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Abstract—A novel mechanism for actuating a miniature swim-
ming robot is described, modeled, and experimentally validated.
Underwater propulsion is obtained through the interaction of mo-
bile internal permanent magnets that move a number of polymeric
flaps arranged around the body of the robot. Due to the flexibility
of the proposed swimming mechanism, a different range of perfor-
mances can be obtained by varying the design features. A simple
multiphysics dynamic model was developed in order to predict
basic behavior in fluids for different structural parameters of the
robot. In order to experimentally verify the proposed mechanism
and to validate the model, a prototype of the swimming robot was
fabricated. The device is 35 mm in length and 18 mm in width and
thickness, and the forward motion is provided by four flaps with
an active length of 20 mm. The model was able to correctly pre-
dict flap dynamics, thrust, and energy expenditure for magnetic
dragging within a spindle-frequency range going from 2 to 5 Hz.
Additionally, the model was used to infer robot-thrust variation
related to different spindle frequencies and a 25% increase in flap
active length. Concerning swimming performance, the proposed
technical implementation of the concept was able to achieve 37
mm/s with 4.9% magnetic mechanism efficiency.

Index Terms—Elastic magnetic modeling, magnetic actuation,
miniature robot, swimming robot.

1. INTRODUCTION

HE continuous quest for miniaturization, which is mainly

driven by the evolution of microfabrication and microsys-
tems technologies, has fostered the full development of minia-
ture robots. A miniature robot usually falls in the dimensional
range from a few centimeters down to the millimeter scale. Most
examples incorporate a control core, a power source, propulsion
and steering actuators, and sensors designed for the specific
application. Many solutions have been proposed for the devel-
opment of miniature robots provided with flying, crawling, or
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swimming locomotion abilities. Typical applications for these
devices range from monitoring complex environments [1] to
medical applications [2], [3].

In this study, we address the fascinating and challenging topic
of propulsion in fluids, where simple actuators and low forces
can be used to achieve effective locomotion, as happens in many
small animals [4]. Due to physical scaling laws, miniature robots
capable of swimming in fluids cannot be obtained by simply
shrinking traditional robots but must be based on radically dif-
ferent and novel concepts [5].

However, due to the small Reynolds numbers at low scales
(i.e., in the millimeter range), traditional principles of lo-
comotion, such as fins or propellers, cannot be straightfor-
wardly applied to swimming robots without proper modeling.
Since natural microorganisms have evolved in these conditions,
biomimetic approaches hold the promise to achieve good and
highly efficient performance. An example of swimming robot
where the propulsion concept is inspired by flagellar locomo-
tion of bacteria was discussed and modeled in [6]. In [7], the
swimming action relies on the creation of a traveling wave along
a piezoelectric-layered beam divided into several segments.

By increasing the size up to the centimeter scale, biomimetics
still represents a valid approach [8]-[11], even if traditional
propulsion mechanisms can also be effectively applied [12].

Developing an actuation concept that can be tailored to a
specific application by simply trimming various structural pa-
rameters would extend the application of miniature robotics to
new scenarios. To achieve this goal, a usable model for the
proposed mechanism must be available at the time of robot de-
sign [13]-[16]. Such a model would also allow prediction of the
swimming performance as the overall dimensions scale down.

In this study, we propose a novel magnetic actuation con-
cept embedded in a miniature swimming robot and inspired by
the periodic movement of the jellyfish bell. The robot is based
on a rotary actuator, a magnetic rotor, a number of polymeric
flaps endowed with magnets, and a plastic body, integrating a
wireless microcontroller and power supply. Several design and
structural parameters can be varied to tune the swimming per-
formance toward the desired application. To move a first step
in this direction, we developed a dynamical model accounting
for flap dynamics, thrust, and energy consumption within the
operational frequency range of the proposed actuation concept.
Being a preliminary and simple model, it is not able to predict
robot swimming speed, as will be better detailed in this paper.

Rather than addressing a specific application, the proposed
actuation solution can be straightforwardly extended to cope
with complex technical problems, thus broadening its impact.

1552-3098/$26.00 © 2011 IEEE
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Fig. 1. Schematic representation of the working principle for a repulsive
configuration for a single rotating magnet and four flaps.

The discussion presented here serves as a basis for tailored appli-
cations. Indeed, a modular approach to miniature-robot design
is primarily pursued, which can be extended to other fields, in-
cluding terrestrial applications. Optimizing performances, e.g.,
locomotion speed, will be addressed, therefore, at a subsequent
stage.

II. WORKING PRINCIPLE

The proposed actuation mechanism relies on the magnetic
interaction among permanent magnets. The concept is based on
a rotating actuator moving a set of permanent magnets inside
the robot body. These magnets interact with polymeric flaps en-
dowed with magnets and hinged to the robot body, thus making
them flap.

