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Efficient and effective generation of high-acceleration move-
ment in biology requires a process to control energy flow and
amplify mechanical power from power density–limited muscle.
Until recently, this ability was exclusive to ultrafast, small organ-
isms, and this process was largely ascribed to the high mechanical
power density of small elastic recoil mechanisms. In several ultra-
fast organisms, linkages suddenly initiate rotation when they
overcenter and reverse torque; this process mediates the release
of stored elastic energy and enhances the mechanical power out-
put of extremely fast, spring-actuated systems. Here we report
the discovery of linkage dynamics and geometric latching that
reveals how organisms and synthetic systems generate extremely
high-acceleration, short-duration movements. Through synergis-
tic analyses of mantis shrimp strikes, a synthetic mantis shrimp
robot, and a dynamic mathematical model, we discover that link-
ages can exhibit distinct dynamic phases that control energy
transfer from stored elastic energy to ultrafast movement. These
design principles are embodied in a 1.5-g mantis shrimp scale
mechanism capable of striking velocities over 26 m s−1 in air
and 5 m s−1 in water. The physical, mathematical, and biological
datasets establish latching mechanics with four temporal phases
and identify a nondimensional performance metric to analyze
potential energy transfer. These temporal phases enable control
of an extreme cascade of mechanical power amplification. Linkage
dynamics and temporal phase characteristics are easily adjusted
through linkage design in robotic and mathematical systems and
provide a framework to understand the function of linkages and
latches in biological systems.

ultrafast motions | linkage dynamics | bioinspired robotics |
bioinspired mechanisms | mantis shrimp

Latch-mediated spring actuation (LaMSA) is a class of mecha-
nisms that enable small organisms to achieve extremely high

accelerations (1–5). Small organisms generate fast movements by
storing elastic energy and mediating its release through latching.
LaMSA mechanisms are found across the tree of life, including
fungi, plants, and animals, with such iconic movements as found
in trap-jaw ant mandibles, frog legs, chameleon tongue projection,
fungal ballistospores, and exploding plant seeds (4–8). While the
use of materials for elastic energy storage and release has been
examined to some extent (9–11), the principles of how latches
enable storage of elastic energy and mediate its release have only
recently begun to be explored (12, 13). Indeed, even after half a
century of investigation, one of the most extensively studied and
impressive LaMSA systems, the mantis shrimp (Stomatopoda),
uses a latch mechanism that is not yet fully understood.

In recent years, robots have grown in their importance as
physical models for studying the mechanics and dynamics of
organisms and their behaviors (14–18). Such models can be
manipulated—both at design time and at run time—in ways that
natural systems cannot, thus providing tools for the study of
organism functional morphology, neuroethology, and operation
in different environments. Here, based on previous studies of

mantis shrimp biomechanics, we develop physical and analyti-
cal models to elucidate the latch-based control of energy flow
during mantis shrimp strikes and, more broadly, to establish the
design principles for repeated use, extreme mechanical power
amplification in small engineered devices.

Mantis shrimp use a LaMSA mechanism to achieve among
the fastest predatory strikes in the animal kingdom, reaching
extreme accelerations with their raptorial appendages on the
order of 106 rad s−2 in water. These strikes are so fast that they
create cavitation bubbles and break hard molluscan shells—an
impressive feat given their small size (19–22). Even the largest
species, the peacock mantis shrimp (Odontodactylus scyllarus),
has a striking appendage (carpus, propodus, and dactyl segments
of the raptorial appendage, colored in purple in Fig. 1C) length
of only 2.65 cm. Mantis shrimp store potential energy through
deformation of an elastic mechanism in the merus segment
which is composed of a saddle-shaped piece of the exoskele-
ton (the “saddle”) and another stiff yet deformable region of
the exoskeleton (called the “meral-V”) (23–27); see the blue
segments in Fig. 1C. These components are part of a four-bar
linkage mechanism that transforms stored elastic energy into the
rapid rotation of the extremely fast strikes (28, 29). Biologists
have long known about two small structures, called sclerites,
which are embedded in the apodemes (tendons) of the flexor
muscles that release the strikes (28, 30, 31). These tiny structures
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Fig. 1. An overview of biologically inspired physical models that generate
extreme accelerations. (A) A diagram illustrating high acceleration within
biological and synthetic LaMSA systems. From left to right, two synthetic
systems, water strider-inspired robot (44) and flea-inspired robot (69), and
two biological systems, flea (70) and snipefish (36, 71), are shown. A survey
of more acceleration data of biological and synthetic LaMSA systems can be
found in table 1 of ref. 4. Water strider–inspired robot image from ref. 69.
Reprinted with permission from American Association for the Advancement
of Science. Flea-inspired robot image ©2012 Institute of Electrical and Elec-
tronics Engineers; reprinted, with permission, from ref. 43. Flea image credit:
CanStockPhoto/ottoflick. Snipefish image credit: Wikimedia Commons/Tony
Ayling. (B) Photograph of our mantis shrimp–inspired mechanism and pho-
tograph of a peacock mantis shrimp by Roy Caldwell. The proposed mantis
shrimp robot generates 104 m s−2 for striking the arm, and the mantis
shrimp generates 2.5× 105 m s−2 for striking the appendage (19). Pho-
tographs adjusted for contrast with background removed. Adapted with
permission from ref. 28. (C) (Right) The four-bar linkage in the mantis shrimp
appendage is labeled (a to d). Adapted with permission from ref. 28. The
striking arm has three tightly coupled components (dactyl, propodus, and
carpus), which are colored purple. Two exoskeleton elastic components are
colored blue. Last, the extensor muscle, which actuates the striking motion,
is colored red. (Middle) A geometric abstraction of the four-bar linkage with
two rigid bodies, the arm and the body. (Left) The synthetic realization of
the proposed four-bar linkage with one variable-length link. The body is
highlighted orange, and the arm is purple. Flexures which allow articulation
are shown in yellow. The mechanism is secured to a 3D printed base using
two screws. A tendon, shown in red, is used to actuate the mechanism. A
series of holes in the base allow the tendon pulling angle to be adjusted
between experiments. Potential energy is stored in a torsion spring (blue).

brace against the interior of the merus segment and oppose the
forces of the large, antagonistic extensor muscles that load the
elastic mechanism. When the extensor muscles contract to load
potential energy, the sclerites serve as a contact latch to prevent
the rotation of the striking appendages. Then the flexor muscles
release the sclerites to allow the striking appendage to rotate.
Once the contact latch is released, the extensor muscle remains
contracted while the elastic mechanism recoils to actuate the
rotation of the striking body. The locked position of the sclerites
and subsequent release are shown in SI Appendix, Fig. S13. The
exact locations of the sclerites, apodemes of the flexor muscle,
and meres segment in mantis shrimp can be found in figure 3 in
ref. 25. A representative striking motion of a mantis shrimp can
be found in Movie S5.

In general, after loading the potential energy in the spring,
the role of the contact latch (sclerites) is to lock the system in

this loaded configuration. For a typical spring loaded mechanism
with a contact latch, and once the physical latch is removed, the
spring would immediately begin to release the stored energy.
However, analyses of the temporal sequence of loading and
release of the strikes reveal a substantial time delay between
release of these small latches and the onset of rotation of the
appendage (20, 28, 32, 33). Therefore, biologists have hypothe-
sized, but not tested, that while the sclerites initiate unlatching, a
second, geometric latch mediates the actuation of the appendage
by the recoiling elastic mechanism (5, 33, 34).

