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For the first inspire phase, the researcher needs to be ex-
posed to natural systems and needs to experience the effec-
tiveness of the biological design for a particular task. Of very
high importance is an appreciation and general interest in the
biological system as well as an openness toward novel ideas
and unconventional designs. Combined with an intrinsic
creative impulse and an understanding of the utility of the
natural design solution, the researcher is motivated to analyze
and understand its principles. Crucial at this stage is a
translational imagination on how the natural principles could
be applied to address unsolved challenges in the technological
world. In the Velcro example, George de Mestral had the in-
novative idea that the burdock seed attachment could be used
for consumer products. Many others may have experienced
the seeds sticking to their trousers, but the creative imagina-
tion of George led to the translation of the idea to a com-
mercially successful application.

In the subsequent abstract phase, the underlying principles
are translated through system identification, mathematical
modeling, literature review on biomechanics principles, ex-
perimental analysis, and biomimetic prototyping. The main
goal of this phase is to define the underlying physical principles
that are at the core of the performance of the natural system. In
the Velcro example, this was done by examining the seeds
under the microscope and by testing the seed sticking to vari-
ous materials.

The implement phase consists of engineering the abstracted
bioinspired design principles into an artificial system, and it
encompasses all the major challenges that are faced when
designing a product.

For this stage, a variety of product design approaches can
be used, such as the implementation phases outlined in
multidisciplinary system design optimization (MSDO),1 de-
sign for six sigma (DFSS),2 or conceive–develop–implement–
operate (CDIO).3 The interested reader may refer to the
literature4–8 for in-depth reviews of these and similar product
design strategies.

The implement phase is widely removed from the initial
biological system, and it has to address design optimization,
practicality consideration, and testing of the final product. For
example, Velcro had to be fabricated cheaply and be intrin-
sically safe to use in order to become a successful consumer
product. The implement phase has to integrate the im-
plementation of the design principles with available product
synthesis methods, materials, and product regulations.

The IAI Paradigm in Robotics

Bioinspired design has been proposed as a successful de-
sign methodology for engineering challenges and robotic
systems.9–13 Examples of bioinspired robots include Gecko-
feet-inspired climbing robots,14 salamander-inspired walking
and swimming control architectures,15 jumping-gecko-
inspired robotic tails,16 basilisk-lizard-inspired water-running
robots,17 caterpillar-inspired inching robots,18 and fish-
inspired swimming robots.19,20

As these robots differ considerably and relate to a large
number of various design challenges, I will focus this article on
a soft jumping robots case study and how the IAI paradigm
relates to the development of innovative soft robotics. In par-
ticular, this article outlines (i) where the robotic design process
can benefit from biological inspiration, (ii) how bioinspiration
has been used successfully in soft robots, and (iii) how the
young field of soft robotics can benefit from biological inspi-
ration in the future.

Case Study: Bioinspired Soft Jumping Robot

In robotics, several jumping robots have been presented so
far that mention biological inspiration as a source for their
design (such as in references21–28), but often design choices are
not well justified and it can be difficult to understand where
and how biological inspiration is being used.

In the following sections, I will outline a case study of a
bioinspired jumping robot, called EPFL jumper v2, that is
inspired from jumping insects on different levels. It uses a
locust-inspired jumping mechanism, a soft exoskeleton for
impact protection, and has a mass of 9.8 g, including elec-
tronics and autonomy to perform controlled, repetitive jumps.
This section aims at outlining which design principles have
been abstracted from the jumping insects and how the IAI
paradigm has been used to develop the EPFL jumper v2. The
section is structured along the three main phases of the IAI
paradigm. Further developments of this robot, including
steering capabilities and wings for jump-gliding locomotion
and directed gliding flight, are presented in the literature.28–31

IAI phase 1: inspire

Small robots have big problems when it comes to efficient
locomotion in natural and rough terrains. This effect is usually
referred to as the ‘‘size grain hypothesis,’’32 which is described
as an ‘‘increase in environmental rugosity with decreasing
body size.’’ In nature, many small animals have adopted
jumping locomotion to move in cluttered environments or in
rough terrain. Jumping offers small systems the benefit of
overcoming relatively large obstacles at a low energetic cost of
locomotion. For example, desert locusts are able to jump over
obstacles of up to 30 times their own size, which provides
them with very impressive terrain transversing capabilities.
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FIG. 1. Inspire–abstract–implement (IAI) bioinspired de-
sign paradigm that is introduced for this article. The bioin-
spired design process can be separated into three distinctive
phases that integrate the abstraction of biological design
principles with modern engineering tools.
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TABLE I
DESIGN PRINCIPLES USED BY JUMPING INSECTS TO ADDRESS THE

CHALLENGES OF JUMPING LOCOMOTION

Design challenge Bioinspired design principle
High per-
formance
jumping:

1) Small mass Legs are optimized for high
strength and low weight

2) High power actuation Slowly charging an elastic el-
ement and releasing it quickly
using a click mechanism

3) Variable take-off angle Using a four-bar mechanism
for the legs

4) Variable ground force
profile

Using a four-bar mechanism
for the legs

Soft land-
ing:

1) Protection on impact with
ground

Using protecting structures

2) Uprighting Position of the center of grav-
ity is shifted and using the
legs to upright

As an illustrating example, we can imagine an animal
which is scaled up to twice its size with the same shape. It
will consequently be eight times as heavy and will have to
support eight times higher forces with its skeleton. The same
principle applies when the animal is moving at a velocity
v; Its kinetic energy is defined as Ekin = 1

2mv2 which
is a linear function of the mass m. If we assume that the
deceleration distance on impact after a jump scales linearly
with the body dimension of the jumping animal, it follows
that the forces on landing are eight times higher for the
animal of twice the size [46, chap. 10].

This fact may be a reason why it is not necessary for
small jumping insects to land on their feet, since the impact
forces on landing are much smaller for them than for larger
animals. Additionally, the jumping strategy of not landing
on the feet may be useful because of the above mentioned
’Size Grain Hypothesis’ [32]. Locusts for example typically
inhabit terrain which is very rugose relative to their size and
makes it very difficult to stably land on their feet. After
impact with the ground, insects perform righting movements
using their legs as described for locust [47] and beetles [48].

Table I illustrates the design principles found in jumping
animals. Although different jumping animals share these
biomechanical design principles, we choose to illustrate them
on the model of the desert locust (Schistocerca gregaria), due
to its extensive coverage in biology literature.

C. IAI phase 3: Implement

In this section we present the conceptual design of the
jumping mechanism which acts as the propulsion device
as well as the protection cage that allows the jumper to
orient and jump again. We compare different implemen-
tation methods of the abstracted design principles using a
comparative evaluation matrix. Based on this evaluation, we
integrate the most promising design and present the EPFL
jumper v2, a miniature jumping robot with a mass of 9.8g
including battery and control electronics. More details on its
implementation details, control and jumping characterisation
can be found in [28].

(a)

(b) Body

 

Ready to jump Before take-off In air

Leg

 

(c)

Fig. 3. Working principle for the jumping mechanism. In order to jump,
a four bar leg linkage that is attached to the body on the ground link (a) is
extended quickly via the input link (b) using a torsion spring (c).

High performance jumping implementation
The main requirement in the development of the jumping

mechanism is to build a lightweight propulsion unit for
jumping robots, where the jumping height and take-off angle
can be adjusted. Based on the modelling of the abstract
phase, it is most beneficial to first slowly charge an elastic
element and then use the legs as a catapult to jump. The
implemented working principle in our design is to first charge
a torsion spring and then release its energy to quickly extend
a four bar leg linkage to perform the jumping movement, as
illustrated in figure 3 [28]. The basic components are the
four bar leg mechanism that is connected to the body on the
ground link (a) and is actuated via the input link (b) using
a torsion spring (c).

