpers, the crossover scale below which spring-actuated
jumpers produce more specific energy and above which direct-drive
jumpers produce more specific energy is approximately 1m (0.6 s
accelerationtime). By contrast, for engineered jumpers, this crossover
scaleis nearly two orders of magnitude larger, at approximately 100 m
(3saccelerationtime). (For crossover times, see Fig. 2; for conversion
to scale, see Methods section ‘State-space model’ and Extended Data
Figs.3,4).

Second, engineered jumpers should use a ratio of spring mass to
motor mass (termed ‘spring-motor mass ratio’) thatis much larger than
that of biological jumpers (Fig. 2e). In biological systems, the motor
work is the limiting factor; therefore, to maximize specific-energy
production, the spring energy capacity (that s, the product of specific
energy and mass) should equal but not exceed motor work (see Methods
section ‘Spring-motor mass ratio’). Because spring specific energy is
much larger than motor specific work, only a spring mass much smaller
than the motor mass is needed. We find an optimal ratio of 0.029 for
biological jumpers, inline with morphological data (0.025-0.06)%. By
contrast, for engineered jumpers with sufficient work multiplication,
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Fig.2|Trends of specific-energy upper bounds for biological versus
engineered, and direct-drive versus spring-actuated jumpers.a-d, The
upperbound ofajumper’s specificenergy (black line) willapproach limiters
(brokenlines), but remain below owing torequired linkage mass (blue shading).
a, Biological, direct-drive: two limiters are present, (i) the motor’s single-stroke
specific-work limiter (the integral of the specific force over the stroke length
(for muscle, approximately 200 J kg™)?, dash-dot pink), and (ii) the motor’s
specific power-time limiter (the product of the specific power (for muscle,
approximately 200 W kg™)**and acceleration time, dotted red). b, Engineered,
direct-drive: because work multiplication removes the motor work limiter, only
the motor power limiter is present (electromagnetic motors, approximately
2,000 W kg™)*. ¢, Biological, spring-actuated: the addition of alatched spring
helps overcome the motor power limiter, but adds anew limiter: spring specific
energy (for tendon/apodeme in pure tension, approximately 7,000 J kg™

large amounts of energy can be accumulated in the spring. Thus, we
find that the spring-motor mass ratio should be much larger than the
ideal ratioinbiological systems. Essentially, work multiplication allows
engineering to better utilize the high specific energy of springs.

Third, for spring-actuated transmissions, biological jumpers should
maximize the specific work of the motor, but engineered jumpers
should maximize the combined specific energy of the spring plus link-
age (spring-linkage specific energy). Thisis because each system should
maximize that which primarily limitsits specific energy.

Frominsights to jumper design

We followed these three insights to push the limits of specific-energy
production, and consequently jump height, for engineered devices with
electromagnetic motors. First, we chose a spring-actuated transmis-
sion, given their superiority at the selected scale of 0.3 m. Second, we
set a high spring-motor mass ratio by selecting a small rotary motor
(10 g) with alarge gear reduction (1,000:1). This enables the motor to
compressarelatively large spring with130 N of tensionin aline wrapped
around its spindle (see Methods section ‘Jumper design’). Third, with
this peak force constraint, we designed a high-specific-energy hybrid
spring-linkage viaa custom nonlinear simulation framework (see Meth-
ods section Jumper design’). We simulated two spring-linkages that
we designed based on configurations from the literature: a tension
linkage® (passive rigid carbon fibre linkage with rubber in tension) and
a compression bow' (bending carbon fibre without rubber; Fig. 3a).
Our simulation found that the tension linkage has only slightly higher

(ref. ), dashed purple). However, the jumper’s specific energy can never
surpass the motor work limiter and thus never approaches the spring energy
limiter.d, Engineered, spring-actuated: work multiplication again removes the
motor work limiter, enabling the jumper’s specific energy torise toward the
spring energy limiter (for latex in pure tension, approximately 7,000 ) kg™)*.
e, These differencesresultin differentideal spring-motor mass ratios
(theratio of the spring mass to the motor mass) inspring-actuated jumpers:
approximately 0.03 for biologicaland much larger for engineered. The dotsin
c-emarktheratioat 0.01saccelerationtime, as measured for the presented
jumper. Note that the x axis for a-d shows the acceleration time, to easily relate
powerand energy; the acceleration time relates monotonically to the length
scale foranisometrically scaled jumper (see Methods section ‘State-space
model’).

specific energy (1,638 ) kg™ versus 1,313 ] kg™), despite the high spe-
cific energy of the rubber (7,000 ] kg™)*°. To improve, we designed
a hybrid tension-compression spring-linkage, supporting rubber in
tension with acompression bow (1,922 ] kg™). The improvement can
be thought of in two ways: compared to the tension linkage, we enable
thebendinglinkage to store energy soitisnolonger passive; compared
to the compression bow, we add high-specific-energy rubber in ten-
sion. Our spring-linkage also has anearly constant force-displacement
curve, which helps it store a large amount of energy given the force
constraint. It provides a spring-motor mass ratio (considering the
whole spring-linkage mass, 12.4 g) of 1.2 (versus 0.025-0.06 in biologi-
cal jumpers)®.

Using this hybrid spring-linkage and motor design, we created a
jumper (Fig. 3b and Extended Data Fig. 5) with minimal losses in six
identified stages of energy utilization (see Methods section ‘Model of
energy utilization’). For instance, we minimized the mass of the ‘foot’
(components of the jumper that are stationary during acceleration) to
make energy transfer losses small, and created ashape-changing mor-
phology that becomes streamlined after take-off to minimize air drag.
We measured a payload-free specific energy of 1,075) kg™ (24.2 ] per
22.5g, see Methods section Jumper design’), and observed our 30-g
jumperaccelerating from O toover28 ms™in9 ms (>3,000 ms2) and
reaching a height of 32.9 + 0.7 m (zs.d.) (n =3; Fig. 3c).

