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Abstract
For robots to navigate successfully in the real-world, unstructured environment adaptability is a prerequisite. While this
is typically implemented within the control layer, there have been recent proposals of adaptation through a morphing
of the body. However, the successful demonstration of this approach has mostly been theoretical and in simulations
thus far. In this work we present an underwater hopping robot that features a deformable body implemented as a
deployable structure which is covered by a soft skin for which it is possible to manually change the body size without
altering any other property (e.g. buoyancy or weight). For such a system, we show that it is possible to induce a stable
hopping behaviour instead of a fall, by just increasing the body size. We provide a mathematical model that describes
the hopping behaviour of the robot under the influence of shape-dependent underwater contributions (drag, buoyancy
and added mass) in order to analyse and compare the results obtained. Moreover, we show that for certain conditions,
a stable hopping behaviour can only be obtained through changing the morphology of the robot as the controller
(i.e. actuator) would already be working at maximum capacity. The presented work demonstrates that, through the
exploitation of shape-dependent forces, the dynamics of a system can be modified through altering the morphology
of the body to induce a desirable behaviour and, thus, a morphological change can be an effective alternative to the
classic control.
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1 Introduction

Traditional robotics generally aims to design machines
capable of fast operations in tasks that require a high degree
of precision or force which are impossible to be achieved by
humans. To pursue this goal, the design approach typically
consists of building machines with rigid body parts and
high torque motors, thereby facilitating the modelling and
controlling process Pfeifer et al. (2005). As a matter of fact,
this approach has produced machines of high performance,
and these are mainly employed for manufacture in structured
environments, thus minimizing the interaction with humans.
However, when a robot needs to operate in a complex,
unstructured environment the traditional approach often
breaks down. Furthermore, the burden of adaptation is on
the controller, a task which often exceeds the available
computational capacity and resulting in extremely slow
motion planning, with difficult implementations in real world
scenarios Guizzo and Ackerman (2015). Although capable
of outperforming biological systems in terms of precision
and strength, traditional robotics have a tendency to struggle
in areas where adaptability, agility and safe interaction with
humans and natural environments are in demand. To cope
with these new challenges, a new branch of robotics based on
biological inspiration is born. At the foundation of this new
conception of robotics lies the observation that biological
systems evolve their morphology and brain in unison to
accomplish specific tasks in specific environments and if we
want to get closer to their performance, we would need to
follow a similar approach Pfeifer et al. (2007). This idea

was beautifully illustrated with the evolution of creature’s
bodies and brains in simulations Sims (1994); Mautner
and Belew (2000), or by co-evolving control and specific
sensory systems (i.e. acoustic system) in actual mobile
robot Lund and Hallam (1997). One of the cornerstones
of this approach would be the concept of Morphological
Computation (MC), i.e. the distribution of tasks among the
brain (controller), the morphology (shape, materials, sensors,
actuators) and the environment Pfeifer et al. (2006). The
idea has a wide number of applications within its scope.
MC is sometimes referred to as the possibility of using
the complex nonlinear dynamics of a deformable body to
serve as a computational resource in control tasks Nakajima
et al. (2014, 2015); Hauser et al. (2018), with a particular
focus on soft manipulators control Nakajima et al. (2013);
Eder et al. (2017) and locomotion Zhao et al. (2013). A
different branch of MC can be found in the field of robot
locomotion, where the interaction with a complex and non-
structured environment is not handled by means of complex
controllers, but by harnessing the intrinsic properties of
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the materials used in construction Auerbach and Bongard
(2017); Calisti et al. (2017). Examples of such instances
include the exploitation of elastic elements in dynamic
legged locomotion to produce self-stabilising gaits Iida and
Pfeifer (2004), or in flapping flight to exploit the resonant
frequency of the system Ma et al. (2013); and the careful
design of variable stiffness profiles for artificial wings and
fins to distribute the load and optimize fluid dynamics
properties of the robots Jun et al. (2008); Zhao et al.
(2010), or to produce rich movements with the need for
minimal control Shepherd et al. (2011); Marchese et al.
(2014). Overall, the concept of MC suggests that it can
be beneficial to outsource functionality to morphological
features. A disadvantage of this approach would be that
functionality is tied to a fixed morphology. However, a
solution has recently been proposed. The idea is to exploit
variable morphology often referred to as a morphosis Hauser
and Corucci (2017). This results in an enhanced adaptability
of robots Pfeifer et al. (2007); Laschi et al. (2016) and
the increased robustness of evolved behaviour Bongard
(2011). Furthermore, it has been shown in simulations that
is possible to induce different gaits on a passive bipedal
walker through just modulating the stiffness of the knee
and hip joints Owaki et al. (2008). In Corucci et al.
(2015b,a), an evolutionary approach was applied within the
simulation to study how a soft underwater robot can be
adapted to perform in different kinds of locomotion by
changing the shape of its body. Specifically, the authors
were able to show that it is possible to switch from legged
locomotion to swimming functionality by changing just one
morphological parameter. Similarly, it has been shown that
the evolution of legged gaits in a population of robots is
more robust in cases where their morphology gradually
transitioned from anguilliform into legged, particularly when
compared to a population that did not transition through
the anguilliform body plan Bongard (2011). There also
has been an attempt to mathematically formalize MC in
the context of adaptive morphology Füchslin et al. (2013).
The authors aimed at creating a framework in which the
effects of a morphological change can be described in
terms of modifications of the attractors landscape of the
system. Aside from these interesting insights, there has
been very little experimental work on real robots and in
showing the potential of adapting morphologies to control
behaviours. For example, Vu et al. (2013) demonstrated
that systematically changing the stiffness would be able to
increase energy efficiency in locomotion. However, their
work was constrained to 2D hopping. Garrad et al. (2018)
demonstrated that it is possible to change the behaviour of
a four-link pendulum which would be driven by a single
actuator not only by controlling it with different oscillation
frequencies and amplitudes, but also by tuning the stiffness
of four springs placed at each non actuated joint. Their
setup was designed with locomotion in mind, but no results
on that have been published so far. In this work, we will
show how adaptive morphology can improve and extend
locomotion behaviour in an underwater legged robot. We
employ a framework introduced in Calisti et al. (2016),
which uses an actuated spring loaded inverted pendulum
model to describe underwater locomotion. The system was
chosen for two main reasons. Firstly, this system has two