To a certain extent, this locomotion strategy is reminiscent of
jellyfish locomotion should all the flaps be laterally connected
together to form an umbrella and contract at the same time. This
would allow an axisymmetric motion to be achieved and avoid
more complex translational and rotational dynamics.

To better understand the working principle, a configuration
may be considered where the motor inside the robot body rotates
a support holding a permanent magnet. This permanent mag-
net, while rotating, sequentially faces the permanent magnets
embedded in the flaps. If the magnets are oriented, as shown in
Fig. 1, arepulsive force F}, is generated on the external magnet,
thereby causing the flap to move outward. If the flap is made
out of an elastic material, the elastic force will bring the flap
back to the initial position once the internal magnet has rotated
away.

Several design and structural parameters can be varied in or-
der to tailor the swimming performance to the desired scenario.
In particular, the following are the most-relevant features.

1) Flap design: A first parameter is the number of flaps,

which ranges from a single umbrella as in jellyfishes, to
a discrete number of flapping appendixes. The flaps can
be designed as beams, which are hinged on one end to the
robot body with the magnet embedded into the other end,
or they can be fixed to the robot body on both sides, with
the magnet embedded in between. This latter configura-
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Fig. 2. Three-dimensional sketch of the swimming robot and its internal
components.

tion may enable terrestrial locomotion in miniature robotic
systems, as given in [17]. The shape of each flap influences
the thrust force, while the material determines the flap’s
mechanical behavior, especially its bending under mag-
netic force driving. The use of composite materials may
be considered as well, with magnetic particles embedded
in proximity of the internal rotating magnets.

2) Magnetic link: The number of internal magnets and their
position on the rotor are two important design parameters.
If the number of internal magnets is equal to the num-
ber of flaps and if they are placed symmetrically on the
rotor, a synchronized actuation of the flaps would occur.
A tradeoff in the interaction between the internal and ex-
ternal magnets is crucial to obtain the largest flap stroke
within the torque range of the actuator. Depending on the
relative arrangement of the two sets of magnets, the sys-
tem can operate either in a repulsive, as shown in Fig. 1,
or in an attractive configuration. Hybrid arrangements are
also possible, depending on the desired behavior.

3) Actuator: The actuator is responsible for providing the
torque M, to rotate the internal magnets. A rotational ac-
tuator, such as a dc motor, may be chosen. However, a
traditional actuator would prevent the robot from scal-
ing down to the millimeter scale. For this size range,
piezoelectric motors or microelectromechanical systems
actuators should be considered. Rotational speed, as bet-
ter detailed afterward, is a crucial parameter that can be
optimized through modeling.

4) Robot body: The robot shell must be waterproof and large
enough to accommodate all the internal components. A
smooth-body design, having a low drag coefficient in flu-
ids, may enhance swimming performance.

A schematic representation of a robot implementing the pro-
posed swimming principle is represented in Fig. 2. A symmetri-
cal swimming motion is obtained by providing the device with a
rotor incorporating four permanent magnets, and four flaps, with
each embedding a permanent magnet at the level of the rotor,
which are arranged in the repulsive configuration. A battery-
operated brushless dc motor rotates the internal magnets, thus
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Fig. 3. (Lateral view) Schematic of the flap, which is described as a clamped
beam, which shows relevant geometrical parameters as well. The on-flap magnet
is also shown, which is subjected to the magnetic force F, .
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Fig. 4. Schematic of the beam midline deflection due to a static load F}, .
Both the (dashed line) undeformed and the (solid line) deformed configuration
are shown.

adjusting rotational speed upon user request due to wireless
control electronics.

III. MODELING

In the following section, a dynamical model of the working
principle introduced in Section II is reported.

A. Model Definition

1) Simplified Beam Dynamics: From Fig. 2, a single flap
is considered by symmetry, having an active length [ and a
rectangular cross-section with thickness ¢;, and width w. A beam
approximation is introduced for the flap at hand, despite the fact
that the w/! ratio might not necessarily be small (e.g., 0.5 in
the proposed robot implementation). This approximation, like
others further introduced, is regarded as a working assumption
to be assessed during the validation phase. A lateral sketch of
the flap is reported in Fig. 3. The on-flap magnet is also shown,
which is placed at a distance A from the flap-clamped section
and subjected to the magnetic force F,, .