For comparison, we calculated a payload-free specific-energy pro-
duction for the best biological jumpers of approximately 170 J kg™
(ref.?®), and for the best engineered jumpers with electromagnetic
motors of approximately 100 J kg™ (ref. ) and 115] kg™ (ref. ).
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a, Simulation results of the specific energy (the area under curve) for three
different spring-linkage configurations: two inspired by designs from the
literature (tension-linkage™and compression-bow'®) and one additional
design (hybrid tension-compression). b, The presented jumper with the
hybrid springinastable pre-jump configuration. Scale bar, 10 cm. ¢, Image of
the device jumping, with linesadded over the position of the jumperevery
approximately 200 ms (see Supplementary Video 2). Humanis1.83 m.d, Jump
heights of various jumpers shown as a function of payload-free specific
energy. The presented jumper (blue dot) has similar utilization efficiency
(grey diagonals) as previous jumpers that use electromagnetic motors (red
dots), but much higher payload-free specific energy, resulting ina much higher

Considering payload and other utilization non-idealities, these spe-
cific energies result in jump heights for a galago of 2.25 m (ref. *) and
for the engineered jumpers of 3.7 m (ref. *) and 3.8 m (ref. ).

Conclusion

Inthis work, we presented modelling, insights and ademonstration. Via
modelling, we showed that the specific-energy production of biologi-
caljumpers cannot exceed the motor specific work, yet through work
multiplication, engineered jumpers can overcome this limit, resulting
inthe potential to jump much higher. As a consequence, biological and
engineered jumpers have different designs for maximizing specific
jump energy—and the limit on jump height—which we described in
three design insights. According to these, we designed a jumper that
demonstrated ajump over 30 m high.

Our model suggests that this is near the feasible limit for jumpers
with electromagnetic motors and currently available materials. Within
specific-energy production, assuming that the spring specific energy is
near the limit of available materials for solid elastic springs, the primary
potential improvement is in the spring—motor mass ratio. However,
evenincreasing the ratio from 1.2 to infinite would only increase jump
height by approximately 17% (see Methods section ‘State-space model’
and Extended Data Fig. 6). Within specific-energy utilization, the pri-
mary improvement comes from minimizing drag effects by increasing
scale; we see less room forimprovement in other losses (see Methods
section ‘Model of energy utilization’). However, isometrically scaling
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jump. Biological jumpers tend to have lower utilization efficiency, owing to
higher payloads. Two points are shown for jumpers not using electromagnetic
motors, butinstead propane**and CO,*—the specific energy of propane is
10,000 kJ kg™ (ref. **) and compressed CO,ina composite tank is 250 k] kg™
(ref.*®); the payload-free specific energy is greatly reduced owing to the
required structure. See Extended Data Tables1, 2 for details of dataand
calculations. e, Frames from Supplementary Video 1 with the acceleration
phase occurringin9 ms.Scale bar,10 cm. f, Frames from Supplementary
Video 3 of self-righting using the legs as a roll-cage'®?, enabled by adding four
taperedlegs (see Supplementary Video 4 and Methods section ‘Jumper design’
for details). Scalebar,10 cm.

the presented jumper by 10x (the predicted optimum that is large
enough to eliminate dragbut nottoo large toincur other losses) would
resultinonly a19% increase injump height.

Finally, we note that our specialized design trades off adaptability, as
foundinbiologicaljumpers, for high performance. Nevertheless, our
results change the implications of jumping as ameans of locomotion,
changing how and where jumping could be used (see Supplementary
Video 4). On Earth, jumping robots could overcome obstacles previ-
ously only navigated by flying robots while collecting vision-based data
ofthe ground below (see Supplementary Video 5),and onthe Moon, the
leaps of the presented jumper would be even loftier: 125 m high while
covering half a kilometre in a single bound. Our work fundamentally
advances the understanding of the “peculiarly attractive subject”” of
jumping and underlines theimportance of considering the differences
between biological and engineered systems.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41586-022-04606-3.

1. Aristotle. Problemata 312-19.
2. Morowitz, H. J. De motu animalium. Hosp. Pract. 11, 145-149 (1976).


https://doi.org/10.1038/s41586-022-04606-3

@

20.

21.

22.

23.

24.

25.

26.

Seifert, H. S. The lunar pogo stick. J. Spacecr. Rockets 4, 941-943 (1967).

Zhao, J. et al. MSU jumper: a single-motor-actuated miniature steerable jumping robot.
IEEE Trans. Robot. 29, 602-614 (2013).

Niiyama, R., Nagakubo, A. & Kuniyoshi, Y. In Proc. IEEE Intl Conf. Robotics and Automation
2546-2551 (IEEE, 2007); https://doi.org/10.1109/ROBOT.2007.363848.

Scarfogliero, U., Stefanini, C. & Dario, P. In Proc. IEEE Intl Conf. Robotics and Automation
467-472 (IEEE, 2007); https://doi.org/10.1109/ROBOT.2007.363830.

Li, F. et al. Jumping like an insect: design and dynamic optimization of a jumping mini
robot based on bio-mimetic inspiration. Mechatronics 22, 167-176 (2012).

Zhao, J., Xi, N., Gao, B., Mutka, M. W. & Xiao, L. In Proc. IEEE Intl Conf. Robotics and
Automation 4614-4619 (IEEE, 2011); https://doi.org/10.1109/ICRA.2011.5980166.
Churaman, W. A., Currano, L. J., Morris, C. J., Rajkowski, J. E. & Bergbreiter, S. The first
launch of an autonomous thrust-driven microrobot using nanoporous energetic silicon. J.
Microelectromech. Syst. 21,198-205 (2012).

Armour, R., Paskins, K., Bowyer, A., Vincent, J. & Megill, W. Jumping robots: a biomimetic
solution to locomotion across rough terrain. Bioinsp. Biomim. 2, S65-S83 (2007).
Bergbreiter, S. In 2008 IEEE/RSJ Intl Conf. Intelligent Robots and Systems (IROS)
4030-4035 (IEEE, 2008); https://doi.org/10.1109/IROS.2008.4651167.

Koh, J. S. et al. Jumping on water: surface tension-dominated jumping of water striders
and robotic insects. Science 349, 517-521(2015).

Woodward, M. A. & Sitti, M. MultiMo-Bat: a biologically inspired integrated
jumping-gliding robot. Int. J. Rob. Res. 33, 1511-1529 (2014).

Haldane, D. W., Plecnik, M. M., Yim, J. K. & Fearing, R. S. Robotic vertical jumping agility via
series-elastic power modulation. Sci. Robot. 1, eaag2048 (2016).

Zaitsev, V. et al. Locust-inspired miniature jumping robot. In 2015 IEEE/RSJ Intl Conf.
Intelligent Robots and Systems (IROS) 553-558 (IEEE, 2015); https://doi.org/101109/
IROS.2015.7353426.

