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Aerial robots capable of locomotion in both air and water would enable

novel mission profiles in complex environments, such as water sampling

after floods or underwater structural inspections. The design of such a

vehicle is challenging because it implies significant propulsive and structural

design trade-offs for operation in both fluids. In this paper, we present a

unique Aquatic Micro Air Vehicle (AquaMAV), which uses a reconfigurable

wing to dive into the water from flight, inspired by the plunge diving strat-

egy of water diving birds in the family Sulidae. The vehicle’s performance is

investigated in wind and water tunnel experiments, from which we develop

a planar trajectory model. This model is used to predict the dive behaviour

of the AquaMAV, and investigate the efficacy of passive dives initiated by

wing folding as a means of water entry. The paper also includes first field

tests of the AquaMAV prototype where the folding wings are used to initiate

a plunge dive.
1. Introduction
Locomotion in unstructured terrain is a significant challenge to miniature

robots operating in an outdoor environment, often requiring operation in

water, air and on the ground. The challenges of multimodal locomotion are

addressed in many ways in nature, by animals that can adapt their structures

and behaviours to address the changing requirements of movement in air

and water. Plunge diving birds are a particularly striking example of this,

most notably the northern gannet, a predatory seabird able to dive into the

water (figure 1a,b) at speeds of up to 60 miles per hour by sweeping its

wings fully backward, in order to catch fish beneath the surface [1]. Such

plunge diving behaviour is also observed in pelicans and boobies, and even

far smaller birds such as the common kingfisher (figure 1c,d ). Reproducing

the ability to dive directly through the water surface in a miniature flying

robot would allow unique operation in a wide variety of environments, such

as tidepools, wetlands or canal systems, enabling autonomous monitoring of

contaminants and ecosystem health. However, order to dive into the water, a

vehicle must be able to accommodate the increased structural loads, fluid iner-

tia and drag encountered underwater, without compromising the weight and

lifting area requirements of flight. To achieve this, we are developing a novel

robot, called the Aquatic Micro Air Vehicle (AquaMAV) [2] that is capable of

aerial and aquatic locomotion, able to dive directly into the water at high

speeds to achieve initial depth, subsequently retaking flight using a high

powered burst of thrust.

Aquatic robots can perform tasks such as monitoring of coral reefs [3], or

responding to floods [4], but such environments may contain isolated areas

of water and obstacles which impede movement. Amphibious terrestrial

robots have been implemented in many forms [5,6], but these robots are not

able to cross large, sheer obstacles and generally can only exit the water on

gentle inclines, something that would not inhibit an aerial–aquatic robot. By

flying, a vehicle can reach areas of interest from a safe location, without the

need for manned boats, and do so at higher speeds than can be achieved by

man-portable aquatic robots. In an emergency scenario, AquaMAVs could fly

http://crossmark.crossref.org/dialog/?doi=10.1098/rsfs.2016.0085&domain=pdf&date_stamp=2016-12-16
mailto:r.siddall13@imperial.ac.uk
http://orcid.org/
http://orcid.org/0000-0002-2151-2860


(b)(a) (c) (d )

Figure 1. Plunge diving in nature. (a) Northern gannet (Morus bassanus, 3 kg mass) in flight, and (b) with folded wings about to dive into the water. (c) Common
kingfisher (Alcedo atthis, 0.03 kg mass) in a dive with wings partially folded and (d ) with wings fully folded. Images reproduced under a creative commons licence,
courtesy of: Andreas Trepte (a), Mike Pennington (b), Ryan Cheng (c) and Andy Morffew (d ). (Online version in colour.)

(b)(a)

Figure 2. Jet propelled launch by a previous AquaMAV prototype. (a) The AquaMAV uses a pressurized water jet to escape the water. (b) Timelapse of an AquaMAV
launch, with wings opened in the final frame. Images adapted from [11]. (Online version in colour.)
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quickly to a target, enter the water, collect samples and

record data or video, before returning to flight with infor-

mation for analysis. The utility of water sampling with

aerial vehicles has been demonstrated using multirotor plat-

forms which collect samples by lowering a probe from the

air [7,8], although this relies on accurate control and sensing

of the water surface. By plunge diving into the water and

retaking flight, an AquaMAV could avoid these control

requirements, and allow robots to be produced more cheaply,

and operated in larger numbers. Similar guidance and control

considerations apply to producing small floatplane vehicles

[2], with the additional limitation that such vehicles are too

buoyant for underwater locomotion, as well as requiring

large take-off areas and a calm water surface.

Recently, quadrotor platforms able to move underwater

have been demonstrated, using aerial propellers to produce

thrust in water [9,10]. Both robots use aerial propulsion

systems underwater, which means that aquatic propulsion

will be highly inefficient, owing to the larger torque loads

on the motors when in the water. Generally, quadrotors

cannot match the efficiency of a fixed-wing vehicle in forward

flight, as they must use significant energy to balance their

weight, whereas a vehicle producing aerodynamic lift can

use less power while moving forward. Quadrotors will also

likely be inhibited by the presence of surface waves during

take-off. We instead propose that a robust means of take-off

from water is an impulsive leap, thrusting through surface

perturbations, as demonstrated in [11] (figure 2). By folding

its wings before take-off an AquaMAV can reduce drag and

quickly reach flight speed, before deploying wings and tran-

sitioning to flight, in a manner analogous to multimodal

jumpgliding robots on land [12,13].
Many morphing aircraft have been demonstrated at the less

than 1 m wingspan scale [14], most commonly to allow

unmanned aerial vehicles (UAVs) to fit into smaller containers

for transport or launch [15,16], and also to expand the flight

envelope of the vehicle in the air. A miniature flying robot able

to dynamically change its wing sweep is able to operate in a

broader design envelope, and enhance its agility in complex

requirements [17], without compromising efficiency in level

flight. Sweeping wings backward has also been shown to

allow a vehicle to improve its efficiency at higher speeds by redu-

cing parasitic drag [18]. Wing morphing is also a near ubiquitous

feature of flying animals, and has been of interest to many bio-

logically inspired robots, particularly those with multimodal

mobility. Reconfigurable wings are used in jumpgliding robots

to decrease drag during ascent [19], in aerial terrestrial

robots to enhance mobility on the ground [20], or to mitigate

hydrodynamic loads in aerial–aquatic robots [21,22].