attractors that result in two different behaviour∗. The system
can either converge to a limit cycle, which corresponds
to a hopping behaviour (desirable) or to a fixed point
corresponding to a fall, which should be prevented. Secondly,
by being underwater, the system is strongly influenced by
shape-dependent contributions, such as drag and added mass.
This allows us to highlight body-environment interactions,
which are at the core of MC. The intuition that altering the
morphology of this particular platform could have a critic
effect on the behaviour is based on results from Calisti and
Laschi (2018). Extensive simulations of underwater spring
loaded inverted pendulum (U-SLIP) models, introduced
in Calisti and Laschi (2015), suggest that shape-related
parameters influence the stability of the system. The goal of
this paper is to experimentally validate this and, therefore,
form a more general perspective. The idea is to provide
experimental evidence that it is possible for a complex
dynamical system, like this underwater robot, to control
behaviour by means of morphological changes. In order
to put the results that were obtained into a more general
context, the observed phenomenon is analysed in terms
of the attractors landscapes and their dependencies on
morphological parameters, as suggested by the theoretical
work found in Füchslin et al. (2013). Moreover, the influence
of body-environment interactions on the dynamics of the
robot is characterized and discussed with the aid of the U-
SLIP model. Finally, it should be pointed out that in the
case of the presented experiments, the desired behaviour
could not be induced by classic control, as the actuator was
already working at its maximum capacity. The proposed MC
approach is not only an elegant alternative for solving a
control problem, but also allows an extension of the space
of possible behaviours.

2 Materials and Methods

2.1 Experimental Setup
The results presented in this work are obtained using the
setup depicted in Fig.1. The core of the experimental setup
is a single-legged robot which exhibits hopping locomotion
in a water filled tank (dimensions 60x60x120cm), similar to
the one presented in Calisti et al. (2016). A CAD of the robot
showing all relevant components is reported in Fig. 2. The
leg of the robot features a linear spring (k = 140N/m) in
series with an elongation mechanism implemented as a crank
slider and actuated by a servomotor (HS-5086WP, Hitech).
The action of the servomotor is triggered by a contact sensor
(FSR 400 Short 5mm Circle x 20mm, Interlinks Electronics),
conveniently embedded in silicone to make it waterproof,
and lodged in the distal part of the leg, namely the foot. The
rotation of the leg around its orientation axis is constrained
by a pin (not shown in the figure) which defines the leg
touchdown angle. The position of the pin can be manually
regulated to obtain different touchdown angles. However,
in the work presented, it was kept at 82◦ with respect
to the ground. On top of the leg, a spherical deployable
mechanism is covered with a silicone (Ecoflex 0030) skin,
namely the head, which allows switching between a small

∗This is consistent with the framework suggested by Füchslin et al. (2013)

Prepared using sagej.cls



Picardi et al. 3

Figure 1. Experimental setup. A) The robot is operated in a
tank, supported by a boom that allows two rotational degrees of
freedom. A foam cylinder (buoy) can be moved along the boom
to regulate the net vertical force acting on the system. B) The
spherical deployable mechanism used to vary the size of the
head. C,D) The robot featuring small and big head.

leg orientation

axis

waterproof

servomotor

foot

crank slider

mechanism

linear spring

touch down 

orientation angle

Figure 2. A CAD sketch of the robot.

head (6.3cm radius, Fig. 1c) and a big head (9cm radius,
Fig.1d) configuration without altering any other properties
of the system (e.g. dry mass, buoyancy). The presented setup
does not allow online modifications of the head size, which
is outside of the scope of the paper. The overall dry mass of
the robot, as measured on a scale outside water, including
the head, weighed at 0.7135kg. As commonly done when
evaluating single-legged hopping machines, the motion of
the robot is constrained by a support system made of a boom
(Brown and Zeglin (1998)) that allows two rotational degrees
of freedom (Fig. 1a). The centre of mass of the robot is
therefore moving on a spherical surface. However, given the
ratio between the length of the boom (81cm) and the leg
of the robot (19cm), the system can be considered to be
moving on a vertical plane without altering the analysis and
discussion presented. In addition, the vertical net force acting
on the system can be regulated by moving a foam cylinder

