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Abstract

Three different models of motile systems are studied: a vibrating legged
robot, a snake-like locomotor, and two kinds of flagellar microswimmers.

The vibrating robot crawls by modulating the friction with the substrate.
This also leads to the ability to switch direction of motion by varying the vibra-
tion frequency. A detailed account of this phenomenon is given through a fully
analytical treatment of the model. The analysis delivers formulas for the average
velocity of the robot and for the frequency at which the direction switch takes
place. A quantitative description of the mechanism for the friction modulation
underlying the motility of the robot is also provided.

Snake-like locomotion is studied through a system consisting of a planar,
internally actuated, elastic rod. The rod is constrained to slide longitudinally
without slipping laterally. This setting is inspired by undulatory locomotion
of snakes, where frictional resistance is typically larger in the lateral direction
than in the longitudinal one. The presence of constraints leads to non-standard
boundary conditions, that lead to the possibility to close and solve uniquely the
equations of motion. Explicit formulas are derived, which highlight the con-
nection between observed trajectories, internal actuation, and forces exchanged
with the environment.

The two swimmer models (one actuated externally and the other internally)
provide an example of propulsion at low Reynolds number resulting from the
periodical beating of a passive elastic filament. Motions produced by generic
periodic actuations are studied within the regime of small compliance of the
filament. The analysis shows that variations in the velocity of beating can
generate different swimming trajectories. Motion control through modulations
of the actuation velocity is discussed.






Contents

Introduction

1

Legged Crawling

1.1 Themodel . . ... ... ... . . .. e
1.2 Formal asymptotics . . ... ... ... .. .. L ..
1.2.1 Non-dimensionalization and orders of magnitude of

the parameters . . . . ... ... ... L.
1.2.2 Asymptotic expansion . . ... ... ... ... .......
1.2.3 Tuning the parameters . . . ... ... ... .. .......
1.3 Discussion of the physical implications . . . . . ... ... .....
1.4 Appendix . .. ...
Snake-like Locomotion
2.1 The flexible robot model . . .. ... ... ... ...........
2.2 The prescribed-path case . . . ... ... ... ... ... ......
2.2.1 Derivation of the equations of motion . . .. ... ... ..
2.2.2 Spiral channel . ... ... ... o Lo oL
2.2.3 Sinusoidal channel . . . . ... ... ... ... ... ..
2.3 The free-pathcase . . ... ... ... ... . ... ... ...
2.3.1 Derivation of the equations of motion . . . ... ... ...
2.3.2 Serpentine solutions . . . . . ... ... oL
24 Discussion . . . .. ...
2.5 Appendix . ... ...
Flagellar Swimming
3.1 Governing equations . . . . . .. ...
3.1.1 The small-slope approximation . ... ... .........
3.1.2 Non-dimensional equations . .. ... ............
3.1.3 Further simplifications . . ... ... ... ... ... ...,
3.2 Externally actuated swimmer . ... ... ... ... ........
3.2.1 Asymptotics . . . ...
3.2.2 Motility maps . . . .. ...
3.2.3 Optimality . .. ... ... ..
3.2.4 Prescribed torque . . . . ... ... L
3.3 Internally actuated swimmer . . . . ... ... ... Lo ..
3.3.1 Asymptotics . . ... ...
3.3.2 Motility maps . . .. .. ...
3.3.3 Optimality . .. ... ... ..
3.4 Appendix T . ... ...

35 Appendix IT . . .. .. ...

13
14
16

16
17
19
21
23

27
29
31
31
34
35
38
38
42
44
46






Introduction

The study of the mechanics of walking, crawling, swimming, and flying has
been an active field of research for decades, and it is still developing. Pioneering
works include those by zoologists like J. Gray [1, 2] or R. M. Alexander [3] and
applied mathematicians like G.I. Taylor [4] or J. Lighthill [5]. Since their times
biological locomotion investigations have explored a wide range of phenomena,
from the swarms of bacteria to the migration of tumour cells [6]. Lessons learnt
from nature have been also used to design of bio-inspired robotic locomotors, to
the point that, now, boundaries between biologic and robotic motility studies
have become permeable and cross-fertilization between the two field is occur-
ring. Practical applications of bio-inspired engineering range from legged and
snake-like robots for search and rescue operations [7] to swimming microrobots
targeted to biomedical purposes, such as diagnostics or drug delivery [8, 9].