The fabricated jumping mechanism is depicted in figure 4.
We use a 4mm DC motor to turn a cam by means of a four
stage gear box. The motor turns the cam in counterclockwise
direction in order to charge two torsion springs. These two
springs are located around the axis of the leg and are fixed
to the frame and the main leg. Once the most distal point of
the cam is reached, the energy that is stored in the springs
actuates the main leg which is the input link of the four
bar leg mechanism. The jumping height, take-off angle and
ground force profile can be adjusted by changing the spring
setting and the geometry of the legs. A jump can be executed
every 3s with a power consumption of 350mW. The materials
used are aluminum 7075 for the frame and the main leg,
carbon prepreg rods for the legs, Polyoxymethylene plastic
(POM) for the gears and cam and polyaryletheretherketone
(PEEK) for the connection pieces on the legs and the frame.
The reader may be referred to [28,31] for a more detailed
explanation and characterisation of the jumping principles
used. The jumping mechanism is controlled using a 20mAh
LiPo battery and an on board PIC16 micro-controller.

The biological design principles have been implemented
(i) by using ultra light weight materials and finite element
analysis structure optimisation on the main leg, (ii) by having
a torsion spring and cam mechanism to realise the catapult
jump and (iii) through a four bar deployable leg mechanism

Light weight 
body and legs

Four bar mechanism

Energy storage
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Figure 7. System architecture for our NAV construction team. We utilise the ROS package to interface with the Vicon motion
capture system and all NAVs through a single radio dongle, running individual trajectory controllers, timers and error checkers for
each NAV before passing output commands through the Crazyflie API.

a linking node equidistant between them. Thus, two NAVs
are required to each place a anchoring node, co-operatively
create one linking node and then return to form two further
supports and complete the structure. The desired trajectories
for each quadrotor are defined parametrically in time by
independent three-dimensional functions for each NAV in
the team. These trajectory functions are defined in abstract
scales and overall horizontal rotations. Provided the location
of each tree is known, the functions may be scaled to
any configuration and separation; limited only to distances
permissible by the length of thread carried on each NAV.
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Collaborative construction between multiple NAVs
requires careful synchronisation of the trajectories to
achieve reliable creation of linking nodes. Therefore, we
synchronise the time in each NAV controller with a common
timer. This ensures all quadrotors reach critical points along
their trajectories - for example, points of interaction with
other vehicles - at the correct time and simultaneously.
Furthermore, we implement a system that detects and acts
upon any significant deviation an NAV might have from its
flight path. This deviation is calculated in every time step
of the control scheme, neglecting errors tangential to the
trajectory. If, at an instant in time, we define the position
of any given quadrotor as r and the closest point on its
trajectory as r

T

, then the effective deviation e is given by

e = ((r
T

� r)·n̂)n̂+ ((r
T

� r)·b̂)b̂ (21)

Where n̂ and b̂ are unit vectors in the trajectory normal
and binormal directions, respectively.Two callback functions
in the main program thread on the central control PC are
connected to two functions within the control threads of
each individual NAV. A deviation magnitude above 0.2
metres triggers the first function and hence the corresponding

callback. The time at which the deviation threshold was
breached is passed as an argument. The internal timer in
the control thread of each NAV in the team is paused,
thus retaining the time at which the deviation threshold
was breached; this effectively pauses every trajectory. If the
deviation magnitude of a previously off-course quadrotor
falls below 0.1m, it is deemed to have returned to its flight
path and the second function is triggered. As an argument,
the callback receives the time elapsed since deviation. The
timers governing each quadrotor restart with an offset equal
to the time elapsed whilst paused; all NAVs therefore
resume construction in a synchronised manner and the team
continues the build.

Trajectory Abstraction

For devising more complex trajectories in environments
with more than two support elements, we propose an
abstraction that allows for complex flight paths and timings
required for cooperation between vehicles to be defined
easily and quickly. Simple trajectories may be defined by
points and circles alone, and can be devised by first splitting
the path to be flown into multiple segments, which must
each be representable by a simple building block such as
a point, a straight line (defined by two points) or a circle.
We then propose defining the trajectory as a list of those
building blocks along with the arguments required to fully
constrain them in three dimensional space. For example
a point in space may be fully defined by the set of its
Cartesian coordinates while a horizontal circle may be fully
defined by the coordinates of its centre and its radius. To
allow for a more complicated structure such as a spiral an
initial and final altitude may also be specified. Furthermore,
the direction of rotation and number of revolution is
required to define a meaningful path for an aerial vehicle.
Circles defined in three-dimensional space would require
an inclination angle to be specified. Curved paths can be
achieved by defining a circle with less than one full rotation
resulting in an arc. For the two most basic building blocks
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Figure 2. A composite illustration showing the process the NAV with the perching payload undertakes in (i-ii) attaching to tensile
structure , (iii) suspending below to enable passive maintenance of position. (iv-v) The shown sequences is one method of
dismounting from the structure and retaking active flight, particularly suited to constrained environments with limited vertical space,
but greater horizontal travel distance

Construction

Tree Tree 

Trajectory of first   
NAV constructor 

Trajectory of second   
NAV constructor 

Figure 3. Web construction about two arbitrary tree structures.
The flexible structural elements are first secured to the anchor
point by means of a lightweight hook, before the NAV winds the
thread around the tree for as many complete rotations required
to support the desired loading. The NAVs then complete a
linking node in the centre before returning to secure the web.

To enable assembly of the web, we define our target
process to be the robust deployment of multiple discrete
tensile elements between pre-existing structures. The
constructor payloads aim to enable deployment of the web
material through only applied tensile force carried by the
material itself; that is, the deployment mechanisms on
the modules themselves are entirely passive. We therefore
require the initial force for deployment to be greater
then the force required to overcome the static friction
between the spool and the supporting central rod and hence
begin to unspool the thread from the construction module,
approximately 23mN.

To model unstructured anchor points to simulate those
present in a natural environment, we employ two artificial
trees mounted on supports to reach a peak height of
around 2m (Figure 3). The foliage of these trees is
arranged in a relatively unstructured pattern (with no
convenient protruding sections for attachment) to best
emulate coniferous woodland in the real world. To enable
reliable connection with these structures, we choose to
design a small hook to embed itself within the foliage of
the tree and provide initial resistance to small forces. This
connection may then be further reinforced via trajectory
winding methods discussed later in this paper. The precise

configuration of attachment mechanism employed is heavily
influenced by the current experimental setup (that is, the
use of these particular tree analogues), but the method may
be optimized or altered to suit differing environments, such
as larger hooks for less dense foliage or small magnets for
metallic objects (to emulate anchor points in an industrial
envrionment, as shown in Section 5) - we therefore present
methods and mechanisms other than the particular hook
design without loss of generality. Our hooks feature 4 prongs
in a radial configuration with a total diameter of 14mm with
a tooth inclination of 50�.

For stability and ease of control, we desire the centre of
gravity to be coincident with the centre of force applied to
the NAV - for these symmetric quadrotors in unrestrained
flight, this means directly below the centre of the body. The
battery is positioned below the centre of the NAV with the
construction pack extended directly below it (Figure 1).The
spool of silk thread that it carries also comprises a separately
rotating arm assists in deployment and controlling of the
release point to minimise the magnitude of out-of-plane
forces on the thread (F

n

,F
b

in the normal and binormal
directions, respectively). Assuming these forces are small
compared to the in-plane component, F

t

, the torque, ⌧ , or
moment induced on the quadrotor by the tension force in the
thread is linearly related to the distance, ~r, to the quadrotor
centre of mass.

Although the pitch and roll moments exerted on the NAV
should be relatively time-invariant if a constant force is
applied to the thread, the torque about the vertical body
axis will vary as string is removed from the reel and thus
the effective separation between the detachment point and
the centre of mass changes. As a result, we specify heading
direction as unconstrained, allowing any orientation in flight
and therefore the controller being relatively uninfluenced by
this variable load.