Let us now consider the beam static deflection, as caused by
a constant load F},,. With reference to Fig. 4, an abscissa x is
first introduced so that the load is applied at x = A. Moreover,
let z denote the deflection of the beam midplane at = = A,
and let £ = /A represent a nondimensional abscissa. Then, by
recalling classical results from the linear beam theory [18], the
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Fig. 5. Schematic of the simplified, 1-D system indicating relevant forces as

well.

deformed shape for 0 < z < X reads

S

B3-9¢ (1)

N =

where ¢ = ((£) denotes the displacement at the generic ab-
scissa z = A €. In addition, for A < = < [, the deformed shape
is straight, with the slope of the cubic-shape function (1) at
& = 1. A characteristic time for beam perturbations can be esti-
mated as 7, = [/c, where ¢ = \/E/p denotes the beam sound
speed, and F and p denote the Young’s modulus and density,
respectively. Considering the periodic mechanism driving the
proposed actuation system, 7, must be compared with the time
interval 7,,, occurring between the passage of two subsequent ro-
tating magnets underneath the beam, namely, 7, = 1/ (N, f),
where f denotes the rotation frequency, and NN, denotes the
number of magnets on the rotor. By assuming V,,, = 4 magnets
rotating at f = 4 Hz, we get 7,,, =~ 6.25 x 102 s. On the other
hand, by considering an [ = 20-mm-long flap made with the
material specified in Section IV, we get 7, ~ 4.84 x 107 s.
Hence, being 7, < 7, it is reasonable to assume that the flap
shape at the generic time ¢ be determined by the beam deflec-
tion z = z(t) via the shape function (1). This assumption still
holds when deriving 7, from the first-mode natural frequency
of the flap, which is treated as a clamped beam [18]. Due to
this approximation, the 2-D dynamics is reduced to a simpli-
fied, 1-D lumped-parameters model. This approximation is also
commonly adopted when studying cantilever dynamics for a va-
riety of applications, including, e.g., scanning force microscopy
and energy harvesting [19]. In particular, an equivalent mass
m is introduced for defining the z(¢) dynamics, derived from
energy considerations. For a rectangular cross-section beam,
m &~ my, + (33/140) my, where m,,, and my,, respectively, de-
note the mass of the magnet and of the beam.

A schematic representation of the 1-D system is shown in
Fig. 5.
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In consideration of the previous points, the simplified 1-D
dynamics reads

mz=F,(z) — F.(2) + Fy(2) + F.(z, 2)
(2)
2(t=10) = 2

where I, , I'v, Fy, and I, respectively, represent the magnetic
force, the elastic force, the fluidic force, and the contact force
(the latter only playing a role when the flap impacts on the
body wall). It is worth highlighting that (2) is the main dynamic
model in this paper and its result will later be used for comput-
ing the robot thrust force. Relevant force submodels are intro-
duced below. In general, the right-hand-side terms in (2) lead
to a nonlinear ordinary differential equation, which can only
be solved by numerical integration. An explicit Runge—Kutta
schema (fourth—fifth-order accurate as per the Dormand—Prince
variant) has been considered in this study [20].

2) Magnetic Driving Force: N, identical, parallelepiped,
rotating magnets are considered, in addition to the one fixed on
the flap. For details, see Section IV. Moreover, the N, magnets
are assumed to rotate within the plane z = XA, with known an-
gular velocity w = 27 f. Hence, once we define the center of
rotation C_"m as well as the radial distance between the center
of each parallelepiped and C, the magnet’s configuration is
completely defined. In particular, the position }3,,17  of the kth
magnet is defined as well as the corresponding radial unit vector
ér',k‘ = (Pme - Om) /”Pm,k‘ - Cm ||

A dipole approximation is then adopted for each magnet: a
dipole moment 771, = m €, is associated with the kth magnet,
fork =1,..., N, (parameter m represents the dipole intensity
and is given a value through calibration; see Section III-B).
Moreover, a dipole moment 17y = —rm €, is associated with the
flapping magnet, where é, denotes the z-axis unit vector.

At the generic time ¢, the flapping-magnet position is given by
P =P(t) = (1,0, z(t)) (they = 0 coordinate is by symmetry:
indeed, the y = 0 plane is the one represented in Figs. 3 and 4).
Then, the magnetic field produced by the kth rotating magnet at
point P reads [21]

= o | 3(Mmy - TR) TR My,
By, = 7l R e 3
T T )
where 7, = P — ]3,,1,;6, ri = |7 ||, 7x = 7% /7%, and p denotes

the vacuum magnetic permeability. The corresponding force
acting on the flapping magnet is given by [21]

L3
By = 4:7?2 {(mkﬂ)mw(mo ) T
o oo DMy 7)) (Mo - TE) S
+ (M, - M) T — ( T)2< 0 )Tk]
k

from which the relevant magnetic force is directly obtained by
superposition and projection along the z-axis, namely

N
Fp = (Zﬁ) . “)
=1

k
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3) Elastic Force: Consistently with the linear result (1), a
linear spring is introduced for modeling the beam elastic force,
namely

F.(z2) =k (z—2) (5)

where the stiffness constant k& is directly derived from beam
theory as follows:

3EI
b=

with I = wt}/12 representing the relevant cross-sectional iner-
tia moment.