(buoy) along the boom. Selecting the system configuration
desired Q (buoy position and head size), a trial began with
the robot being manually released in the water and beginning
to fall. When the foot gets in contact with the ground
(touchdown event) the spring starts to compress, due to the
inertia of the system. The detection of the contact triggers
the action of the servomotor that elongates the crank slider,
resulting in further compression of the spring. Similarly, the
leg is free to pivot backward until the elastic force acting
on the spring exceeds the other contributions and the system
detaches from the ground again (lift-off event). When the
system is not in contact with the ground, the leg passively
rotates back to the touchdown angle defined by the position
of the pin. Given the selected configuration, a trial might
result in the robot falling or periodically hopping until it
reaches the end of the tank. In the text, we will sometimes
refer to these two outcomes respectively as unstable or stable
trials (configurations).

Figure 3. Example of horizontal and vertical position, and
vertical velocity trajectories with events relevant to the
calculation of the statistics presented in the Results section.
Events on the plot are marked as follows: J - touch down
events (td), I - lift off events (lo), N - apex events (apex), H -
lowest vertical position events (low). The superscript i is the i-th
event before the last.

Experiments were filmed using a GoPro Hero 4 at 120fps,
with a spatial resolution of 1280x720 pixels. For each
trial, the position trajectories x and y of a red marker
placed on the silicone skin were extracted using the open
source software Kinovea and subsequently imported in
MATLAB. Trajectories x and y were low-pass filtered using
Savitsky-Golay filter (order = 3, frame length = 91) and
were differentiated with respect to time to obtain velocity
trajectories vx and vy . An example of the trajectories
obtained from the tracking is shown in Fig. 3, along with
the time steps of significant events. In particular, the time
steps of apex and lowest vertical position events (tapex,
tlow) were extracted as local maxima and minima points
of y, whereas the time steps of lift-off and touchdown
events (tlo, ttd) were respectively extracted as maxima and
minima points of vy . It is to be noted that, by definition lift-
off and touchdown, events correspond to the time steps at
which the system respectively detaches and gets in contact
with the ground. However, the operative definition used
in the data analysis did not differ much in practice and
allowed the automatic identification of such events. For
each stable trial, the periodic motion of the system can
be described by four statistics, namely locomotion features,
i.e. horizontal velocity, lift off vertical velocity, vertical
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excursion, and hopping frequency, here indicated as the
set S = {vx, vloy ,∆y, f}. The locomotion features were
calculated as functions of the event extracted from the last
N = 2 hops, and are as follows:

• horizontal velocity, vx =
x(t0td)−x(t

−N
td )

t0td−t
−N
td

• lift off vertical velocity, vloy = 1
N

∑0
i=−(N−1) vy(tilo)

• vertical excursion, ∆y =
∑0
i=−(N−1) y(tiapex)−

y(tilow)
• hopping frequency, f = N

t0td−t
−N
td

The locomotion features extracted from trials obtained with
the same configurationQ can be averaged to obtain the mean
locomotion features SQ = {vx, vloy ,∆y, f̄}.

2.2 U-SLIP model
The hopping locomotion of the robot presented in section
2.1 can be described with a two dimensional model depicted
in Fig. 4. Such model was introduced for the first time in
Calisti and Laschi (2015) and extends the Spring Loaded
Inverted Pendulum (SLIP) template (Blickhan (1989)) by
considering the contributions of the underwater environment
(i.e. hydrodynamic drag, added mass and buoyancy) and a
linear actuator in series with the spring. For this reason, the
model takes the name of Underwater Spring Loaded Inverted
Pendulum (U-SLIP). For the readers’ convenience, we will
summarize the essentials of U-SLIP and detail how the
model was used within the presented work in the following
section.

Figure 4. The U-SLIP model is made of a point-mass body
subjected to hydrodynamic forces, and a massless leg which
can be radially elongated upon contact. Two phases are
distinguished: a punting phase and a swimming phase.

The equations describing the horizontal and vertical
dynamics of U-SLIP are reported in Eq. 1,

 ẍ = − X
m+M ẋ|ẋ|+ k(x−xt)

m+M

(
(r0+r)−l

l

)
ÿ = − Y

m+M ẏ|ẏ| − mg
m+M + ρwV g

m+M + ky
m+M

(
(r0+r)−l

l

)
(1)

where l =
√

(x− xt)2 + y2, X = 1
2Axµxρw,

Y = 1
2Ayµyρw, V = Vr + dV and all variables and

parameters are reported in Tab. 1. The dynamics of U-SLIP
are divided into punting phases, which occur whenever the
foot is in contact with the ground, and swimming phases.

Table 1. Variables and Parameters of U-SLIP model.
Configuration independent parameters are chosen by design or
are physical constants. Configuration dependent parameters
vary either with head size or with buoy position. Notice that the
volume and mass of the robot (Vr and m) are independent from
the head size as the increased amount of water carried along
would be accounted for by the added mass term M .