Perching

The percher payload allows NAVs to dock to the web
and maintain active vertical control by spooling and
despooling the connected thread. The docking procedure
is accomplished by an NAV following a trajectory
perpendicular to the web approximately 5cm above the
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Figure 1. (a and b) Nano quadrotors with a mass of 25g each carrying construction and perching payloads , respectively. The
constructor payload consists of a spool of string intended for creation and utilization of a tensile web structure. The percher payload
consists of a hook at the end of a connecting string intended to latch on to an overhanging support element. (c) Physical realisation
of our web structure, created by NAVs, with a quadrotor perched for an extended duration to change its vertical position.

position. To maximise the range of applicability of such a
scheme in tightly constrained environments, we decide to
focus on sub-miniature multi-rotor MAVs or nano aerial
vehicles (NAVs), hereby defining an NAV as a robot with
a total mass of no more than 25g and a span of less
than 10cm. Employment of such a system is envisaged
in complex environments in scenarios requiring long-
term position maintenance, such as monitoring inaccessible
areas of remote rainforests for environmental variations or
structural health monitoring of bridge structures. Similarly,
such a system may be employed to inspect and monitor for
damage around industrial sites otherwise considered difficult
to access, such as around and within pipework intrinsic
to petrochemical refinery installations. To facilitate such
monitoring, additional sensors (light, temperature, or a video
camera) may be mounted to these NAVs and activated when
successfully perched in the required area.

Compared to existing approaches to aerial construction
with tensile elements, our approach differs in three distinct
ways. Firstly, our approach to construction is collective. We
demonstrate how multiple NAVs can cooperate to complete
certain construction tasks. Second, we employ time-stamped
trajectories that adapt with respect to the position of physical
supports in the environment. Thirdly, we demonstrate a
string-based perching mechanism for low-power altitude
control. In particular, our approach distinguishes itself in
terms of leveraging aerial construction as means of allowing
a robot to extend control over an environment with an
example shown of an NAV constructing a structure and
subsequently using the said structure with the purpose of
perching for long-duration monitoring and also by exploiting

mechanical intelligence in mechanism design as means
reduce control requirements in facilitating the perching task.

This paper will be organised as follows: In Section 2, we
detail the hardware capabilities of the NAVs used and justify
design choices for the presented payloads. Our strategy for
web anchoring, construction, and perching is described in
Section 3. The technical approach used for experimentation
including the trajectory planning and the NAV controllers
implemented is presented in Section 4. We present the
experimental results in Section 5 before concluding and
discussing directions for further work in Section 6.

Hardware Capabilities and Design

To maximise the range of applicability of our proposed
construction and perching scheme, we require aerial robots
of a sufficiently small size to enable access to all but the most
constricted areas. Many research-grade rotorcaft MAVs have
overall spans of 0.5m or above (Floreano and Wood 2015),
but we desire a dramatically smaller platform on which
to build. In addition to increasing the range of accessible
environments, reducing the scale of the robots also tends
to reduce the cost and thus allow the deployment of
larger swarms with similar capital expenditure, increasing
the robustness and failure tolerance of such a scheme
(Werfel et al. 2014).

Following a comprehensive review of the state of the
art and market availability, we selected a commercially
available system appearing to suit the needs of this task.
The Crazyflie nano-quadrotor (Bitcraze) has an overall
span of 9cm, a 32 bit ARM Cortex M3 microprocessor
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position. To maximise the range of applicability of such a
scheme in tightly constrained environments, we decide to
focus on sub-miniature multi-rotor MAVs or nano aerial
vehicles (NAVs), hereby defining an NAV as a robot with
a total mass of no more than 25g and a span of less
than 10cm. Employment of such a system is envisaged
in complex environments in scenarios requiring long-
term position maintenance, such as monitoring inaccessible
areas of remote rainforests for environmental variations or
structural health monitoring of bridge structures. Similarly,
such a system may be employed to inspect and monitor for
damage around industrial sites otherwise considered difficult
to access, such as around and within pipework intrinsic
to petrochemical refinery installations. To facilitate such
monitoring, additional sensors (light, temperature, or a video
camera) may be mounted to these NAVs and activated when
successfully perched in the required area.

Compared to existing approaches to aerial construction
with tensile elements, our approach differs in three distinct
ways. Firstly, our approach to construction is collective. We
demonstrate how multiple NAVs can cooperate to complete
certain construction tasks. Second, we employ time-stamped
trajectories that adapt with respect to the position of physical
supports in the environment. Thirdly, we demonstrate a
string-based perching mechanism for low-power altitude
control. In particular, our approach distinguishes itself in
terms of leveraging aerial construction as means of allowing
a robot to extend control over an environment with an
example shown of an NAV constructing a structure and
subsequently using the said structure with the purpose of
perching for long-duration monitoring and also by exploiting

mechanical intelligence in mechanism design as means
reduce control requirements in facilitating the perching task.

This paper will be organised as follows: In Section 2, we
detail the hardware capabilities of the NAVs used and justify
design choices for the presented payloads. Our strategy for
web anchoring, construction, and perching is described in
Section 3. The technical approach used for experimentation
including the trajectory planning and the NAV controllers
implemented is presented in Section 4. We present the
experimental results in Section 5 before concluding and
discussing directions for further work in Section 6.

Hardware Capabilities and Design

To maximise the range of applicability of our proposed
construction and perching scheme, we require aerial robots
of a sufficiently small size to enable access to all but the most
constricted areas. Many research-grade rotorcaft MAVs have
overall spans of 0.5m or above (Floreano and Wood 2015),
but we desire a dramatically smaller platform on which
to build. In addition to increasing the range of accessible
environments, reducing the scale of the robots also tends
to reduce the cost and thus allow the deployment of
larger swarms with similar capital expenditure, increasing
the robustness and failure tolerance of such a scheme
(Werfel et al. 2014).

Following a comprehensive review of the state of the
art and market availability, we selected a commercially
available system appearing to suit the needs of this task.
The Crazyflie nano-quadrotor (Bitcraze) has an overall
span of 9cm, a 32 bit ARM Cortex M3 microprocessor
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Comparable biological systems

Robotic systems

High control, sensing, and planning

Ballooning spiderBumblebee Fly Perching eagle

High passivity and mechanical intelligence

The size and mass dependence of perching. In both nature and robotics, perching for smaller flying bodies relies on the mechanical intelligence of the body morphology, whereas 
larger bodies use predominantly complex control, sensing, and planning. Mass is indicated on a logarithmic scale. In the top panel, perching in biology is shown with typical masses 
indicated: Bumblebee (Bombus ruderatus); housefly (Musca domestica); ballooning spider (genus Stegodyphus); and Verreaux’s eagle (Aquila verreauxii). In the bottom panel, 
perching of aerial robots is shown from the smallest to largest examples: The robotic insect of Graule et al.; the École Polytechnique Fédérale de Lausanne Perching Microglider; the 
Imperial College String-Based Percher; and the Stanford Univ. Scansorial Unmanned Aerial Vehicle.

As system scale decreases, the dynamic 
flight accuracy is generally reduced and 
computational power is limited. Highly 
robust perching is achieved by relying on 
passive features enabled by mechanical 
processes. For example, the École Polytech-
nique Fédérale de Lausanne (EPFL) mi-
croglider (12) manages to perch by using a 
smart attachment mechanism without rely-
ing on any sensor feedback. A mechanical 
trigger releases two elastically preloaded 
spikes that snap forward and attach to the 
surface. The mechanism is designed such 
that the mechanical impulse created by 
the snapping movement is sufficient to de-
celerate the robot smoothly to zero veloc-
ity just before the pins touch the surface. 
Its perching technique is similar to that of 
the housefly that uses its legs to dampen 
impact and attach to the surface without 
executing a complex flight pattern.

Perching with tensile structures simi-
lar to ballooning spiders has been used 
in (13), albeit for larger vehicles of ~26 g 
and in combination with a fairly complex 
force-compensated flight controller. Never-
theless, the same principle of relying on a 
thread to anchor the vehicle has been used 
to greatly reduce control requirements 
and allow for a highly robust perching 
maneuver. 

The robotic insect of Graule et al. perches 
by hovering beneath the target structure 
and initiating a controlled approach to 
the surface. It aligns its body such that an 
electrostatic adhesive pad makes contact 
with the surface and electrically engages 
the pad for attachment. Electrostatic ad-
hesive is a highly compatible solution for 
this scale because it is nondirectional and 
will work on practically any material un-
der most environmental conditions. The 
robot also uses a passive polyurethane 
foam mount that adapts to the surface ge-
ometry of the perching substrate and bal-
ances the vehicle orientation and approach 
trajectory before attachment. In a similar 
manner, bees attach to surfaces by slowly 
approaching the surface and then using lo-
cal adaptation with mechanical alignment 
structures to perch.