4) Fluidic Force: In order to estimate a Reynolds number
for the flapping beam, a characteristic length [,y ~ 1072 m is
chosen (see Section IV for flap size). Then, a reference speed
is estimated by assuming the flapping spans a distance s, ~
5 x 1073 m during a reference time t,.; = Tm /2 /3 X 1072 s.
With this choice, we estimate a characteristic Reynolds number
as Re = (Lot Sref )/ (Vo) = 2 X 103, having chosen the water
kinematic viscosity v =~ 10~% m? /s. Such a value is high enough
not to justify the exploitation of a simplified, linear damping
model for fluidic actions. On the other hand, it is not high enough
to assume a fully developed turbulent flow, thus providing hints
on the complexity of the unsteady-flow regime arising during
flapping. In this spirit, an empirical model is introduced, which
is defined as follows:

Ff:—Cd (pflw) ‘Z|Z (7)

(6)

where Cj; is an empirical positive parameter (as defined by
calibration later in this paper), p; is the fluid density accounting
for fluid inertial effects, and [w is the flap top surface, which is
commonly adopted for fluidic force scaling.

5) Wall Contact Force: Contact with the case wall occurs
during ordinary flapping regimes. Since the fluid considerably
mediates the contact at hand, no flap rebounds take place, in
practice, and it is possible to describe this effect through a non-
linear damping model. In particular, the following expression is
adopted:

Fo=—x(22)Cc 2 ®)
where Y is a step-like function, being defined as

1, ifZ2<0and|z— 2| <.
x(z,2) =
0, otherwise

where C.. is a numerical positive damping coefficient, and §.. is
a positive numerical threshold for contact detection. They are
given a suitable value to keep the wall-contact effect as confined
as possible, consistently with observation.

6) Free Model Parameters—A Remark: Besides geometrical
parameters (which are fixed in the design phase), only two pa-
rameters need to be assigned in order to integrate the dynamical
model (2): the magnetic dipole moment 1 and the fluidic damp-
ing coefficient Cj;. Both are defined below by calibration. After
calibration, the model is, in principle, ready for predictions. As
anticipated, the numerical parameters involved in the contact
model are fixed so as to obtain a local effect during flap—wall
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contact, consistently with observation. In particular, d. is chosen
to be “small” with respect to the beam thickness t;,, while C. is
empirically chosen so as to prevent beam-wall penetration, yet
minimizing energy dissipation in order to not fictitiously alter
the flap dynamics (i.e., the value of C. is increased until the
no-penetration condition is obtained).

7) Robot Thrust: The average robot thrust due to flapping
(i.e., the force propelling the robot along the x-axis sketched
in Fig. 4, in the negative z-direction) is estimated by recalling
relevant results from the large-amplitude elongated-body theory
originally developed by Lighthill to study fish locomotion [22].
Particularly, regarding the flap as a swimming body with peri-
odically changing shape, it is possible to estimate the average
thrust per period FY™°P by

| . 1
FYor — . <vT,n ir + 3 v}, cos(GT)> )

where v,, is the normal-velocity component, # is defined by
tan(0) = d¢/dx, subscript T indicates that relevant entities are
picked at the beam tip, and (-) denotes time averaging over the
flapping period. Moreover, m,, is a “virtual mass” per unit length
coefficient. For a rigid body moving within a fluid with speed
4, the virtual mass M, is defined so that M, @> /2 is equal to the
kinetic energy of the entire fluid field. For a deformable body,
this definition is more involved (indeed, there are some open
issues in this regard [22]). However, an estimate for the flapping
device at hand could be derived as m, ~ p; wt,, where p;
stands for the fluid density, and ¢, denotes a “virtual thickness”
of the flap. It seems reasonable to assume ¢, in the range [t),, des],
where d., indicates a characteristic diameter of the robot cross
section. In order to obtain an estimate of the flapping thrust by
(9), we assume t, &~ (t;, + ds) /2. The elongated-body theory
is chosen for its relative simplicity, since it can be combined with
the proposed, simplified dynamical model with minor efforts.
More complex modeling techniques have been developed for
thrust formation by flapping bodies [23], thereby addressing
basic phenomena such as flow over the edge, vortex formation
and shedding, delayed separation, and stall. However, such an
accuracy level in fluidic modeling is beyond the scope of this
study, and it will be tackled in future studies, dealing with more
specific robotic implementations.

8) Magnetic Torque: A constant angular speed is assumed
for the rotating magnets, i.e., their dynamics is imposed as in-
put to the model. However, magnetic forces acting between the
flapping magnets and the rotating ones tend to slow down the
spindle rotation. The magnetic torque T, can be straightfor-
wardly estimated by the proposed model as follows:

Ny,

j—im = - Z (ﬁm,kr - é"m) X Fm,k

=1

(10)

bl

where F‘m & 1s the magnetic force due to the kth rotating magnet
on the flapping one. Then, the magnetic resistant (MR) torque
778 is directly obtained as the z-component of (10).