Plunge diving gannets reconfigure their wings continu-

ously as they dive, sweeping partially back at the start of a

dive but, only fully retracting at the point of impact with

water. However, this is principally to allow the bird to accu-

rately track prey as they descend towards the surface, and is a

level of accuracy not necessarily requisite in a field robot [23].

As an AquaMAV does not necessarily need the aerodynamic

control nor the ability to self propel with its wings, the same

behaviour can be achieved with less complex, more robust

mechanics. The gannet’s head and beak are also adapted to

mitigate impact loads with the water [24], protecting their

neck and face from damage. However, the flexibility of the

bird’s neck is a consequence of its need to visually track

prey, and it again may not be necessary to directly mimic

the bird’s head structure in order to impact with the water.



(d) (e)

wing servowings

control servos

CO2 tank
batteries

motor
prop

radio receiver
dive controllerwater inlet

water tank

(b)(a) (c)

Figure 3. The AquaMAV airframe. (a – c) Fabricated prototype, shown with wings open (a) and swept 458 (b) and 908 (c) backward. (d ) CAD rendering of the
wings, showing the lay-up pattern and gear linkage. (e) CAD illustration of fuselage, with internal components labelled. (Online version in colour.)

Table 1. Component mass breakdown for the AquaMAV.

component mass (g) per total (%)

wings 41.0 20

fuselage 27.1 13

propulsion 23.5 12

water jet 37.0 18

empennage 8.5 3

control servos 15.5 8

electronics 22.7 11

batteries 26 13

total 201.3 100
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In this paper, we introduce a plunge diving AquaMAV,

with reconfigurable wings which allow it to dive into the

water at speed. The robot uses folding wings to both initiate

its dive from flight by changing its aerodynamic behaviour

and to protect itself from impact loads as it hits the water,

and is the first robot of its kind to do so. We present wind

and water tunnel tests of the vehicle, showing the efficacy

of the folding design in both delivering high performance

with open wings in level flight and in drastically reducing

lift and drag when folded. We then use the collected aero-

dynamic data to predict the behaviour of the vehicle during

a dive, using a planar trajectory model, and examine the effi-

cacy of passive dives initiated by wing folding. Finally, we

show a preliminary flight test of the vehicle, demonstrating

a dive into water from flight.
2. The AquaMAV airframe
The AquaMAV is a small aircraft designed to fly to a target

location where it can dive into the water and gather data,

before retaking flight and returning to submit samples for

analysis. The current prototype is a 201.3 g fixed-wing aircraft
(table 1), which builds upon a previous prototype weighing

100 g [11], which demonstrated take-off from beneath the

water using a high pressure water jet [25] to escape. Once

in the air, this vehicle could deploy wings and transition to

gliding flight, but was unpowered (figure 2). The new proto-

type retains the ability to launch from water, but has

propeller propulsion and a more developed folding wing

design which is more efficient in flight, and with which the

wings can be swept backwards up to 908 (figure 3a–c). This

allows the vehicle to dive directly into water without

damage, or partially sweep its wings to change its flight

behaviour in air.

The current AquaMAV prototype has a conventional

fixed-wing layout with a tractor propeller configuration,

and a V-tail with dual elevons for control. The V-tail’s 458
dihedral angle provides sufficient control in roll pitch and

yaw, while minimizing the required control actuator mass,

and the positive dihedral also provides some additional roll

stability. The robot is provided with sufficient battery for

14 min of flight, which corresponds to approximately 4 km

of sample return range at its 10 m s21 flight speed (table 2).

The keel of the robot is formed by a slender aluminium

CO2 tank and hollow carbon tube, which the robot uses to

produce a powerful 1 s burst of water jet thrust, allowing it

to escape the water and reach sufficient speed for flight in

air. The robot’s control electronics and actuators are all

contained in a waterproof Kevlar fuselage, mounted to the

aluminium gas tank (figure 3e).

The AquaMAV’s main wing is separated into three seg-

ments, of which two can sweep backward, while the third

is fixed directly to the fuselage, but is compliant enough to

allow the other wing segments to pass beneath it

(figure 3d ). The two rotating segments pivot on sealed bear-

ings attached to the wing at the quarter chord line. The wing

chord line is fixed at a 58 angle of attack relative to the rest of

the aircraft, and so as the wings sweep backward, the two

segments pass over the fuselage, deforming and reducing

their angle of attack relative to the aircraft. The fully open

wing has a Zimmerman planform, which has elliptical lead-

ing and trailing edges, joined at the quarter chord line and is



Table 2. Summary of key AquaMAV aerodynamic parameters.

open wing span 592 mm

open wing root chord 120 mm

open wing area 0.056 m2

open wing aspect ratio 6.35

tail area 0.010 m2

tail aspect ratio 3.57

flight speed 10 m s21

flight Reynolds number 796 000

battery capacity 650 mAh

flying time 14 min
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a common choice for fixed-wing vehicles at the 1021 kg scale.

While this wing aerodynamically slightly outperforms rec-

tangular platforms of the same aspect ratio at low Reynolds

numbers [26], it was primarily chosen for its suitability to

the folding design. Most importantly, the tapering of the

wing towards the wing tip reduces the deformation needed

to fold the wing completely as the trailing edge slides over

the fuselage, meaning a stiffer wing can be more easily actu-

ated. Compared with a rectangular wing of equivalent area

and aspect ratio, the elliptic wing shape will also produce

smaller aerodynamic moment at the wing root hinges.