Perching can be achieved with complex 
sensing, planning, and dynamic flight ma-
neuvers as used by birds and large aerial ro-
bots. When the system is scaled down, the 
use of a more mechanical perching tech-
nique can be beneficial. The mechanical in-
sect of Graule et al. has demonstrated that 
mechanical intelligence can successfully be 
combined with complex flight control to en-
able robust perching behaviors. The work 
is also a prime example that demonstrates 

how engineering can learn from nature to 
build the next generation of aerial robots. 
A future direction for the field could be to 
selectively use environmental vectors such 
as wind to travel larger distances or, similar 
to allochory seeds, avoid aerial locomotion 
capabilities altogether and travel by perch-
ing on animals and larger mobile robots at 
no energetic cost.  j
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Aerial-Aquatic Mobility

Research questions

Multiple modes of propulsion? 

Design trade-offs? 

Transition between modes? 

Motion of interfaces? 

Energetics of locomotion? 

Scaling? 



Concept: AquaMAV
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Biological design strategy: Plunge Diving

Video Credit: Tracy Rudzitis

R. Siddall and M. Kovac, ‘Launching the AquaMAV: Bioinspired design for Aerial-Aquatic Robotic Platforms’,  
Bioinspiration and Biomimetics, 2013
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Biological design strategy: Plunge Diving

Video Credit: PLC Cameras



Aquatic Jumping: Flying Squid

 Oceanic Squid Do Fly, Miramatsu et al, 2013

Discussion

Although no specimen was collected from the schools

observed, we identified them as ommastrephid squid, very
likely young of Ommastrephes bartramii or possibly

S. oualaniensis on the basis of habitat and morphology

(Roper et al. 2010). Squid of this family have well-devel-
oped body muscles and are powerful jet swimmers (Boyle

and Rodhouse 2005); some species are commonly called

‘‘flying squid.’’ Airborne behavior has been reported in both
O. bartramii (Murata 1988) and S. oualaniensis (Azuma

2006).

Our observations suggest that squid were probably
escaping vessel disturbance. Several previous studies have

reported similar airborne escape mechanisms for avoiding

boat and fishing net contact (Arata 1954; Murata 1988;
Macia et al. 2004). We do not have photographs of animals

before they exited the water, but we believe squid probably

approach the sea surface at increasing speed propelled by
escape jets. The rolled-back fin posture (Fig. 2a, a0), which

minimizes drag, indicates high-speed swimming (Webber

and O’Dor 1985).
Squid we observed may have increased speed by jet

propulsion after exiting the water, as in another species of

squid (Cole and Gilbert 1970; O’Dor et al. 2012). While
the initial lift for launching speed presumably comes from

continual water discharge through the funnel (Packard

1972), the speed we calculated in our study seemed beyond
the swimming capability of squid. Although there are no

data on the swimming performance in either Ommastre-
phes or Sthenoteuthis, propulsion of squid is inefficient
compared with fish because the backward thrust by jet

propulsion of squid is much less than that of tail propul-

sion used by fish due to the low Froude efficiency of
squid swimming (Alexander 1977). Therefore, squid must

accelerate less water to a much higher speed to achieve the

same thrust as a fish (Alexander 1977; Webber and O’Dor
1985). In fish, the upper limit of swimming speed relative

to BL is up to 25 BL per second (Wardle 1975), which is

much slower than in jetting squid (43.4–49.7 BL s-1).
Jetting water while airborne can generate propulsion, and

there is much less drag in air than in water. Moreover,

jetting water from the mantle cavity promotes acceleration
as a consequence of weight loss.

To travel further, squid generate aerodynamic forces by

conversion of the gravitational potential energy stored
during an increase in altitude in the jetting phase. At the

termination of jetting, squid start gliding with a slightly

Fig. 2 Schema of the flight process (upper panel) based on
photographic observation (lower panels). Launching (a, a0): squid
break the surface under jet propulsion, rolling down their fins against
the mantle and folding their arms. Jetting (b, b0): squid spread the
arms and fins and continue jetting until in the mantle is exhausted.

Gliding (c, c0): squid spread the fins and arms. Diving (d, d0):
approaching the sea surface, squid coil fins around the mantle and fold
arms upward, and streamlining the shape to minimize disturbance on
water entry

Mar Biol (2013) 160:1171–1175 1173

123
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Biological design strategy: Aquatic Escape by Jet Propulsion

Squid Rocket Science, O’dor et al., 2012 
Oceanic Squid Do Fly, Miramatsu et al, 2013

• Demonstrated by several species of flying squid 

• Does not require a vehicle to be highly buoyant 

• Can produce thrust in air and water. 

• Rapid thrust response (compared to propellers or 
flapping), ideal for short take-off. 

• Propellant water can be collected in situ. 

• Mechanically simple to implement (compared to 
teleost swimming, for example).



Impulsive Aquatic Take off

Power Density in Robots and Animals

Hummingbird 
309 W/kg

EPFL Jumper 
980 W/kg

Desert Locust 
500 W/kg

Cockroach 
25 W/kg

VelociRoach 
45 W/kg

Miniature Quad 
283 W/kg

Terrestrial Running

Terrestrial Jumping

Hovering

Flying Fish 
2800 W/kg

AquaMAV 
2100 W/kg

A B



Aquatic Escape: Compressed Gas Jet Thruster

Mass 

Peak Thrust 

Total Impulse 

No. of Actuations 

Power Density 

System Specific Impulse

40.1 g 

5 N 

0.8 Ns per shot 

1 

5.2 kW/kg 

19 m/s

60
 ba

r



Prototype

Water Tank CO2 TankNozzle

  R. Siddall and M. Kovac, A Water Jet Thruster for an Aquatic Micro Air Vehicle, ICRA 2015



Prototype

Water Tank CO2 TankNozzle

Buckling Spring

SMA Wire

  R. Siddall and M. Kovac, A Water Jet Thruster for an Aquatic Micro Air Vehicle, ICRA 2015



Shape memory alloy gas release system

  R. Siddall and M. Kovac, A Water Jet Thruster for an Aquatic Micro Air Vehicle, ICRA 2015
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  R. Siddall and M. Kovac, A Water Jet Thruster for an Aquatic Micro Air Vehicle, ICRA 2015
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AQUAMAV: FAST AQUATIC ESCAPE 3

TABLE I: Aquatic takeoff design options: ++ Excellent, + Good, - Poor, - - Very Poor

Method Weight Penalty Reuseability Low Buoyancy Effect of surface motion Take-off area
Rotary wing takeoff + ++ - - +
Solid Rocket Motor ++ - ++ ++ ++

Water Jet - + ++ ++ ++
Taxiing Takeoff + ++ – - -
Swimming leap - ++ - + -

the controlled release of a small 5ml tank of 57 bar CO2

gas. The robot uses a shape memory alloy actuated valve
to control the release of stored CO2, and is fitted with a
pair of deployable wings, which allow it to maintain
stability and minimise drag when leaving the water.
These wings are then deployed in the air for gliding.

In the following sections, we introduce the physical
principles behind water jet propulsion, and detail the key
design features of the jet-propelled jumping robot. We
use a planar trajectory model to examine the mechanics
of aquatic take-off, and demonstrate that an impulsive
jet is a robust means of transition to flight. Consistent
static thrust from the fabricated device and flight from
beneath the water is then demonstrated.

II. WATER JET PROPULSION

In this section we use the subscripts 1, 2, 3 and 4
to denote variables relating to the main gas tank, the
gas within the water tank, the air-water interface, and
the nozzle outlet respectively (figure 2A). The thrust
produced by a jet of mass flow ṁ4 and velocity u4 is
given by equation 1. If a gas is used as the propellant
mass, its low density means that thrust production is neg-
ligible without very high exit velocities, and for efficient
propulsion from a limited reservoir, a heavier propellant
is preferable. For an AquaMAV, water is a propellant
that can easily be collected before launch, with the
expansion of compressed gas powering expulsion.