Kovac, M., Fuchs, M., Guignard, A., Zufferey, J. C. & Floreano, D. In Proc. IEEE Intl Conf.
Robotics and Automation 373-378 (IEEE, 2008); https://doi.org/10.1109/
ROBOT.2008.4543236.

Kovac, M., Schlegel, M., Zufferey, J. C. & Floreano, D. Steerable miniature jumping robot.
Auton. Robots 28, 295-306 (2010).

Burdick, J. & Fiorini, P. Minimalist jumping robots for celestial exploration. Int. J. Rob. Res.
22, 653-674 (2003).

Alexander, R. M. Leg design and jumping technique for humans, other vertebrates and
insects. Phil. Trans. R. Soc. Lond. B. 347, 235-248 (1995).

Alexander, R. M. N. Simple models of human movement. Appl. Mech. Rev. 48, 461-470
(1995).

Scholz, M. N., Bobbert, M. F. & Knoek van Soest, A. J. Scaling and jumping: gravity loses
grip on small jumpers. J. Theor. Biol. 240, 554-561(2006).

Cerquiglini, S., Venerando, A., Wartenweiler, J. & Plagenhoef, S. Biomechanics lIl. In
Medicine & Science in Sports & Exercise (ed. Hoerler, E.) vol. 6 iv (Karger AG, 1974).
Roberts, T. J. & Marsh, R. L. Probing the limits to muscle-powered accelerations: lessons
from jumping bullfrogs. J. Exp. Biol. 206, 2567-2580 (2003).

Bobbert, M. F. Effects of isometric scaling on vertical jumping performance. PLoS One 8,
€71209 (2013).

Azizi, E. & Roberts, T. J. Muscle performance during frog jumping: influence of elasticity
on muscle operating lengths. Proc. R. Soc. B 277,1523-1530 (2010).

Bennet-Clark, H. C. Scale effects in jumping animals. In Scale Effects in Animal
Locomotion (ed. Pedley, T. J.) 185-201 (Academic, 1977).

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sutton, G. P. et al. Why do large animals never actuate their jumps with latch-mediated
springs? Because they can jump higher without them. Integr. Comp. Biol. 59, 1609-1618
(2019).

Divi, S. et al. Latch-based control of energy output in spring actuated systems. J. R. Soc.
Interface 17, 20200070 (2020).

Longo, S. J. et al. Beyond power amplification: latch-mediated spring actuation is an
emerging framework for the study of diverse elastic systems. J. Exp. Biol. 222, jeb197889
(2019).

Bennet-Clark, H. C. & Alder, G. M. The effect of air resistance on the jumping performance
of insects. J. Exp. Biol. 82,105-121(1979).

Stoeter, S. A. & Papanikolopoulos, N. Kinematic motion model for jumping scout robots.
IEEE Trans. Robot. 22, 397-402 (2006).

Ilton, M. et al. The principles of cascading power limits in small, fast biological and
engineered systems. Science 360, eaao1082 (2018).

Gabriel, J. M. The effect of animal design on jumping performance. J. Zool. 204, 533-539
(1984).

Roberts, T. J. & Azizi, E. Flexible mechanisms: the diverse roles of biological springs in
vertebrate movement. J. Exp. Biol. 214, 353-361 (2011).

Gerratt, A. P. & Bergbreiter, S. Incorporating compliant elastomers for jumping
locomotion in microrobots. Smart Mater. Struct. 22, 014010 (2013).

Greenspun, J. & Pister, K. S. J. First leaps of an electrostatic inchworm motor-driven
jumping microrobot. In 2018 Solid-State Sensors, Actuators and Microsystems Workshop
159-162 (IEEE, 2018); https://doi.org/10.31438/trf.hh2018.45.

Greenspun, J. & Pister, K. S. J. in Proc. Intl Conf. Manipulation, Automation and Robotics at
Small Scales (MARSS) (eds. Haliyo, S. et al.) 258-262 (IEEE, 2017); https://doi.org/101109/
MARSS.2017.8001944.

Bergbreiter, S. & Pister, K. S. J. In Proc. IEEE Intl Conf. Robotics and Automation 447-453
(IEEE, 2007); https://doi.org/10.1109/ROBOT.2007.363827.

Berg, H. C. The rotary motor of bacterial flagella. Annu. Rev. Biochem. 72,19-54

(2003).

Ashby, M. Materials Selection in Mechanical Design 4th edn (Elsevier, 2010).

Hall-Crags, E. C. B. An analysis of the jump of the lesser galago (Galago senegalensis). J.
Zool. 147, 20-29 (1965).

Josephson, R. K. Contraction dynamics and power output of skeletal muscle. Annu. Rev.
Physiol. 55, 527-546 (1993).

Seok, S., Wang, A., Otten, D. & Kim, S. In IEEE Intl Conf. Intelligent Robots and Systems
1970-1975 (IEEE, 2012); https://doi.org/101109/IROS.2012.6386252.

Miao, Z., Mo, J., Li, G., Ning, Y. & Li, B. Wheeled hopping robot with combustion-powered
actuator. Int. J. Adv. Robot. Syst. https://doi.org/10.1177/1729881417745608 (2018).
Ackerman, E. Boston dynamics sand flea robot demonstrates astonishing jumping skills.
IEEE Spectrum Robotics Blog https://spectrum.ieee.org/
boston-dynamics-sand-flea-demonstrates-astonishing-jumping-skills (28 March 2012).
Dowling, K. Power Sources for Small Robots. Technical report no. CMU-RI-TR-97-02
(Carnegie Mellon University, 1997).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2022

Nature | Vol 604 | 28 April 2022 | 661


https://doi.org/10.1109/ROBOT.2007.363848
https://doi.org/10.1109/ROBOT.2007.363830
https://doi.org/10.1109/ICRA.2011.5980166
https://doi.org/10.1109/IROS.2008.4651167
https://doi.org/10.1109/IROS.2015.7353426
https://doi.org/10.1109/IROS.2015.7353426
https://doi.org/10.1109/ROBOT.2008.4543236
https://doi.org/10.1109/ROBOT.2008.4543236
https://doi.org/10.31438/trf.hh2018.45
https://doi.org/10.1109/MARSS.2017.8001944
https://doi.org/10.1109/MARSS.2017.8001944
https://doi.org/10.1109/ROBOT.2007.363827
https://doi.org/10.1109/IROS.2012.6386252
https://doi.org/10.1177/1729881417745608
https://spectrum.ieee.org/boston-dynamics-sand-flea-demonstrates-astonishing-jumping-skills
https://spectrum.ieee.org/boston-dynamics-sand-flea-demonstrates-astonishing-jumping-skills