The wing has a cambered plate section, with a maximum

camber of 5%, located at the wing quarter chord line. Such

thin cambered plates have been shown to have increased per-

formance when compared with conventional thick aerofoils

at low Reynolds numbers [27]. The AquaMAV has a chord

Reynolds number of 7.96 � 105 when flying at 10 m s21 in

sea-level air, which is the upper limit at which significant per-

formance benefits are seen, but the use of a cambered section

has particular advantages to the folding design: when rotated

908, a thin cambered wing has a very small frontal area, and

so the wing drag when swept fully backward will be greatly

reduced compared with a thick wing. Furthermore, a thick

wing would have significant buoyancy if watertight, which

would inhibit effective locomotion underwater, and if

water-permeable the wing would momentarily retain liquid

during take-off from water and slow the robot down.

The upper surface of the wing is made from 230 g m22

woven prepreg carbon fibre. This is reinforced by a second

layer of woven fabric composed of a spanwise strip along

the wing quarter chord line, reinforcing the point at which

the wings are attached to the hinges and a location with

high cross-section curvature, where it adds the most to the

wing’s bending stiffness. Six perpendicular strips are also

cut into this layer to add to the trailing edge stiffness, with

additional reinforcement on the inside edge of the wing, to

minimize the risk of cracking or fraying of the edges as the

wings slide over each other during folding (figure 3d ).

The two rotating segments are geared together to ensure

symmetry, and are driven by a single 6.5 g servo (MKS

DS65 K) with a maximum torque of 0.22 Nm. The rotating

wing segments are attached with screws to the acteal gears,

via a 3D printed piece which matches the cambered wing

surface to the flat gear. A 6 mm diameter aluminium rod

runs through each wing into a bearing which is bonded in

turn to the fuselage, which is reinforced at the wing
attachment point by a 1 mm carbon plate. Two additional

bearings are bonded to the centre segment, through which

it is bolted to the main wings, allowing the wings to rotate

beneath it, while keeping the shafts partially supported at

the upper surface.

The internal components of the vehicle can be seen in

figure 3e, showing the servos used for wing deployment

and tail control surface actuation, the motor for aerial propul-

sion and the custom aluminium gas tank used to store high

pressure CO2 for underwater take-off (table 2). This is all con-

tained in a streamlined Kevlar fuselage which can be

separated by a screw connection to access internal com-

ponents without compromising the waterproofing (this

connection is located just ahead of the wing leading edge,

joining the rear, blue coloured section to the forward

yellow section). While the vehicle fuselage was designed to

be as slender as possible to minimize drag and impact

forces, the cross section was primarily determined by the

need to accommodate the internal components while allow-

ing easy disassembly. The nose shape is a revolved NACA

0010 aerofoil, chosen to accommodate the propulsion

motor, batteries and desired propeller.
3. Wind and water tunnel testing
The AquaMAV was tested at scale in a wind tunnel, in order

to evaluate the performance of the wing and the vehicle’s

longitudinal stability. Aerodynamic coefficients were evalu-

ated and used to predict dive trajectories at various heights

and speeds, as well as estimate the vehicle’s penetration

into the water.

3.1. Wind tunnel experimental set-up
Tests were conducted in a closed circuit wind tunnel, with a

0.95 � 0.95 m working section. Wind speed was measured

and controlled using a pitot probe, compensated for changes

in ambient conditions. During tests, airspeed was maintained

to within 0.5% of demanded velocity.

The vehicle was mounted to a six-axis force balance (ATI

Gamma IP68) via a 0.5 m streamlined steel sting, such that

the centre of the fuselage was located 0.45 m above the

tunnel floor at 08 angle of attack. The force balance was in

turn attached to a worm drive, which was used to vary the

vehicle angle of attack, a. The 200 step/rev stepper motor

used to drive the worm gear gave an accuracy of

7:5� 10�4 8=step after the 1 : 150 reduction in the worm

drive (figure 4a).

The force balance had a calibrated range of 100 N in each

axis, and 10 Nm in torque, with force and torque resolutions

of 25 mN and 1.25 mNm, respectively. Data from this sensor

were sampled at 10 kHz, averaging 1000 samples per recor-

ded reading. During testing, zero readings were recorded

for 60 s before and after the tunnel was run and averaged

together to account for sensor drift. Aerodynamic forces

were also recorded for 60 s, once the tunnel had reached

the demanded speed.

The wind tunnel, force balance and worm drive were all

operated using LabView, which was also used to control the

wing servo, allowing the effect of wing sweep angle to be eval-

uated. The open wing was tested from 268 to 248 angle of

attack, in 28 increments at its design flight speed, 10 m s21,

to elucidate the complete stalling behaviour of the wing. The



(a) (b) (c)

914 mm

600 mm

wind tunnel floor
sting attachment

force balance
worm gear
worm wheel
stepper motor

Figure 4. CAD drawings of wind tunnel test apparatus. (a) Close-up of worm drive system for angle of attack adjustments, with force balance attached.
(b) AquaMAV model location in wind tunnel, showing worm drive and force balance attached to the tunnel floor. (c) AquaMAV model location in water
tunnel (shown with wings folded). Panels (b,c) are on the same scale. (Online version in colour.)
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region. Increased error can be seen as the wing nears stall due to the unsteady flow. (a) Lift force in Newtons, (b) drag force in Newtons and (c) lift to drag ratio.
(Online version in colour.)
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wing was also tested at different sweep angles, sweeping the

wings backward in 108 increments from fully open (08) to

fully closed (908), also at 10 m s21. The fuselage was also

tested with wings, propeller and empennage removed to

evaluate the different drag contributions, and to calculate sep-

arate aerodynamic coefficients for the wings and fin, so that

any pitch damping effects could be accounted for in §5.

It was necessary for the wing to have some compliance in

order to fold, as well as being as thin as possible to reduce

weight. In order to evaluate the effect of this compliance, a

rigid wing with the same planform and camber profile was

fabricated from a 2 mm thick aluminium plate, and tested

separately, so that a performance comparison could be made.

Once tunnel measurements were collected, the sting was

run separately over a large range of angles of attack and

tunnel speed. The forces and moments produced by the

sting were then subtracted from the model measurements

taken at the corresponding speeds and orientations. The

maximum wingspan of the vehicle (0.592 m, 73% of tunnel

width; figure 4b) meant that some interference from the

tunnel with the wing tip vortices was expected. This was cor-

rected for using the method of images, by treating the lifting

main wing as a pair of trailing vortices whose strength is

determined by geometry and lift of the main wing [28].