Variables

x CoM horizontal position
ẋ CoM horizontal velocity
y CoM vertical position
ẏ CoM vertical velocity
l leg length
xt horizontal foot position
r leg elongation (input)
α leg orientation (input)

Control Parameters Value

rs elongation speed 2.93cm/s
αtd leg orientation at touch down 82◦

Configuration independent parameters Value

m dry mass 0.7135Kg
r0 rest leg length 19cm
∆r maximum elongation 2cm
Vr volume of the robot 4.5478 · 10−4Kg/m3

k spring elastic coefficient 140N/m
g gravity constant 9.81m/s2

ρw water density 1000Kg/m3

Configuration dependent parameters Dependence

Ax x-referenced area Head size
Ay y-referenced area Head size
µx x-drag coefficient Head size
µy y-drag coefficient Head size
M added mass Head size
dV dummy volume Buoy position

During the swimming phases, the system is not in contact
with the ground and there is therefore no contribution of
elastic force on the dynamics. Mathematically, this can be
expressed in Eq. 1 by setting k = 0. The transitions between
swimming and punting phases is called touch down event
and corresponds to the condition y = lsin(α), whereas
the transition between punting and swimming phases is
called lift off event and correspond to the condition of
energetic balance on the spring, expressed by l = r0 + r.
The inputs of the system are the leg elongation r and the leg
orientation α. The control law that were employed consists
in elongating the leg with constant velocity rs during punting
phases and resetting the leg orientation at the constant touch
down angle αtd during swimming phases. Depending
on the values of the parameters and the selected initial
conditions, the U-SLIP may converge to two attractors, one
would be the plane y = 0, which corresponds to the fallen
condition, and the other is a limit cycle, which corresponds
to periodic hopping locomotion. The parameters of U-SLIP,
listed in Tab. 1 are divided into configuration independent
and configuration dependent. For the robot used in this
work, the values of configuration independent parameters
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are known and reported in Tab. 1. On the other hand,
the values of configuration dependent parameters, which
define the interaction between the robot and the underwater
environment for different buoy positions and head sizes, are
unknown. In particular, changing the position of the buoy
along the boom was found to have a predictable effect only
on the term of Eq. 1 connected with the buoyancy force.
Conversely, changing the head size affects all terms of Eq. 1
because it influences upon all the hydrodynamic parameters
(Ax, Ay , µx, µy and M ). The estimation of hydrodynamics
parameters is very challenging, particularly in the case of
traditional physics-based identification techniques due to the
irregular shape of the robot and the trajectories exhibited. For
this reason, instead of trying to estimate the configuration
dependent parameters as they appear in Tab. 1, we defined
the set of four aggregate parameters P = {A,B,C,D}, as
reported in Eq. 2 and applied the following procedure.

A = X/(m+M)
B = Y/(m+M)
C = (m− ρwV )g/(m+M)
D = k/(m+M)

(2)

First, a stable system configuration Q∗ (buoy position lb
and small head) is taken as a reference and the set of mean
locomotion features extracted from it is named S∗. Then,
U-SLIP is simulated several times, with values of aggre-
gate parameters that vary within a span of physically rea-
sonable values (i.e. A ∈ [2.5, 35], B ∈ [2.5, 35], C ∈ [6.75 ·
10−4, 6.75 · 10−3], D ∈ [11.5, 115]). If the n-th simula-
tion results in stable hopping, the corresponding loco-
motion features are saved in Sn and so the correspond-
ing set of aggregate parameters Pn. The set of aggre-
gate parameters Pn which minimizes the distance between
Sn and S∗ (

√
S2
n − S2

∗ ) is selected and named P∗ =
{A∗, B∗, C∗, D∗}. Finally, the aggregate parameter C∗ can
be generalized for any given displacement of the buoy dl
from the reference position lb by means of the simple formula
reported in Eq. 3:

dC = − LρwVbg

(m+M)
dl (3)

where Vb is the volume of the buoy. The derivation of
Eq. 3 is reported in the Appendix. The same procedure is
repeated for big headed configurations. Finally, it is worth
noting that the procedure hereby reported further allows
for the identification of aggregate parameters in the case
of unstable configurations. This is as the mean locomotion
features (which are defined only for stable configurations)
are only used to identify the set P∗, which is then generalized
to any buoy position (including the ones resulting in unstable
motion) by means of geometric derivation, which is further
reported on in the Appendix.

3 Results
First, a total of 128 trials were conducted, with 26 different
configurations of the system, as summarized in Table 2. Most
of the configurations resulted in stable hopping trajectories
that reached the end of the tank, whereas some resulted in
the robot falling. Thirteen decreasing buoy distances were
tested with both head sizes. Regardless of the head size, the

Table 2. Configurations of the robot that resulted in a falling
behaviour are highlighted in red. In two cases, a hopping
behaviour was restored by increasing the size of the head.
These configurations are highlighted in green. Buoy position is
the distance from the vertical pivot to the buoy, and the small
and big head have radii equal to 6.3cm and 9cm, respectively.