Article

Methods

Model of energy production limits

We first consider the maximum energy that could be available to the
jumper, dependent onits components. We consider the payload, which
we assume does not directly limit or affect the single-jump energy
productionin the energy utilization model, and segment the remain-
der of the jumper as follows: (i) a motor, providing the mechanical
energy, (ii) optional elastic energy storage or springs, temporarily
accumulating mechanical energy, and (iii) inelastic linkage or other
elements, applying the energy via ground reaction forces. In the
extremes, the jumper may contain no springs (purely inelastic), or it
may use the springs for structural support and require little to no
inelastic linkage elements. Note that we include linkage mass in the
energy productioninstead of utilization, as neither motors nor springs
canoperateinisolation. Indeed, to fairly evaluate the energy produc-
tion, we must consider how much linkage mass a design requires to
function. We begin with direct-drive transmissions before considering
springactuation. Also note that specific energy per unit massis denoted
by alowercasee, compared to absolute energy, whichis denoted by an
uppercase k.

Direct-drive transmission. We determine the maximum specific
jump energy, ej‘f,'rf;f;, assuming the jumper contains only a motor of
mass m,and alinkage of mass m,. In biological systems, the muscle’s
specific energy is limited by the maximum specific work of a full

stroke:
) 1 ¢4
ebio= m_mIO FOO)maxdx,

defined by integrating the maximum force, F(x),,,,, over the entire
stroke, d. In engineering, alinear motor with the addition of aratchet
could complete multiple strokes to overcome such alimit. Similarly, a
rotary motor has an unlimited stroke and hence an unlimited energy
(limited ultimately only by the energy supply; because battery specific
energy is orders of magnitude larger than those considered in this
analysis, approximately 500 k] kg™ (ref. *), we assume it is nearly infi-
nite). We generally apply

eqs=oo.

Interestingly, biological muscle ratchets at amicroscopicscale, but
its macroscopic structure loses the feature and limits its stroke.

Both biological and engineered motors are also limited by their
maximum specific power p,, =P,/m,, available during the acceleration
time, t,. The specific jump energy is thus limited by both as

direct
direct _ Ejump
M M+ my
min(my.ey, Myp, to)
= =m
mg,+m

_min(Ey, Prto)

T omy,tm

min(ey, p,.to)
my+m

e

m

Spring-actuated transmission. We further include a spring of mass m,
with a maximum specific-energy capacity of e, = E/m,. If we allow the
motor apre-stretch timef,, the spring may store energy up to

Egtore = min(mge,, M€, Myp, t,).

If we allow the motor to continue providing energy during the accel-
eration phase (not possible for many jumper designs, but represents
the upper limit) and assume the spring can deliver specific power up
to p, = P/m, we have a maximum specific jump energy of:

spring .
spring _ Ejump _ mm(mmem' Estore + mmpmtO' mspsto)
umeme+mg+m, my,+mg+m ’

Finally, if we assume the spring’s output specific power p, far exceeds
the requirements p, > e /t,, we find

spring .
gspring _ Eitimp _ min (Myem, Myp, (L, + to), Mmees+ myp, to)
Jump My +mg+m Mg+ mg+m '

Spring-motor mass ratio. The massratiois used in Fig. 2. We see that
increasing the spring mass m, helps only when the system is neither
limited by motor energy nor by motor power:

my

egpring:
mg,+mg+m,

) my
Timp min(ey, p,(t,+ &), m—mes +pLo)-

Thus, assuming sufficient pre-stretch timet,, biological jumpers are
helped up to an optimal mass ratio wheree, = ,':—;es +p, to, OF

[&J _&m~Pulo _en
M optimal & &

which equates to ~0.029 when values of e, and e, from Fig. 2 are used
(-200]J kg™and-7,000] kg™, respectively). By contrast, adding spring
mass to engineered jumpers helpsindefinitely, approaching the maxi-
mal specific energy

_ mses+mmpmt0 N mg
limit mm+m5+m| mS+m|

( espring)

jump €,

assuming that the linkage mass m, also needs to increase to support
the higher energies.

Size/length scaling. Beyond mass ratios, the jump energy limit de-
pends only onthe motor/spring specific energy/power properties, as
well as the pre-stretch time (which we assume can be freely selected)
and the acceleration time, ¢,. The specific energies and powers are
assumed to be scale-invariant: in biology***8, muscle forces scale with
area, F,,, < L>, whereas distance (stroke) and velocity scale with length,
d o< L, U, > L, and mass scales with volume, m = L%, In engineering, with
electromagnetic rotary motors, the torque scales with the 4th power of
length, Te< L*, whereas the angular speed scales inverse linearly, w o< L™,
so again the power remains scale invariant**>*°, Similar to biological
muscle, all spring forces scale with area, F,,, = L? whereas distances
(stroke) scale withlength, d = L, such that spring specificenergies are
scale-independent.

We also note that assume the required linkage mass m, simply scales
with jump energy: to maintain a constant stress across scale, the
cross-sectional area of the linkage will scale with force F,,,, whereas
thelength scales with stroke d. As such, we can define a scale-invariant
specific-energy transfer capacity,

Equivalently, and again assuming sufficient pre-stretch time ¢,, we
write the required linkage mass as

Ejump _

€ €

min(myey, mges+mayp, to

=

’

toobtain



o B _ 1
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my+mg+m 1+ mm 1

. mg (4]
min| e, ﬁegpmto

For a spring-actuated engineered jumper, this brings the maximal
specific energy for an infinite spring-motor mass ratio to

e ooy =L & @
jump/eng-limit 1 + 1 et e :

s €

We note that this final expression is similar to how stiffnesses of
springs add in series. In Fig. 2, we approximate for engineering e, as
2,650] kg™, based on the values from our jumper (where e, =7,000 ) kg™
and(e$P""8) = 1,922 Jkg ™). For amotor-work-limited biological jumper

jump
with minimal spring mass, we calculate
emMm
@Dio= """,
/bio m,

as1,130] kg™, based on the values for muscle specific energy (200 ) kg™)
and per cent of mass of the skeleton (-14%)*".

Onlytheaccelerationtimet,is scale-dependent (for both direct-drive
and spring-actuated transmission types). For isometric scaling assump-
tions, the acceleration time monotonically increases with scale. More
specifically, for all but the largest direct-drive jumpers, configured to
operate at peak power during the entire acceleration phase, time scales
with a 2/3 power, t, = L*? (see Methods section ‘State-space model’
below, and previous biological model*®). Meanwhile, the acceleration
time for spring-actuated jumpers increases linearly with scale, ¢, = L
(also see Methods section ‘State-space model’).