Latches can be classified into three types—fluidic, contact,
and geometric (4, 5)—and contact latches (e.g., the sclerites
shown in SI Appendix, Fig. S13) have previously been studied
and assumed to be a primary latch mechanism in mantis shrimp.
Contact latches are dependent on a physical structure blocking
motion, while geometric latches are based on kinematic link-
age mechanisms. Ninjabot uses a contact latch, and is, to our
knowledge, the only other physical model of the mantis shrimp
striking appendage (35). Ninjabot’s striking arm is part of a
large assembly with a hand-cranked ratchet and pawl mecha-
nism. It was designed to emulate the speed and acceleration
of mantis shrimp strikes and to characterize the fluid dynamics
of the striking motion but not to emulate the linkage or latch
mechanics.

Four-bar linkages can function as geometric latches if they
mediate a sudden directional change of rotational motion (36–
39). One type of geometric latch is a torque-reversal latch that
consists of an n-bar linkage (most often a four-bar) where the
kinematics of the linkage admits at least one point in the config-
uration space such that an infinitesimal motion of a configuration
variable results in an instantaneous change in the sign of the
torque around one or more joints (5). A four-bar–based geomet-
ric latch is depicted in Fig. 2 A and B in which the torque reversal
is achieved when the system passes through a linkage overlap.
Typically, the linkage overlap condition within a four-bar mecha-
nism is denoted as an overcentering configuration. In engineered
devices, the overcentering property of four-bar linkages is fre-
quently used. For example, a four-bar linkage has been used to
design a robust aircraft landing gear (40, 41). The spring attached
within the four-bar linkage provides bistability of the down-
locked and uplocked positions of the landing gear, which also
reduces the load on the actuator. The primary design goal for
this simple example lies in the stability of the two extreme con-
figurations, whereas we focus our study on the rapid acceleration
experienced when crossing the overcentering configuration.

Geometric latches have been proposed in fleas, snapping
shrimp, and mantis shrimp (36, 38, 39, 42) and designed into
synthetic systems, such as a flea-inspired insect-scale jumping
robot (43). A more recent design, demonstrated in a water
strider inspired robot (44), uses a symmetric four-bar torque
reversal linkage (45). A four-bar linkage in snipefish feeding
strikes causes a rapid rotational direction change, as inferred
from functional morphology and micro-CT scans (36). Rotation
reversal is initiated via a separate triggering muscle, and the
four-bar linkage exhibits a singular overcentering configuration.
This causes the linkage to rotate in the reverse direction after
overcentering.

Until now, the mantis shrimp four-bar linkage mechanism
has been analyzed solely as a mechanical pathway to transfer
energy from their elastic mechanism to the rotation of their
appendages (19, 28, 29, 46–49); however, through the addi-
tional lens of a hypothesized geometric latch, previous biological
analyses of the linkage mechanism may need to be revisited.
The four-bar linkage in a mantis shrimp’s raptorial appendage
is composed of four links and pivots (Fig. 1C) (28). The link con-
necting the carpus and merus is formed by contracted muscles
(c–d in Fig. 1C) as also occurs in other biological linkage and
lever mechanisms that operate as LaMSA systems only during
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configurations determined by muscle activation (50–53). In man-
tis shrimp, the merus extensor muscles contract during spring
loading and remain contracted during unlatching and spring
recoil (30, 33); therefore, the link formed by the contracted
extensor muscles is shorter during the operation of the LaMSA
mechanism than when it is not being used (i.e., when the extensor
muscles are not contracted to load the elastic mechanism) (28).
The change in the extensor muscle length reduces by 10% rela-
tive to its relaxed position while loading energy in the saddle and
meral-V (28).

An accurate dynamic model can allow us to explore the initi-
ation and switching between spring loading and spring actuation
phases which are crucial for control of energy flow and reducing
abrupt changes that cause damage (1, 54). A previous analyt-
ical derivation of latch release dynamics for a contact-based
latch model (13) was possible because the contact latch compo-
nent was in contact with the projectile: the unlatched condition
occurs when the latch and projectile are no longer in contact. In
contrast, mathematically defining latch release for a geometric
latch is challenging due to the absence of a physical compo-
nent serving as a latch. Nevertheless, inspired by the fact that
the mantis shrimp’s striking body (carpus, propodus, and dactyl)
and the meral-V are in contact while extensor muscles load
the elastic components, the latching (and latched) phase can
be identified by the constraint force holding the striking body
and the meral-V together. As we will demonstrate in this study,
a dynamic model for switching between phases can be prop-
erly defined using constrained Lagrangian mechanics (55). A
dynamic mathematical model of four-bar latch dynamics has the
potential to reveal previously hidden geometric latching control
in four-bar systems, which is especially likely in systems with a
contractile link. Thus, inspired by the controllable link length in
the mantis shrimp’s raptorial appendage, we construct mathe-
matical and physical models of a mantis shrimp–inspired four-
bar mechanism with three rigid links and one variable-length
link (red) at c–d shown in Fig. 1C (akin to muscle activation
control).

We take a three-pronged approach to establishing the gen-
eral principles of latching dynamics in LaMSA systems and
specifically the geometric latch hypothesized to control mantis

A B

C

Fig. 2. A planar model for the four-bar linkage of the mantis shrimp. (A)
Dimensions and inertial components of two rotating bodies composed with
the four-bar links (L0, L1, L2, lt). Arm and body are shown. The arm rotates
away from the body (θ2) as the spring recoils (θ1). An external force, Ft ,
acts on the tendon, and a torsional spring, with spring coefficient ks, is
attached between the body and ground (shown here as a linear spring
for convenience; a torsional spring is used in the physical system). The two
generalized coordinates are θ1 and θ2. (B) Configurations before and after
overcentering are shown. The tendon links, lt , for both configurations are
colinear and thus overlap in this drawing. (C) Direction of the generalized
constraint torque, τ , between the arm and body when in contact. The con-
straint torque is a reaction force which is nonzero only when the arm is
in contact with the body. In our physical model, there is an offset con-
tact angle, denoted as φ, between the arm and the body when they are
in contact.

shrimp striking. We first present our physical model inspired
by mantis shrimp LaMSA and linkage mechanics. This phys-
ical model includes multiple degrees of freedom (DoFs) and
flexure-based flexible joints and uses a linear spring for potential
energy storage. In parallel, we develop a dynamic mathemati-
cal model composed of multiple rigid bodies and assume linear
models for the stiffness and damping at each joint. We reana-
lyze and incorporate a previously published dataset of mantis
shrimp kinematics to revisit the linkage dynamics and incorpo-
rate the hypothesized geometric latching process. Finally, we
conduct a series of experiments on the physical model in both air
and water to test how latch release can be controlled with vari-
ous conditions of tendon control, fluidic loading, and mechanism
design.