The field of locomotion mechanics is highly cross-disciplinary. It involves en-
gineering, physics, mathematics and biology, both experimental and theoretical.
From the theoretical viewpoint a modelling effort is often needed. In particular,
a reductionist approach in the description of (otherwise too complex) real sys-
tems can deepen the understanding of the key physical mechanism underlying
motility. This is the spirit guiding this thesis. Three different models of motile
systems are formalized and analysed: a vibrating legged robot [10], an active
elastic snake-like locomotor [11], and two kinds of flagellar swimmers [12].

The three systems exploit different locomotion strategies and they are anal-
ysed with different mathematical tools. They are unified by the fundamental
question: what makes locomotion possible? When we refer to locomotion we
are implicitly considering two things: the locomotor and the environment it is
interacting with. In particular, we need to formulate the physical laws describ-
ing the mechanical interactions between the two. In the case studies presented
here the interaction is given by friction. In general, an object interacting with
a frictional environment can be subject to forces that either oppose or sup-
port its motion in a given direction. We can define as a “frictional locomotor”
a propelling object undergoing periodic shape changes alongside with periodic
frictional interactions with the environment. Every frictional locomotor relies
on a general propulsion “principle” that can be stated in the following way.
In order to propel, a locomotor must mobilize at each period of interaction a
larger amount of frictional force supporting its motion in a given direction, and
a smaller amount of force opposing it. This “principle”, despite its apparent
simplicity, applies in many non-trivial ways due to a) locomotor kinematics,
leading to a restriction of possible movements enabling propulsion and b) dif-
ferent frictional laws of interaction with the environment. The three models
reported here illustrate this non-triviality.
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Consider the case of the body-and-legs crawler in Chapter 1. The model
describes a vibrating ‘bristle-bot’ consisting of body with an internal rotary
engine, driving vertical oscillations, and rigid legs attached to it by rotational
springs. Legs exert contact friction on the substrate, and friction is proportional
to the normal force on the ground. So, in this case, friction is modulated: it is
stronger when vertical inertia pushes down and it is weaker when inertial force
tends to lift the robot up. Legs slide on the substrate with the same frequency
of the rotary engine, and we have net propulsion in the direction opposite to
the sliding occurring during downward pushes. The question of which direction
of motion the system chooses is non-trivial. Indeed, the legged robot moves
backward for small frequencies, inverts the direction of motion, and forward for
larger frequencies of excitation. This happens because the phase of oscillation
between the forcing term and leg sliding changes, just like in the case of a driven
spring-mass-dumper system. The analysis in Chapter 1 puts in a quantitative
framework this physical picture. The governing equations are solved through a
rigorously proven asymptotic scheme, and a formula for the inversion frequency
is derived. A formula for the average robot velocity in terms of normal force
and legs relative velocity is also obtained.

For the snake-like locomotion and flagellar swimming, we consider no active
modulation of friction. Both cases consist in elongated bodies subjected to a
field of friction forces that depends on the direction of motion. Because of the
structural conformation of their bellies, real snakes are subject to a frictional
force opposing lateral slip that is larger compared to the force opposing lon-
gitudinal sliding. Fluid forces on a small and slender object like a flagellum
act, at first approximation, in the same way: friction is larger in the lateral
direction and smaller in the longitudinal one. The anisotropy of friction is cru-
cial for both system to apply the general “principle” stated earlier to generate
propulsion. Frictional forces are dry in the first case case and viscous in the
second, however. Moreover, the two model locomotors analysed differ in their
ability to move: the “snake” is modelled as an elastic inextensible rod which is
actuated by a distributed internal torque, while the flagellar swimmers consist
in a rigid head attached to a passive elastic tail. In spite of these similarities,
the two model systems are substantially different in the details, as explained
further below.

