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Supplementary Text

We examine the kinematic performance of systems using simplified motor, spring, and latch models. The
model components allow us to solve the dynamic equations of motion analytically, and in terms of non-
dimensional variables set by the motor characteristics. Using this framework, the force output of the system
is defined as a function of displacement and velocity and provides a system-level view of the dynamics. We
compare systems driven by the same motor (a linear F -v trade-off motor), but with different combinations of
springs and latches. In the main text of the paper, a motor-driven system with a linear force-velocity trade-
off is compared to a spring-driven system involving the same motor but with a spring with non-zero mass
(“heavy spring” here in the notation of the supplementary information) and a latch which has a rounded
edge (“rounded latch” here).

The supplementary information is broken down into sections in which additional layers of complexity are
added on piecewise to more fully explain the underlying modeling. In Section S1, we consider the system
in which the motor directly drives a load mass projectile (shown schematically in Fig. 1B). Sections S2-S6
incorporate a spring (an ideal or heavy spring) and a latch (an ideal, rounded, or parabolic latch), which
use the motor to pre-load energy into the spring; the load mass is then driven by the spring after unlatching
occurs (the process is depicted schematically in Fig. 1C). The combinations of motor, spring, and latch are
summarized in Table S1, listed along with their corresponding section number.

Section # Motor Spring Latch

S1 linear F -v motor - -
S2 linear F -v motor ideal spring ideal latch
S3 linear F -v motor heavy spring ideal latch
S4 linear F -v motor ideal spring rounded latch
S5 linear F -v motor ideal spring parabolic latch
S6 linear F -v motor heavy spring parabolic latch

Table S1: Summary of the motor, spring, and latch combinations used in Sections S1-S6 of this document.

In Section S7, we demonstrate that for an ideal spring, there is a potential benefit for spring-driven
motion if and only if the motor has a sufficient F-v trade-off. We define a “sufficient” F-v trade-off as one
in which the force decreases as a function of velocity, and for which there exists a maximum velocity, such
that force goes to zero above that velocity. Finally, in Section S8, we show that altering the load geometry
has a similar effect to changing the latch geometry.

For mathematical simplicity and to demonstrate the generality of dynamics, we work in non-dimensional
variables summarized in Table S2. Since we are comparing different configurations while holding the motor
constant, we have chosen to non-dimensionalize in terms of the motor parameters: the maximum force of
the motor (Fmax), the range-of-motion of the motor (d), and the maximum velocity of the motor (vmax). We
use the convention that non-dimensional variables are capped by the tilde accent symbol (̃·). For example,
the displacement, x, which has units of length, has a corresponding non-dimensional equivalent x̃.
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Variable Dimensionless variable

Force, F f̃ = F
Fmax

Velocity, v ṽ = v
vmax

Displacement, x x̃ = x
d

Time, t t̃ = t vmax

d

Mass, m m̃ = m
v2max

Fmaxd

Table S2: Summary of non-dimensional variables used in this document.

Although the details of the models and the analytical equations of motion are detailed in Sections S1-S6,
here we present a summary of the comparison between the different systems. To compare the six systems,
there are several different output metrics that can be used. Three of these are shown in Fig. S1, the take-
off velocity, the take-off duration, and the maximum power. The goal of a system might be to minimize
take-off duration, maximize take-off velocity, and maximize take-off power (or some combination of these or
other variables). These output variables depend on the load mass of the projectile, with heavier projectiles
generally having a longer take-off duration with a smaller take-off velocity and smaller maximum power.

There are two important points demonstrated by the output from these models. First, the motor directly
driving the load mass (Section S1) has a better performance for heavy masses, while the systems with a latch
and spring (Sections S2-S6) outperform the motor for light loads. Intuitively, because light masses can be
more easily be accelerated to high velocity, they push the velocity limits of the motor, which means a spring-
driven system can be beneficial when driving light mass. There is a critical mass which lies at the cross-over
in performance between the directly driven system and the spring-driven system. This critical mass depends
on which spring and latch model are used, and it also depends on the output variable. For example, there is
a cross-over in the take-off velocity of the motor + ideal spring + ideal latch (red dashed line in Fig. S1A)
and the motor only (blue solid in in Fig. S1A) at m̃ ≈ 2, whereas the cross-over of the maximum power in
Fig. S1C for these two systems occurs at m̃ ≈ 4. This dependence of the cross-over on the output variable
relates to the second important point demonstrated by the models: for a given mass, choosing the system
which optimizes one output variable does not necessarily optimize others. This is demonstrated by looking
at the motor + heavy spring + ideal latch model (green dash-dotted line in Fig. S1), and observing that, at
low mass, the take-off velocity and maximum power are inversely related.
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A Take-off velocity versus load mass
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Figure S1: Summary of the results presented in Sections S1-S6. A The take-off velocity ṽto of the load
decreases as a function of its mass m̃. B the take-off time t̃to increases with load mass. C The maximum
power p̃max delivered to the load mass diverges as m̃→ 0 for the three models with an ideal spring (Sections
S2, S4-S5), remains constant when the motor directly drives the load mass (Section S1), and decreases at
small loads when being driven by a heavy spring (Section S3, S6).
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One way to visualize the system-level performance is by writing the output force of the system on
the projectile as a function of displacement and velocity. Figure S2 shows the force-displacement-velocity
f̃(x̃, ṽ) characteristics of the models presented in Sections S1-S6. The magnitude of the force is plotted as
a color gradient, along with the force contour lines shown in light gray. The phase-space trajectory ṽ(x̃) of
projectiles of different mass are shown as the thick black lines. The shape of the force-displacement-velocity
relationship defines a field in which the different mass projectiles respond, giving rise to their trajectories.
These trajectories define the characteristic output variables previously discussed in Fig. S1.

The effect of the latch on system-level performance is compared in Fig. S2(B,D,E). The latch geometry
defines a region in the upper-left quadrant of phase space where the force abruptly falls to zero due to the
geometric constraint of the latch. A more direct comparison is shown in Fig. S3. The different latches
shape the energy release from the spring, and determine how much energy is transferred into the kinetic
energy of the load mass. In the case of smooth, rigid surfaces between the latch and projectile, this release is
determined solely by the geometry and speed of latch release, and not by the coefficient of friction between
the surfaces.
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C §S3 linear F -v motor + heavy spring +
ideal latch
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D §S4 linear F -v motor + ideal spring +
rounded latch
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F §S6 linear F -v motor + heavy spring +
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Figure S2: A-F Comparison of f̃(x̃, ṽ) output for the models presented in Sections S1-S6.