This allows the boundary induced upwash to be estimated

by taking the upwash induced by the resulting image

system of vortices at the tunnel centreline as the average

upwash across the section [28]. The resulting corrections

were small, for example, the increase in angle of attack due
to the boundary effect is 0.098 with the AquaMAV at 08 to

the flow at 10 m s21. The solid blockage of the vehicle and

sting was low (1.4% by frontal area at 08 attack angle), and

so no speed correction was deemed necessary.

3.2. Water tunnel experimental set-up
Using the same force balance, the AquaMAV was also tested

in a water flume, at 0.2–1 m s21 speed, in 0.2 m s21 incre-

ments. This allowed us to test the AquaMAV at slightly

higher Reynolds numbers than those observed during tests

in air (13.5 � 104 in water at 1 m s21 compared with 7.96 �
104 in air at 10 m s21), and to corroborate wind tunnel

measurements. The flume’s maximum width is 0.6 m

(figure 4c), which meant that the wings could not be tested

fully open. Tests were run with wings fully closed, with

wings removed and with wings and fins removed, so that

the drag contributions of different components underwater

could be evaluated. Where the folding propeller was attached

to the fuselage it was prevented from rotating, although the

propeller blades could fold backward freely. This was

deemed reasonable as in practice resistance from the motor

and friction where the blades are folded flat against the

fuselage will limit autorotation.
4. Results
At its design cruise speed, the AquaMAV performs well,

producing sufficient lift to balance its weight (figure 5a), and
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Ŷs

S

r

a 0L

D

F
(a)

X̂ s
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in level flight is at its maximum lift to drag ratio (figure 5c).

The vehicle begins to stall at 88, but full stall is delayed

until 188. However, at lower speeds, this delayed stall is

not observed, and the indication is that this is due to wing

compliance. This is investigated further in §4.2.

In order to compute dive trajectories, we extract the lift

and drag contributions of the fuselage and fins separately,

shown in figure 7. For each component, CL and CD are

calculated from lift, L and drag, D as

CL

CD

� �
¼ L

D

� �
1

ð1=2ÞrV2Aref
, ð4:1Þ

where r is the fluid density, V the freestream velocity and Aref

a reference area. The fully open wing planform area is used as

the reference area for all calculated coefficients. We also com-

pute the wing centre of pressure from the measured torque

on the force sensor, defined as the point of action of the aero-

dynamic forces about which there is no moment. This point is

assumed to lie along the wing chord line, at a preset angle of

attack, a0 to the fuselage (58). By taking moments around the

force transducer, we can equate the location of the centre to

the measured torque, M:

MẐsensor ¼ RðaÞF�ððSþ r cosða0ÞÞX̂sensor

þ r sinða0ÞŶsensorÞ, ð4:2Þ

where X̂sensor, Ŷsensor and Ẑsensor are unit vectors defining the

sensor coordinate system, S and r are the distances from the

intersection of chord line and sting axis to the sensor origin

and centre of pressure, respectively (figure 6a). F is resultant

lift and drag force and R(a) is a rotation matrix about Ẑsensor:

Given the sensor readings and equipment geometry,

equation (4.2) can be solved for r at each measurement point.

Figure 6b shows the effect of wing retraction on the

location of the wing’s centre of pressure. The vehicle’s

centre of gravity (c.g.) is located 205 mm from the vehicle’s

nose (figure 6b). When open and at 08 angle of attack, the

wing’s aerodynamic centre is 212 mm from the nose, slightly

behind the c.g. and at 32% of the wing chord, but when

the wing is folded, this moves significantly rearward to

313 mm from the nose. This movement of the c.g. and

the loss in lift means that once the wing is retracted, the
AquaMAV will passively enter a stable dive, the trajectory

of which is explored further in §4.1.

Figure 7a,b show the forces generated by the fuselage and

wing fins. The fins show linear CL behaviour over the tested

range. Fin stall is not observed because of the fins’ 458 dihedral

angle, which reduces the relative flow normal to each fin and

hence the effective angle of attack of fins relative to that of

the fuselage. Figure 7c,d show the effect of fully retracting the

main wing. We can see that the drag in level flight is reduced

by 62%, and lift production is decreased by 92%.
4.1. Partial wing sweep
With the wings fully open, the vehicle will only be able to

increase its level flight velocity beyond the design cruise

speed by operating at slightly negative trim angles using the

tail control surfaces, which is aerodynamically inefficient.

Since the wing folding mechanism allows for the wings to be

operated at partial sweep angles, the efficacy of sweeping the

wings backward to enable the AquaMAV to sprint for short

periods was investigated. Figure 8 shows the effect of sweep

angle on lift production (figure 8a) and efficiency (figure 8b).

As the wings sweep backward, they slide over one

another and the fuselage, deforming in order to do so, until

they reach a maximum angle of 908, where a hard stop is

reached (figure 8c). In figure 8a, we can observe the effect

of the wings deforming as they sweep back, in the rapid

drop-off in lift over angles of 60–908, where the wings are

forced upward by the fuselage, decreasing their angle of

attack relative to the freestream. However, at 108 the wing

shows a slight increase in lift coefficient at a ¼ 0 (CL0) and

aerodynamic efficiency. This is due to the wing trailing

edge deflecting downward as it passes under the centre seg-

ment, increasing its camber. At 308, the wing trailing edge

reaches the fuselage, is deflected upward and lift production

begins to decrease. If the vehicle were to sweep its wings back

by 708, CL0 would reduce to 0.15 which would allow the

vehicle to maintain a level flight speed of 19 m s21. This

would incur a significant drag penalty (figure 8b), and

require high thrust, but there is nonetheless the potential

for wing sweep to be used in a brief sprint in spite of the inef-

ficiency. Sweeping the wings backward also allows the robot
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to shift its aerodynamic centre rearward and increase its static

margin, altering the handling qualities of the vehicle.
4.2. Wing performance at different speeds
To investigate the impact of the segmented folding mechan-

ism on the wing design, the fully open main wing was

tested at different speeds and compared with a single-piece

rigid aluminium wing. The lift and drag measured during
these tests are shown in figure 9a,b, respectively. From

figure 9a, we can see that the rigid wing produces slightly

more lift than the folding wing at small angles of attack,

which suggests that some warping of the carbon fibre wing

occurred after it was demoulded, or a slight manufacturing

error in the preset angle of the wing chord relative the the

AquaMAV fuselage. We can also see that the carbon wing

stalls earlier than the rigid version at low speeds. This

could be the result of the protrusions on the wing upper
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Table 3. Comparison between measured drag contributions of AquaMAV
components in air and water at 08 angle of attack.