Buoy
Position

Head
Size

No. of
Trials

No. of
Successes

Small 5 520.5cm Big 5 5
Big 5 519.2cm Small 5 5
Small 5 517.8cm Big 5 5
Small 5 516.5cm Big 5 5
Small 5 515.1cm Big 5 5
Small 5 513.1cm Big 5 5
Small 5 512.1cm Big 5 5
Small 5 510.6cm Big 5 5
Small 5 59.5cm Big 5 5
Small 3 08.7cm Big 5 5
Small 5 07.9cm Big 5 5
Small 5 07.4cm Big 5 0
Small 5 06.9cm Big 5 0

system successfully reached the end of the tank for the first
nine buoy positions. In the case of the buoy distances 8.7cm
and 7.9cm, the system fell for every trial with the small
head. Conversely, when it was tested with the big head, while
still maintaining all other characteristics as unchanged, the
robot successfully reached the end of the tank for all buoy
distances. Finally, for buoy positions smaller than 7.9cm,
none of the configurations exhibited stable hopping. We
noted that we observed a morphological recover of stability
every time the stability of hopping behaviour was restored
through increasing the head size.

The tracking of the centre of mass (CoM) of the robot
for which a morphological recover of stability was observed
was reported in Fig.5. In unstable hopping conditions (i.e.
small head, 8.7cm buoy distance (a) and small head, 7.9cm
buoy distance (b)), the robot progressively reduced the height
of the subsequent apexes, while increasing its forward tilt.
Within a few steps, the robot was unable to reach the
touchdown height and eventually fell to the ground. This
behaviour was consistently observed for all the trials carried
out with the unstable configurations. Once the size of the
head was increased (without any modification in the leg
angle or elongation speed), a change was observed in the
robots behaviour. The tracking of the first step appeared
similar to the small-head configuration, but the subsequent
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6 Journal Title XX(X)

Figure 5. Trajectory tracking of the centre of mass of the robot
for buoy position 8.7cm (a) and 7.9cm (b). Blue lines are used
for small head configurations, and red lines are used for big
head configurations. For the trials hereby reported, all small
head configurations resulted in a fall, whereas big head
configurations successfully reached the end of the tank. All
tracks are aligned with respect to the last touchdown.

Figure 6. Limit cycle comparison between small (blue) and big
(red) head configurations for buoy position 15.1cm. Increasing
the size of the head has the main effect of slowing down the
vertical dynamics, while leaving vertical excursion and
horizontal velocity practically unchanged, as shown by the
(vy − y) projection plane (a) and the (vy − vx), respectively.

Table 3. Experiment outcome for 40 additional trials carried out
with a 50g lead ballast attached to the robot. The trials are
focused only on buoy positions for which the small head
configuration exhibits a falling behaviour.

Buoy
Position

Head
Size

No. of
Trials

No. of
Successes

Small 10 016.5cm Big 10 10
Small 10 015.1cm Big 10 10

steps differ significantly. In the big-head configurations, the
robot was able to keep the height of the apex above the
touchdown height until it encountered the end of the tank,
thus showing a quasi-periodic behaviour.

In order to confirm that the observed stability recovery
did not happen by chance, an additional set of experiments
was carried out, as reported in Tab. 3. A 50g lead ballast
was attached to the robot to explore a different region of the
parameters space. This set of trials is focused only on buoy
positions for which the small headed configuration falls, i.e.
16.5cm and 15.1cm. For both buoy positions, the big head
configuration successfully reached the end of the tank in all
trials, whereas for buoy positions smaller than 15.1, none of
the configurations exhibited a stable behaviour.

By analysing the effect of the morphological change
on the locomotion of the robot, we observed that the
vertical excursion and the horizontal speed were comparable,

Figure 7. Comparison between locomotion features extracted
from experiments and derived with U-SLIP model. Dots
represent the observed values of the features set S extracted
from the experiments, squares represent the mean value. Blue
colour stands for small head, while red colour indicates big
head. Solid lines represent the model prediction with respect to
the variation of buoy position. Lines and squares are not shown
if the robot or the model exhibited an unstable behaviour.

whereas the maximum vertical speed was significantly lower.
This is highlighted by the comparison of the limit cycles
shown in Fig.6 (and also reported in Tab.5 in Appendix). The
picture reports the limit cycles for the buoy distance to be
at 15.1cm, a point where both configurations demonstrated
a clearly periodic behaviour. When the head is morphed
from the contracted configuration (blue line) to the expanded
configuration (red line), no significant change in the vertical
excursion was noticed (Fig.6a), nor was it noticed in
the mean horizontal velocity (Fig.6b), but the limit cycle
significantly shrank with respect to the maximum vertical
speed (Fig.6a).

Periodic motion of the hopping system can be described
by the set S of locomotion features defined in section
2.1. Both the sizes of the head and position of the buoy
influenced S, as shown in Fig.7. By increasing the buoyancy
force (or equivalently speaking the buoy distance) vx and f̄
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Figure 8. The basins of attraction for different configurations:
small head and buoy position 10.6cm (a), small head and buoy
position 9.5cm (b), big head and buoy position 9.5cm (a). Initial
conditions attracted by the limit cycle are represented by dots,
while white circles represented the others. The percentages of
stable initial conditions with respect to the spanned rages of
initial states are highlighted. For each basin, some stable or
unstable trajectories are also shown, except for picture (b),
where no stable initial conditions were found.

decreased, whereas vloy and ∆y increased. By increasing the
dimension of the head, vx and ∆y were slightly influenced,
while vloy was reduced, along with f̄ . As explained in the
procedure reported in section 2.2, buoy distance of 15.1cm
was taken as reference and subsequently the model was
used to predict the locomotion features at different buoy
positions. The qualitative behaviour of S with respect to
buoy distance is correctly replicated, as shown by solid
lines in Fig.7. Whenever the model did not reach the limit
cycle (i.e. the CoM fall) the line is not displayed. For small
headed configurations, the line interrupted at buoy position
10.6cm, inferring that the model did not reach the limit
cycle for distances in the range (7.9cm, 9.5cm). On the other
hand, for big headed configurations, the model reported a
stable hopping behaviour for all buoy distances above 9.5cm.
In the small headed configuration, the model appears to
underestimate the stability of the real system (Table 2).