Results
Physical and Mathematical Models. Our mantis shrimp robot
incorporates a four-bar linkage with one variable-length link at
similar length scale (19 mm vs. 8 to 27 mm), appendage mass
(645 mg vs. 251 mg), and striking motion as a mantis shrimp (see
Table 1 for a more detailed comparison) (19, 28, 29). The design
includes the four links highlighted in Fig. 1C with pivot points
on both the robot and mantis shrimp labeled a, b, c, and d—
one rigid ground link a–d (shown in gray), two more rigid links
a–b and b–c (shown in black), and one variable-length link a–d
(shown in red). The variable-length link is a Kevlar tendon that
connects the actuator (linear motor) to the four-bar linkage. The
tendon is free to rotate at the connection to the four-bar and
is kept in tension during the loading phase. We fabricated the
device (Fig. 1) using a multiscale, multimaterial process [pop-up
book MEMS (microelectromechanical systems) (56, 57)] where
rotary joints in the four-bar linkage are approximated using com-
pliant flexures. A densely woven Kevlar fabric is laminated with
polyimide to reinforce the typically polyimide-only flexures to
increase robustness and reduce flexure tearing. The laminate
structure is folded and held in place with cyanoacrylic glue to
form a three-dimensional (3D) structure. A torsion spring is
incorporated between the ground link and the first rigid link. In
order to keep the axis of the spring in line with the rotational
axis of the flexure, the body is mounted on a 3D printed base.
One end of the torsion spring is fixed to the base while the other
is free to move against the body. A strand of Kevlar, used as the
tendon, is tied to the arm, and its angle in relation to the body can
be adjusted by guiding it through various holes in the 3D printed
base.

One of our goals for the design and manufacturing of our phys-
ical model is to match the scale of real mantis shrimp (Table 1)
since inertial, fluidic, and elastic forces scale at different rates
(58). By being faithful to the (approximate) scale of real mantis
shrimp, our at-scale physical model can help probe the contribu-
tions of the features of the geometric latching mechanism and
test theories postulated by biologists about the role of internal
and external forces (28).

A constrained Lagrangian mechanics mathematical modeling
approach successfully identifies the causal basis for the latched–
unlatched transition in LaMSA mechanisms in general and the
geometric latching mechanism specifically in the physical model
and mantis shrimp. This dynamic model is a simplification of the
physical model such that the mathematical model operates in one
plane with two rigid bodies (arm and body; Fig. 2A) connected by
a single revolute joint. Two generalized coordinates, q =(θ1, θ2),
are chosen to derive the equations of motion where the L0 link
is fixed to the mounting base.

The kinematics of the four-bar in the physical model are
incorporated into the mathematical model of the dynamics. The
planar model in Fig. 2A shows a four-bar linkage consisting of
three rigid links (L0,L1, andL2) and one variable-length link, lt .
The system is solely actuated by the force, Ft , pulling the Kevlar
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tendon along the link lt . As the tendon is pulled, lt decreases, and
the configuration of the four-bar linkage changes accordingly. A
sequence of four-bar linkage configurations is shown in Fig. 3C.
An animation of the four-bar linkage kinematics can be found in
Movie S4, which visualizes the full motion from loading to arm
release.

The dynamics of the system are modeled using Lagrangian
mechanics with a holonomic constraint on the generalized coor-
dinates (55). The holonomic constraint prevents penetration
between the arm and the body when the two parts are in con-
tact as shown in Fig. 2C. This constraint is only active when θ2
reaches a specific angular offset, φ≥ 0, that describes the contact
between the two components (Fig. 2C). If the constraint force is
active, thus making the arm remain in contact with the body, the
number of DoFs is reduced to one. Therefore, the full dynam-
ics of the system switches between two modes where one is fully
actuated (1 DoF with a single control) and the other is underac-
tuated (2 DoFs with a single control). The dynamics of the system
are then derived as

M (q)q̈ +C (q , q̇)q̇ +G(q)=Fd(q , q̇)+B(q)Ft + e2λ(q , q̇), [1]

λ(q , q̇)=

{
τ(q , q̇ ,Ft) if θ2 =φandτ(q , q̇)≥ 0

0 otherwise
, [2]

where e2 =(0, 1)T , M (q)∈R2×2 is the inertia matrix, C (q , q̇)
is the Coriolis matrix, G(q)∈R2 contains conservative forces
(gravity and spring forces), Fd(q , q̇)∈R2 contains all other non-
conservative forces (e.g., torsional damping on the joints, flu-
idic drag), Ft > 0 represents the pulling force from the Kevlar
tendon, B(q)Ft ∈R2 is the generalized actuator force, and
τ(q , q̇ ,Ft) represents the generalized constraint force to avoid
penetration when the two bodies are in contact (SI Appendix,
Mathematical Modeling). The constraint torque λ(q , q̇) is always
nonnegative as the arm and the body only push against each
other as shown in Fig. 2C.

The four-bar linkage with a variable-length link provides a way
to latch the arm to the body while loading energy into the spring.
The variable link length introduces an extra degree of freedom
which is used to keep the system latched while loading the spring;
this cannot be achieved if all links are fixed in length. By pulling
the tendon, the length lt is reduced, which results in an overlap
between the L2 and lt links.

A configuration where the links L2 and lt overlap is denoted
an overcentering configuration. Prior to overcentering, the ten-
don is below the θ2 pivot (joining links L1 and L2), and after
overcentering it is above the pivot (Fig. 2B). Since the proposed
four-bar linkage has two DoFs (i.e., when the arm and body are
separated), there exists an overcentering configuration for every
θ1. Since a smaller θ1 results in greater potential energy in the
spring, different spring energy levels are achievable by choice of
θ1 at overcentering.

LaMSA Phases and Latching Dynamics. Our mathematical model
reveals four temporal phases based on the linkage and spring
dynamics and the actuation input. These phases illuminate three
new aspects of LaMSA in linkage systems: 1) a separation
between the unlatching event and the overcentering configura-
tion, 2) extended potential energy loading after overcentering,
and 3) a generalized notion of system being latched without a
contact latch component. During phase I, the model begins in a
locked configuration with the arm and body in contact, and initial
actuation contracts the spring to store potential energy (Fig. 3C).
Phase II begins when the arm and the body separate, introducing
a second degree of freedom. Phase III begins when the system
reaches the overcentering configuration and the arm angle (θ1)
and body angle (θ2) accelerate rapidly. During phases I through

III, the spring is loaded with potential energy until it reaches a
maximum. The fastest arm motion is achieved in phase IV when
elastic potential energy is converted to kinetic energy of the arm
rotation (Fig. 3A). An animation of the four phases can be found
in Movie S4.

These four temporal phases are categorized into latched
(phase I) and unlatched (phases II to IV). The mathematical
model represents the latched mode when the constraint in Eq.
2 is active, meaning that the arm and the body are in contact and
pushing against each other (Fig. 2C). In contrast, the unlatched
mode occurs when the constraint in Eq. 2 is inactive, mean-
ing that the arm and the body either are not in contact or are
in contact but not pushing against each other. This mathemati-
cal representation of latched and unlatched conditions thereby
defines latching as a dynamic phenomenon, without identifying
any specific component as being a latch.

In our modeled system, regardless of the latch type (geometric
or contact), the latched to unlatched transition can be dynami-
cally changed by the input force generated by pulling the tendon.
Therefore, there are two objectives of the actuation mechanism
(pulling the Kevlar string, for the physical model). One is to load
potential energy in the spring while latched, and the other is
to trigger the transition from the latched to the unlatched con-
figuration. In addition, switching from the latched to unlatched
condition depends on the input force and the configuration of
the whole system (SI Appendix, Latched Mode Switching and
Fig. S1).