5



A

0 1 2 3 4 5 6
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

t̃
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Figure S3: Energy release and latching force from the three different latches used with an ideal spring
discussed in Sections S2, S4, and S5. A The energy stored in the spring (potential energy) and released
(kinetic energy) as a function of time. B The shape of the latch determines the rate of energy release, and
the latching force profile. For the ideal latch, the latching force falls to zero immediately at t̃ = 0, while the
rounded and parabolic latch have a finite unlatching time.
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Section S1 - Linear F -v motor

In the first system, we considered a linear F -v motor directly driving a load mass, m, as in Fig. 2a of the
main text, Newton’s second law gives

F (v) = Fmax

(
1− v

vmax

)
= m

dv

dt
, (1)

subject to the initial condition x(t = 0) = v(t = 0) = 0. Eq.(1) is valid for the range of motion of the
motor, namely, when 0 ≤ x ≤ d. For x > d, F = 0, and the velocity of the load mass is constant and equal
to its take-off velocity v(t > tto) = vto. Here tto is defined as the time to release, with x(tto) = d. If we
non-dimensionalize Eq.(1) by defining

f̃ =
F

Fmax

ṽ =
v

vmax

x̃ =
x

d

t̃ = t
vmax

d
,

m̃ = m
v2max

Fmaxd

then the differential equation describing the motion of the load mass can be written as

f̃(ṽ) = 1− ṽ = m̃
dṽ

dt̃
. (2)

The solution to Eq. (2) is

ṽ = 1− e−t̃/m̃, (3)

which gives the displacement before take-off as

x̃ = t̃+ m̃
(
e−t̃/m̃ − 1

)
. (4)

The condition for take-off requires x̃(t̃ = t̃to) = 1, which means that tto can be solved as a function m̃ as

1 = t̃to + m̃
(
e−t̃to/m̃ − 1

)
, (5)

the numerical solution to which is shown as the solid blue line in the middle panel of Fig. S1. This sets the
take-off velocity as ṽto = ṽ(t̃to), which can be written in terms of t̃to

ṽto =
t̃to − 1

m̃
,

and defines two regimes for the kinematics (before and after take-off) as

x̃(t̃) =

{
t̃+ m̃

(
e−t̃/m̃ − 1

)
if t̃ ≤ t̃to

t̃to + e−t̃to − 1 + ṽto(t̃− t̃to) if t̃ > t̃to
(6)

ṽ(t̃) =

{
1− e−t̃/m̃, if t̃ ≤ t̃to
ṽto if t̃ > t̃to

(7)

f̃(t̃) =

{
e−t̃/m̃, if t̃ ≤ t̃to
0 if t̃ > t̃to

(8)
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The non-dimensional power output p̃ = f̃ · ṽ, is

p̃(t̃) =

{
e−t̃/m̃ − e−2t̃/m̃, if t̃ ≤ t̃to
0 if t̃ > t̃to.

(9)

The maximum power, max(p̃(t̃)) is constant for small load masses (the peak of the p̃(t̃) plot in Fig. S4), with
p̃max = 0.25 for m̃ < 1

ln(2)−1/2 ≈ 5.18. Otherwise p̃max = p̃(t̃to).
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Figure S4: Dynamics of a system with a linear motor used to directly drive the load mass shown for A
displacement, B velocity, C force, and D power. The dynamics are given by Eqs. (6-9).
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The take-off velocity is a function of mass through its dependence on t̃to; ṽto(m̃) is shown in Fig. S1.
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Section S2 - Linear F -v motor + ideal spring + ideal latch

For an ideal spring slowly loaded to a maximum force Fmax = kd, and then released with load mass m, the
equations of motion of the load mass before take-off are

x(t) = d

(
1− cos

(√
k

m
t

))

v(t) = d

√
k

m
sin

(√
k

m
t

)

F (t) = kd cos

(√
k

m
t

)
= k(d− x),

where the spring is assumed to be Hookean, has no force-velocity trade-off, is massless, and does not lose
any energy to the latch. These equations of motion are valid during the launch of the projectile, namely for
t < tto.

The non-dimensional form of these equations of motion of the load mass before take-off (using the same
non-dimensionalization as in Section S1) are

x̃(t̃) =
(
1− cos

(
ṽtot̃

))
(10)

ṽ(t̃) = ṽto sin
(
ṽtot̃

)
(11)

f̃(t̃) = m̃ṽ2to cos
(
ṽtot̃

)
(12)

p̃(t̃) = f̃ · ṽ =
m̃ṽ3to

2
sin
(
2ṽtot̃

)
, (13)

where

ṽto =
1√
m̃
. (14)

Setting ṽtot̃to = π/2 to maximize ṽ gives the take-off time

t̃to =
π
√
m̃

2
.

The maximum power occurs when t̃ = t̃to/2, with

p̃max =
1

2
√
m̃
.

The force can be written in terms of x as
f̃ = 1− x̃ (15)
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A Displacment verus time
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Figure S5: Dynamics of a system with a linear motor, ideal spring and ideal latch shown for A displacement,
B velocity, C force, and D power. The dynamics are given by Eqs. (10-13).
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Section S3 - Linear F -v motor + heavy spring + ideal latch

In this section we make a minor modification to the previous section: the Hookean spring is considered to
have a non-zero mass. By considering a heavy spring, complicated effects such as the spatially non-uniform
release of strain energy due to elastic wave propagation and inhomogeneity in the spring mass distribution
can arise. Here a simplified approach is used where both the mass distribution in the spring and strain
energy release are assumed to be spatially uniform.

With these assumptions, the dynamics of the heavy spring can be derived by considering an energy
balance: setting the work done by the spring equal to the total change in kinetic energy. The total kinetic
energy of the system depends on the position of the load mass, Ktot = Ktot(x). There is a contribution to
Ktot from the load mass ( 1

2mv
2), and the kinetic energy of the spring given by

Ks(x) =

x∫
−(L0−d)

1

2
λ(x)vs(x

′;x)2 dx′, (16)

where vs(x
′;x) is the velocity of the spring at point x′ given that the load mass is at point x, and L0 is the

equilibrium length of the spring (L0 = L(x = d)). The linear mass density of the spring, λ(x), is related to
the total mass of the spring, ms, and length of spring L(x) by

λ(x) =
ms

L(x)
=

ms

x+ L0 − d
. (17)

The expression in Eq.(16) can be evaluated using the assumption of a spatially uniform release of strain
energy, which implies that there is a linear velocity distribution in the spring. The velocity goes to zero for
the end of the spring connected to the ground,

vs(−(L0 − d);x) = 0,

and the velocity of the end of the spring connected to the load mass is equal to the velocity of the load mass
v(x), with

vs(x;x) = v(x).

Using these two boundary conditions and the assumption of a linear velocity distribution in the spring, gives
the spring velocity at point x′ given the projectile is at point x as

vs(x
′;x) =

x′ + L0 − d
x+ L0 − d

. (18)

Substituting Eq.(18) into Eq.(16) and using Eq.(17), gives the kinetic energy of the spring

Ks(x) =
msv(x)2

2(x+ L0 − d)3

x∫
−(L0−d)

(x′ + L0 − d)2 dx′ =
msv(x)2

6
,

which simplifies to

Ks(x) =
msv(x)2

6
. (19)

This gives the total kinetic energy as

Ktot(x) =
1

2
(m+

ms

3
)v(x)2. (20)

Assuming a conservation of energy, at take-off the total kinetic energy Ktot(x = d) is equal to the
potential energy stored in the spring by the motor Fmaxd/2. This gives the take-off velocity vto = v(x = d)
in terms of the properties of the system as

vto =

√
Fmaxd

m+ms/3
.