Table 4. Average number of step, ηs, out of 100 trials and the
associated standard deviation (σs) before falls. The data is
presented with respect to the different level of asperity of the
ground ξ, for the small head (S) and big (B) before and after the
collection of a payload.

Without weight With weight
ξ[cm] head ηs(σs) success ηs(σs) success

0.5 S 20(0) 100% 20(0) 100%
B 20(0) 100%

1 S 19.8(0.9) 96% 9.8(7.0) 21%
B 16.7(7.3) 83%

1.5 S 13.0(5.7) 30% 0.7(1.7) 0%
B 2.3(5.4) 4%

2 S 8.8(4.4) 5% 0(-) 0%
B 0(-) 0%

The recovery of the stability reported in this work is the
effect of a modification to the basin of attraction of the limit

small head big head

small head with weight

weigth collected

Figure 9. An example of the trajectories of the CoM during
uneven ground simulations. The moment when the robot takes
the additional weight and the head size is increased is
presented. Before the arrow, the robot had no weight and ran on
uneven ground; after the arrow the robot had additional weight,
and we obtained a falling (blue line) and a running behaviour
(red line).

cycle within the system. In particular, an increase of the head
size, not only modified the shape of the limit cycles, as shown
in Fig. 6, but also increased the volume of their basin of
attraction. Consequently, for buoy distances of 8.7cm and
7.9cm, the same initial condition (IC) lies outside the basin
of attraction of the limit cycle when the head is small, and
inside when the head is big. We resorted to utilizing U-SLIP
simulations to estimate the volume of the basins of attraction
for three different configurations that were tested on the
system (see Fig. 8). For each configuration, we simulated
the U-SLIP from a range of realistic IC. IC which resulted
in a stable behaviour were marked with a circle, otherwise
with a dot. Firstly, for the configuration with small head and
buoy position 10.6cm (Fig. 8a) 72% of IC tested resulted in a
stable behaviour. Then, in the case of the small head and buoy
position 9.5cm (Fig. 8b) the percentage of stable IC drops
to zero. Finally, by increasing the head size (buoy position
9.5 and big head) the percentage of stable IC becomes
91% (Fig. 8c). Even though the stability of small headed
configuration is slightly underestimated, this result confirms
the ability of the model to predict the degree of stability of
the system based on different morphologies.

In order to further evaluate the relevance of morphological
induced stability in realistic application scenarios, we also
performed extensive simulations in uneven ground condition.
The hopping behaviour was simulated for twenty initial
steps, where the ground height was randomly displaced
between [−ξ/2, ξ/2]. After twenty steps, a payload of
50g (around 7% of the robot’s weight) was added to the
robot, and the simulation continued with a small or a big
head for an additional twenty steps. The amount of the
ground displacement ξ was increased from 0.5cm to 2cm
(corresponding approximately to 2.5 to 10% of the leg’s
length). For each displacement one hundred simulations
were performed.

For ξ = 0.5cm, the ground asperities were easily
negotiated by the robot, for both morphologies, regardless
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of the payload (Tab.4). For ξ = 1cm, the self-stabilizing
behaviour of the robot with small head was severely
influenced by the payload, and the success rate of the
locomotion dropped to 21% whereas, by increasing the head
size, a stable locomotion was obtained in 83% of the runs.
An example of recovery for ξ = 1cm is shown in Fig.9.

For ξ = 1.5 the system without payload was not able
to consistently reject the ground disturbances (30% of
success rate), and after payload collection only the big head
configuration accomplished 40 hops (4% of success rate).
Finally, for ξ =2cm the asperities were impossible to be
negotiated for both morphologies.