These same latch dynamics and four temporal phases are
present during the operation of our physical model. In phase
I (Fig. 3 A and C), the arm and body move together with
the arm rotating around the θ1 pivot. The angular velocity of
the arm (with respect to the body), θ̇2, is nearly zero (up to
numerical precision) during this phase while the spring is con-
tracting, and θ̇1 stays negative (Fig. 3B). The model predicts
that phase I ends when the system becomes unlatched, and the
arm will rotate away from the body (i.e., an increase in θ2)
after phase I. The kinematic data from our experiments verify
the increased arm velocity, θ̇2, by crossing over from phase I to
phase II (Fig. 3B).

During phase II, the spring continues to load more potential
energy as θ̇1 is negative, and the arm begins to separate from the
body, increasing the generalized coordinate θ2 and approaching
the overcentering condition. Video frames in Fig. 3A verify the
arm departing from contact in phase II, and Fig. 3B shows an
increase in the angular velocity of the arm, θ̇2. Phase II ends
when the system becomes overcentered, which serves as a key
indicator of the transition between phases (i.e., a switch from low
acceleration to high acceleration) in the unlatched configuration.
The model predicts that the tendon force decelerates arm rota-
tion in phase II, whereas this force accelerates arm rotation in
phase III (SI Appendix, Geometric Conditions for Over-Centering).
The difference in the robot’s arm acceleration between phases II
and III is evident through an abrupt change in slope before and
after overcentering (zoomed-in window of θ̇2; Fig. 3B).

Phase III begins after overcentering and ends with the maxi-
mum spring contraction when the angular velocity of the body,
θ̇1, reaches zero. Phase III’s duration (66 ms) is an order of mag-
nitude shorter than prior phases (phase I, 1.0 s; phase II, 0.8 s)
due to the high accelerations of the arm and body (Fig. 3B). In
this short period of time, the spring is still contracting due to the
inertia of the system.

Spring contraction during phase III is also observed in our
reanalysis of previously published mantis shrimp strikes (33)
(Fig. 3E). The derivative of the angle between the meral-V and
the merus was used to estimate θ̇1. Similarly, the derivative of
the angle between the propodus and meral-V represents θ̇2. The
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Fig. 3. Temporal phase transition diagrams with representative experimental data and a comparison with biological data from mantis shrimp strikes
presented in ref. 33. (A–C) Experimental data of the motion of the physical model, with a controlled tendon pulling speed of 2.3 mm s−1 in air (Materials
and Methods). (D–F) Two fast phases (phase III and phase IV) of a mantis shrimp strike (from ref. 33) are shown. (A) Snapshots of the experiments for each
phase are overlaid with shadows. The last snapshot images at the end of the phase (before switching to the next phase) are displayed with a darker color. The
full motion video can be found in Movie S1. (B) The filtered rotational velocities (Data Processing) of the generalized coordinate for the slow phases (phases
I and II) (Left) and the fast phases (phases III and IV) (Right). Slow phase data in Left was additionally spline fitted using a free-knot spline approximation. (C)
The temporal phases with representative kinematic diagrams corresponding to the video frames in A. The purple, green, blue, and brown colors represent
phases I, II, III, and IV, respectively. (D) Snapshots of the mantis shrimp striking motion. (E) Filtered rotational velocity of the coordinates defined in ref. 33.
(F) A geometric depiction based on the video frames in D of the appendage configuration of the mantis shrimp during phases III and IV with approximate
linkage configurations. Adapted with permission from ref. 28.

striking motion includes a nonnegligible time window when θ̇2
is positive while θ̇1 is negative (Fig. 3E). Therefore, the mantis
shrimp’s meral-V or saddle is still contracting after the initiation
of the striking motion, which implies the existence of phase III.
To our knowledge this additional spring loading has not previ-
ously been documented in kinematic analyses, yet is key to how
mantis shrimp unlatch their strike mechanism and is consistent
with electromyography analyses (30, 33).

Returning to our analysis of the robot’s strike, phase IV (strike
phase) encompasses the highest arm rotational velocity when it
is driven by stored elastic potential energy. The arm reaches its
maximum angular velocity within a few milliseconds (4.1 ms [Fig.
3]). The arm’s peak velocity (θ̇2) is nearly six times faster than
the peak rotational velocity of the body (Fig. 3B). Similarly, the

mantis shrimp strike in Fig. 3E shows that the propodus’ peak
velocity (θ̇2) is nearly three times higher than peak rotational
body velocity (θ̇1).

A notable time delay between the release of the sclerites and
the extension of the saddle (release of the spring energy) has
been reported in several species of mantis shrimp: 0.9± 0.5ms
for O. scyllarus and∼0.7 ms for Neogonodactylus bredini (28, 33).
During this time period, the propodus rotates∼5◦ (cf. 55◦ at the
impact), while the saddle only extends ∼0.08 mm out of a total
contracted displacement 2 mm for O. scyllarus (28). These two
species are similar in scale to our robot in terms of the strik-
ing arm length and mass as reported in Table 1. Even though
our proposed four-bar linkage system simplifies the degrees of
freedom relative to actual mantis shrimp, we observe two phases

Steinhardt et al.
A physical model of mantis shrimp for exploring the dynamics of ultrafast systems

PNAS | 5 of 11
https://doi.org/10.1073/pnas.2026833118

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
28

.1
89

.9
3.

41
 o

n 
A

ug
us

t 3
1,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
12

8.
18

9.
93

.4
1.

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2026833118/video-1
https://doi.org/10.1073/pnas.2026833118


(phase II and phase III) where the arm loses contact with the
body and starts rotating (i.e., unlatched) while the spring has not
yet been released. We postulate that the behavior in phases II
and III occurs after the release of the sclerites since the arm starts
to rotate slowly. Similar to actual mantis shrimp motion, there is
significant time spent in these phases in our physical model—0.8
s for phase II and 66 ms for phase III while the arm rotates 12◦,
as shown in Fig. 3A—before the release of the spring energy.
Although the time durations of phases II and III are longer than
the reported time delay in mantis shrimp, the existence of phases
II and III in our proposed mechanism supports the hypothesis
of the presence of a geometric latching mechanism in mantis
shrimp, as speculated by biologists in refs. 5, 33, and 34.

Performance and Robustness of Mantis Shrimp Robot. The man-
tis shrimp robot not only emulates the extraordinary mechanics
and kinematics of live mantis shrimp, it also serves as a pow-
erful test system for establishing the robustness, performance,
and metrics for performance in LaMSA mechanisms through
simple manipulation of tendon control via different pull rates,
environmental loading (i.e., water vs. air), and design changes
(e.g., joint-to-tendon length).

The robot’s linkage mechanism allows it to dynamically load
different potential energy levels and traverse different dynamic
regimes which results in switching from latched to unlatched at
different spring potential energy levels. The switch from latched
to unlatched is dynamically constrained and depends not only on
the input tendon force (related to the tendon pulling rate and
the configuration of the system, including the contact angle [φ])
and the joint-to-tendon length (L0), both defined in Fig. 2C (SI
Appendix, Contact Force).