T=ṁ4u4 (1)

The incompressibility of water means the expelled
jet will be at ambient pressure, and the gas expansion
rate will equal the water outflow (equation 2). The
water flow within the tank can be treated as quasi-1D
by assuming uniform axial flow across the jet section
(17). By mass continuity, the local velocity is then
a function of cross-sectional area (equation 3). The

unsteady Bernoulli equation (equation 4) is recovered
from Euler’s equation by integrating from the air-water
interface to the nozzle exit (figure 2). Total pressure
along a streamline running from 3 to 4 is equal to the
instantaneous gas pressure in the water tank:

u4=V̇2/A4 (2)
A3(t)u3(t)=A4u4(t) (3)

Z 4

3

@u

@t

ds+
p2

⇢

w

+
1

2
(u24�u

2
3)=0 (4)

Where u is the water velocity, p2 is the pressure of gas
in the water tank, V2 the gas volume, A

n

the jet cross
sectional area and ⇢

w

the density of water. The pressure
acting on the water must be built up by the gas released
from the CO2 tank. To compute the flow rate out of
the tank, we follow the valve flow equations given in
the European standard EN-60534 ((18), equations 5-8)
With the gas tank initially charged to 57 bar, the outflow
will be choked, and will remain so until the pressure
ratio (equation 6) falls below 

choke

(equation 7).

ṁ1=K

v

⌥
p
p1⇢1 (5)

=(p1�p2)/p1 (6)

=

⇢
 if <

choke



choke

if �

choke

(7)

⌥=1�/3
choke

(8)

Where ⌥ is a compressibility correction factor
(equation 8, (18)). The mass flow depends on the valve
flow coefficient, K

v

, and the critical pressure ratio,


choke

. Liquids and gases behave similarly at low
pressures (19), so K

v

was measured by fixing the valve
in the open position and logging the discharged volume
against time of a 0.5m tall, 4cm diameter column of
water through the valve, and fitting K

v

according to

EN-6054 Valve flow equations

  R. Siddall and M. Kovac, A Water Jet Thruster for an Aquatic Micro Air Vehicle, ICRA 2015
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AQUAMAV: FAST AQUATIC ESCAPE 4

Fig. 2: (A) Jet propulsion principle: Gas released from a high pressure tank expels water, propelling the vehicle.
Circled numbers correspond to the locations indicated by equation subscripts. (B) Simulated thrust for water rocket
with separated chambers. (C) Gas pressures in water and gas tanks during jetting.

the EN-60534 (18) equations for incompressible fluids.


choke

is a compressible flow property which cannot
be measured from water flow, and so was inferred from
manufacturer data (20) for air flow at 7 bar based on
the measured K

v

value, and corrected for the different
properties of CO2, which gave a value of 

choke

=0.83.
For the prototyped water tank size, the gas flow remains
choked throughout water expulsion.

To determine the variation of gas conditions in the
two tanks during gas release, a first law energy balance is
used. The gas exchange is treated as a quasi-equilibrium,
adiabatic process, as jetting takes place over too short
a timescale for significant heat transfer to occur. This
gives an equation in which the stagnation enthalpy flux
from the gas tank (ṁ1h01) is equivalent to the increase
in enthalpy and kinetic energy of gas in the water tank
(m2(h2 + u

2
3/2)), minus the pdV work done against

water pressure (equation 9). Gas conditions obey the
ideal gas equation of state throughout.

ṁ1h01=
d

dt


m2

✓
h2+

u

2
3

2

◆�
�p2V̇2 (9)

Where h is specific enthalpy (subscript 0 denotes
a stagnation quantity). Combining equations 2-9 leads
to a system of four first and second order differential
equations in V2(t), V̇2(t), h1(t), h2(t) and m1(t).
These equations remain valid until all water is expelled,

after which point the release of the remaining gas
produces a small amount of thrust. At this stage, total
gas mass inside the thruster (m1+m2) is no longer
conserved, equation 9 does not hold, and the mass
flow out of the nozzle must also be included in the gas
thermodynamic calculations (equation 10). To calculate
mass flow out of the nozzle, the outlet Mach number,
M , is calculated based on the ratio of outlet pressure
to upstream stagnation pressure, p02 (equation 11).

ṁ1h01=
d

dt


m2

✓
h2+

u

2
3

2

◆�
�ṁ4h02 (10)

p4

p02
=

✓
1+

��1

2
M

2

◆� �
��1

(11)

Where � is the gas adiabatic index. The conical
water nozzle has no diverging section so M1. When
subsonic, the nozzle outlet will be at atmospheric
pressure, but if the pressure ratio is greater than a critical
value (equation 12, different to 

choke

, which is specific
to the valve), the flow is choked, M=1, and the nozzle
outlet pressure will be greater than atmospheric. In
both cases, the mass flow out can be computed using
a standard Mach number relation (equation 13).

1st Law Energy Balance 
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TABLE I: Aquatic takeoff design options: ++ Excellent, + Good, - Poor, - - Very Poor

Method Weight Penalty Reuseability Low Buoyancy Effect of surface motion Take-off area
Rotary wing takeoff + ++ - - +
Solid Rocket Motor ++ - ++ ++ ++

Water Jet - + ++ ++ ++
Taxiing Takeoff + ++ – - -
Swimming leap - ++ - + -

the controlled release of a small 5ml tank of 57 bar CO2

gas. The robot uses a shape memory alloy actuated valve
to control the release of stored CO2, and is fitted with a
pair of deployable wings, which allow it to maintain
stability and minimise drag when leaving the water.
These wings are then deployed in the air for gliding.

In the following sections, we introduce the physical
principles behind water jet propulsion, and detail the key
design features of the jet-propelled jumping robot. We
use a planar trajectory model to examine the mechanics
of aquatic take-off, and demonstrate that an impulsive
jet is a robust means of transition to flight. Consistent
static thrust from the fabricated device and flight from
beneath the water is then demonstrated.

II. WATER JET PROPULSION

In this section we use the subscripts 1, 2, 3 and 4
to denote variables relating to the main gas tank, the
gas within the water tank, the air-water interface, and
the nozzle outlet respectively (figure 2A). The thrust
produced by a jet of mass flow ṁ4 and velocity u4 is
given by equation 1. If a gas is used as the propellant
mass, its low density means that thrust production is neg-
ligible without very high exit velocities, and for efficient
propulsion from a limited reservoir, a heavier propellant
is preferable. For an AquaMAV, water is a propellant
that can easily be collected before launch, with the
expansion of compressed gas powering expulsion.

T=ṁ4u4 (1)

The incompressibility of water means the expelled
jet will be at ambient pressure, and the gas expansion
rate will equal the water outflow (equation 2). The
water flow within the tank can be treated as quasi-1D
by assuming uniform axial flow across the jet section
(17). By mass continuity, the local velocity is then
a function of cross-sectional area (equation 3). The

unsteady Bernoulli equation (equation 4) is recovered
from Euler’s equation by integrating from the air-water
interface to the nozzle exit (figure 2). Total pressure
along a streamline running from 3 to 4 is equal to the
instantaneous gas pressure in the water tank:

u4=V̇2/A4 (2)
A3(t)u3(t)=A4u4(t) (3)

Z 4
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@u

@t

ds+
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+
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(u24�u
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3)=0 (4)

Where u is the water velocity, p2 is the pressure of gas
in the water tank, V2 the gas volume, A

n

the jet cross
sectional area and ⇢

w

the density of water. The pressure
acting on the water must be built up by the gas released
from the CO2 tank. To compute the flow rate out of
the tank, we follow the valve flow equations given in
the European standard EN-60534 ((18), equations 5-8)
With the gas tank initially charged to 57 bar, the outflow
will be choked, and will remain so until the pressure
ratio (equation 6) falls below 

choke

(equation 7).