12



Dividing both sides by vmax non-dimensionalizes the take-off velocity

ṽto =

√
1

m̃+ m̃s

3

, (21)

where we have introduced the non-dimensional spring mass m̃s =
msv

2
max

Fmaxd
. The non-dimensional equations

of motion until take-off are the same as the ideal spring case [Eq.(10-13)] but with ṽto defined by Eq.(21):

x̃(t̃) =
(
1− cos

(
ṽtot̃

))
(22)

ṽ(t̃) = ṽto sin
(
ṽtot̃

)
(23)

f̃(t̃) = m̃ṽ2to cos
(
ṽtot̃

)
(24)

p̃(t̃) = f̃ · ṽ =
m̃ṽ3to

2
sin
(
2ṽtot̃

)
, (25)

The take-off time can be solved for by setting ṽtot̃to = π/2 which yields

t̃to =
π
√
m̃+ m̃s

3

2
,

and the maximum power occurs when ṽtot̃ = π/4 and equals

p̃max =
m̃

2(m̃+ m̃s

3 )3/2
.

To rewrite f̃(t̃; m̃) in terms of normalized displacement and velocity f̃(x̃, ṽ), we can rearrange Eq.(21) to
substitute in for m̃ in terms of ṽto and m̃s. We also use the expression for x̃(t) to replace the cosine term,
giving,

f̃(t̃) =

(
1− m̃sṽ

2
to

3

)
(1− x̃) .

Finally, by using sin2 + cos2 = 1 with x̃(t̃)2 + ṽ(t̃)2, we can eliminate ṽ2to = ṽ2

1−(1−x̃2) , which results in the

final expression for f̃(x̃, ṽ)

f̃(x̃, ṽ) =

1− m̃sṽ
2

3
(

1− (1− x̃)
2
)
 (1− x̃) (26)
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A Displacement versus time
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Figure S6: Dynamics of a system with a linear motor, heavy spring and ideal latch shown for A displacement,
B velocity, C force, and D power. The mass of the spring is set to m̃s = 1. The dynamics are given by
Eqs. (22-25).
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Section S4 - Linear F -v motor + ideal spring + rounded latch

In previous sections, we considered the latch to be ideal: an obstruction with frictionless surfaces and
perfectly sharp edges is removed instantaneously at t = 0. In the next two sections, we consider the effect
of the latch by altering the latch geometry (Fig. S7) and removing the latch with a finite constant velocity
vL. In this analysis, the latches are still considered to be frictionless, and the effect of geometric constraint
on the kinematics of release will be examined.

Figure S7: Examples of different latch geometries.

In the unlatching of the rounded latch shown in Fig. S8, the latch force Flatch from each of the two sides
of the latch initially balances the spring force Fspring. When unlatching begins, there exists a force normal to
the latch surface at the point of contact between the mass and the latch. The force is purely normal to the
surface due to the frictionless contact. At some point in time t = t`, the normal force exerted by the latch
onto the mass falls to zero, and the mass is released from the latch at position x = x` with a velocity v = v`.
In this section, we will develop equations describing the motion of the mass before latch release (t < t`) and
after latch release (t > t`).

Figure S8: Schematic depiction of the unlatching process, and the balance of the latching force (Flatch) being
counteracted by the spring force (Fspring).

Before latch release (t < t`)

For the mass in contact with the rounded latch, the motion could be analyzed using the equations of motion
in a polar coordinate system. Here we take a more general approach which will allow the analysis of more
complicated latch geometries which don’t have a constant radius of curvature.

To be consistent with previous sections, we choose a co-ordinate system for the latch geometry where x
is the vertical direction and y is the horizontal direction in Fig. S8. By symmetry we consider here only one
side of the latch, taking x = 0 to be initial position of the top surface of the mass, and y = 0 to be the point
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at which the latch begins to curve, such that the surface of the latch is described by the function

x = R

(
1−

√
1−

( y
R

)2)
.

Assuming the latch is pulled away with a constant velocity vL, the position of the mass when in contact
with the latch is given by setting y = vLt

x(t) = R

1−
√

1−
(
vLt

R

)2
 . (27)

Taking the derivative of Eq. (27) with respect to time yields the velocity of the mass when in contact with
the latch

v(t) = vL

(
vLt
R

)√
1−

(
vLt
R

)2 . (28)

By taking Fnet = mdv
dt , the net force acting on the mass by the spring and latch is

F (t) = m

(
v2L
R

)
(

1−
(
vLt
R

)2)3/2 . (29)

Equations (27-29) are valid for when the mass is in contact with the latch, namely t < t`. To determine
when these equations are valid we need to solve for when the latching force goes to zero, and Fnet =

Fspring. Using Eq.(29) and Fspring = Fmax

(
1− x(t)

d

)
gives an expression which can be solved numerically

for t`(Fmax,m,R, d, vL)

Fmax

1− R

d

1−
√

1−
(
vLt`
R

)2
 = m

(
v2L
R

)
(

1−
(
vLt`
R

)2)3/2 (30)

To put these equations in non-dimensional form we let R̃ = R/d, ṽ` = vL/vmax, and t̃` = t`
vmax

d . This gives

t̃`(m̃, R̃, ṽ`) implicitly as(
1−

(
ṽ`t̃`

R̃

)2
)3/2

1− R̃

1−

√
1−

(
ṽ`t̃`

R̃

)2
 =

m̃ṽ2`
R̃

.

The kinematic equations of motion for t̃ < t̃` are

x̃(t̃) = R̃

1−

√
1−

(
ṽ`t̃

R̃

)2
 , (31)

ṽ(t̃) = ṽ`

(
ṽ` t̃
R̃

)
√

1−
(
ṽ` t̃
R̃

)2 . (32)

f̃(t̃) =

(
m̃ṽ2`
R̃

)
(

1−
(
ṽ` t̃
R̃

)2)3/2
. (33)
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p̃(t̃) =

(
m̃ṽ3`
R̃

)(
ṽ` t̃
R̃

)
(

1−
(
ṽ` t̃
R̃

)2)2 . (34)

For large masses, t̃` → 0, which occurs when the latching force goes to zero for t̃ = 0. This happens for all
m̃ > m̃c, where

m̃c =
m̃

f̃(t̃ = 0)
=
R̃

ṽ2`

In other words, for m̃ > R̃/ṽ2` , the unlatching time goes to zero with t̃` = x̃` = ṽ` = 0, and the latch behaves
as an ideal latch.

An alternate way to write the velocity ṽ is in terms of displacement

ṽ = ṽ`

√
1−

(
1− x̃

R̃

)2
1− x̃

R̃

.

Notably, the kinematics of the mass during the unlatching phase are independent of its mass, and therefore
the velocity-displacement trajectory is entirely determined by the geometry and speed of the latch release.

After latch release (t > t`)

After the latch has released, the motion of the mass before take-off is the first quarter of a harmonic
oscillation cycle determined by the initial conditions x̃` = x̃(t̃`) and ṽ` = ṽ(t̃`). The take-off velocity ṽto can
be determined by requiring the conservation of energy

1

2
m̃ṽ2` +

1

2
(1− x̃`)2 =

1

2
m̃ṽ2to.