We finally note that our model, showing that spring-powered jump-
ersare scale-invariantin specific-energy production, contrasts with
the conclusions of previous work®, which stated that specific-energy
production decreases at small scales for spring-powered jumpers.
The discrepancy arises from differing model assumptions: the previ-
ous work, inan effort to model not just jumpers but also many other
high-power movements, considered a catapult launching a projec-
tile, where only the projectile, but not the catapult, changed size
during scaling. This led to the conclusion that the catapult’s spring
would meet material limits; however, during scaling of a jumper,
spring and all, this effect is not present, and spring-powered bio-
logical jumpers should be scale-invariant, as shown in more recent
work?.

Model of energy utilization

Anenergy utilization modelis a helpful design tool, asit describes the

effects of different losses on the achievable jump height, A, (defined

asthe changein vertical centre-of-mass position from standing to apex),

given a maximum payload-free specific jump energy, €;,,,. Using an

energy flow perspective, we lump all losses and reductions into the

following six types or stages. We note that many of the individual com-

ponents have been discussed in separate papers, as referenced below,

and that this general framework that assembles disparate models is

helpful for design and analysis. Further, we realize the numerical com-

putation of each reduction may require assumptions or approximations

(see the Supplementary Information for derivations). The six stages,

with losses given in parentheses, are:

1. Produced specific energy: €,,4 = €ump/proa (reduced by production
inefficiency).

2. Available specificenergy:e, = eprod[l - W](adjuswd for payload
apportionment). m

3.Specific kinetic energy (KE), total: e.; =€, - Lg% (less energy
needed to stand).

4.Specific kinetic energy, vertical: e, ., = e[l =B, =Bl (less non
vertical energy).
5.Specific kinetic energy, centre of mass (COM): eqy = evert[l - %}

(less energy transfer losses).

6. Specific potential energy, centre of mass: e, = eCOM[l - Dse%}

(less aerodynamic drag losses).

Where 1,,.,4is production efficiency, my,,i..4is the mass of the payload,
mis the total mass, my,q, is the lumped mass that is moving during accel-
eration (see Supplementary Information), m,., is the lumped mass that
is static, B,, and B, are the fraction of the kinetic energy due to move-
ments in any horizontal direction and due to rotations, respectively,
and D, is a drag constant (see Supplementary Information). Overall,
we write the model as:

_ 1 _ 1 mpayload mbody
h= Eeapex - E{ejumpnpmd (1 - m j -Lg m

ot - 225

Further details of each stage:

1. Produced specific energy, e,,,q, considering the production effi-
ciencies: Any impedance mismatches between components or viscous
losses will reduce the available energy. Practically, the force-displace-
ment profiles of biological muscle and tendons limits jumpers to obtain
30-50% of the potential muscle energy®*?. By contrast, our nearly
constant force spring matches the nearly constant force output of our
motor, mitigating this loss. Further, a very small dampingratio (0.02)
was experimentally determined for the carbon fibre experimentally
measured using a clamped beam oscillation method®.

2.Initial specific energy before movement, e,, that can be released in
asingle jump: Any payload requires apportionment across the entire
mass®. Our jumper has a payload-free mass of 22.5 g and payload
mass of only 7.9 g. Thus the 1,075 ] kg™ payload-free specific energy
is reduced to 796 ) kg™ in this step. However, we see little room for
improvement here. Our battery is a lithium polymer battery, which
isthe lightest commercially available option. Our release mechanism
has amass of 1.23 g (made from 7075 aluminium) and our nose cone
1.2 g. All other components are less than a gram.

3. Total specific kinetic energy, ey, after the full stroke has occurred:
This deducts the potential energy surrendered to raise the centre of
mass from crouch to stand?. This delivers the jump height as the change
in height of the centre of mass above its position when the jumper is
fully standing. Our jumper has negligible loss here, owing to its small
size and high jump.

4. Vertical specific kinetic energy, e,.,,, due to movements in the
vertical (2) direction only”. This deducts the fraction of the kinetic
energy due to movements in any horizontal direction (8,,) and due to
rotations (By). This also includes potential losses due to sliding on the
ground surface or frictional losses in joints. Along with (5), below, our
jumper has roughly 50% efficiency for these stages. Interestingly, a
pure compression spring of a solid material with only vertical motion
mitigates this non-vertical loss, butis only 50% for the energy transfer
loss. Alternatively, arealistic compression spring, such asa coil or bow
spring, will have substantial non-vertical motion, meaningits efficiency
willbe below 50%. Our device exceeds 50% because of its payload, which
isplaced atthetop of the jumper, whereas the ‘foot’ mass is minimized
(only the bottom of the spring).

5. Vertical centre-of-mass specific kinetic energy, e.oy, after launch:
This deducts the transfer losses shifting energy fromindividual masses
to the centre-of-mass motion'®'%*2 It effectively removes energy of
internal relative motions, accelerating the foot and the portion of the
spring that was stationary prior to launch.

6. Potential energy at the jump apex, e,,.,: This deducts the aero-
dynamic drag losses occurring during the jump™>°, Our jumper
loses about 25% of its energy owing to air drag, even with its highly
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streamlined body. This loss is possible to mitigate by scaling 10x
(Extended Data Fig. 6).

Regarding isometric scaling, we note that the energy-to-stand losses
dominate at large scales. For any jumper with a scale-invariant maxi-
mum jump energy, we find amaximum standing height

1m- Mpayload

L = — e
stand gm- My, prodjump’

beyond whichjumpingisnolonger possible. Meanwhile, at small scales
the aerodynamic losses dominate. See Methods section ‘State-space
model’ and Supplementary Information section ‘Energy utilization
model’ for further details.

State-space model: adding jumper specifics

Wealso simulate jumpers using asimple second-order model. Assume a
single moving lumped body mass, my, with vertical position z, velocity v,
acceleration a, consistent with previous jumping models®. The jumper
has alength scale, L, which we define as the leg stroke, or difference
between the body height when the jumper is fully crouched (z=0) and
whenstanding (z=L); thejump heightis measured above z= L. Thismodel
neglectsthe effects of geometric linkages, motor internal inertias, mul-
tiplemasses, and so on, but captures the fundamental power and energy
production and predicts acceleration timesrelative to the jumperscale.
We consider direct-drive and spring-actuated transmissions.