4 Discussions

In the previous section, we experimentally documented
the ability to induce a stable hopping behaviour by just
increasing the head size for four of otherwise unstable
system configurations. This possibility was anticipated in the
theoretical work Calisti and Laschi (2018),and the hopping
stability of U-SLIP model was investigated with respect
to variations of four a-dimensional aggregate parameters
linked with shape-dependent contributions typical of the
underwater environment (i.e. drag, buoyancy and added
mass). In particular, it was shown that for a given level
of buoyancy, the basin of attraction of the limit cycle that
corresponds to the stable hopping behaviour is wider for
higher values of hydrodynamic drag. This would therefore
suggest that increasing the frontal area, by means of a
morphing body, could enhance the stability of the system.
However, experimentally replicating the results of Calisti and
Laschi (2018) is not straightforward as increasing the size
of the head not only increases drag, but also added mass
with consequent effects on all aggregate model parameters
as defined in Eq. 2. In the reported experiments, decreasing
the distance of the buoy from the robot primarily corresponds
to decreasing the momentum generated by buoyant force on
the joint of the pivot responsible for the vertical motion of
the system. Secondary effects of reduced hydrodynamic drag
momentum and added mass contribution were neglected,
thus a buoy distance reduction is considered equivalent
to a buoyancy reduction in the model. The trends of the
locomotion features with respect to buoy distance, as shown
in Fig. 7 and Tab.5 are correctly predicted by the model
for both head sizes considered, as well as the buoy distance
critical for reaching a stable limit cycle. Increasing the head
size has two main consequences with theoretically opposite
effects on the stability of the hopping behaviour, if we
consider the horizontal motion. On one hand, a stabilizing
effect is produced by the increment of the exposed area
and thus shows an increase of hydrodynamic drag, while
on the other hand, an incremented added mass of water is
carried by the system with a consequential loss of stability
(Calisti and Laschi (2018)) due to an increase in horizontal
speed. However, the increase of the inertial term due to
the added mass also carries a very powerful stabilizing
effect with respect to the vertical motion, which reduces the
maximum vertical speeds and also increased the stability
due to buoyancy contribution (see the effect of the added
mass increase on the a-dimensional aggregate parameters
of the model, in SI Appendix). By analysing the model

for the tested configuration, it is clear how the basin of
attraction of the limit cycle is deeply modified (Fig. 8) with
a clear stabilizing effect, as shown during the experiments.
Although the exact values of the hydrodynamic parameters
would be difficult to be precisely identified for non-regular
shapes of the robot and the trajectories exhibited (but this
is challenging as well for traditional underwater systems,
Antonelli (2006)), and that contributions that were not
addressed may be a part of the observed recovery, our results
support that a simple low-order mathematical model was
capable of predicting the trends induced by morphological
changes and the reshaping of the attractor’s landscape and
locomotion orbit in particular, as shown in Fig. 6 and Fig. 8.
It is worth mentioning that experimentally, we observed a
dramatic change in behaviour, with 0 successful runs for
the small head and 100% of hopping locomotion for big
head in what we called morphological induced recovery
(see Tab.2 and Tab.3). This very sharp separation could be
mostly due to our limited capability of exploring the space
of initial conditions. In our case, the small variations on the
initial conditions were inevitably attracted by the falling or
the hopping behaviour, but specific initial conditions which
grant hopping behaviour also to the small head are likely
to exist, along with conversely extreme initial conditions
that would increase the likelihood of the big head falling.
MC is at the base of a new conception of robotics which
aims at taking inspiration from nature to create machines
for which an ecological balance among mechanical design,
control, material properties and surrounding environment
subsists, Pfeifer et al. (2005). In particular, the exploitation
of the natural dynamics of a system has the possibility to
dramatically simplify the control task, by reducing it to
initiate the jump to the desired basin of attraction. In such
a context, it was formalized that a morphological change
could alter the landscape of the attractors and thus induce
the convergence to a specific behaviour, Füchslin et al.
(2013). Notwithstanding of this very elegant formalization,
current experimental results appear limited and the utility
of switching mode in a realistic scenario is only speculated,
Garrad et al. (2018). On the other hand, our present work has
considered a system with two clearly different behaviours
(i.e. falling or hopping) with explicit applicative significance.
In addition, it has highlighted how a morphological change
can affect the interaction with the underwater environment.
It is also worth noting the relationship between the bounds
of the control input of the system, the morphing of the
body, and the behaviours. The only control input of the
system is represented by the elongation of the leg, which is
responsible for compressing the spring during the punting
phase and thus injecting energy in the system until the forces
acting on the spring eventually balance and lift off occurs.
The control law employed consists of elongating the leg at
maximum possible velocity whenever the foot is in contact
with the ground. With respect to this, it was shown that
by increasing the elongation speed, the system goes toward
stable trajectories (Calisti and Laschi (2018)), but in the
current experiments, the robot was already employing the
maximum elongation speed granted by the actuators, and as
such, a recovery of stability via modifications of the control
was impossible. However, the solution suggested by MC
to the control problem is effective, and by increasing the
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head size the interaction of the robot with the surrounding
fluid changes, there causes a modification of both the
limit cycle and its basin of attraction, as shown in Fig. 6,
resulting in the recovery of the periodic hopping behaviour,
as reported in Tab. 2. This peculiar capability has been
referred to as morphological control (Garrad et al. (2018);
Füchslin et al. (2013)), and could be exploited only by robots
with the possibility of altering their morphology or internal
mechanical characteristics, such as the novel category of soft
robots, Laschi et al. (2016).