ṁ1=K

v

⌥
p
p1⇢1 (5)

=(p1�p2)/p1 (6)

=

⇢
 if <

choke



choke

if �

choke

(7)

⌥=1�/3
choke

(8)

Where ⌥ is a compressibility correction factor
(equation 8, (18)). The mass flow depends on the valve
flow coefficient, K

v

, and the critical pressure ratio,


choke

. Liquids and gases behave similarly at low
pressures (19), so K

v

was measured by fixing the valve
in the open position and logging the discharged volume
against time of a 0.5m tall, 4cm diameter column of
water through the valve, and fitting K

v

according to

EN-6054 Valve flow equations
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TABLE I: Aquatic takeoff design options: ++ Excellent, + Good, - Poor, - - Very Poor

Method Weight Penalty Reuseability Low Buoyancy Effect of surface motion Take-off area
Rotary wing takeoff + ++ - - +
Solid Rocket Motor ++ - ++ ++ ++

Water Jet - + ++ ++ ++
Taxiing Takeoff + ++ – - -
Swimming leap - ++ - + -

the controlled release of a small 5ml tank of 57 bar CO2

gas. The robot uses a shape memory alloy actuated valve
to control the release of stored CO2, and is fitted with a
pair of deployable wings, which allow it to maintain
stability and minimise drag when leaving the water.
These wings are then deployed in the air for gliding.

In the following sections, we introduce the physical
principles behind water jet propulsion, and detail the key
design features of the jet-propelled jumping robot. We
use a planar trajectory model to examine the mechanics
of aquatic take-off, and demonstrate that an impulsive
jet is a robust means of transition to flight. Consistent
static thrust from the fabricated device and flight from
beneath the water is then demonstrated.

II. WATER JET PROPULSION

In this section we use the subscripts 1, 2, 3 and 4
to denote variables relating to the main gas tank, the
gas within the water tank, the air-water interface, and
the nozzle outlet respectively (figure 2A). The thrust
produced by a jet of mass flow ṁ4 and velocity u4 is
given by equation 1. If a gas is used as the propellant
mass, its low density means that thrust production is neg-
ligible without very high exit velocities, and for efficient
propulsion from a limited reservoir, a heavier propellant
is preferable. For an AquaMAV, water is a propellant
that can easily be collected before launch, with the
expansion of compressed gas powering expulsion.

T=ṁ4u4 (1)

The incompressibility of water means the expelled
jet will be at ambient pressure, and the gas expansion
rate will equal the water outflow (equation 2). The
water flow within the tank can be treated as quasi-1D
by assuming uniform axial flow across the jet section
(17). By mass continuity, the local velocity is then
a function of cross-sectional area (equation 3). The

unsteady Bernoulli equation (equation 4) is recovered
from Euler’s equation by integrating from the air-water
interface to the nozzle exit (figure 2). Total pressure
along a streamline running from 3 to 4 is equal to the
instantaneous gas pressure in the water tank:

u4=V̇2/A4 (2)
A3(t)u3(t)=A4u4(t) (3)

Z 4

3

@u

@t

ds+
p2

⇢

w

+
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2
(u24�u
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3)=0 (4)

Where u is the water velocity, p2 is the pressure of gas
in the water tank, V2 the gas volume, A

n

the jet cross
sectional area and ⇢

w

the density of water. The pressure
acting on the water must be built up by the gas released
from the CO2 tank. To compute the flow rate out of
the tank, we follow the valve flow equations given in
the European standard EN-60534 ((18), equations 5-8)
With the gas tank initially charged to 57 bar, the outflow
will be choked, and will remain so until the pressure
ratio (equation 6) falls below 

choke

(equation 7).

ṁ1=K

v

⌥
p
p1⇢1 (5)

=(p1�p2)/p1 (6)

=

⇢
 if <
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
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if �
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(7)

⌥=1�/3
choke

(8)

Where ⌥ is a compressibility correction factor
(equation 8, (18)). The mass flow depends on the valve
flow coefficient, K

v

, and the critical pressure ratio,


choke

. Liquids and gases behave similarly at low
pressures (19), so K

v

was measured by fixing the valve
in the open position and logging the discharged volume
against time of a 0.5m tall, 4cm diameter column of
water through the valve, and fitting K

v

according to
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These wings are then deployed in the air for gliding.

In the following sections, we introduce the physical
principles behind water jet propulsion, and detail the key
design features of the jet-propelled jumping robot. We
use a planar trajectory model to examine the mechanics
of aquatic take-off, and demonstrate that an impulsive
jet is a robust means of transition to flight. Consistent
static thrust from the fabricated device and flight from
beneath the water is then demonstrated.

II. WATER JET PROPULSION

In this section we use the subscripts 1, 2, 3 and 4
to denote variables relating to the main gas tank, the
gas within the water tank, the air-water interface, and
the nozzle outlet respectively (figure 2A). The thrust
produced by a jet of mass flow ṁ4 and velocity u4 is
given by equation 1. If a gas is used as the propellant
mass, its low density means that thrust production is neg-
ligible without very high exit velocities, and for efficient
propulsion from a limited reservoir, a heavier propellant
is preferable. For an AquaMAV, water is a propellant
that can easily be collected before launch, with the
expansion of compressed gas powering expulsion.

T=ṁ4u4 (1)

The incompressibility of water means the expelled
jet will be at ambient pressure, and the gas expansion
rate will equal the water outflow (equation 2). The
water flow within the tank can be treated as quasi-1D
by assuming uniform axial flow across the jet section
(17). By mass continuity, the local velocity is then
a function of cross-sectional area (equation 3). The

unsteady Bernoulli equation (equation 4) is recovered
from Euler’s equation by integrating from the air-water
interface to the nozzle exit (figure 2). Total pressure
along a streamline running from 3 to 4 is equal to the
instantaneous gas pressure in the water tank:
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Where u is the water velocity, p2 is the pressure of gas
in the water tank, V2 the gas volume, A

n

the jet cross
sectional area and ⇢

w

the density of water. The pressure
acting on the water must be built up by the gas released
from the CO2 tank. To compute the flow rate out of
the tank, we follow the valve flow equations given in
the European standard EN-60534 ((18), equations 5-8)
With the gas tank initially charged to 57 bar, the outflow
will be choked, and will remain so until the pressure
ratio (equation 6) falls below 
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(equation 7).
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Where ⌥ is a compressibility correction factor
(equation 8, (18)). The mass flow depends on the valve
flow coefficient, K

v

, and the critical pressure ratio,


choke

. Liquids and gases behave similarly at low
pressures (19), so K

v

was measured by fixing the valve
in the open position and logging the discharged volume
against time of a 0.5m tall, 4cm diameter column of
water through the valve, and fitting K

v

according to

Unsteady Bernoulli Equation 
for water flow
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Where c
p

the gas heat capacity and p02 is the stagna-
tion pressure of gas in the water tank). Thrust is given by
equation 14 with an additional term added to account for
the nozzle outflow being above atmospheric pressure.

T=ṁ4u4�A4(p4�p

atm

) (14)

This system of equations is integrated numerically in
Matlab using a Bogacki-Shampine solver. A conditional
statement links the two regimes discontinuously; the
integration of the water jetting equations is halted once
all water is expelled, and the final values provide initial
conditions for integration of the gas jetting equations.

The simulated results for the prototyped thruster
are shown in figure 2. Initially, the inertia of the fluid
restricts the water expulsion, and allows gas to be built
up in the water tank. A small amount of additional gas
thrust can be seen after the water is fully expelled at
0.3s, reducing rapidly. Due to the high initial pressures,
the gas flows through the valve and nozzle are choked
for the majority of thrust production.

A. Design Domain
For a given reservoir pressure and valve flow coeffi-

cient, the amount of work extracted from the gas can be

maximised by varying the capacity of the water tank and
the nozzle outlet diameter. Enlarging water tank capacity
increases launch mass, so there will be an optimum
tank volume. To obtain this optimum, the specific total
impulse (I

sp

, equation 15) is used as an objective to
maximise the momentum imparted to the thruster.

I

sp

=

Z
Tdt/m

total

(15)

During jetting, pressure in the water tank is main-
tained by gas from the reservoir with a limited flow rate,
so a smaller nozzle will allow a higher pressure to be
maintained as the gas expands, increasing performance.
However, this decreases the jet thrust (equation 1) and
a very small nozzle will be insufficient to propel the
vehicle. It was decided to target a thrust to weight ratio
greater than 5, or 5N of peak thrust, giving a minimum
nozzle exit diameter of 2mm, rounded for manufacturing.
The design domain was computed by numerical integra-
tion of the equations in section II (figure 3), with the spe-
cific impulse calculated based on the mass of the thruster
alone, excluding the electronics and airframe. This gave
an optimum tank length of 0.45m, which was fabricated.