B. Model Parameters: Calibration and Assessment

1) Magnetic Dipole Intensity: Let us consider the magnetic
dipole intensity introduced above. In order to give m a value,
two facing magnets are considered, which are oriented in order
to generate a repulsive force F°P on each other as a function of
the distance 9,, separating their centers. According to the con-
sidered dipole approximation [21], the intensity of the repulsive
force is given by the following expression:
po 61m°

T x4

m

| (6m )| (an

m
Experimental data for | F:°P (6, )| are available from the manu-
facturer of the chosen magnets (see Section IV). By fitting the
considered data to (11), 7 was estimated as 9.11 x 107> A - m?.
The fitting was performed for d,, > d,, where J, is a lower
threshold defined by envisaged geometrical constraints (see
Section IV).

2) Beam Stiffness: Before considering beam dynamical be-
havior, the suitability of the estimate (6) of beam stiffness was
assessed. The static deflection of the flap, which was caused by
the repulsive force of facing magnets, was measured by process-
ing images taken from the experimental setup. Then, numerical
simulations have been carried out by considering nonrotating
magnets, up to a regime state defining the static, deformed con-
figuration that is unaffected by fluidic damping. It was assessed
that the adopted expression (6), which is to be substituted into
(5), indeed predicts flap deflection, thus underestimating the ex-
perimentally observed value by just 4%. Underestimation is due
to the perfect clamping assumed within the model.

3) Fluidic Damping Coefficient: Once the calibration and
assessment steps above were performed, the coefficient Cy in
(7) was given a value by measuring the amplitude of the regime
oscillations of a given flap, immersed in water and actuated at
known working condition. At a first stage, a single flap—yet rep-
resentative of the currently envisaged system—was deliberately
considered for calibration (thus avoiding, e.g., best-fit proce-
dures) to assess the model’s predictive capabilities based on a
few empirical data. The resulting value was Cy ~ 0.3; this is
the only model parameter defined using an essentially empirical
approach.

C. Model Output

The main model outputs are discussed below. Additional en-
tities to be predicted by the proposed model can be easily intro-
duced by virtue of the adopted modular approach.

1) Flap Dynamics: Flap (i.e., beam) dynamics, especially
beam displacement ((x,t), represents the primary output of
the proposed computational model. For instance, Fig. 6 shows
beam displacement at = = A [i.e., the function z(¢) obtained by
integrating (2)] over a flapping period.

In the same figure, relevant forces—of a magnetic, elastic,
fluidic, and contact nature—are also shown, over the same time
interval. By comparatively observing the flap displacement and
the forces involved, it is possible to understand the role and
the relative importance of the latter in determining flap dynam-
ics. This allows for a deep understanding of the key design
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Fig. 6. Example of beam (i.e., flap) (top) displacement z(¢) over a period,
with (bottom) corresponding forces F,, (i.e., magnetic), F, (i.e., elastic), F'y
(i.e., fluidic), and F. (i.e., contact). Flap size: 20 x 10 x 1.5 mm (I X w X t3).
Young’s modulus 1.76 x 10% N/m?. Magnets data, as reported in Section IV
rotation frequency f = 4 Hz.

MR Torque [mNm]

Time [s]

Fig. 7. Trend of the MR torque, as obtained by forcing the flapping magnet
not to move. Parameters are as reported in Fig. 6.

principles to be adopted when targeting a specific flap behavior.
Moreover, it is possible to investigate the effect a chosen design
parameter has on flap dynamics. For example, as suggested by
physical intuition (see Section V as well), the number of wall—
flap contacts during a period decreases when the frequency f of
the rotating magnets is raised above a certain value. Within the
proposed modeling framework, such an effect would be directly
revealed through a null-contact-force value in a graph analogous
to Fig. 6.

2) Robot Thrust: The flapping thrust (i.e., scalar value) is
obtained by time-averaging over a flapping period, as in (9).
Transient effects are filtered out by advancing the simulation
for several periods and then considering the last ones. Relevant
results are shown in Section V.

3) Magnetic Resistant Torque and Corresponding Absorbed
Power: The MR torque 77-°° is computed by exploiting (10). A
conservative estimate of the torque can be obtained by freezing
the flap in its initial configuration. In fact, this imposes a re-
duced separation between facing magnets, therefore increasing
the magnetic-interaction intensity. An example of the resistant
torque trend over a period for such a conservative configuration
is shown in Fig. 7. For corresponding experimental results, see
Section V.
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Time [s]

Fig.8. Trend of MR torque and corresponding absorbed power over a flapping
period. Parameters are as reported in Fig. 6.

The resistant-torque trend associated with the flap dynam-
ics, i.e., accounting for the actual flap configuration over time,
clearly differs from the one discussed above. A representative
trend is shown in Fig. 8.