Throughout our experiments, with various values for φ and
L0, four aspects of our physical model were studied: 1) the
capability of loading potential energy to different levels, 2) the
correlation between the maximum potential energy and two per-
formance metrics (i.e., the maximum tip velocity and the kinetic
energy distribution between the arm and the body), 3) per-
formance changes under different loading conditions (i.e., in
water vs. in air), and 4) a comparison between the work done
by the input and the released potential energy during the fast
phase (phase IV).

The maximum spring potential energy (PEmax) can be con-
trolled via by multiple pathways. Higher values of PEmax (above
105 mJ) among the L0 =23mm (in air) group were achieved
when the contact angle φ was relatively small (less than 6.0◦).
Since the contact angle φ for 32 experiments with L0 =23mm
in air are not directly controlled, an additional seven tests with
a set of fixed contact angles by attaching a thin shim (Movie S3
and Materials and Methods) were performed (Fig. 4C). A pos-
itive correlation between PEmax and the contact angle φ, with
R2 =0.983, is verified in Fig. 4C. The correlation between the
maximum elastic potential energy and the contact angle φ is also
predicted in the analytical switching constraint [2] (SI Appendix,
Latch Mode Switching). Having a larger contact angle φ shifts the
upper bound of the switching surface to the right in SI Appendix,
Fig. S1C, which causes the system to be unlatched at a larger
angle θ1 (smaller potential energy) with the same level of input
force.

The maximum potential energy is also related to the over-
centering configuration (Fig. 4B). When overcentering occurs at
a lower potential energy (i.e., larger θ1), less potential energy
is stored, which corresponds to a smaller PEmax. However,
higher potential energy at overcentering is not always corre-
lated with a higher maximum potential energy as there are
some trajectories which intersect each other during phases III
and IV (Fig. 4B): phase III dynamics are both a function
of the arm and body configuration and a function of their
movement (velocity) during overcentering. Therefore, maximum

loading can be achieved differently based on the motion at
overcentering.

Our mathematical modeling suggests that a shorter joint-to-
tendon length, L0, allows for greater maximum potential energy;
experiments with our physical model support this prediction.
The analytical condition for overcentering predicts that a shorter
L0 directly results in lower θ1 overcentering positions when in
contact, which suggests higher loaded potential energy at over-
centering (Fig. 4E). By considering the correlation between the
maximum potential energy and the overcentering configuration,
higher maximum potential energy is expected for the L0 =19mm
group compared to the L0 =23mm group in experiments in air
(Fig. 4A).

Performance Analysis. The tip velocity (red circle in Fig. 2A) and
the ratio of arm kinetic energy to total kinetic energy (KE2/KE)
are the two performance metrics we use to evaluate our robot.
The highest tip velocity recorded among 32 tendon control
experiments in air with L0 =23mm is ∼30 m s−1 (Fig. 5A). A
faster maximum tip velocity (above 26 m s−1) is achieved by rela-
tively larger maximum potential energies (above 105 mJ) among
experiments in air with L0 =23 mm. Additionally, the measured
force exerted on the system during phase IV is not signifi-
cantly higher in the experiments which attain higher maximum
potential energies (Fig. 5C).

The second metric, KE2/KE, quantifies the degree to which
the spring potential energy is transferred to the arm rotational
motion. If the arm kinetic energy ratio is above 0.5, then the
released potential energy is transferred to a greater extent to the
arm than to the body. The trajectories with PEmax greater than
105 mJ in Fig. 5D show that the arm kinetic energy ratio stays
above 0.5 throughout the entire duration of phase IV. Storing
more energy in the spring yields greater tip velocity and greater
distribution of potential energy to the arm than the body (Fig. 5
A and B).

The robot’s dynamic behavior and performance in air is con-
gruent with its behavior in water with some key differences
related to strike velocity, output variability, and sensitivity to
varying inputs. The four phases and overcentering behavior also
occur in water. The primary differences between water and air
occur during the fast phase due to the hydrodynamic effects
of velocity-dependent drag and the added mass effect from
entrained fluid around the arm. When operating in water, the
robot rotates 20% more slowly than in air when operated at the
2.3 m/s tendon rate (SI Appendix, Fig. S2C and Movie S2 ). Even
so, these slower strikes in water yield a more stereotyped output
with less sensitivity to varying potential energy levels (Fig. 5A).

In contrast to experiments in air, there is more kinetic energy
in the arm than the body throughout all water experiments
during phase IV, regardless of the tendon pulling velocity (Fig.
5F). One likely explanation is the added mass effect for the arm
during phase IV as the arm rotational speed (θ̇2= 290 rad s−1) is
roughly 10 times greater than that of the body (θ̇1= 31 rad s−1)
as shown in SI Appendix, Fig. S2C. Another possibility is that the
fluidic drag and added mass effect on the body delay the release
of the spring. We observe that less than 20% of the maximum
potential energy is released during phase IV (Fig. 5F). Since the
spring and body are constrained to each other, the delay in the
spring release results in less kinetic energy of the body. Further-
more, greater maximum potential energy is required in air to
achieve a kinetic energy ratio greater than 0.7, compared to the
case in water (Fig. 5B).

Released Potential Energy and Work Done by the Input. The
LaMSA mechanism provides a way to overcome the limits inher-
ent in muscle by utilizing stored potential energy and rapid spring
recoil to actuate the strike. To verify this, we analyze how the
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Fig. 4. Various potential energy levels achieved by different tendon pulling
speeds (l̇t), contact angles (φ), and joint-to-tendon lengths (L0). The spring
potential energy is calculated based on a linear torsional spring model with
the measured θ1 angle data (SI Appendix, Simulation and System Identifi-
cation). Higher maximum loaded potential energy, PEmax, can be achieved
by reducing the contact angle, φ, and joint-to-tendon length, L0. Also, a
higher loaded potential energy at the overcentering position tends to attain
a higher PEmax. (A) The relationship between PEmax and the contact angle φ
for different pulling speeds l̇t are shown, with the pulling speed color coded.
The circles and crosses represent the L0 = 23 mm tests in air and water,
respectively. The triangles represents the L0 = 19 mm tests in air. (B) Trajec-
tories for phases II, III, and IV are shown in the (θ1, θ2) space for L0 = 23 mm
group (in air). The circle represents the overcentering position. The tra-
jectories below the dashed black line represent phases I and II, and the
trajectories above the dashed line correspond to phases III and IV. After over-
centering, the system continues to load more potential energy (reducing θ1),
while the arm starts to rapidly rotate (increasing θ2). (C) Controlled contact
angle tests with φ= 0, 6.4◦, and 11.4◦ showing the correlation between
PEmax and contact angle. The tendon pulling speeds for all seven tests are
regulated to 2.3 mm s−1. (D) Same as B but for the controlled contact angle
experiments. (E) Analytical overcentering configurations for varying joint-
to-tendon lengths, L0, showing that different overcentering configurations
can be achieved based on different values of L0 (SI Appendix, Geometric
Conditions for Over-Centering). Two reference lines show the physical limits
of the system. The reference line at θ2 = 0◦ represents contact of the arm
and body. The second reference line represents when the body touches the
base. (F) Full trajectories of experiments with the L0 = 23 mm group (in air)
are projected on (θ1, θ2). Each trajectory starts from a small θ2 value and a
large θ1. The same color map as in B is used to represent PEmax. The surface
of tendon lengths, lt(q), vs. the generalized coordinates is color coded (black
to white). The black contour lines represent the level sets of lt(q), and the
tendon lengths along the black contours remain constant. As the tendon
is pulled, the tendon length is reduced and makes a sharp turn near the
maximum spring contraction (i.e., minimum θ1).