Soft robotics is envisioned to grant all new kind of new
abilities to robots. As a matter of fact, most mobile soft
robots exploit their deformable bodies to either increase
performances or to enable particular gaits (Jayaram and Full
(2016)), yet often the benefits with respect to their rigid
counterparts lie in intrinsic safety (Abidi and Cianchetti
(2017)) rather than in quantitative analysis. Some authors
argue that the underwater environment could be exploited
to highlight the advantages brought by soft bodies (Corucci
et al. (2015a); Giorgio-Serchi and Weymouth (2016)) (due
to the close relationships between body shape and forces),
but results so far have remained mainly in simulation
Auerbach and Bongard (2017). The experiments presented
in this paper show how, by varying the morphology of the
body, measurable advantages can be obtained (beyond the
intrinsic safety given by a deformable robot). To the authors’
knowledge, while amazing examples of improved speed
were obtained via the evolving legs Vujovic et al. (2017),
this is the first example of how a single morphological
parameter (i.e. the head size) generates a dramatic change of
behaviour in an actual legged robot, i.e. falling or hopping.
Finally, a number of researchers take into account the
direct interaction of underwater vehicles with the seabed
by mean of different kinds of limbs, Greiner et al. (1996);
Akizono et al. (1997); Jun et al. (2015); Wang et al. (2017).
More recent work envision dynamic legged locomotion
(jumping Wang et al. (2017), hopping Picardi et al. (2018),
and others Arienti et al. (2013)) as a profitable direction
toward the improvement of such kind of locomotion. It
appears pivotal to investigate such gaits with respect to
the common task of sample collections, which can lead
to an increase of the overall weight of the robot. In this
regard, the results that were presented in Fig. 8 and in
Fig.9 can be interpreted as follows. An underwater legged
robot is designed to have a specific degree of locomotion
stability (8a). Indeed, after the collection of one or more
samples (e.g. rocks), it loses stability due to an increment
in weight (8b). Such increment can be easily detected
by force sensors embedded in the feet and the degree of
stability can be restored by means of a morphological change
instead of through implementing a change in control policy
(8c). So far, only a few underwater robots have exhibited
a morphing soft body, but our results suggest that shape
related interactions could be exploited to achieve useful
behaviours, thus promoting a novel concept for vehicles.
Simulations suggests that morphing itself cannot tackle all
disturbance, but it can positively affect the natural dynamics
so that effectiveness of control strategies could increase
(Tab.4). The experiments presented in this work can be
seen from the perspective of solving a control problem, with
the requirement being the achieving of dynamic stability, or

in other words, converging to a periodic hopping trajectory
represented by a limit cycle in the state space, as shown
in Fig. 6. In a context where shape-dependent forces play
a significant role, a desired behaviour (one might say a
control requirement) can be obtained by resorting to a
morphological change instead of classic control and, despite
the challenges in identification, the mathematical modelling
of shape-dependent forces can guide such changes. Soft
robotics has introduced technologies that can potentially
enable unforeseen abilities of robots, eventually leading them
outside of the controlled environments of labs. We believe
that, to pursue this long term goal, it is fundamental to tap
into the expertise of more consolidated disciplines and to
adopt a formal approach that aims at applications whereby
being soft provides a quantifiable benefit with respect to
traditional solutions.

5 Conclusions
In this study, we presented and discussed the experiments
on a single leg underwater robot, for which it is possible
to obtain stable hopping locomotion through manually
increasing the size of a deformable head, and without
altering any other property (e.g. buoyancy, mass) or changing
the actuation strategy employed. Moreover, we argued
that a similar result could not be achieved by a classic
control because the actuator was working at maximum
capacity. We compared the experimental results with the
simulations of a simple mathematical model that described
the dynamics of an inverted pendulum featuring a spring
in series with a linear actuator subjected to the shape-
dependent contributions of the underwater environment,
formally characterizing the effects of morphological changes
in terms of limit cycle and basin of attraction. Beyond the
interest for underwater legged locomotion, the presented
results represent experimental evidence that, in a context
dominated by shape-dependent forces, show that it is
possible to dramatically alter the behaviour of a dynamical
system and induce the convergence to a desirable condition
by means of a morphing body and that such a strategy is
not just an elegant alternative to classic control, but may
overcome the problem of actuator saturation.

6 Appendix
A displacement of the buoy dl in the experimental setup can
be modelled by adding a dummy volume dV to the volume
of the robot Vr. In this section we derive the relation between
dV and dl, and in turn the relation between dV and the
variation of the aggregate parameter C̃. The schematics in
Fig. 10 show the forces that act vertically on the system.

The torque T acting on the system is:

T = mgL− ρwVrgL+mbglb − ρwVbglb (4)

where mb and Vb are mass and volume of the buoy,
respectively. Moving the buoy along the boom by dl alters
the torque on the system, which now is:

T1 = mgL− ρwVrgL+mbg(lb + dl)− ρwVbg(lb + dl)
(5)

Prepared using sagej.cls



10 Journal Title XX(X)

Figure 10. Forces acting vertically on the system: the robot has
a fixed arm L for the momentum T with respect to the pivot,
while the distance of the buoy lb can be varied to increase or
decrease the overall momentum acting on the system.

Mathematically, an equivalent effect can be obtained by
not moving the buoy and adding a massless dummy volume
dV to the robot instead. In this case the torque on the system
becomes:

T2 = mgL− ρw(Vr + dV )gL+mbglb − ρwVbglb
(6)

The relation between dl and dV is found by taking T1 =
T2 and neglecting mb because the buoy is very light and thus
mb << ρwVb. The resulting relation is expressed as:

dV = Vb
dl

L
(7)

In turn, by taking the derivative of C̃ (Eq. 2) with respect to
V and substituting Eq.7, the variation of aggregate parameter
C̃ as function of dl is found as:

dC̃ = − LρwVbg

(m+M)
dl (8)
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