Direct-drive transmission. Assume the body is driven, viaareduction
G, by aninertia-free motor with linear viscous losses:

mya= GFm[l - g_v] -myg,

m

where F,, and v, are the motor’s maximum force and velocity, respec-
tively. We consider both fixed reductions and variable reductions,
where the motor continually operates at maximum power. The latter
case is modelled by

mya=-""-mg=—"-m.g.
b 40 bg b8’

We again note that biological and engineered motor specific power
is scale-invariant**°;
qum

=-—— =constant.
Pm=am,,

For biological jumpers, assume G is upper-bound by a value of one,
in the case when the muscle completes a full stroke during the leg
stroke. Consequently, the scale-invariant motor specific energy is

bio _ FmL

en =—_—=constant.
mm

We simulate a payload-free system using the same motor parameters
asdescribed inFig.2. The body massis composed of the motor and link-
age mass such that m, =m,+ m,.Extended DataFig. 3 graphs theresults.

Not surprisingly, operating at maximum power, when possible, deliv-
ersthemostenergy.Italso providesacceleration times scaled witha2/3
power of size. We further note that the biological jumper’s finite motor
stroke limits both the maximum power operation and the "reduction.
As such, large-scale animals have limited energy and see a drop offin
their kinetic energy owing to increasing energy to stand, ultimately
limiting the size of animals that canjump. By contrast, linkage-less engi-
neered jumpers theoretically can produce more energy the larger they
are (Extended Data Fig. 3a), with kinetic energy plateauing with scale

(Extended Data Fig. 3b); when linkage mass is considered, produced
energy instead plateaus (Extended Data Fig. 3a) and kinetic energy
drops off (Extended Data Fig. 3b).

Spring-actuated transmission. Alternatively, assume that the motor
pre-stretches a latched linear spring-linkage assembly of additional
mass m,. Inturn, when fully stretched and released, the spring propels
the body upward. If the spring shows uniformly distributed mass and
uniform strain rate, then effectively %m contributes to potential en-
ergy, and %ms contributes to kinetic ene?gy. We can thus model

(mb + %msja =k(L-2)- (mb + %msjg,

where the stiffness, k, relates to the effective spring specific energy:

1
SkI?
€= .
mS

This implicitly maps the appropriate portion of the spring to the
foot and body. We again simulate the system using the spring specific
energy from Fig. 2 and assume the body mass consists of only amotor
mass. We then vary the effective spring-motor mass ratio.

Extended Data Fig. 4 shows the results. We note that, for such
spring-actuated jumpers, the acceleration time increases linearly
with scale. We also see that smaller springs impose a limit on the size
of jumper—smaller spring forces cannot overcome larger weights.
And naturally, smaller springs provide less energy, specific to the total
jumper mass.

A more detailed description of state space model is found in Sup-
plementary Information.

Jumper design
Spring material selection. We search a material database to maximize
the ‘material factor’, or the ratio of the elastic stored energy during
axial extension to mass:
2
o
K=,

©

where g, is the yield stress, E is the modulus of elasticity, and p is the
density (Extended Data Fig. 5a). The largest material factor occurs
among two main groups of materials: elastomers at lower values of E/p
(we choose latex rubber), and fibre-reinforced composites at higher
values of E/p (we choose carbon-fibre composite). See Supplementary
Information for further details.

Spring design. To explore the design space of springs, we builtanon-
linear quasistatic simulation framework, comparing the three designs
outlined inthe maintext. The simulation provides a guideline for select-
ing spring parameters for designing a hybrid spring, suggesting ratios
of rubber cross-sectionto length for agiven carbon fibre cross-section
tolength, suchthat peak straininthe carbonfibreisreduced compared
to the no-rubber case. See Supplementary Information for details of
the simulation and comparison.

Jumper design. A small highly geared motor reels in an ultrahigh-
molecular-weight polyethylene line (Spectra) tocompress the spring,
storing -24.2 J of energy at >90% of the bow ultimate strength. A light-
weight release mechanism unlatches to relieve the tensionin the line
and initiate a jump (see Extended Data Fig. 5). We mount the motor,
this release mechanism, the batteries and the nose cone at the top of
the bows. Placing as much of the necessary mass on the moving body
helps reduce the foot mass ratio and improves the energy transfer in
stage 4 of the energy utilization model.



We power the motor using a small lithium polymer cell battery
(enough energy for roughly ten jumps). The battery is packaged in
amodel rocket nose cone that helps reduce the drag of the jumper.
To further reduce drag, the robot shape-changes during the accel-
eration phase, from a wide, stable configuration to a streamlined,
rocket-like shape (see Supplementary Videos 6, 7). Cyanoacrylate
adhesive is used throughout for bonding. The combination of alight-
weight construction and high-strength materials means the jumper
cansurvive landing on even concrete surfaces from its apex height of
over 30 m. All of the components are shown in Extended Data Fig. 5d
and listed in Extended Data Table 3.

Release mechanism. The goals of the release mechanism are to quickly
release tensionin the string that compresses the bow spring (extension
of the spring occurs in less than 9 ms), enable resetting for another
jump, manage the high forces (<130 N), and be as light as possible. This
is achieved with a hinged arm that supports a roller, which turns on
bearings, and over which the string passes (Extended Data Fig. 5¢).
Alatchopenstorelease the tension from the string, after whicharubber
band resets the arm, allowing the motor to begin winding for another
jump without ever stopping. Given the small size of the motor, reset
time is roughly 2 min. This could be decreased by increasing the mo-
tor size (for example, doubling the motor mass (and power) would
approximately halve the reset time).

Self-righting mechanism. To right between jumps, a simple modifica-
tion to the jumper can be made: adding four bows, one between each
set of the main bows, that are tapered and split such that they have
an asymmetric shape when compressed (Extended Data Fig. 5e and
Fig. 3f). The concept of aroll cage has been employed previously for
self-righting'®”. In the presented design, the tapered and split bows
contactthe ground and deform during compression to push the jumper
upright (see Supplementary Video 3).

Determining the payload-free specific energy of the jumper. This
value can be determined as the energy the motor is able to store
in the spring-linkage per mass of the motor and spring-linkage.
A force-displacement curve was measured for the hybrid compres-
sion-tension spring, using the displacement that the motoris able to
create (20.3 cm; Extended Data Fig. 5b). The stored energy is meas-
ured as 24.2 ], the hybrid spring-linkage mass as 12.4 g, and motor
mass as 10.1g; thus, we find an overall payload-free specific energy
0f1,075J kg™

Data availability
All data are available in Extended Data Tables 1-3.