The proposed model also permits the power requirement as-
sociated with the MR torque to be easily estimated. Indeed, by
recalling that the spindle angular velocity w is assumed to be
constant, the instantaneous power associated with the magnets
rotation is 7};® w. However, positive power contributions cannot
be exploited by the considered system in the absence of a ded-
icated energy-storage mechanism. Hence, the absorbed power

P2bs associated with magnets rotation reads

Pabs — e Ly H (—T5) (12)

m m
where H(-) denotes the well-known Heaviside step function.
A typical trend of P2P* over a flapping period is shown in the

bottom half of Fig. 8. Besides predicting the peak value of P23,
the proposed formulation also allows estimation of the average
energy consumption per period due to the MR torque. Such a
value can be directly used to define an energy budget of the
proposed system, which accounts for other power requirements
as well (e.g., system electronics, etc.).

4) Dynamics Animation: Once the differential problem (2)
has been solved, it is easy to create effective animations during
postprocessing, as an additional tool to support system develop-
ment. Examples of animation frames are provided in the attached
multimedia material, which shows a richer beam dynamics than
the one in Fig. 6, due to a reduction in spindle frequency, i.e.,
2 Hz instead of 4 Hz. In particular, a rebound occurs after the
beam reaches the top displacement configuration, due to the in-
crease in the passage time of the underneath rotating magnet:
The mechanically pulled-back magnet on the flap encounters a
magnetic field still significant enough to push it and produce a
rebound.

IV. TECHNICAL IMPLEMENTATION

A swimming robot implementing the proposed principle is
represented in Fig. 2. This four-flap swimmer was fabricated
and assembled with the purpose of testing the novel strategy and
validating the model. The robot prototype is shown in Fig. 9(a),
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Fig. 9. (a) Assembled prototype. (b) Detail of the rotor. (c) Detail of the flaps.

while a zoomed view of the rotor and the flaps are provided in
Fig. 9(b) and (c), respectively.

Magnetic forces are generated by eight N42 NdFeB magnets
(K&J Magnetics, Jamison, PA), 3.18 x 3.18 x 1.59 mm? in
size and weighing 0.12 g each. The maximum residual flux den-
sity of the NdFeB magnets is B, y,.x = 1.32 T. Four magnets
are housed on the rotor, while the other four are placed on the
internal surface of the flaps in a repulsive configuration. The
current rotor is an octagonal cross-section module designed to
support four equally spaced permanent magnets. It has a diam-
eter of 8.5 mm and a thickness of 4 mm.

A dc brushless motor (SBL04-0829PG04-79, Namiki, Akita,
Japan) was selected as the best tradeoff between size and stall
torque (1.5 mN-m). The motor is 4 mm in diameter and 16.2 mm
in length including the gearbox and weighs 1 g. A wireless mi-
crocontroller (CC2430, Texas Instruments, Dallas, TX), which
is mounted on a custom-developed circular electronic board (9.6
mm in diameter, 2.3 mm in thickness, 0.28 g in weight, as de-
scribed in [24]), was used to control the speed of the actuator by
remotely taking advantage of back electromotive-force driving.
This control unit potentially allows the acquisition of data from
sensors and the control of additional actuators should they be
embedded in future versions of the robot. A lithium ion polymer
battery (LiPo) LP30 from Plantraco, having the highest energy
density (200 Wh/kg) available for off-the-shelf components,
was used to provide energy to all the active components. The
LP30is a 3.7 V LiPo cell with a nominal capacity of 30 mAh,
a weight of 0.96 g, and very small size (17 x 10 x 3 mm?).

Considering the size of the aforementioned components, a
rigid smooth squared-section shell was fabricated, which mea-
sured 35 mm in length and 15 mm in width. Although lack-
ing hydrodynamic features, this shape was considered suitable
since it may be easily assembled for the model-validation ex-
periments. Rapid prototyping (InvisionSi2 by Inition, ThingLab,
London, U.K.) was employed to manufacture both the shell and
the rotor. The structural material is composed of urethane acry-
late polymer (35%—45%) and triethylene glycol dimethacrylate
ester (45%-55%).

Four elastic flaps are externally fixed to the robot body and
depart from the top of the device. The flaps are manufactured in

polydimethylsiloxane (PDMS) material (Sylgard 184) and are
30 x 10 x 1.5 mm? in size. On one end, they are hinged to
the robot body so that the active flap is 20-mm long, as in the
model described in Section III. The opposite end of each flap
embeds the NdFeB magnet. PDMS (whose Young’s modulus is
1.76 MPa [25]) can be easily manufactured in different lengths,
shapes, and thicknesses, thus allowing scalability of the flap.

Due to this modular architecture, the design and testing of
many structural variations can be easily implemented. In partic-
ular, the robot can be scaled down in dimensions by, e.g., using a
different actuator, reducing the flap size, and giving up wireless
communication, thus reducing space required by electronics.

The overall weight of the robot was adjusted to achieve neutral
buoyancy. The parameter ¢,, which is defined in Section III-
B1, can be derived from the body width, flap thickness, rotor
diameter, and magnet size, thus resulting in 3.2 mm.