III. PLANAR TRAJECTORY MODEL

The robot is fitted with collapsible wings and tail
fins for flight. To investigate the robustness of the
transition to flight from water, we have implemented
a planar trajectory model, and a simple estimation of
the hydrodynamic forces during water exit (section

Isentropic Compressible flow relations 
(after all water expelled)
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Water Escape Model

AQUAMAV: FAST AQUATIC ESCAPE 6

Fig. 4: A: Nomenclature for the equations of motion. B: The AquaMAV centre of gravity as water is expelled
during jetting, with the aerodynamic centre of the wings in both configuration shown. Folding the wings moves
the aerodynamic centre backward, ensuring stability until all water has been expelled.

III-C). Here, we use the subscripts
w

,
f

,
b

,
cg

and
cb

to
refer to the robot wing, fins, body and centres of gravity
and buoyancy respectively. The trajectory is defined by
velocity and acceleration vectors (~a and~v respectively)
in earth fixed inertial axes with unit vectors X̂,Ŷ ,Ẑ.
We also define position vectors, ~x, within a robot-fixed
reference frame rotated by an angle ✓ about Ẑ with
respect to the in inertial frame, with its origin at the
robot nose and with unit vectors x̂,ŷ,ẑ (figure 4A).

A. Aerodynamics

The vector forces produced by the wing, ~Fw, and
the tail fins, ~

Ff (equations 16 and 17), have a lift
component perpendicular to the local velocity, ~v, and
a drag component opposing it, defined by lift and drag
coefficients C

lw

and C

dw

respectively for the main
wing, and C

lf

and C

df

for the fins:

~

Fw=
1

2

✓
C

lw

C

dw

◆
⇢

a

A

w

|~v
cg

|2 (16)

~

Ff =
1

2

✓
C

lf

C

df

◆
⇢

a

A

f

|~v
f

|2 (17)

Where A is the component’s lifting area, and ⇢

a

the
density of air. The local velocity of the wing is taken as
the velocity of the centre of gravity,~vcg, but the tail ve-
locity,~vf includes the effect of the vehicle’s pitch rate, ✓̇:

~v

f

=~v

cg

+R(⇡/2�✓)(✓̇Ẑ⇥~x

f

) (18)

Where R is a matrix representing rotation about Ẑ.
The main wing is initially retracted into a low aspect ratio
(ÆR

w

) delta configuration (figure 4B) which will produce
significant vortex lift, and so the Polhamus suction
analogy is used to compute C

lw

and C

dw

(equations 19
and 20, with constants k

p

and k

v

taken from (21)). Once
open, the wing has a high aspect ratio, and C

lw

and C

dw

become the coefficients of an elliptic flat plate (equations
21 and 22). In the model, the deployment of the wings
is treated as instantaneous, represented by a step change
in the wing’s lift behaviour, at time t=t

deploy

. .

C

lw

=k

p

sin(↵
w

)cos2(↵
w

)

+k

v

sin

2(↵
w

)cos(↵
w

) (19)
C

dw

=k

p

sin

2(↵
w

)cos(↵
w

)+k

v

sin

3(↵
w

) (20)
while: t<t

deploy

C

lw

=2⇡(↵
w

)/(1+2ÆR�1
w

) (21)
C

dw

=C

2
lw

/(⇡ÆR
w

) (22)
while: t�t

deploy

The fin coefficient equations, C
lf

and C

df

have the
same form as equations 21 and 22. The angles of attack
of the main wing and fins, ↵

w

and ↵

f

, are calculated
from the angle the component’s velocity in the inertial
frame makes with the horizontal, denoted by �. �

f

includes pitch damping effects (equation 18), while
pitching of the main wing is neglected.
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the aerodynamic centre backward, ensuring stability until all water has been expelled.
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a

the
density of air. The local velocity of the wing is taken as
the velocity of the centre of gravity,~vcg, but the tail ve-
locity,~vf includes the effect of the vehicle’s pitch rate, ✓̇:

~v

f

=~v
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Where R is a matrix representing rotation about Ẑ.
The main wing is initially retracted into a low aspect ratio
(ÆR

w

) delta configuration (figure 4B) which will produce
significant vortex lift, and so the Polhamus suction
analogy is used to compute C

lw

and C

dw

(equations 19
and 20, with constants k

p

and k

v

taken from (21)). Once
open, the wing has a high aspect ratio, and C

lw

and C

dw

become the coefficients of an elliptic flat plate (equations
21 and 22). In the model, the deployment of the wings
is treated as instantaneous, represented by a step change
in the wing’s lift behaviour, at time t=t

deploy

. .

C

lw

=k

p

sin(↵
w

)cos2(↵
w

)

+k

v

sin

2(↵
w

)cos(↵
w

) (19)
C

dw

=k

p

sin

2(↵
w

)cos(↵
w

)+k

v

sin

3(↵
w

) (20)
while: t<t

deploy

C

lw

=2⇡(↵
w

)/(1+2ÆR�1
w

) (21)
C

dw

=C

2
lw

/(⇡ÆR
w

) (22)
while: t�t
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The fin coefficient equations, C
lf

and C

df

have the
same form as equations 21 and 22. The angles of attack
of the main wing and fins, ↵

w

and ↵

f

, are calculated
from the angle the component’s velocity in the inertial
frame makes with the horizontal, denoted by �. �

f

includes pitch damping effects (equation 18), while
pitching of the main wing is neglected.
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Fig. 5: The effect of perturbations on aquatic take-off. A: The effect of increasing the depth of the robot beneath the
water (50o start angle). Depth is expressed in body lengths (BL) below the natural floating position. The emergence
speed is limited by drag, but the robot can achieve flight speed when submerged by up to 1BL. B: The effect of
both depth and launch angle on the robot velocity after jetting. At up to 0.8BL the robot can reach flight speed
in spite of perturbations to initial launch angle.

principle, this gives a buoyant force, ~B (equation 29,
where ~g is acceleration due to gravity). which always
acts vertically, and its point of action, ~x

cb

.
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B=V
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w

~g (29)

D. Equations of Motion

To compute trajectories, the forces acting on the robot
are resolved into inertial axes, and moments are taken
about the jet centre of gravity, x
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g:
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The thrust, T , used for the integration is the mean of
6 experimental thrust profiles (section V). The mass of
water remaining in the tank is calculated from the exper-
imental data using equation 1. The resulting equations
of motion are integrated numerically to compute trajec-
tories, using a 4th order Runge-Kutta solver in Matlab.

E. Take-off Robustness

The simple drag model was found to give a good
prediction of the acceleration profile of the AquaMAV
during aquatic take-offs (section VI). The model was
therefore used to evaluate the robustness of take-off to
external perturbations which can occur in an outdoor
environment. Wave motion over the floating vehicle
can perturb the vehicle angle when it is actuated,
and instantaneously submerge the robot, creating an
additional distance to traverse underwater.

Increasing depth has a strong effect on the final
velocity, as drag greatly limits its underwater speed
(figure 5A). Equating drag (equation 25) with When
the robot is fully submerged with wings folded to the
5N peak thrust gives a terminal velocity of 5.2 m/s
(neglecting lift and buoyancy), which the robot velocity
after jetting tends toward as depth increases. Simulating
launches at several different angles and depths, the
simulation indicates that the jet will be able to achieve
it’s minimum flight velocity (8.5m/s) regardless of angle
as long as it is not submerged more than 0.8BL beneath
the surface (figure 5B). Launching the robot nearer
to vertical results in lower speed (but higher altitude).
More significantly, a steeper launch makes the robot
less sensitive to depth change, because it has a shorter
distance to traverse to escape the water.
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Parameter Value Unit
Retracted Deployed

Wing Area, A
w

126 475 cm2

Wing Aspect Ratio, ÆR
w

0.79 4.26 -
Wing Span 100 450 mm
Wing Chord 210 132 mm
Wing preset angle of attack, ↵0 7 o

Tail Area, A
f

50 cm2

Tail Aspect Ratio, ÆR
f

1.4 -
Body wetted surface area, A

b

278 cm2

Polhamus constant, k
P

(21) 0.7 -
Polhamus constant, k

V

(21) 3 -
Body Width, BW 36 mm
Body Length, BL 552 mm

TABLE II: Key robot parameters.
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cg
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Where ↵0 is the preset wing incidence relative
to the robot’s longitudinal axis, fixed at 7o. When
deployed, the main wing has an area of 475cm2, a span
of 450mm and aspect ratio of 4.26 (table II), with an
inverse Zimmerman planform. This means that with no
incidence on the body and tail fins the AquaMAV must
travel at 8.5m/s to produce sufficient lift to balance its
100 gram empty weight.