The equations of motion for t̃ > t̃` can be written in terms of ṽto as

x̃(t̃) = 1−
√
m̃ṽto cos

(
t̃√
m̃

+ φ̃

)
(35)

ṽ(t̃) = ṽto sin

(
t̃√
m̃

+ φ̃

)
(36)

f̃(t̃) =
√
m̃ṽto cos

(
t̃√
m̃

+ φ̃

)
(37)

p̃(t̃) =

√
m̃ṽ2to
2

sin

(
2

(
t̃√
m̃

+ φ̃

))
(38)

with the non-dimensional take-off velocity ṽto and phase φ̃ given by the initial conditions x̃`, ṽ`, t̃` as

ṽto =

√
(1− x̃`)2

m̃
+ ṽ2` (39)

φ̃ = arctan

(√
m̃ṽ`

1− x̃`

)
− t̃`√

m̃
(40)

The take-off time occurs at the maximum of ṽ(t̃), when t̃to√
m̃

+ φ̃ = π
2 ,

t̃to =
π
√
m̃

2
−
√
m̃ arctan

(√
m̃ṽ`

1− x̃`

)
+ t̃`. (41)

17



and the force after unlatching can be written solely in terms of x̃ as

f̃ = 1− x̃. (42)
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ṽ

C Force versus time

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t̃

f̃

D Power versus time

0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

t̃

p̃

Figure S9: Dynamics of a system with a linear motor, ideal spring and rounded latch shown for A displace-
ment, B velocity, C force, and D power. The normalized radius of curvature is set to R̃ = 0.2 and the
velocity of the latch ṽ` = 0.15. The curves are plotted from Eqs. (31-34) for t̃ < t̃` and Eqs. (35-38) for
t̃ > t̃`.
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Section S5 - Linear F -v motor + ideal spring + parabolic latch

Similar to the previous section, here we consider altering the geometry of the latch by using an approximation
to the sloped latch in Fig. S7. A parabolic-shaped latch will be used as an approximation to the sloped
geometry due to the mathematical discontinuities induced by the sharp corner of the sloped latch, as described
at the beginning of this section. The same general procedure from the previous section applies: determine
the latch release time t` by solving for when the normal force of the latch goes to zero. This separates the
dynamics into two stages, before and after latch release.

The geometry of a sloped latch can be simply described by

x = y tan θ,

for x < w. If the latch is pulled away with a constant velocity vL, then

x(t) =

{
(vL tan θ) t, if t > 0

0 if t < 0

v(t) =

{
vL tan θ, if t > 0

0 if t < 0

F (t) = mvL tan θδ(t),

where δ is the Dirac delta function. This functional form is problematic as the sharp corner of the latch at
(x = 0, y = 0) requires an infinite force for the mass to remain in contact with the latch. To avoid this, we
introduce a rounded corner to the latch edge at (x = 0, y = 0) by introducing a quadratic (parabolic) latch
geometry which describes the latch geometry for 0 < x < w and y > 0

x =
tan2 θ

4w
y2.

The prefactors are chosen such that the slope of the latch dx
dy at x = w is equal to tan θ. If this latch is pulled

away with a constant velocity vL at t = 0, then y = vLt and the position of the mass when in contact with
the latch is (in non-dimensional units)

x̃(t̃) =
ṽ2` tan2 θ

4w̃
t̃2, (43)

where w̃ = w/d and ṽ` = vL/vmax. The other kinematic equations are

ṽ(t̃) =
ṽ2` tan2 θ

2w̃
t̃ (44)

f̃(t̃) = m̃
ṽ2` tan2 θ

2w̃
. (45)

p̃(t̃) = m̃
ṽ4` tan4 θ

4w̃2
t̃. (46)

The width of the latch w sets a maximum limit on the time it takes to unlatch t̃max, by setting x̃(t̃max) = w
which gives

t̃max =
2w̃

ṽ` tan θ
. (47)

As in the previous section, we can solve for the unlatching time t̃` by setting f̃(t̃`) = f̃spring = 1− x̃(t̃`)

t̃` = min

{√
4w̃

ṽ2` tan2 θ
− 2m̃ ; t̃max

}
(48)

where the unlatching time t̃` = 0 for m̃ > m̃c with

m̃c =
2w̃

ṽ2` tan2 θ
.
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The mass reaches the end of the latch when t̃max <
√

4w̃
ṽ2` tan2 θ

− 2m̃, which occurs when m̃ < (1− w̃)m̃c.

Therefore, the unlatching time can be described in terms of the load mass by three different regimes:
unlatching occurs after the full width of the latch (m̃ < (1− w̃)m̃c), unlatching occurs along the edge of the
latch ((1− w̃)m̃c < m̃ < m̃c), and unlatching occurs at t̃ = 0 (m̃ > m̃c).

t̃` =


2w̃

ṽ` tan θ
, if m̃ < (1− w̃)m̃c√

2 (m̃c − m̃), if (1− w̃)m̃c < m̃ < m̃c

0 if m̃ > m̃c

(49)

The position after the unlatching phase is complete, is given by

x̃` =


w̃, if m̃ < (1− w̃)m̃c

1− m̃
m̃c
, if (1− w̃)m̃c < m̃ < m̃c

0 if m̃ > m̃c

(50)

During the unlatching, the velocity can be written in terms of position as

ṽ = ṽ` tan θ

√
x̃

w̃
,

which means the velocity after the unlatching phase is complete, is given by

ṽ` = ṽ` tan θ

√
x̃`
w̃

=

√
2x̃`
m̃c

, (51)

After the unlatching, for t̃ > t̃`, the dynamics proceed identically to the process after the unlatching of the
rounded latch (described in the previous section), according to Eqs.(35-42), but with t̃`, x̃`, ṽ` defined by
Eqs.(49), (50), and (51). This gives the take-off velocity, take-off time, and maximum power as

ṽto =



√
(1−w̃)2

m̃ + ṽ2` tan2 θ, if m̃ < (1− w̃)m̃c√
2
m̃c
− m̃

m̃c
, if (1− w̃)m̃c < m̃ < m̃c

1√
m̃
, if m̃ > m̃c

(52)

t̃to =



π
√
m̃

2 −
√
m̃ arctan

(√
m̃ṽ` tan θ
1−w̃

)
+ 2w̃

ṽ2` tan2 θ
, if m̃ < (1− w̃)m̃c

√
m̃

[
π
2 − arctan

(√
2
(
m̃c

m̃ − 1
))

+
√

2
(
m̃c

m̃ − 1
)]

if (1− w̃)m̃c < m̃ < m̃c

π
√
m̃

2 if m̃ > m̃c

(53)

p̃max =

√
m̃ṽ2to
2

(54)
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A Displacement versus time
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Figure S10: Dynamics of a system with a linear motor, ideal spring and parabolic latch shown for A
displacement, B velocity, C force, and D power. The normalized width of the latch is set to w̃ = 0.2, the
final slope of the latch is θ = 60◦, and the velocity of the latch ṽ` = 0.15. The curves are plotted from
Eqs. (43-46) for t̃ < t̃` and Eqs. (35-38) for t̃ > t̃`.
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Section S6 - Linear F -v motor + heavy spring + parabolic latch

In this section, the heavy spring from Section S3 will be combined with the parabolic latch from Section S5.
As in the previous two sections, we need to consider when the latching force goes to zero. The inertia of the
heavy spring adds an extra complication to this analysis, as the inertial force of the heavy spring needs to
be accounted for. The approach we take here is to use an energy balance of the system, where the sum of
the potential energy, total kinetic energy, and non-conservative work is constant:

1

2
(1− x̃)2 +

1

2

(
m̃+

m̃s

3

)
ṽ2 −

x̃∫
0

f̃latch(x̃′) dx̃′ = constant (55)

The third term in Eq.(55) is the non-conservative work that the latch performs on the projectile. By taking
d
dx̃ of the energy balance, this gives a force balance(

m̃+
m̃s

3

)
ã(x̃) = f̃latch(x̃) + (1− x̃), (56)

where a is the instantaneous acceleration of the projectile. Equation (55) will be used to determine the latch
release point f̃latch(x̃`) = 0, and the dynamics after release. As in previous sections, we will first consider
the dynamics before release, followed by the dynamics after release.