impulsive motion is achieved by spring recoil rather than by the
work done from the tendon during the fast phase (phase IV).
It is very difficult to stimulate the extensor muscles indepen-
dently to measure the input force generated by the muscles in
mantis shrimp (23, 24). Instead, the force displacement proper-
ties of the elastic material in the exoskeleton can be measured
by mechanically deforming a single appendage while connected

to a load cell to find the maximum force and work done by the
spring (the saddle and the meral-V) (23, 24). A typical range of
maximum forces measured from the exoskeleton of Gonodacty-
lus smithii species are reported as 39.8± 10.7 N as shown in table
2 of ref. 30. Interestingly, as the power of the extensor muscle is
limited at these small scales, the mantis shrimp contracts the sad-
dle and meral-V by only a small amount (less than 1 mm), which
loads 16.8± 6.3 mJ to the exoskeleton as reported in table 2 and
figure 3 of ref. 30.

One of the benefits of our proposed physical model is to over-
come challenges and limitations in the study of the functional
morphology of natural systems (e.g., the difficulty in measuring
the input force generated by the extensor muscle). The phys-
ical model allows us to directly measure the input force, as
shown in SI Appendix, Fig. S12C. The work done by the ten-
don and the loaded potential energy in this experiment (the
same as the one used in the kinematic analysis in Fig. 3B)
are shown in SI Appendix, Fig. S12 A and B, where the net
potential energy loaded during the experiment is computed to
be 35.9 mJ. The displacement of the tendon in the experi-
ment was 3.7 mm (where lt= 41 mm at the beginning of phase
I)—greater than the displacement of the exoskeleton in man-
tis shrimp. However, the stored potential energy is in a similar
range, which indicates that the torsional spring used in the
physical model is less stiff than the elastic material in mantis
shrimp.

Nevertheless, the physical model can be used to justify the high
power delivery of the geometric LaMSA mechanism by compar-
ing the release of the potential energy with the work done by
the tendon input during the spring release phase (phase IV). In
our experiment, the work done by the tendon during phase IV
is 0.76 mJ while the amount of the potential energy released
is 23.6 mJ (the potential energy difference between the start
of phase IV and the moment tip velocity reached maximum).
The trajectories of experiments in air during phase IV, aligned
with the level set of the tendon length map, also support the
notion that the change of tendon length in phase IV is rela-
tively small (Fig. 4F). Therefore, the extremely high acceleration
observed in the kinematic data in Fig. 3B is driven by the impul-
sive release of the spring energy, which verifies the effectiveness
of geometric latching mechanisms for the generation of high
acceleration.

Sensitivity Analysis for Different Robot Geometries. The analytic
switching condition from latched to unlatched in Eq. 2 shows that
switching depends on internal parameters such as the center of
mass and the size of the robot (L1 and L2) and external param-
eters such as different L0 values and contact angles between
the arm and the body (SI Appendix, Contact Force). Here we
consider two external geometric parameters of the robot: the
joint-to-tendon length, L0, and the contact angle, φ.

Both the tip velocity and kinetic energy ratio metrics are
affected by the change in the joint-to-tendon length. First, a
longer L0 provides a lower maximum potential energy required
to achieve a similar average maximum tip velocity and a higher
SD for maximum tip velocity (Fig. 5A and Materials and Meth-
ods). Therefore, a longer L0 is more energy efficient and also
provides a greater range of maximum tip velocities by medi-
ating the spring actuation. On the other hand, a shorter L0

results in a higher kinetic energy ratio relative to the maximum
tip velocity (Fig. 5B). Similar to the results from experiments
in water, less than 20% of PEmax is released during phase IV
(Fig. 5H). Since PEmax is higher for a shorter L0 (Fig. 5A), a
smaller portion of the maximum potential energy was sufficient
to transfer the energy to the arm without rotating the body exces-
sively. This results in lower kinetic energy of the body during
phase IV and a greater kinetic energy ratio of the arm for the
shorter L0 case.
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Fig. 5. Analysis of the maximum tip velocity and kinetic energy dis-
tribution during phase IV for different loading conditions (i.e., air and
water) and different values of L0. (A and B) The relationship between
the two performance metrics and the maximum loaded potential energy,
PEmax, is shown. Greater maximum loaded potential energy, PEmax, leads
to higher performance for experiments in air with L0= 23 mm. (C–H)
The trajectory of the maximum tip velocity and the kinetic energy distri-
bution during phase IV versus the potential energy. The value PE/PEmax

describes the normalized potential energy. The filled circles represent
the moment of maximum tip velocity. (A) A linear regression using the
minimum mean squared error for experiments in air with L0 = 23 mm
is shown as a dashed line with R2 = 0.6436. Among the L0 = 23 mm
group, the SD (from trial to trial) is significantly reduced in water
(0.17 m s−1) compared to air (2.04 m s−1). (B) A linear regression using
the minimum mean squared error for experiments in air with L0 = 23 mm
is shown as a dashed line with R2 = 0.8865. (C) The applied force (color
coded) over the course of the trajectory was less than 18 N. During the
slow motions in phases I and II, the tip velocity remains nearly zero while
the spring potential energy increases. Once the maximum potential energy
is reached, the tip velocity rapidly increases and reaches its maximum (black
circles). (D) Phase IV arm kinetic energy ratio vs. normalized potential energy
for 32 experiments (in air with L0=23 mm). Phase IV starts at unity for both
axes (Materials and Methods). During phase IV, the spring releases potential
energy, which results in a decrease of PE/PEmax. Potential energy is con-
verted to kinetic energy of the arm and the body, where the KE2/KE metric
shows how the kinetic energy is distributed between the arm and the body.
The color scheme is based on PEmax. (E and F) Similar to the experiments in
C and D but in water. The added mass effect is considered in the calculation
of the kinetic energy (Materials and Methods). The fluidic loading in water
causes the arm to rotate slower compare to experiments in air, but distribut-
ing more kinetic energy to the arm. (G and H) Similar to the experiments in
air in C and D but with L0 = 19 mm. A shorter L0 leads to load more potential
energy, but the maximum tip velocity is not substantially increased. How-
ever, the potential energy was distributed to a greater extent to the arm
compared with the experiments with a longer L0.

The sensitivity analysis reveals some interesting trends in the
design space that can alter the latching behavior of the sys-
tem. For example, a shorter L0 makes our geometric latching
mechanism more stereotyped as the maximum tip velocity is not
affected by how much energy is loaded in the spring and the arm
tends to have more kinetic energy than the body. On the other
hand, a longer L0 provides a way to generate a range of maximum
tip velocities by controlling the contact angle φ (SI Appendix, Fig.
S11 B and C).