component

water air

CD

per total

(%) CD

per total

(%)

fuselage 0.0121 39 0.0069 17

fins 0.0047 15 0.0031 7

propeller 0.0002 1 0.0012 3

wings 0.0142 45 0.0299 73

total 0.0312 100 0.0410 100

rsfs.royalsocietypublishing.org
Interface

Focus
7:20160085

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 F

eb
ru

ar
y 

20
25

 

surface which are necessary for the folding mechanism, as

well as the discontinuities between the segments, both of

which will retard flow over the upper surface, and encourage

separation. However, it could also be the result of an inter-

action between the wing wake and the fuselage, as the rigid

wing was not tested attached to the AquaMAV body.

While the rigid wing exhibits the same lift behaviour at

the three tested speeds, the early stall in the compliant

wing is only observed at low speeds. At 8 m s21, the lift

curve shows an inflection near the 6 m s21 stall point, but

lift increases beyond. At 10 m s21, further lift increases are

seen beyond 68 attack angle. This disparity at different

speeds may too be the result of wake interaction, or the pres-

ence of a laminar separation bubble [29]. During the tests,

deformation of the wing was observed, both a deflection of

the wing trailing edge and a slight increase in dihedral. The

wing’s compliance, with the wing deforming upward

under the increased aerodynamic loads at higher speeds

may also contribute to the delayed stall. However, in order

to fully determine origin of the disparity it would be necess-

ary to measure either the wing deformation or the flow

geometry directly. Nonetheless, the delayed stall will allow

the vehicle to be more robust to perturbations in flight.

It was necessary to test the AquaMAV wing attached to

the fuselage due to its folding mechanism (figure 9c). How-

ever, as it is being compared with the plain aluminium
wing (figure 9d ), the lift and drag of the fuselage as measured

without the wing attached is subtracted from the data shown

in figure 9. Examining figure 9b, it can be seen that the rigid

wing shows lower drag prior to stall, indicating that the pro-

trusions on the upper surface and gear mechanism on the

lower surface, as well as interference with the wing flow

from the fuselage, all act to increase folding wing drag

relative to the rigid planform.

4.3. Sources of drag
In figure 10, the drag acting on the vehicle at 08 angle of

attack is plotted against speed in water. Tests were repeated

with the vehicle wings, fins and propeller removed, to

show the different contributions (due to the flume’s 0.5 m

width, the wings were only tested fully folded). For each

curve, a quadratic polynomial relating drag, D, to velocity,

v (with the form D ¼ Kv2, where K is a constant) is fitted

by regression, and a drag coefficient of the form in equation

(4.1) was extracted. The difference in drag between, for

example, the fuselage with propeller attached and fuselage

without allowed us to extract the drag contributions of differ-

ent components (table 3). Reasonable agreement between

tests in air and water was found, although the need to disas-

semble the AquaMAV between tests may have resulted in

some inconsistencies. Notably, the measured drag coefficient

of the wing underwater is half that which was measured in
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air. This is most probably due to bending of the wing. Given

the folded wing’s CL0 of 0.044 (figure 7d ), the wing would

produce 0.15 N of force in air at 10 m s21, but the same lift

coefficient in water flowing at 1 m s21 would produce

1.21 N of force.
 5
5. Planar trajectory model
Having measured the longitudinal aerodynamics of the

AquaMAV, we use the data gathered to analyse dive trajec-

tories of the vehicle using a planar trajectory model, using

an approach similar to a previous study in which planar aero-

dynamics were show to accurately predict trajectories of a

vehicle launching from water [11]. As with [11], the model

is quasi-steady state. This assumption has been shown to

hold in predicting dynamic trajectories of perching

manoeuvres from static force coefficients [30], and the

model’s validity for predicting motion in this study is evalu-

ated in §7.

In this section, we use subscripts ‘w, f, cg and cb’ to refer

to the robot wing, fins, body and centres of gravity and buoy-

ancy, respectively. The trajectory is defined by velocity and

acceleration vectors, a and v, 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 u

about Ẑ from the inertial frame, with its origin at the robot

nose and unit vectors x̂, ŷ, ẑ: The nomenclature for the

trajectory model is illustrated in figure 11.

5.1. Aerodynamic forces
Coefficients used for the wing, tail and body are taken from

the tunnel data shown in figure 7a–d. The measured force

coefficients and centres of pressure are used as look-up

tables in the trajectory code, with the data interpolated at

each time step. For extrapolation outside of the measured

range, the post-stall lift coefficient is used, or linear extra-

polation for drag coefficient. However, the vehicle was

ultimately not simulated reaching an angle of attack outside

the measured range, owing to the large tail volume coefficient

of the vehicle (36.7%).

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

fins, Ff (equations (5.1) and (5.2)), have a lift component

perpendicular to the local velocity, v, and a drag component

opposing it, defined by lift and drag coefficients Clw and Cdw,

respectively, for the main wing, and Clf and Cdf for the fins.