Before latch release

Before latch release, while the load mass is in contact with the latch, the dynamics proceed identically to
Eqs.(43-46) outlined in Section S5. The addition of the heavy spring here only modifies the latch release time
t̃`, latch release point x̃`, and latch release velocity ṽ`. To solve for t̃`, we substitute Eq.(43) and Eq.(45) into
Eq.(56), and set f̃latch = 0. Using steps that parallel Section S5 (identical steps but with m̃→ m̃+ m̃s/3),
gives

t̃` =


2w̃

ṽ` tan θ
, if m̃ <

(
m̃c − 2w̃2

ṽ2` tan2 θ

)
√

2 (m̃c − m̃), if
(
m̃c − 2w̃2

ṽ2` tan2 θ

)
< m̃ < m̃c

0 if m̃ > m̃c

(57)

where the critical mass m̃c has changed due to the inertia of the heavy spring and is given by

m̃c =
2w̃

ṽ2` tan2 θ
− m̃s

3
. (58)

The position after the unlatching phase is complete, is given by

x̃` =


w̃, if m̃ <

(
m̃c − 2w̃2

ṽ2` tan2 θ

)
ṽ2` tan2 θ

2w̃ (m̃c − m̃) , if
(
m̃c − 2w̃2

ṽ2` tan2 θ

)
< m̃ < m̃c

0 if m̃ > m̃c

(59)

As in Section S5, during the unlatching, the velocity can be written in terms of position as

ṽ = ṽ` tan θ

√
x̃

w̃
,

which means the velocity after the unlatching phase is complete, is given by

ṽ` = ṽ` tan θ

√
x̃`
w̃
. (60)
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After latch release

The dynamics after the latch releases proceeds as in Section S3; however, the initial conditions are altered.
From Eq.(56) with f̃latch set to zero, and setting the maximum velocity equal to the take-off velocity, the
motion of the load mass is described by a simple harmonic motion:

x̃(t̃) = 1− ṽto
√
m̃+

m̃s

3
cos

 t̃√
m̃+ m̃s

3

+ φ̃

 (61)

ṽ(t̃) = ṽto sin

 t̃√
m̃+ m̃s

3

+ φ̃

 (62)

f̃(t̃) =
m̃ṽto√
m̃+ m̃s

3

cos

(
t̃√

m̃+ m̃s

3

+ φ̃

)
(63)

p̃(t̃) =
m̃ṽ2to

2
√
m̃+ m̃s

3

sin

2

 t̃√
m̃+ m̃s

3

+ φ̃

 , (64)

with the non-dimensional take-off velocity ṽto and phase φ̃ given by the initial conditions x̃`, ṽ`, t̃` as

ṽto =

√
(1− x̃`)2

m̃+ m̃s

3

+ ṽ2` (65)

φ̃ = arctan


√
m̃+ m̃s

3 ṽ`

1− x̃`

− t̃`√
m̃+ m̃s

3

(66)

The take-off time occurs at the maximum of ṽ(t̃), when t̃to√
m̃+ m̃s

3

+ φ̃ = π
2 ,

t̃to =
π
√
m̃+ m̃s

3

2
−
√
m̃+

m̃s

3
arctan


√
m̃+ m̃s

3 ṽ`

1− x̃`

+ t̃`. (67)

The force after unlatching can be written in terms of x̃ and m̃ as

f̃ =
m̃

m̃+ m̃s

3

(1− x̃) . (68)

To determine the force-displacement-velocity trade-off after unlatching f̃(x̃, ṽ) requires some extra steps
compared to previous sections. First, invoking the Pythagorean trigonometric identity on x̃(t̃) and ṽ(t̃)
yields

1

m̃+ m̃s

3

=
ṽ2to − ṽ2
(1− x̃)2

(69)

and

m̃ =
(1− x̃)2

ṽ2to − ṽ2
− m̃s

3
. (70)

These two relations allow Eq.(68) to be written in terms of x̃ and ṽto

f̃ =

(
1− m̃s(ṽ

2
to − ṽ2)

3(1− x̃)2

)
(1− x̃) , (71)
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where ṽto depends on x̃` through Eq.(65), which in turn depends on m̃. To eliminate the implicit m̃
dependence in Eq.(71), we note that all three cases for x̃` of the parabolic latch from Eq.(59) have the form

x̃` = a+ bm̃, (72)

where the constants a and b are given by

a =


w̃, if m̃ <

(
m̃c − 2w̃2

ṽ2` tan2 θ

)
1 + b m̃s

3 , if
(
m̃c − 2w̃2

ṽ2` tan2 θ

)
< m̃ < m̃c

0 if m̃ > m̃c

(73)

b =


0, if m̃ <

(
m̃c − 2w̃2

ṽ2` tan2 θ

)
−ṽ2` tan2 θ

2w̃ , if
(
m̃c − 2w̃2

ṽ2` tan2 θ

)
< m̃ < m̃c

0 if m̃ > m̃c.

(74)

Substituting x̃` = a+ bm̃ into the expression for ṽto in Eq.(65), making use of the relationship between
ṽ` and x̃` for the parabolic latch [Eq.(60)] and the expression for m̃ in Eq.(70) gives a quadratic equation in
ṽ2to − ṽ2: (

ṽ2to − ṽ2
)2 [

(1− a+ b
m̃s

3
)2 − (1− x̃)2

]
+

(
ṽ2to − ṽ2

) [( ṽ2` tan2 θ

w̃
(a− bm̃s

3
)− ṽ2 − 2b(1− a+ b

m̃s

3
)

)
(1− x̃)2

]
+[(

b2 +
bṽ2` tan2 θ

w̃

)
(1− x̃)4

]
= 0.

(75)

The solution to this equation can be found by splitting the mass into the three cases. Case 1: m̃ <

m̃c − 2w̃2

ṽ2` tan2 θ
In this case, the mass reaches the end of the latch before release, with a = w̃ and b = 0. This

results in

ṽ2to − ṽ2 =
(ṽ2 − ṽ2` tan2 θ)(1− x̃)2

(1− w̃)2 − (1− x̃)2
, (76)

which when substituted into Eq.(71) gives

f̃(x̃, ṽ) =

(
1− m̃s(ṽ

2 − ṽ2` tan2 θ)

3 ((1− w̃)2 − (1− x̃)2)

)
(1− x̃) . (77)

Case 2: m̃c − 2w̃2

ṽ2` tan2 θ
< m̃ < m̃c In this case, the mass slips off the latch before it reaches the end of the

latch width, with a = 1+ m̃s

3 b and b =
−ṽ2` tan2 θ

2w̃ . Terms in Eq.(75) simplify because here a− b m̃s

3 = 1, which
gives (

ṽ2to − ṽ2
)2

+
(
ṽ2to − ṽ2

) (
2b+ ṽ2

)
+ b2 (1− x̃)

2
= 0. (78)

The quadratic formula can then be used to solve for ṽ2to − ṽ2, which gives

ṽ2to − ṽ2 =
1

2

[
−
(
ṽ2 + 2b

)
−
√

(ṽ2 + 2b)
2 − 4b2 (1− x̃)

2

]
. (79)

This gives the force as a function of displacement and velocity as

f̃(x̃, ṽ) =

(1− x̃)

1−
m̃s

[
−
(
ṽ2 + 2b

)
−
√

(ṽ2 + 2b)
2 − 4b2 (1− x̃)

2

]
6(1− x̃)2

 .
(80)
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Case 3: m̃ > m̃c In this case, the load mass is so heavy that the latch slips off instantly with x̃` = ṽ` = 0.
This corresponds to a = b = 0, which gives

ṽ2to − ṽ2 =
ṽ2(1− x̃)2

1− (1− x̃)2
, (81)

and

f̃(x̃, ṽ) =

(
1− m̃sṽ

2

3(1− (1− x̃)2)

)
(1− x̃) , (82)

which is equivalent to the heavy spring + ideal latch in Eq.(26) of Section S3.