A PC-based interface (which is developed in Labview 8.2,
National Instruments) allows the user to interact with the robot
by wireless communication. In particular, the user can set sev-
eral working parameters, such as motor revolutions per minute,
and can monitor the status of the robot, e.g., battery level and
communication-signal strength.

V. EXPERIMENTAL RESULTS

A. Flap Dynamics

A preliminary experiment aimed at assessing flap dynamics in
the developed model. In particular, the variation of the number
of flap beats per minute with the increase in spindle-rotation
frequency was measured in water and compared with model
prediction.

A slow-motion video-capture system (i.e., HotShot 512 SC,
NAC Image Technology, Inc.) was used to quantify the number
of flap beats per minute performed by the robot prototype once
immersed in a water tank. The robot was forced into a fixed
position in order to enhance image acquisition. A single flap
beat was counted every time the flap hit the case wall, after
returning from the maximum-bending configuration. Spindle-
rotation frequency was varied from 2 to 9 Hz, which is the
maximum rotation speed for the adopted brushless motor.

The number of wall-flap contacts (i.e., beats per minute) dur-
ing a period is expected to linearly increase with the rotating
magnet frequency f as 60 N,,, f up to a certain threshold value.
Then, above this threshold, the considered number of contacts
is expected to decrease due to the characteristic time of the
flap mechanical response, with damping effects being system-
atically present (see also Section III-C). In particular, the model
predicts such a transition between 7 and 8 Hz for the considered
flap (see Fig. 10). Experimental results confirm the predicted
linear trend for frequencies up to 5 Hz while also showing a
plateau and consistent reduction starting from 6 Hz. The sharp
transition predicted by the model is due to its intrinsic simpli-
fications, which, however, do not prevent from assessing, with
reasonable accuracy, the beating regime, above which, elastic-
ity has an effect on flap dynamics. This kind of information is
consistent with the modeling objectives. Moreover, an accurate
description of flapping dynamics may only be pursued by taking
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Fig. 10. Beats per minute of a flap immersed in water. Experimental values

versus predicted ones. Parameters are as reported in Fig. 6, except for spindle-
rotation frequency and N,,, = 4.

Fig. 11.  (a) Test bench for thrust measurements. (b) Detail of the support. (c)
Detail of the load cell.

into account complex 3-D effects such as hydrodynamic inter-
actions between flaps, as well as flap twisting due to magnetic
forces.

B. Robot Thrust

An experimental test bench, as represented in Fig. 11(a),
was set up in order to measure the robot thrust and com-
pare it with the model prediction. A commercial six-axis load
cell [Nanol7, ATI, Industrial Automation, Apex, NC; as rep-
resented in Fig. 11(c)], having a resolution of 0.78mN, was
used for these experiments. The robot body was rigidly con-
nected to the load cell, as shown in Fig. 11(b), and placed un-
der water inside a tank. Spindle frequency was varied from
about 2 to 5 Hz and the corresponding thrust values were
measured.

Fig. 12 compares the predicted thrust, which results from (9),
with the experimental values as the spindle frequency increases.
The mean absolute error was 0.9 mN, while the average rela-
tive error was 2.5% over the full range of measurements, thus
demonstrating good agreement of the model with experimental
results.
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Fig. 12.  Experimental thrust values versus predicted ones. Parameters are as
reported in Fig. 6, except for spindle-rotation frequency.
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Fig. 13. Experimental trend of the MR torque versus the predicted one already

presented in Fig. 7 (parameters cited therein).

C. Magnetic-Resistant Torque and Corresponding
Absorbed Power

The same setup used to measure flapping thrust was adapted
to quantify the MR torque, as defined in Section III-AS8. In
particular, the flaps were forced to be in contact with the case—
as described in Section III-C3—and the case—flaps assembly was
connected to the load cell, while the spindle with the rotating
magnets was independently driven at different frequencies, i.e.,
from about 2 to 5 Hz.

A comparison between the experimental data and model pre-
diction at f = 4 Hz is reported in Fig. 13. In this case also,
the model agrees with experimental evidence, thus showing a
mean relative error below 1% (with respect to the peak theoreti-
cal value) over the full range of measurements. High-frequency
components in the experimental plot in Fig. 13 are essentially
due to mechanical vibrations.

As already mentioned, the model allows prediction of the av-
erage energy consumption per period due to the MR torque.
In particular, the model predicts a consumption of 1.16 mJ
to drive the flap introduced in Section IV at 4 Hz. To as-
sess this prediction, the current consumption of the motor was
measured while driving the robot underwater, both with and
without flaps. These measurements were repeated ten times for
each configuration to obtain average values. The difference in
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Fig. 14. Experimental trend of the robot swimming speed versus spindle
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current consumption between the two configurations was used
in order to compute the power absorbed to drive the spindle
against the magnetic torque, thus obtaining 4 mW. Considering
a beating frequency of 4 Hz, this leads to an average consump-
tion of 1 mJ per period, which is in agreement with the model
prediction. The same level of matching between model and ex-
periments was achieved at other frequencies.