Fw ¼
Lw

Dw

� �
¼ 1

2

Clw

Cdw

� �
raAwjvcgj2 ð5:1Þ
and

Ff ¼
Lf

Df

� �
¼ 1

2

Clf

Cdf

� �
raAfjvfj2, ð5:2Þ

where A is the component’s lifting area, and ra the density of

air. The local velocity of the wing is taken as the velocity of

the centre of gravity, vcg, but the tail velocity, vf includes

the effect of the vehicle’s pitch rate, _u:

vf ¼ vcg þ R
p

2
� u

� �
ð _uẐ� xfÞ, ð5:3Þ

where R is a matrix representing rotation about Ẑ: The angles

of attack of the vehicle and its empennage, ab and af, respect-

ively, are calculated from the angle the component’s velocity

in the inertial frame makes with the horizontal, denoted by b:

acg ¼ u� bcg ð5:4Þ

and

af ¼ u� bf, ð5:5Þ

bf includes pitch damping effects (equation (5.3)), while any

pitching damping of the main wing is neglected due to the its

proximity to the vehicle centre of mass.

The location of the vehicle’s centre of mass, xcg, and the

moment of inertia about that centre, Izz, are computed from

accurate CAD models of the vehicle, listed in table 3. In the

model, wing retraction is treated as instantaneous, rep-

resented by a step change in aerodynamic behaviour and

inertia at time t ¼ td (in practice, the wing takes less than

0.5 s to retract, depending on airspeed, so any transient

effect should have little impact on the overall trajectory).

The forces acting on the robot are resolved into inertial

axes, and moments are taken about xcg (equations (5.6) and

(5.7)):

ma ¼ Rðu� awÞFw �mg þ RðuÞx̂þ Rðu� afÞFf ð5:6Þ

and

Izz€uẑ ¼ ðxw � xcgÞ � RðawÞFw þ ðxf � xcgÞ � RðafÞFf, ð5:7Þ

where R is a matrix representing rotation about Ẑ: These

equations are numerically integrated in MATLAB using a

variable step Runge–Kutta solver.
5.2. Underwater motion
While a complete simulation of the vehicle mechanics under-

water requires measurement of the forces caused by fluid

inertia, it is nonetheless possible to estimate the ability of

the AquaMAV to achieve depth by diving by examining the

limiting effects of drag underwater. Neglecting any effect
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from the increase in Reynolds number, we use here the

dimensionless aerodynamic coefficients measured during

wind tunnel tests to allow us to simulate motion underwater,

replacing the density of air in equations (5.2) and (5.1) with

that of fresh water. Owing to the presence of buoyancy, we

use a CAD model to calculate the total volume displaced

by the vehicle, and the centre of displacement ðxcgÞ, which

allows us to calculate the torques and moments created by

the vehicle’s buoyancy,

B ¼ rwDgẐ, ð5:8Þ

where rw is the density of water and D is the volume

displaced by the AquaMAV when underwater. The equations

of motion then become

ma ¼ B�mgẐþ Rðu� awÞFw þ RðuÞx̂þ Rðu� afÞFf ð5:9Þ

and

Izz€uẑ ¼ ðxw � xcgÞ � RðawÞFw þ ðxcb � xcgÞ � RðuÞB
þ ðxf � xcgÞ � RðafÞFf: ð5:10Þ
6. Dive trajectories
6.1. Aerial phase
When the AquaMAV wings are retracted completely from a

level cruise with wings fully open, the vehicle immediately

begins to dive, due to the rearward movement of the centre

of gravity and decrease in lift production. Initially, we exam-

ine a simulated long dive which allows the vehicle to reach

steady-state orientation and velocity, initiated at an altitude

of 500 m, from level flight at 10 m s21 (figure 12). Five hun-

dred metres is chosen as a start height as this represents a

reasonable maximum operating altitude, given that many

countries’ civil aviation authorities place a 500 m ceiling on

unmanned aircraft operation. Although folding the wings

reduces their lift production by 92% (figure 7c,d ), the residual

lift has a significant effect on the vehicle trajectory. To gain
insight into this effect, we compare this dive with another

simulation in which the lift coefficient of the folded wing is

artificially set to 0, although the wing drag is retained. In

both cases, when the wings are folded a short transient

pitch oscillation occurs, but is quickly damped out in

around 1 s (figure 12c,d ), during which time the vehicle has

only descended around 3.5 m. We can see from the plots

that the residual lift generation of the folded wing has little

effect on the vehicle’s terminal velocity (36.6 m s21 with lift

compared with 39.9 m s21 without, figure 12a,b), which is lar-

gely determined by its drag, but that it does cause the vehicle

to reach an equilibrium pitch of 2518 from the horizontal

(figure 12c), which means that the vehicle covers significant

horizontal distance (figure 12d ). This presents a problem in

accurately targeting the impact point of the vehicle in the

water, as over long distances wind gusts and turbulence are

liable to significantly perturb the trajectory.

Figure 12 illustrates the terminal velocity and attitude of

the vehicle, but dives are far more likely to be initiated much

nearer the surface in practice. Not least because the vehicle

reaches an equilibrium angle at terminal velocity in less than

200 m of vertical descent, so diving from any higher has no

effect on the final impact other than to increase the distance

travelled. Furthermore, at the 36.6 m s21 terminal speed will

create significant impact loads, liable to damage the robot.

A fully passive dive, initiated only by the vehicle folding

its wings is desirable as it reduces reliance on sensing and

control, which is useful when performing an aggressive

manoeuvre with a miniature robot. We, therefore, examine

the effect on water impact of the condition of the vehicle

when the dive is initiated. Figure 13 shows the effect of

dive height (the point at which wings are folded) on the

final impact of the vehicle, plotted for dives starting at several

different cruise speeds. Because the vehicle begins to stall at a

lift coefficient of 0.9, its minimum stable speed is approxi-

mately 8 m s21, and this is the lowest speed simulated. The

vehicle’s maximum propelled flight speed is fundamentally

limited by its propulsion. The AquaMAV uses a 152 mm

diameter folding propeller, which, when used in
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combination with the vehicle’s 55 W motor, has a an approxi-

mate maximum velocity of 18 m s21, above which the

propeller cannot rotate sufficiently fast, and produces drag

rather than thrust, and this is, therefore, the maximum start

speed simulated.