Code availability

MATLAB code for the energy production and utilization models and
the state-space model, as well as the spring simulation, are available
uponrequest.
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Extended DataFig.1| Work multiplicationin moredetail. a, Similartoa
ratcheted motorinFig.1,arotary motor canaccomplishwork multiplication
through multiple rotations instead of multiple strokes. b, The output work of a
biologicaljumperis determined by fixed parameters (motor stroke, leg stroke
and motor force), but work multiplication overcomes this for engineered
jumpers: For biological jumpers, motor stroke and leg stroke determine an
effective gear ratio, if the entire stroke of both is tobe used (in animals, the gear
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Motor
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ratio varies around this value slightly throughout the jump)'®. With this

determined gear ratio and a fixed motor force (assuming a size of motor), the
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legforceis determined. Finally, with the fixed leg stroke and determined leg
force, the output workis determined. By contrast, for engineered jumpers,
althoughthelegstrokeis roughly fixed (assuming a size of jumper), the motor
can make multiple strokes or rotations, allowing the gear ratio to be designed
(higher gear ratiowill resultin more strokes, at the cost of more time). With this
designed gear ratio and a fixed motor force (assuming a size of motor), theleg
forceis alsomultiplied withrespect to the leg force in the single-stroke case.
Finally, with the fixed leg stroke and the multiplied leg force, the output work is
alsomultiplied.
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Extended DataFig.2|Biological mechanismspecific-energy data. The
model (Fig. 2a-c) predicts an upper limit to specific energy for all biological
jumping mechanisms, regardless of transmission type, at approximately

200] kg™ (dash-dot green). Across scales found in nature, this limit holds. Note
that the energy utilization was estimated at 15%, similar to previous biological
work?*?’_ However, variation likely occurs, with jumpers with higher take-off
velocities likely having more mass dedicated to jumping muscles, and thus
having a higher energy utilization efficiency. A higher utilization efficiency, for
example, 30%, would resultin alower mechanism specific energy than shown
here. Themodel also predictsalimit due to motor specific power. Direct-drive
jumpers fallon or below this limit (dashed blue). Non-latched spring-actuated
jumpers canexceed this limit, and latched spring-actuated jumpers can exceed
itby even greateramounts (distance from blue dashed line). However, all still
fallbelow. See Extended Data Table1for data.



Article

a Produced Energy b COM Kinetic Energy
10° w 10° \
10*
10*
2 g 1
S = 1
> 107 &
o 2 100 |
] 2 1
w w
) = 1
(=R 107
S 10 3 !
a Q
0 e 0 . !
.“‘-.‘"" ——— Engineered, max power no linkage 1074 K ‘,'“ | 3
_“\"“ — = = Engineered, max power K “"'
1072k o,‘-" ——— Biological, max power E 4 o !
o Biological, G=0.01 106 1
[ Biological, G=0.1
Biological, G=1 ot
10* : : ! 108 s s s
10 107 10° 10? 10* 10 107 10° 10? 10*
Scale (m) Scale (m)
(o} 1 Acceleration Time d 10" Optimal Fixed Gear Ratio (G<1)
T T T T
10° E
w
o & o .
g 10) 10
’_
102 E
104 | | | 10'3 L 1 L
10 102 10° 10 10 10 102 10° 102 10
Scale (m) Scale (m)

Extended DataFig. 3 | Direct-actuated jumper simulations. a, The produced
energy specific to thejumper mass. b, The centre-of-mass kineticenergy,
specificto the jumper mass.c, Theaccelerationtime.d, The optimal fixed
reduction, G, producing the highestacceleration velocity for eachjumper
scale. The simulations are performed (i) for biological jumpers with fixed
reductions of 0.01, 0.1, and 1 (dotted lines), and (ii) for biological jumpers (blue
solid) and engineered jumpers (red solid: no linkage; red dotted: with linkage)
using variable reduction to operate at maximum power. Each fixed reductionis

only possible up toalimiting scale, where the motor force balances the body
weight. Biological jumpers operating at full power are also limited in scale, as
the motor runs out of stroke. Consequently, biological energy productionis
always limited by the motor energy (black dashed line). Finally, when operating
atthe optimal fixed or full-power variable reduction, the acceleration time
scaleswitha2/3 power of size, reflected in the same scaling in energy and gear
reduction.



a 1ot ! Produced E‘nergy ! Il)o" ! COoOM Kinetic‘Energy ! cl(‘r i Acceleratiop Time !
_______________________________ 103E 4
210 £ 10% 1
3 >
je fa)) 1027 4
> >
2 o =
5 @ ~
& 107 26 10 sg10% 1
2 Q2 [
= =
S S
a 2 10% 4
o 10tk Spring-motor mass ratio || 104 ]
0.001 1 10tk i
0.01 10
0.1
100 L 10—7 L L L 10— L L L
104 102 10° 10 10 102 10° 107 10 102 10° 107
Scale (m) Scale (m) Scale (m)
Extended DataFig. 4 |Spring-actuated engineered jumper simulations. lower mass ratio lowers the produced energy specific to the total mass and also
a, Theproduced energy specific to the jumper mass. b, The centre-of-mass imposes anupperbound onsize, as smaller springs cannot match larger weight
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simulations are performed for spring mass ratios of ranging from 0.001-10. A springs create faster jumps.
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Extended DataFig. 5|Jumper design details. a, Ashby plot of materials with
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tension. At high elastic moduli are fibre-reinforced composites, which canact
asstand-alone compression bow springs, but have lower specific energies than
elastomersintension. We therefore design ahybrid spring with elastomerin
tensionand carbonfibrein bending, replacing the passive linkage. b, Force-
displacement plot of our hybrid linkage-spring, with total area under the curve
(energy) shown (24.2]).c, Schematic and pictures of the minimalistic release
mechanism for unlatching. During winding of the string, the motor shaft turns,
pulling the string over a shaft supported by bearingsinthe armand
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compressing the hybrid spring-linkage. With further winding, alever onthe
string eventually hits thelatch, prying itopen. The arm swings open, allowing
the string to unspool from the shaft.d, Components of the jumper before
assembly. e, Self-righting mechanism. Without a self-righting mechanism, the
top-heavy jumper will roll nose-down during compression of the bow springs,
givenits massdistribution. However, if tapered and splitbows areadded
between each pair of the main, non-tapered bow springs, the behaviour canbe
reversed. The taper in the bow near the nose creates a high radius of curvature
during compression, contacting the ground and forcing the nose to roll
upward. The splitsection continues this as the jumper nears completion of the
righting behaviour.
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Extended DataFig. 6 | Simulating the presented jumper across the spring- isincreasedtoinfinite, weseeonlyal7%increase injump height (from32.9to
motor massratio andscale. Using the state-space model modified with the 38.6 m). Whenthescaleisincreased by 10x, we find anincrease of only 19%in
specifics of the presented jumper, we simulated jump height. Weincludedboth ~ jump height (from 32.9 t0 39.1 m). The star denotes the presented jumper
energy production and energy utilization. When the spring-motor mass ratio (0.3 mscale,32.9 mjump height).
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Extended DataFig.7 | Schematic of simplified jumper. a, Schematic of
jumperusedinFig.la.b-d, Free-body diagrams of the body, top linkage, and
bottom linkage, respectively.