The results of these three cases are summarized in Fig. S2F and Fig. S11
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Figure S11: Dynamics of a system with a linear motor, heavy spring and parabolic latch shown for A
displacement, B velocity, C force, and D power. The normalized width of the latch is set to w̃ = 0.2, the
final slope of the latch is θ = 60◦, and the velocity of the latch ṽ` = 0.15. The mass of the spring is set to
m̃s = 1. The curves are plotted from Eqs. (43-46) for t̃ < t̃` and Eqs. (61-64) for t̃ > t̃`.
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Section S7 - When is spring-driven motion beneficial?

In this section, we prove the proposition for a motor-driven motion compared to spring-driven motion from
a motor/spring/latch system:

There is a potential benefit for spring-driven motion if and only if the motor has a sufficient F -v trade-off.

Specifically, we let Fm(x, v) define the motor force-displacement-velocity behavior, with a range-of-motion
of the motor d such that Fm(x, v) = 0 for all x > d. Let Fs(x) define the force-displacement loading and
unloading behavior of the spring. Since the spring is loaded by the motor, this means that the spring force
is less than that of the motor loading it at zero velocity, Fs(x) < Fm(x, v = 0) . To prove the theorem, first
suppose that the motor has no F-v trade-off, such that: Fm(x, v > 0) ≥ Fm(x, v = 0) for all x and v.

The kinetic energy of a project undergoing motor-driven motion, KEm, is given by

KEm =
∫ d
0
Fm(x, v) dx ≥

∫ d
0
Fm(x, v = 0) dx >

∫ d
0
Fs(x) dx = KEs,

and therefore KEm > KEs, where KEs is the kinetic energy of the projectile undergoing spring-driven
motion. Therefore, if there is no F -v trade-off of the motor, there is no benefit to using a spring-driven
system.

Second, suppose now that the motor does have a sufficient F -v trade-off of the motor such that there
exists a vmax such that Fm(x, v) = 0 for all v > vmax. Then KEm ≤ 1/2mv2max, where m is the mass of the
projectile. Since KEs is independent of m, and limm→0 1/2mv2max = 0, then there exists an m such that:
KEm < KEs.
Therefore, with a sufficient F -v trade-off of the motor, then spring-driven motion can be potentially be
beneficial.
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Section S8 - Load mass with a rounded edge

In the previous sections, we considered the edges of the load mass to be perfectly sharp, and tested the
effect of rounding the latch geometry. Here we consider the effect of rounded the edges of the load mass by
examining the simple case of parabolic shaped edges as in Fig. S12.

Figure S12: Schematic showing parabolic shaped latches in contact with a mass with a rounded corner also
in the shape of a parabola.

If the center-of-mass motion of the latch is given by xlch(t), and, as a result, the load mass moves along
the vertical trajectory yld(t) while in contact with the latch, then the surface of the two faces can be described
by

y1(x) = −c1x2 + yld(t)

y2(x) = c2(x− xlch(t))2

We would like to determine the displacement of the load mass yld(t), as a function of the displacement of
the latch xlch(t). To do this, we find the position of minimum distance between the latch and load surfaces
xmin, and solve for the load mass displacement that gives y1(xmin) = y2(xmin). The condition for finding the
minimum distance between the two surfaces is

d

dx
(y2 − y1)|x=xmin

= 0,

which gives

xmin =
c2

c1 + c2
xlch(t).

Using this expression for xmin in y1(xmin) = y2(xmin) gives

yld(t) =

[
c2

(
c2

c1 + c2
− 1

)2

+
c1c

2
2

(c1 + c2)
2

]
xlch(t)2,

which is valid for yld < (w1 + w2).
By letting w = w1 + w2 and

c = c2

(
c2

c1 + c2
− 1

)2

+
c1c

2
2

(c1 + c2)
2

this gives the displacement of the load in terms of the displacement of the latch in an equivalent form as the
case where the load mass has sharp edges:

yld = cxlch(t)2,

for yld < w. Having rounded edges load mass leads to a geometric factor given by c, but otherwise the
dynamics are the same as for a load mass with sharp edges.
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Table S3. Dataset of the mass, speed and acceleration from the biological literature.  For jumping organisms, the mass reflects the whole 
body.  For organisms that move projectiles or body parts, the reported mass is of the moving structure.  

Phylum Class Order Family Genus species common name mass (kg) speed 
(m/s) 

acceleration 
(m/s^2) Citation 

Anthophyta Dicotyledoneae Cornales Cornaceae Cornus canadensis Bunchberry dogwood 4.0 x 10-7 7.5 2.4 × 104 (108,109) 

Arthropoda Arachnida Araneae Ctenidae Cupiennius salei Central American hunting 
spider/wandering spider 1.26 X 10-3 1.26 5.51 X 101 (131) 

Arthropoda Crustacea Stomatopoda Gonodactylidae Gonodactylus smithii mantis shrimp 9.24 X 10-3   2.5 X 105 (112) 

Arthropoda Crustacea Stomatopoda Odontodactylidae Odontodactylus scyllarus mantis shrimp 1.78 X 10-3   1. X 105 (112) 

Arthropoda Insecta Blattodea Ectobiidae Saltoblattella montistabularis jumping cockroach/leaproach 1.4 X 10-5 2.1 2.2 X 102 (132) 

Arthropoda Insecta Coleoptera Chrysomelidae Altica lythri flea beetle 1.22 X 10-5 7.5 X 10-1 1 X 102 (133) 

Arthropoda Insecta Coleoptera Chrysomelidae Aphthona atrocaerulea flea beetle 6.4 X 10-7 1.7 1.13 X 103 (133) 

Arthropoda Insecta Coleoptera Chrysomelidae Crepidodera aurata willow flea beetle 2.7 X 10-6 8.3 X 10-1 2.5 X 102 (133) 

Arthropoda Insecta Coleoptera Chrysomelidae Longitarsus gracilis flea beetle 2.75 X 10-6 2.7 1.93 X 103 (133) 

Arthropoda Insecta Coleoptera Chrysomelidae Podagrica fuscicornis mallow flea beetle 5.94 X 10-6 7.2 X 10-1 1.2 X 102 (133) 

Arthropoda Insecta Coleoptera Chrysomelidae Psylliodes affinis flea beetle/leaf beetle 1.28 X 10-6 2.93 2.66 X 103 (133) 

Arthropoda Insecta Coleoptera Chrysomelidae Psylliodes dulcamarae flea beetle 6.11 X 10-6 2.34 1.1 X 103 (133) 