As it dives, the AquaMAV initially pitches more steeply

than the equilibrium dive angle observed in figure 12, as it

must first gather speed. Increasing the initial speed reduces

the speed to be gained, and therefore reduces this overshoot.

This means that impact angles will be shallower, although

horizontal distance covered will be greater. Changing the

initial speed has a smaller effect on the impact velocity,

which tends asymptotically to terminal velocity as start

height is increased. In all cases, the vehicle covers significant

horizontal distance before it hits the water, which can be most

effectively decreased by reducing the speed at the dive start.

6.2. Aquatic phase
Using the same trajectory model, we have also undertaken a

simple analysis of the vehicle’s motion in water, by simulat-

ing trajectories underwater over a variety of initial

conditions. Our aim in this section is to evaluate the extent

to which the vehicle drag limits its penetration into water.

As such, we are not considering the significant transient

effects the vehicle experiences while impacting the surface,

which arise from the rapid accrual of fluid inertia as the

vehicle enters the water, and treat the vehicle as starting

fully immersed beneath the surface.

The vehicle’s tail is hollow which keeps the centre of buoy-

ancy rearward of the wing, and keeps the vehicle stable during

a dive. The hollow tail ultimately fills with water through a

small check valve, which is then used as propellant to escape

the water. The tail filling also shifts the centre of buoyancy for-

ward to make the vehicle float nose up for launch. However,

the tail fills through a narrow check valve, and the time taken

to fill is much longer than the deceleration time underwater,

so the tail is treated as empty throughout. From the dive simu-

lations, we can see that the ability of the AquaMAV to achieve

significant depth purely through flight momentum is limited.

This is predominantly due to the large drag forces which

arrest the vehicle within approximately 1 m of travel through

water. Figure 14a shows several example trajectories for

impact at 20 m s21 at a various angles, with numerical inte-

gration stopped when the vehicle’s vertical velocity reaches
zero. We can see that the lifting surfaces keep dive paths

fairly straight while the vehicle has some speed, but once the

vehicle slows, the nose-down moment from buoyancy in the

tail pitches it over. Increasing the impact speed yields no sig-

nificant increase in dive depth, and the vehicle is brought to a

stop within one to two body lengths below the surface

(figure 14).
7. Discussion
7.1. Model assumptions
The trajectory model outlined in §5 assumes that the behav-

iour of the vehicle is quasi-steady state, and that the wind

tunnel measurements can be used to give an accurate descrip-

tion of the vehicle’s dynamic behaviour. Because the

manoeuvres simulated involve rapid changes in velocity

and attitude, we evaluate the validity of this assumption by

examining the reduced frequency of the vehicle in pitch [31],

k ¼
_uc

vcg
, ð7:1Þ

where c is the vehicle chord length (0.302 m for the closed

wing). Where jkj, 0.03, the quasi-steady assumption can

be considered to hold [29]. Plotting this parameter over the

course of the trajectories simulated shows that k remains

below 0.04 throughout its trajectory in air, only briefly

exceeding 0.03 during the transient pitch oscillation as the

wings are folded (figure 15a). In water, k is also low, only

becoming large as the vehicle velocity reaches zero at the

end of a dive (figure 15b), the portion of the trajectory consist-

ing of slow, buoyancy driven movement, which is of least

significance to the vehicle design and operation.

The model also neglects any changes in behaviour due to

changes in Reynolds number from the test conditions. The

AquaMAV was tested in the wind tunnel at Reynolds num-

bers between 47 800 and 79 600, and in the water tunnel

between 26 000 and 135 000. In the aerial trajectory simu-

lations, the AquaMAV was predicted to reach speeds of up

to 36 m s21, a Reynolds number of 287 000. This would

likely result in extensive turbulent flow, which would

increase parasitic drag during the dive, as the AquaMAV is

highly slender and travels at a small angle of attack during

descent, so parasitic drag is likely to be dominated by skin
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not initially pitch over, but as its speed reduces and the aerodynamic surfaces no longer generate significant force, the rearward centre of buoyancy rotates it nose
down. (b) Dive depth against impact velocity, plotted for various initial angles. An image of the AquaMAV is included on the same scale as the Y-axis.

Table 4. Key parameters for the AquaMAV dynamics computed from a CAD
model of the robot. The wings are closed for the majority of the air
trajectory simulations and the entirety of the water simulations.

parameter value

distance from nose to centre of gravity (open

wing)

205 mm

distance from nose to centre of gravity (closed

wing)

217 mm

distance from nose to centre of buoyancy (closed

wing, empty water tank)

252 mm

Izz (open wing) 3.81 kg m22

Izz (closed wing) 4.06 kg m22

weight of water displaced, rwDg (empty water

tank)

265 g
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friction. This was borne out by the water tunnel tests, which

showed an increase in drag on the fuselage and fins at zero

incidence compared with air (table 4). However, further

investigation would be needed to quantify this.

Finally, the model neglects the presence of fluid inertia.

This plays a significant role in both the impact of the robot

with the water, at which point total system inertia rapidly

increases, and during the descent, where it may slow the

deceleration of the vehicle slightly. In the modelled trajec-

tories, the vehicle angle of attack is small and the robot

travels on a near to straight trajectory, so the influence of iner-

tial forces on its trajectory will be less than its effect on the

vehicle’s linear acceleration. While exploration of these

forces was beyond the scope of the current study, future

work will investigate the behaviour of the AquaMAV when

impacting the water.
7.2. Robot performance
The ability to penetrate the water by diving is strongly a func-

tion of scale. As size increases, the significance of fluid
resistance (broadly a function of area) in relation to the inertia

of a body (broadly a function of volume) declines. The 3 kg

northern gannet has been observed reaching depths of up

to 10 m in a single dive [1] (figure 1a,b), while the 30 g

common kingfisher (figure 1c,d ) dives only to around

25 cm [32]. The AquaMAV, weighing 0.2 kg, is predicted to

stop under drag within 1 m. As both the AquaMAV and

the gannet are near to the density of water, the gannet’s 15

times larger mass gives it an advantage. The gannet also is

able to fold itself into a more compact shape, owing to the

softness of its feather and tissue. However, there are many

effects that have not been explored in this study, including

the creation of an air cavity during impact [24], or the use

of super-hydrophobic surfaces [2] which could potentially

increase the range of future AquaMAV prototypes.