Extended Data Table 1| Biological jump data

Mechanism
Length Velocity Specific in vacuo Jump
Source Scientific Name Common Name (m) (m/s) Time (s) Energy (J/kg) Height (m)
[53] Salticidae Jumping Spider 0.006 0.8 0.015 1.8 0.03
[54] Acris gryllus Southern cricket frog 0.034 2.3 0.033 15.3 0.26
[54] Pseudodacris crucifer spring peeper (frog) 0.038 2.4 0.036 17.6 0.30
[55] Schistocerca gregaria Desert locust, 1st instar 0.007 1.2 0.008 43 0.07
[54] Hyla squirella Squirrel tree frog 0.058 1.9 0.063 1.2 0.19
[54] Hyla cinerea American green tree frog 0.070 2.0 0.073 11.9 0.20
[56] Anolis carolinensis Green anole (lizard) 0.070 25 0.056 18.9 0.32
[54] Osteopilus septentrionalis Cuban tree frog 0.108 2.9 0.091 24.9 0.42
[57] Sciurus vulgaris Red squirrel 0.150 4.2 0.071 54.0 0.92
[54] Rana catesbiana American bullfrog 0.164 2.6 0.128 19.7 0.335
[58] Canis familiaris Dog 0.600 4.2 0.160 52.9 0.900
[59] Epiphyas postvittana Moth, light brown apple 0.010 1 0.011 3.0 0.051
[59] Xanthorhoe fluctuate Moth, garden carpet 0.013 1 0.016 3.0 0.051
[59] Crambus pascuella Moth, grass veneer 0.012 0.9 0.023 24 0.041
[60] Homo sapiens Human 1.000 3.1 0.360 29.4 0.500
[61] Psylliodes affinis Flea beetle 0.002 2.3 0.001 16.4 0.278
Neophilaenus
[62] exclamationis Froghopper 0.004 4.2 0.001 52.9 0.900
[62] Philaenus spumarius Froghopper 0.006 4.7 0.001 66.3 1.127
[63] Athous haemorrhoidalis Click beetle 0.010 3.0 0.005 27.0 0.459
[62] Lepyronia coleoptrata Froghopper 0.007 4.6 0.002 63.5 1.080
[64] Collembola springtail 0.002 0.3 0.009 0.3 0.005
[61] Psylliodes dulcamarae Flea beetle 0.004 2.3 0.002 15.9 0.270
[65] Drosophila melanogaster Fruit fly larva 0.008 2.6 0.004 20.6 0.351
[63] Archaeognatha Bristletail 0.010 2.0 0.007 12.3 0.209
[62] Aphrophora alni Froghopper 0.010 3.4 0.003 34.7 0.590
[62] Cercopis vulnerata Froghopper 0.010 3.8 0.003 43.3 0.737
[55] Schistocerca gregaria Desert locust adult 0.041 2.6 0.023 19.8 0.337
[12] Galago senegalensis Lesser galago 0.160 6.7 0.095 134.4 2.286
[66] Zapus Trinotatus Jumping mouse 0.032 3.0 0.021 27.5 0.420
[67] Dipodomys ingens Kangaroo rat 0.090 2.8 0.064 23.5 0.400

Refs. 5367,
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Extended Data Table 2 | Engineered jumper data

Energy Mechanism Mechanism
Approx. Jump W) Mass Specific
Length Height (9) Energy
Source Name (m) (m) (J/kg)
- Presented jumper 0.3 32 24.2 22.5 1075
[13] Multi-Mo Bat 0.2 3.74 6.4 57 112
[15] Locust-inspired 0.2 3.67 ~1.3 121 ~110
[16] EPFL7g 0.1 1.4 0.154 3.6 43
[17] EPFL Steerable 0.1 1.1 ~0.16 7.6 ~21

Jumpers not using electromagnetic motors
[46] Sand flea 0.4 10 ~500 ~800 ~625

[45] Wheeled propane 0.3 7.5 ~470 ~1000 ~470

Mechanism specific energy is calculated as the energy production divided by the mass of the mechanism (motor, spring and linkage). The ‘~’ represents numbers estimated from source.
RefS. 131 547,45,46.



Extended Data Table 3 | Jumper specifications

Component Description Mass (g9) Qty. Total Mass (g)
Carbon rod 270 mm x 4.5 mm x 1.45 mm 2.75 4 11.0
(ACP Composites)
Rubber bands 30.5mmx 1.2 mmx 3.175 mm 0.0875 16 1.4
Motor 6V High-power Carbon Brush, 1.5A stall, 986.4:1 gear 10.1 1 10.1
reduction, metal spur gears (Pololu)
Battery 3.7V LiPo (PKCELL) 105mAh 2.8 1 2.8
Release arm Custom 7075 Al, with SS bearings and shafts (McMaster- 1.23 1 1.23
Carr)
Nose cone Injection molded model rocket cone 1.20 1 1.20
Motor housing Custom fiberglass, 0.25 mm thick (ACP Composites) 0.97 1 0.97
Fabric hinge Ballistic nylon (McMaster-Carr) 0.08 8 0.64
Latch Custom 7075 Al (McMaster-Carr) 0.47 1 0.47
CA glue Loctite 401 0.4 1 0.4
String Spectra line, 300 N (PowerPro) 0.07 1 0.07
Wedge Custom 7075 Al (McMaster-Carr) 0.05 1 0.09
TOTAL 30.37
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