Arthropoda Insecta Coleoptera Elateridae Athous haemorrhoidalis click beetle/skipjack 3.01 X 10-5 2.8 3.8 X 103 (134) 

Arthropoda Insecta Coleoptera Elateridae Lanelater judaicus click-beetle 2. X 10-4 1.75   (135) 

Arthropoda Insecta Diptera Dolichopodidae Hydrophorus alboflorens long-legged fly 4.7 X 10-6 1.64 1.414 X 102 (136) 

Arthropoda Insecta Diptera Drosophilidae Drosophila virilis fruit fly 1.23 X 10-6 4. X 10-1 1.2 X 102 (137) 

Arthropoda Insecta Hemiptera Aphalaridae Psyllopsis fraxini jumping plant louse 1.2 X 10-6 1.9 2.34 X 103 (111) 

Arthropoda Insecta Hemiptera Aphrophoridae Aphrophora alni European Alder Spittle 
Bug/froghopper species 2.83 X 10-5 3.4 2.267 X 103 (99) 



Arthropoda Insecta Hemiptera Aphrophoridae Lepyronia coleoptrata froghopper/spittlebug 1.76 X 10-5 4.6 3.067 X 103 (99) 

Arthropoda Insecta Hemiptera Aphrophoridae Neophilaenus exclamationis froghopper 3.2 X 10-6 4.2 4.2 X 103 (99) 

Arthropoda Insecta Hemiptera Aphrophoridae Philaenus spumarius meadow froghopper/meadow 
spittlebug 1.23 X 10-5 4.7 5.4 X 103 (99) 

Arthropoda Insecta Hemiptera Cercopidae Cercopis vulnerata Black-and-red froghopper 3.29 X 10-5 3.8 2.533 X 103 (99) 

Arthropoda Insecta Hemiptera Cicadellidae Aphrodes makarovi, 
bicinctus leafhopper, girdled leafhopper 1.84 X 10-5 2.9 1.055 X 103 (138) 

Arthropoda Insecta Hemiptera Cicadellidae Cephalelus angustatus short-legged leafhoppers 9.2 X 10-6 2 1. X 103 (50) 

Arthropoda Insecta Hemiptera Cicadellidae Cicadella viridis green leafhopper 1.5 X 10-5 8.8 X 10-1 1.52 X 102 (84) 

Arthropoda Insecta Hemiptera Cicadellidae Empoasca vitis green leafhopper 8.6 X 10-7 1.6 4. X 102 (138) 

Arthropoda Insecta Hemiptera Cicadellidae Graphocephala fennahi Rhododendron leafhopper 1.3 X 10-5 1.85 4.11 X 102 (138) 

Arthropoda Insecta Hemiptera Cicadellidae Iassus lanio leafhopper (nymphs) 4. X 10-6 2 8. X 102 (138) 

Arthropoda Insecta Hemiptera Cicadellidae Pauroeurymela amplicincta Australian gum treehopper 2.3 X 10-5 3.8 2.71 X 103 (139) 

Arthropoda Insecta Hemiptera Cicadellidae Ulopa reticulata short-legged leafhoppers 2.1 X 10-6 2.3 2.3 X 103 (50) 

Arthropoda Insecta Hemiptera Dictyopharidae Dictyophara europaea dictyopharid planthoppers 2.29 X 10-5 4.4 2.29 X 103 (140) 

Arthropoda Insecta Hemiptera Dictyopharidae Engela minuta dictyopharid planthoppers 5.7 X 10-6 5.8 4.83 X 103 (140) 

Arthropoda Insecta Hemiptera Dictyopharidae Raphiophora vitrea dictyopharid planthoppers 1.96 X 10-5 4 3.33 X 103 (140) 

Arthropoda Insecta Hemiptera Dictyopharidae Thanatodictya praeferrata dictyopharid planthoppers 8.1 X 10-6 4.4 3.67 X 103 (140) 

Arthropoda Insecta Hemiptera Flatidae Colgar peracutum planthopper 1.93 X 10-5 3.2 1.8 X 103 (141) 

Arthropoda Insecta Hemiptera Flatidae Metcalfa pruinosa Citrus flatid planthopper 8.3 X 10-6 2.9 1.71 X 103 (141) 

Arthropoda Insecta Hemiptera Flatidae Siphanta acuta planthopper/torpedo bug 1.37 X 10-5 2.8 1.96 X 103 (141) 

Arthropoda Insecta Hemiptera Issidae Issus coleoptratus planthopper 2.15 X 10-5 5.5 7.051 X 103 (142) 

Arthropoda Insecta Hemiptera Membracidae Campylenchia latipes treehopper 6.6 X 10-6 2.3 1.67 X 103 (143) 



Arthropoda Insecta Hemiptera Membracidae Carynota marmorata treehopper 2.5 X 10-5 2.5 9.6 X 102 (143) 

Arthropoda Insecta Hemiptera Membracidae Ceresa basalis treehopper 2.85 X 10-5 2 5.9 X 102 (143) 

Arthropoda Insecta Hemiptera Membracidae Entylia carinata treehopper 4.8 X 10-6 2.7 2.45 X 103 (143) 

Arthropoda Insecta Hemiptera Membracidae Publilia concava treehopper 3.8 X 10-6 2.6 2.36 X 103 (143) 

Arthropoda Insecta Hemiptera Membracidae Sextius spp treehopper 1.87 X 10-5 2.1 1.22 X 103 (143) 

Arthropoda Insecta Hemiptera Membracidae Stictocephala bisonia Buffalo treehopper 2.68 X 10-5 2.7 7.7 X 102 (143) 

Arthropoda Insecta Hemiptera Membracidae Telamona compacta (a.k.a. 
ampelopsidis) treehopper 4.12 X 10-5 1.9 5.6 X 102 (143) 

Arthropoda Insecta Hemiptera Peloridiidae Hackeriella veitchi Gondwanan relict insect 1.28 X 10-6 1.5 9.66 X 102 (144) 

Arthropoda Insecta Hemiptera Psyllidae Cacopsylla peregrina jumping plant louse 7. X 10-7 2.5 6.25 X 103 (111) 

Arthropoda Insecta Hemiptera Psyllidae Psylla alni jumping plant louse 2.8 X 10-6 2.7 2.7 X 103 (111) 

Arthropoda Insecta Hemiptera Saldidae Saldula saltatoria common shorebug/hemipteran 
shore bug 2.1 X 10-6 1.8 5.29 X 102 (145) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus bauri trap-jaw ant (escape jump) 1.21 X 10-5 2.9 X 10-1 8.624 X 103 (110) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus bauri trap-jaw ant (bouncer defense) 1.21 X 10-5 2.3 1.298 X 104 (110) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus bauri trap-jaw ant (mandible closure) 1.45 X 10-7 6.43 X 101 1 x 106 (110) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus brunneus trap-jaw ant mandibles 7. X 10-8 6.65 X 101 1.59 X 106 (146) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus cephalotes trap-jaw ant mandibles 1.62 X 10-7 4.83 X 101 1.15 X 106 (146) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus chelifer trap-jaw ant mandibles 3.1 X 10-7 5.31 X 101 8.73 X 105 (146) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus clarus trap-jaw ant mandibles 9.5 X 10-8 6.53 X 101 1.74 X 106 (146) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus erythrocephalus trap-jaw ant mandibles 1.44 X 10-7 6.43 X 101 1.57 X 106 (146) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus haematodus trap-jaw ant mandibles 5.6 X 10-8 5.68 X 101 1.45 X 106 (146) 