For animals, diving is a means of prey capture, and the

presence of prey determines the necessity of depth. For the

AquaMAV, diving into the water serves two purposes.

Firstly, it allows the vehicle to penetrate beneath the water

in spite of its buoyancy, and without any additional aquatic

propulsion. This will allow it to collect water samples

beneath the surface, avoiding any floating contaminants,

and make other subsurface observations. Secondly, diving

directly into the water is an inherently robust landing strat-

egy, relying on passive hydrodynamic stability. This can be

compared with ‘deep-stall’ landings above the surface, or

‘soft’ landings using floatplanes, both of which require

accurate knowledge of the water surface’s proximity and

the vehicle’s attitude. But if a vehicle is to impact the water,

folding wings become structural necessity, if the vehicle is

to be light enough for efficient flight.

The usefulness of diving as a means of water entry is

more important in outdoor environments, where the

motion of the water surface means that soft landings

become more intractable. This is most import for small

vehicles, relative to which wave height becomes increasingly

large, in an aquatic version of the ‘size-grain hypothesis’.

Diving directly through the surface is far more insensitive

to surface motion than other means of water entry, and it

can be seen from figure 14a that the vehicle initially follows

a straight trajectory through the water regardless of the

angle at which it impacts (figure 14).
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rsfs.royalsocietypublishing.org
Interface

Focus
7:20160085

13

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 F

eb
ru

ar
y 

20
25

 

Passive stability in lieu of active control for landing not

only ensures robustness, but also means that robots can be

operated more cheaply. However, this comes at the expense

of accuracy. From the analysis in §6, it is reasonable to

suggest that an AquaMAV could autonomously enter a

large body of water at a particular point given only a GPS

coordinate at which to fold wings, and coarse altimetry.

The accuracy with which it hits the water target point will

be reduced by the fact that it covers horizontal distance

uncontrolled during the dive. If the vehicle is required to

dive into more confined spaces, it is important to note that

the analysis presented in this paper is limited to the longi-

tudinal dynamics of the AquaMAV, and we have not

investigated the behaviour of the vehicle where rolling and

yawing are permitted. In order to dive vertically down

from the start point of the dive without active control, it

may be possible to force the vehicle to take a spiral trajectory,

which would reduce the horizontal range covered as the

vehicle descends.

In addition to being waterproof, the AquaMAV is

adapted specifically for dives into water by its hollow tail,

which ensures a stable dive by keeping the centre of buoy-

ancy rearward, but slowly fills with water, orienting the
vehicle nose up for take-off after the dive. However, this

alone would not ensure penetration beneath the surface,

and the ability to fold the wings is essential as it not only pro-

tects them from impact but means that the vehicle generates

far less lift and drag underwater. A wing large enough to

produce lift in flight would produce significantly more

force underwater, and force the vehicle off course. The

wind tunnel tests of this wing show that the ability to fold

does not compromise flight with the wings are open,

although the performance of the folding wing is not identical

to a rigid equivalent. The folding mechanism has the added

advantage of being able to sweep partially backward which

expands the vehicle’s flight envelope, enhancing the mobility

of the prototype.
8. Preliminary flight test
After testing in the wind tunnel, the AquaMAV was flown

outdoors and tested diving into the water as a first proof of

concept. While these tests were not intended to record precise

data, these preliminary tests show the basic functionality of

the system. Figure 16a shows a composite image of a dive
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into water, recorded with a static camera at 120 frames s21.

The AquaMAV was launched from an elevated position and

steered to impact in front of a camera placed at the water

level, with the wings folded and throttle cut manually by a

remote operator. While the flight speed cannot be accurately

measured, an estimate of the final impact velocity can be

made from the final frames of the sequence in which the

vehicle flight path is near vertical, with the AquaMAV itself

providing a reference length. The vehicle speed was estimated

using a software automatic tracking routine (OpenPhysics

Tracker) which yielded an approximate impact velocity of

9.1 m s21 (figure 16b–d). The vehicle was undamaged by

the pictured impact, although it is noteworthy that during a

later flight an accidental water impact with open wings

resulted in the destruction of one of the wing hinges. For

future flights a compact sensing system is under development

to allow recording of airspeed and inertial measurements

during dives.
085
9. Conclusion and future work
In this paper, we have presented a morphing wing aircraft

designed to dive into water from flight. Aerodynamic evalu-

ation of the vehicle in at-scale wind tunnel tests show the

deployable wing to perform well at cruise condition, in

spite of the design constraints created by the folding mechan-

ism. It is able to greatly decrease its lift and drag by

morphing its shape, allowing the vehicle to passively dive
from flight. Trajectory simulations elucidate the terminal

velocity and orientation of the vehicle during and dive, and

show the range over which the robot can affect its final

impact conditions by changing its cruise speed or altitude.

A passively initiated dive is certainly suitable for entering

confined bodies of water, and the vehicle’s underwater stab-

ility means that structural stresses from hydrodynamic loads

will be greatly reduced.

While this paper includes preliminary outdoor tests,

future work will examine the AquaMAV’s plunge dive in

the field, using inertial measurements to validate the predic-

tions made in this paper. We will also examine in greater

detail the physics of water impact, and the ability of the

vehicle to sustain the large impact loads encountered when

hitting the water. Currently, the robot has a limited ability

to produce thrust underwater using its aerial propeller, but

this is very inefficient and draws large currents. An enhanced

propulsion system for locomotion underwater is under devel-

opment which uses a variable transmission to produce thrust

efficiently underwater using the aerial propeller. Combining

these developments will bring to the field a first of its kind

aquatic fixed-wing aircraft, which will allow robotic collec-

tion of water data and greatly reduce the resource and

manpower costs of monitoring marine environments.
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