Discussion
Through a physical model, empirical experimentation with the
physical model in different environmental and loading condi-
tions, dynamic mathematical modeling, and analysis of a bio-
logical dataset, we establish the quantitative principles of the
phases of LaMSA and latching, demonstrate a linkage-spring
based approach to LaMSA robots, and offer a lens on the
function of four-bar linkages in biology. The fast motion and
temporal asymmetries of the mantis shrimp raptorial appendage
are captured with our analytical model and our physical latch-
ing and linkage mechanism. Four distinct temporal phases (Fig.
3) of the striking motion are defined, extending the traditional
LaMSA temporal phases (4, 5) to incorporate phases defined
within the dynamics of this system. These phases illuminate
how the system is unlatched prior to overcentering, leading
to an intermediate period between unlatching and overcenter-
ing that has not been previously described in these systems
(5, 44) and is likely a crucial feature enabling repeated and
extreme use without the wear and tear of contact latching
mechanisms.

Our physical model of the mantis shrimp striking mechanism
is an at-scale physical model that emulates the linkage mechan-
ics of mantis shrimp and achieves ultrafast motions. The striking
acceleration of our physical model in air reached 5.7× 104 m s−2

(the striking arm length multiplied by the angular acceleration
in Table 1) which exceeds the performance of other small-scale
(less than 14 cm) LaMSA-based engineered devices tested in air
(< 103 m s−2) as reported in ref. 4. We applied multiscale manu-
facturing methods and a detailed dynamical model that captures
the fast, nonlinear, and aperiodic behavior of both the biological
and synthetic systems. Additionally, our model is able to oper-
ate as a LaMSA mechanism and as a directly actuated system
for slower, manipulative movements, much like mantis shrimp
which can move their raptorial appendages directly through mus-
cle contraction and can switch to operating LaMSA; in both the
physical model and biological system this ability to move directly
with the motor and/or via spring actuation is possible because
of the presence of a variable length link in the four-bar mecha-
nism. In addition, the ability to operate the robot in both air and
water allowed us to experimentally demonstrate the significance
of loading on the operation of LaMSA mechanisms. Two specific
key findings include 1) the reduced variability of striking veloc-
ity in water and 2) the drag and added mass effect on the body
caused a delay in unlatching, resulting in less kinetic energy in
the body. The effect of load impedance on LaMSA performance
is an area ripe for future investigation (44, 59).

Although the striking acceleration of the robot in air exceeds
other similar at-scale engineered devices reported in ref. 4, the
striking acceleration in water (104 rad s−2) is still less than the
striking acceleration of the mantis shrimp (up to 106 rad s−2).
Possible future directions to increase accelerations in water may
involve optimization of the four-bar linkage design and explo-
ration of various springs, such as a buckling spring which is
geometrically similar to the saddle in the mantis shrimp.

The control of impulsive energy flow through geometry is a
rich area for both mathematical analysis and materials research
(60), and here we broaden that field to incorporate the role of
geometry and linkages in the latching and unlatching of extreme
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Table 1. Size, linear and rotational velocities, rotational acceleration, and mass comparison of three smashing mantis shrimp species,
N. bredini (33, 47, 72), O. scyllarus (20, 47), and G. smithii (19, 29, 35); Ninjabot (35); and our mechanism

Striking arm Link a–b Link b–c Tip velocity Angular velocity Angular acceleration Mass
Species/robot (mm) (mm) (mm) Fluid (m/s) (rad/s) (rad/s2) (g)

N. bredini 8.7± 1.6 3.2 0.5 Water 11.3± 4.9 1,585± 755 5.8× 106 1.6± 0.6
O. scyllarus 26.5± 3.6 10 1.6 Water 14± 1.8 605± 51 9.4× 105 46.7± 16
G. smithii 8.2± 2.5 4.4± 0.4 0.6± 0.1 Water 20.2± 4.1 2,821± 6,82 1.1× 107 5.4± 0.9

37.1 Water 8.5± 5.5 229± 1,48 4.2× 105

Ninjabot∗ 51.4 N/A† N/A† Water 10.7± 4 207± 75 3.3× 105 9,000
68.9 Water 18± 4.3 262± 62 3.7× 105

Our robot 18.7 19.1 1.5 Water 4.8± 0.2 307± 16 4.4× 104 1.5‡

Our robot 18.7 19.1 1.5 Air 25.7± 2.0 1,863± 78 1.3× 106 1.5‡

∗Data reanalyzed.
†Not applicable; Ninjabot does not contain a four-bar linkage.
‡Mass without base; with base 12.8 g.

dynamical systems. The four-phase temporal categorization for
geometric latching behavior supports the discovery of a phase
when the system is unlatched (i.e., arm movement is initiated)
before overcentering occurs. The existence of such a phase was
not recognized in previous studies of geometric latches which
only focused on the kinematics before and after overcentering
(28, 36). These four phases are essential for explaining the con-
trol of energy flow during mantis shrimp strikes and for building
repeated-use synthetic models that do not rely on contact latches
that are prone to wear. These discoveries set the stage for novel
synthetic design and also enable empirical studies of latching
dynamics in the many organisms with internal latches that cannot
be visualized in vivo (1, 61–65).

Analysis of the dynamics of the proposed linkage model
reveals that more elastic energy can be stored by shortening the
joint-to-tendon link length (Fig. 4A). Therefore, the maximum
energy storage can be directly controlled by allowing the joint-
to-tendon link length to be varied (e.g., by using an additional
actuator). Such a change to the linkage and actuation design
would add additional degrees of freedom, similar to recent work
on dynamics in biological systems (i.e., the four-bar opercular
mechanism of largemouth bass) (66, 67).

As our analytical and physical models are similar in size to
a mantis shrimp, a design optimization framework, based on
these models, can be used as a tool in future investigations
into the evolution of the mantis shrimp raptorial appendage
(28, 46, 47, 49). These models can be matched to the mor-
phologies found in the fossil record and evaluated using the
proposed performance metrics to paint a picture of the trade-
offs and adaptations over time. Similarly, the models could be
used to optimize geometric linkage mechanisms and energy
storage designs for high-performance robots. In this paper we
aimed to emulate the dynamic properties of a mantis shrimp.
However, the same linkage mechanism and analysis could be
applied to other behaviors—for example, throwing or jumping—
in which high power is required, albeit with different appendage
trajectories. In particular, a direct application of our model
is in the optimization of the latch geometric parameters (e.g.,
link lengths and the inclusion of additional linkage attachments
on the arm) and spring/actuator designs to create a jump-
ing robot at smaller scales and higher jumping velocities than
previous examples. In addition, the high power amplification
mediated by the linkage mechanism could further explain the
role of feedback control in biological impulsive systems in future
efforts (68).

Materials and Methods
Fabrication. To create a small-scale, robust mechanism, we use a lamination-
and-folding fabrication process called pop-up book MEMS (59, 60), which
enables the creation of articulated mechanisms with feature sizes ranging

from micrometers to several centimeters. An UV laser (Oxford E series) is
used to cut individual layers of carbon fiber composite, acrylic adhesive, and
Kevlar/Kapton composite.

To construct the robot, a layup composed of rigid layers surrounding the
flexure material and bonded with adhesive layers is aligned in a press and
laminated under heat and pressure. The laminate structure is then released
by a final laser cutting step. Gaps in the rigid layers that form the static and
dynamic flexure hinges are highlighted in yellow in Fig. 1C. Static hinges are
folded during assembly to form 3D structures which are fixed in place using
a cyanoacrylate (CA) glue. The dynamic hinges act as the articulated joints
of the device.