Arthropoda Insecta Hymenoptera Formicidae Odontomachus ruginodis trap-jaw ant mandibles 5.2 X 10-8 5. X 101 1.47 X 106 (146) 



Arthropoda Insecta Isoptera Termitidae Termes panamaensis termite soldier mandibles 2.82 X 10-8 6.7 X 101   (147) 

Arthropoda Insecta Lepidoptera Crambidae Crambus pascuella grass veneer 1.19 X 10-5 9. X 10-1 3.7 X 101 (148) 

Arthropoda Insecta Lepidoptera Crambidae Udea olivalis olive pearl 1.91 X 10-5 1 4.3 X 101 (148) 

Arthropoda Insecta Lepidoptera Geometridae Camptogramma bilineata yellow shell 1.46 X 10-5 1 6.1 X 101 (148) 

Arthropoda Insecta Lepidoptera Geometridae Idaea seriata small dusty wave 4.6 X 10-6 7. X 10-1 8.8 X 101 (148) 

Arthropoda Insecta Lepidoptera Geometridae Xanthorhoe fluctuata garden carpet 1.74 X 10-5 1 5.7 X 101 (148) 

Arthropoda Insecta Lepidoptera Noctuidae Apamea lithoxylaea light arches 2.21 X 10-4 8. X 10-1 2.9 X 101 (148) 

Arthropoda Insecta Lepidoptera Oecophoridae Hofmannophila pseudospretella brown hous x 10-moth 5.4 X 10-6 1.2 7.1 X 101 (148) 

Arthropoda Insecta Lepidoptera Tortricidae Acleris sparsana ashy button 6.3 X 10-6 8. X 10-1 4. X 101 (148) 

Arthropoda Insecta Lepidoptera Tortricidae Epiphyas postvittana light brown apple 7.7 X 10-6 1 9.2 X 101 (148) 

Arthropoda Insecta Lepidoptera Xyloryctidae Thyrocopa apatela flightless hawaiian grasshopper 
moth/Haleakala flightless moth 3.35 X 10-5 9.4 X 10-1   (149) 

Arthropoda Insecta Lepidoptera Xyloryctidae Thyrocopa kikaelekea flightless hawaiian grasshopper 
moth 3.33 X 10-5 8.1 X 10-1   (149) 

Arthropoda Insecta Mecoptera Boreidae Boreus hyemalis snow flea/snow scorpion flies 2.9 X 10-6 1 1.61 X 102 (150) 

Arthropoda Insecta Neuroptera Chrysopidae Chrysoperla carnea green lacewing 9. X 10-6 1 5.4 X 101 (151) 

Arthropoda Insecta Neuroptera Hemerobiidae Micromus variegatus brown lacewings 3.6 X 10-6 6. X 10-1 6.2 X 101 (151) 

Arthropoda Insecta Odonata Aeshnidae Aeshna nigroflava and 
juncea dragonfly larvae 7. X 10-5 1   (152) 

Arthropoda Insecta Orthoptera Acrididae Schistocerca gregaria desert locust/gregarious desert 
locust 1.8 X 10-3 3.2 1.8 X 102 (116) 

Arthropoda Insecta Orthoptera Proscopiidae Prosarthria teretrirostris false stick insect 2.8 X 10-4 2.5 1.65 X 102 (153) 

Arthropoda Insecta Orthoptera Tettigoniidae Conocephalus dorsalis short-winged conehead/short-
winged meadow Katydid 1.3 X 10-4 1   (154) 

Arthropoda Insecta Orthoptera Tettigoniidae Meconema thalassinum oak bush-cricket/drumming 
katydid 1.74 X 10-4 1.4   (154) 

Arthropoda Insecta Orthoptera Tettigoniidae Pholidoptera griseoaptera dark bush-cricket 6.02 X 10-4 2.12 1.438 X 102 (154) 



Arthropoda Insecta Orthoptera Tridactylidae Xya capensis var. 
capensis 

pygmy mole cricket (jumping on 
ground) 8.3 X 10-6 5.4 3. X 103 (98) 

Arthropoda Insecta Orthoptera Tridactylidae Xya capensis var. 
capensis 

pygmy mole crickets (jumping on 
water) 9.2 X 10-6 2.2 1.57 X 103 (100) 

Arthropoda Insecta Phasmatodea Timematidae Timema chumash wingless stick insect 4.75 X 10-5 9. X 10-1 7.5 X 101 (50) 

Arthropoda Insecta Phasmida Phylliidae Sipyloidea sp. Thailand winged stick 
insect/Sipyloidea sp. 'Thailand 8' 1.64 X 10-4 8. X 10-1 1. X 101 (155) 

Arthropoda Insecta Siphonaptera Pulicidae Spilopsyllus cuniculi rabbit flea 4.5 X 10-7 1.2 1.33 X 103 (156) 

Arthropoda Insecta Trichoptera Leptoceridae Mystacides azureus silverhorn/caddis fly 3.9 X 10-6 9. X 10-1 5.1 X 101 (157) 

Arthropoda Insecta Trichoptera Limnephilidae Limnephilus marmoratus cinnamon sedge/caddis fly 3.81 X 10-5 1.1 5.7 X 101 (157) 

Arthropoda Insecta Trichoptera Molannidae Molanna angustata caddis fly 1.13 X 10-5 1.1 6.4 X 101 (157) 

Ascomycota Pezizomycetes Pezizales Ascobolaceae Ascobolus immersus Ascomycota fungi 8.8 X 10-10   1.8 X 106 (158,159) 

Athropoda Insecta Siphonaptera Pulicidae Archaeopsylla erinacei hedgehog flea 7. X 10-7 1.9 1.6 X 103 (49) 

Basidiomycota Agaricomycetes Auriculariales Auriculariaceae Auricularia auricula jelly fungus 3.7 X 10-13 1.62 1.177 X 105 (107,160) 

Basidiomycota Tremellomycetes Cystofilobasidiales Cystofilobasidiaceae Itersonilia perplexans Basidiomycota fungi 1.5 X 10-12 6.7 X 10-1 2.499 X 105 (161) 

Chordata Amphibia Anura Myobatrachidae Limnodynastes peronii striped marsh frog 2.9 X 10-3   1.08 X 102 (162) 

Chordata Aves Falconiformes Falconidae Falco rusticolus gyrfalcon/gerfalcon 1.02 5.8 X 101 1.2 X 101 (163) 

Chordata Mammalia Carnivora Felidae Acinonyx jubatus cheetah 5.3 X 101 2.59 X 101 1.3 X 101 (164) 

Chordata Reptilia Squamata Chamaeleonidae Rhampholeon spinosus Chameleon 8.7 x 10-5 5.3 2.6 x 103 (114,115) 

Cnidaria Hydrozoa Anthomedusae Hydridae Hydra spp White hydra, Brown hydra 2.3 X 10-12 1.86 X 101 5.41 X 107 (103) 

Nematoda Secernentea Rhabditida Steinernematidae Steinernema carpocapsae entomopathogenic nematode 2.18 X 10-10 1.134 1.609 X 103 (165) 
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