B. Longitudinal Stability
The location of the jet centre of mass, ~x

cg

, and the
moment of inertia about that centre, I

yy

, will change as
water is expelled from the tank. In the simulation, the wa-
ter remaining in the tank is calculated from experimental
thrust data using equation 1. The motion of the centre
of mass is of particular importance to the transition to
flight, as it has a significant effect on the longitudinal
aerodynamic stability. The retraction of the wings en-
sures stability during launch by moving the aerodynamic
centre of the main wing, ~x

w

, rearward (figure 4B).
Once all water is expelled, ~x

cg

is slightly ahead of the
deployed wing quarter chord, and the wings can deploy
into a larger, higher aspect ratio configuration for flight.

C. Water Resistance
The above equations for C

l

and C

d

neglect the effect
of friction, so we also include an additional drag force,

D (equation 25) aligned with the robot’s longitudinal
axis. The jet body is slender and streamlined (figure 4B),
and the fins and wings are made from thin flat plates, so
the drag at zero angle of attack will be dominated by skin
friction forces. In order to estimate the viscous force on
the wings and fins, we use a turbulent flow flat plate skin
friction coefficient, using a Reynolds number (Re) based
on retracted wing cord to estimate friction on the lifting
surfaces (equation 26). To compute the body drag this co-
efficient is modified based on the ratio of the body’s max-
imum width and length (BW/BL, equation 27) (22). D
is assumed to act through the robot’s centre of gravity.
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f
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f
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fb
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b

)|~vcg|2 (25)
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f

=0.0307Re�1/7 (26)
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fb
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f
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2
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3
2 +7(BW/BL)3

◆
(27)

The jet is to be actuated while floating on the surface
of the water, with its nose almost entirely submerged. As
it accelerates out of the water, drag acting on the vehicle
will limit its velocity. At each timestep, the model
calculates the fraction of each surface that is immersed
in the water, based on the robot position and orientation.
Neglecting Reynolds number changes, the only fluid
specific variable in equations 16-27 is the fluid density.
We can therefore introduce a factor, Q (equation 28):

Q=

✓
⇢

w

⇢

a

A

wet

A

total

+

✓
1� A

wet

A

total

◆◆
(28)

Where A
wet

and A

total

are the submerged and total
areas of the component in question. This approximation
neglects any motion of the water surface, which is
treated as remaining flat. It also assumes that the flow
around a partially immersed surface is similar to the flow
at the same point on a fully immersed surface (a similar
assumption is made for water impact analysis in (23)).
We also neglect any change in the point of action of these
forces during aquatic escape. Despite these assumptions,
this approach is capable of producing good predictions
of speeds as the robot leaves the water (section VI).

Finally, the robot floats on the water surface prior
to launch, and we must also include the effect of
buoyancy. The volume of the robot beneath the water,
V

wet

, is calculated at each timestep. Using Archimedes’
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Where ↵0 is the preset wing incidence relative
to the robot’s longitudinal axis, fixed at 7o. When
deployed, the main wing has an area of 475cm2, a span
of 450mm and aspect ratio of 4.26 (table II), with an
inverse Zimmerman planform. This means that with no
incidence on the body and tail fins the AquaMAV must
travel at 8.5m/s to produce sufficient lift to balance its
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ter remaining in the tank is calculated from experimental
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aerodynamic stability. The retraction of the wings en-
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centre of the main wing, ~x
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The above equations for C
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neglect the effect
of friction, so we also include an additional drag force,

D (equation 25) aligned with the robot’s longitudinal
axis. The jet body is slender and streamlined (figure 4B),
and the fins and wings are made from thin flat plates, so
the drag at zero angle of attack will be dominated by skin
friction forces. In order to estimate the viscous force on
the wings and fins, we use a turbulent flow flat plate skin
friction coefficient, using a Reynolds number (Re) based
on retracted wing cord to estimate friction on the lifting
surfaces (equation 26). To compute the body drag this co-
efficient is modified based on the ratio of the body’s max-
imum width and length (BW/BL, equation 27) (22). D
is assumed to act through the robot’s centre of gravity.
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The jet is to be actuated while floating on the surface
of the water, with its nose almost entirely submerged. As
it accelerates out of the water, drag acting on the vehicle
will limit its velocity. At each timestep, the model
calculates the fraction of each surface that is immersed
in the water, based on the robot position and orientation.
Neglecting Reynolds number changes, the only fluid
specific variable in equations 16-27 is the fluid density.
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Where A
wet

and A

total

are the submerged and total
areas of the component in question. This approximation
neglects any motion of the water surface, which is
treated as remaining flat. It also assumes that the flow
around a partially immersed surface is similar to the flow
at the same point on a fully immersed surface (a similar
assumption is made for water impact analysis in (23)).
We also neglect any change in the point of action of these
forces during aquatic escape. Despite these assumptions,
this approach is capable of producing good predictions
of speeds as the robot leaves the water (section VI).

Finally, the robot floats on the water surface prior
to launch, and we must also include the effect of
buoyancy. The volume of the robot beneath the water,
V

wet

, is calculated at each timestep. Using Archimedes’
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Fig. 5: The effect of perturbations on aquatic take-off. A: The effect of increasing the depth of the robot beneath the
water (50o start angle). Depth is expressed in body lengths (BL) below the natural floating position. The emergence
speed is limited by drag, but the robot can achieve flight speed when submerged by up to 1BL. B: The effect of
both depth and launch angle on the robot velocity after jetting. At up to 0.8BL the robot can reach flight speed
in spite of perturbations to initial launch angle.

principle, this gives a buoyant force, ~B (equation 29,
where ~g is acceleration due to gravity). which always
acts vertically, and its point of action, ~x

cb

.
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D. Equations of Motion

To compute trajectories, the forces acting on the robot
are resolved into inertial axes, and moments are taken
about the jet centre of gravity, x
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✓̈ẑ=(~x
w

�~x

cg

)⇥R(↵
w

)Q
w

~

F

w

+(~x
cb

�~x

cg

)⇥R(✓)~B

+(~x
f

�~x

cg

)⇥R(↵
f

)Q
f

~

F

f

� ˙
I

yy

✓̇ẑ
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The thrust, T , used for the integration is the mean of
6 experimental thrust profiles (section V). The mass of
water remaining in the tank is calculated from the exper-
imental data using equation 1. The resulting equations
of motion are integrated numerically to compute trajec-
tories, using a 4th order Runge-Kutta solver in Matlab.

E. Take-off Robustness

The simple drag model was found to give a good
prediction of the acceleration profile of the AquaMAV
during aquatic take-offs (section VI). The model was
therefore used to evaluate the robustness of take-off to
external perturbations which can occur in an outdoor
environment. Wave motion over the floating vehicle
can perturb the vehicle angle when it is actuated,
and instantaneously submerge the robot, creating an
additional distance to traverse underwater.

Increasing depth has a strong effect on the final
velocity, as drag greatly limits its underwater speed
(figure 5A). Equating drag (equation 25) with When
the robot is fully submerged with wings folded to the
5N peak thrust gives a terminal velocity of 5.2 m/s
(neglecting lift and buoyancy), which the robot velocity
after jetting tends toward as depth increases. Simulating
launches at several different angles and depths, the
simulation indicates that the jet will be able to achieve
it’s minimum flight velocity (8.5m/s) regardless of angle
as long as it is not submerged more than 0.8BL beneath
the surface (figure 5B). Launching the robot nearer
to vertical results in lower speed (but higher altitude).
More significantly, a steeper launch makes the robot
less sensitive to depth change, because it has a shorter
distance to traverse to escape the water.

Water Escape Model
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