The fully assembled device is mounted to a 3D printed base. A rigid rod
is glued in place through the robot body, and additional rods are inserted
through the base to interface with the torsion springs. A Kevlar tendon is
tied around a hole in the robot arm and threaded through holes in the base.
The initial angle of the tendon can be adjusted by changing which hole it is
passed through, as seen in Fig. 1C.

Motion Control and Capture. Experiments were conducted on the robot
using the experimental setup depicted in SI Appendix, Fig. S3. The robot
is actuated remotely with a Thor Labs K-Cube KDC101 controller and
MTS25/M-Z8 motorized translation stage mounted in a vertical orientation.
A Futek IAA100 amplifier and Futek LSB302 25lb load cell, mounted to the
stage, measure the pulling force during the test. High-speed video is cap-
tured using a Vision Research Phantom v7.3. Frame rates up to 37,000 frames
per second were used during testing. A National Instruments USB-6363 DAQ
was used for triggering and data collection. The actuator pulls the tendon
at a constant velocity.

List of Controlled Experiments. Various experiments were conducted to
understand the range of achievable performance (i.e., maximum arm
rotation speed and energy distribution between the arm and the body)
depending on different controlled conditions. Three categories of control
parameters are considered.

1. Tendon control: the pulling velocity of the kevlar string shown in Fig. 1B
is regulated by an external motor controller. Multiple experiments were
performed at different pulling velocities from 0.5 m s−1 to 2.3 m s−1.

2. Environment: experiments were conducted with two fluid loading condi-
tions, air and water. In each loading condition, multiple tendon control
experiments were performed.

3. Design: multiple tendon attachment points were considered by chang-
ing the joint-to-tendon length, L0 in Fig. 2A, from 19 to 23 mm. Also,
different contact angles varying from 0◦ to 11.4◦ were tested. In each
geometry, multiple tendon control experiments were performed.

Representative videos of striking experiments (L0 = 23 mm) in air and
water are shown in Movies S1–S3: two experiments with different loading,
Movies S1 (air) and S2 (water), and one experiment with a different con-
tact angle using a shim to offset the arm, Movie S3 (with a contact angle of
6.4◦).

Kinetic Energy Ratio and Normalized Potential Energy. As phase IV starts
when the spring is loaded to its maximum extent, the normalized potential
energy, PE/PEmax, starts from unity and decreases as the spring releases its
energy in Fig. 5D. Also, at the beginning of phase IV, the body kinetic energy
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becomes zero as the body is linked to the spring directly, which makes the
arm kinetic energy ratio, KE2/KE, also start from unity.

Controlled Experiments in Water. Eleven experiments in water were con-
trolled such that the mean tendon velocities (trial to trial) and associated
SDs stay similar to the mean and SDs in the air experiments. The mean ten-
don velocity among 11 experiments in water was 1.43 mm s−1 (0.73 mm s−1

SD) where the mean in air was 1.43 mm s−1 (0.79 mm s−1 SD).

Hydrodynamic Effects in Water. The higher accelerations of the robot dur-
ing phases III and IV induce an added mass effect, resulting in increased
kinetic energy due to the fluid entrained by the motion of the arm and body,
adding to the effective inertia. Therefore, the added kinetic energy at the
arm and the body are considered separately and included in the calculation
of the kinetic energy ratio (SI Appendix, Added-Mass Effect).

Controlled Experiments in Air with Smaller Joint-to-Tendon Lengths. First, two
distances for L0 were chosen, 19 and 23 mm, and an additional 10 ten-
don velocity control experiments (in air) are conducted for the 19 mm case.
Similar to the experiments in water, the tendon pulling velocity was con-
trolled such that the mean pulling velocities (trial to trial) and associated
SDs stay similar to the mean and SDs for experiments in air with L0 = 23
mm. The mean tendon pulling velocities for each group are 1.32 mm s−1

(for 19 mm) and 1.43 mm s−1 (for 23 mm). The SDs for each group are 0.78
mm s−1 (for 19 mm) and 0.79 mm s−1 (for 23 mm).

The mean maximum tip velocity for both cases stays within 0.7% of 25.6
m s−1, but the SD for the 19 mm case (0.96 m s−1) is relatively smaller than
the SD for the 23 mm case (2.04 m s−1), up to the numerical precision of the
postprocessing methods used (Data Processing).

Controlled Experiments in Air with Different Contact Angles. Seven tests with
a set of fixed contact angles were performed to analyze the sensitivity of the
performance metrics to changes in contact angle. The tendon pull veloc-
ities were regulated to 2.3 mm s−1 for all experiments. Two shims with
different thicknesses were attached on the side of the body which comes
in contact with the arm, offsetting the contact angle in proportion to the
thickness of the shim: 0.0◦ (i.e., no shim), 6.4◦, and 11.4◦. See Movie S3 for
the experiment with a 6.4◦ contact angle.

Motion Tracking. The 2D kinematic motion of our physical model is mea-
sured using ProAnalyst software (Xcitex). Template-matching object track-
ing is performed using high-contrast markers placed on the exterior of the
robot at precise, known locations. The position of each marker is automati-
cally tracked and recorded for each test. Further analysis is completed using
a custom MATLAB optimization program.

Data Processing. The output from the motion tracking software provides
the (x, y) position of tracking points in the camera frame. To compensate
for quantization noise, a noncausal (zero phase) moving average filter with
a variable window size is applied to the marker position data (SI Appendix,
Fig. S10A). Data points in the slow moving prestrike portion of the data
are smoothed using a larger window size while the fast moving striking
data are filtered using a smaller window size. The filtered data are made
continuous with a buffer region of linearly decreasing window size to the
smaller window size used for fast movement.

First, the body pivot location (which stays constant throughout each
experiment) is approximated based on the filtered tracking points. As the
body rotates around the fixed pivot, the tracking points on the body will
follow an arc. Therefore, an optimization problem is set up to find an arc
for each marker which minimizes the distance (L2 norm) from the arc to
the data points. The optimal solution returns the body pivot position in
the camera frame. Next, the angular position of the body markers on the
body is optimized by preserving the distance between the two markers fixed
in position relative to each other. This optimized angular position of the
marker, plus some offset, becomes the θ1 dataset. An example of this fitting
is shown in SI Appendix, Fig. S10B, where the identified θ1 data are shown
in SI Appendix, Fig. S10C.

On the other hand, the markers on the arm are known to pivot around
a fixed body location. Therefore, another optimization process to find an
arc from the floating arm pivot position estimates the arm pivot location
in the camera frame. Last, the angular position of the arm with respect
to the body frame is found by preserving the distance between the two
markers, similar to the method used for the body, which produces the
θ2 dataset. An example of the floating arm pivot position is shown in
SI Appendix, Fig. S10D, where the identified θ2 is shown in SI Appendix,
Fig. S10E.

This four-stage process, respecting known kinematics, provides more
physically informed processed data compared to a simple frequency-
based filtering technique. A detailed explanation can be found in section
SI Appendix, Optimization Based Data Processing.

Data Availability. Kinematic data of the physical model analyzed
in this paper have been deposited in GitHub, https://github.com/
harvard-microrobotics/mantis-shrimp. Previously published data were used
for this work (mantis shrimp strike data from ref. 33).
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