D. Swimming Performance

The swimming performance was tested in a water-filled tank.
Spindle frequency was varied from about 2 to 5 Hz, and the
corresponding robot speed was measured. The results, which
are averaged on five trials for each frequency, are reported in
Fig. 14. The best performance in terms of speed was achieved at
5.2 Hz, where a peak of 3.7 cm/s (i.e., more than one body length
per second) was achieved. In this configuration, the robot was
able to swim in water for more than 20 min without recharging.
Deviations from a straight trajectory observed during tests were
mainly due to unavoidable asymmetries in the final assembly.

In order to evaluate the efficiency of the proposed mechanism,
which is intended as ratio of output power to input power, and to
compare it with other motion transmission solutions, we define

Pout EProp. (%
=5 T 13)

m

where FP™°P is the forward thrust averaged over the flapping
period, v, is the average forward speed, while 77 °° is the MR
torque, and w is the motor angular velocity. Given the experi-
mental data, the average of the mechanism efficiency over the
considered spindle-frequency range was 2.6%, thus reaching a
peak of 4.9% at 5.2 Hz.

A movie of the robot while swimming is available as a mul-

timedia attachment to this paper.

E. Model Prediction as Support to Robot Design

As already mentioned, the main purpose of the developed
model is to straightforwardly provide cues to enhance robot
performance. Therefore, once validated, we used the model to
predict the relative variation of robot thrust in case a structural

20
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Fig. 15. Percentile thrust variation given by an active flap length increase of
25%. Parameters are as reported in Fig. 6, except for the flap length and the
spindle-rotation frequency.

feature was changed. Among the many design and structural
parameters described in Section II, we focused on flap length
and spindle frequency. In particular, we increased the active flap
length from 20 to 25 mm (i.e., a 25% length increase), and we
varied the spindle frequency from about 2 to 7 Hz. The percentile
increase of the robot thrust due to an active-flap-length increase
of 25% is reported in Fig. 15 for both model prediction and
experimental data. The average difference between model and
prediction was 6.5% with a maximum value of 13.2%.

As reported in the graph, the model was able to predict around
20% increase in robot thrust for a specific spindle-frequency
range and a dramatic decrease in performance as the spindle
frequency increases. This can be explained by recalling the
threshold frequency defined in Section V-A and the trend of flap
beats per minute versus spindle frequency reported in Fig. 10.
Considering that a longer flap has a slower mechanical response,
the number of wall-flap contacts is expected to start decreasing
at a smaller frequency, thus justifying the performance drop
at high spindle frequencies. On the other hand, as long as the
mechanical response of the flap is able to follow the spindle
rotation, a longer flap results in a stronger thrust.

VI. CONCLUSION AND FUTURE DEVELOPMENTS

A novel actuation concept based on the interaction of perma-
nent magnets was implemented in a miniature swimming robot.
One of the main advantages of this mechanism is its flexibility,
thereby allowing it to be applied to a wide range of applica-
tions. Modeling plays a crucial role in this scenario, since the
physical and technical aspects involved need to be mastered not
only in order to characterize system performance but in view
of more extensive investigations, from system optimization to
re-design, as well. In this spirit, we introduced a simple model
capable of predicting the thrust achieved by flapping propulsion
and of estimating the energy expenditure for actuation to poten-
tially negotiate between the two. Due to a modular approach,
additional entities to be predicted can be easily introduced in
the proposed model, thus widening its potential impact on other
kinds of robots. Once the model was calibrated by simple ex-
periments, its outputs were compared with the actual robot
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performance within the operational spindle-frequency range,
i.e., from 2 to 5 Hz. Finally, the model was used as a design tool
to investigate the effect of a 25% increase in active flap length
at different spindle frequencies, i.e., from about 2 to 7 Hz.

As already mentioned, the main aim of this study was not to
address a single application for underwater robots, thus focusing
on swimming speed and efficiency but, rather, to elucidate the
challenges involved both in designing a novel actuation mecha-
nism and in developing a first-order model to predict mechanism
behavior. Indeed, enhanced swimming performances can be ob-
tained by tailoring some of the features described in Section II
toward specific applications. Furthermore, the current model is
unable to predict robot swimming speed. More refined fluidic
modeling would allow the main physical mechanisms of thrust
formation during flapping to be investigated, thus providing ad-
ditional support to the design phase. A first step in that direction
would be to look into the effect of neighboring flaps on the robot
thrust.

Since the current version of the swimmer is only able to move
forward, due to the symmetrical design, its elective application
could be in random-swimming swarm robotics. Once provided
with a chemical sensor, a swarm of these miniature robots could
be deployed in a liquid environment to monitor water pollution.

As previously mentioned, the actuation principle and the re-
lated model can be easily extended to terrestrial locomotion,
while the model itself may be used to approach general prob-
lems regarding the interaction between elastic and magnetic
structures in other fields of robotics.
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