The analysis of snake-like locomotion in Chapter 2 is carried out in the for-
mal limit of infinite ratio between lateral and longitudinal friction, so that no
lateral slip is allowed. The model snake then moves along a curve on a plane,
which is created during motion. Once this curve is known the kinematics of
the system simplifies: since the active-rod-snake is inextensible, the system has
only one degree of freedom, namely the curvilinear coordinate of one end of
the rod. The force balance equations for material and external friction reac-
tions are, on the other hand, non-trivial. Previous studies did not contain a
derivation of such forces as a result of internal activity. We are able to close the
equations of motion thanks to a careful choice of boundary conditions, proving
the well-posedness of the problem and reducing the dynamics of the system to
the equation for the end-point coordinate only. The interplay between internal
activation, kinematics, and forces is captured and discussed.

Also flagellar swimming consists in an elastic structure interacting with the
environment in an anisotropic way. This is an approximation of the interaction
between a slender object and the surrounding fluid in the low Reynolds num-
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bers regime. In Chapter 3 two kinds of swimmers are analysed consisting of a
spherical rigid head and an elastic tail. In the first one, the tail is clamped to
the head and oscillations of the system are caused by external actuation. In the
second one, head and tail are connected by a joint allowing the angle between
them to vary periodically, as a result of internal actuation. Previous studies
on these models were restricted to sinusoidal oscillations of either the external
or the internal actuation, showing that the swimmers can in fact propel while
moving on average along a straight line, whose direction is given by the sym-
metry axis around which beating takes place. The study reported in Chapter
3 extends these results to motions produced by generic (non-sinusoidal) peri-
odic actuations within the regime of small compliance of the flagella. We find
that modulation in the velocity of actuation can provide a mechanism to select
different directions of motion. With velocity modulated inputs the externally
actuated swimmer can translate laterally with respect to the symmetry axis of
beating, while the internally actuated one is able to move along curved trajec-
tories. The results are presented in the spirit of geometric robotic locomotion,
and illustrated through the use of motility maps.






Chapter 1

Legged Crawling

Together with swimming, flying [3, 16, 17], walking, running and hopping [23],
research has focused on crawling gaits. Both soft and hard devices have been
designed in order to crawl over a surface in the presence of a directional (asym-
metric) dynamic friction coefficient, creating a mechanical ratchet [21, 28, 29].
A different example of crawling locomotion is given by gastropods, which glide
over a mucus layer by generating travelling waves of localized contraction: by
sliding over the rapidly contracting part and sticking in the remaining part they
produce the tractions necessary for propulsion [18, 26, 27]. Caterpillars [15] and
soft robots [31] can detach partially from the substrate: they move by exert-
ing a grip on the ground with their leading limbs, pulling forward the trailing
(detached) part of their bodies. In all these systems, a periodic internal activa-
tion can lead to sustained propulsion through a variable interaction between the
body of the locomotor and the environment, alternating high friction in some
parts and low friction in others during one period [32].

Vibrating legged robots provide a different, but related example of such sys-
tem. They have been proposed as model locomotors to study the emergence
of collectively organized motion [22]. Moreover, they have recently been the
subject of thorough theoretical and experimental investigations in the robotics
literature [13, 14, 25]. Nevertheless the study of their individual propulsion
mechanism still offers many interesting and challenging questions. It has been
suggested [22] that net displacements come from the modulation of friction in
time due to the oscillations of the normal forces, leading to a stick-slip motion
of their feet. A bristle-bot would move forward during the stick phase, which
occurs because of the larger frictional forces caused by the robot pushing more
forcefully downwards during one phase of its vertical oscillations. When such
oscillations causes a decrease of the vertical pushing, then the frictional force is
reduced and the robot feet slip on the ground. This results in a much smaller
horizontal force in the backward direction; the periodic vertical oscillations are
then accompanied by a net forward displacement. DeSimone and Tatone [19]
have proposed a simplified model to study this mechanism, in which the tan-
gential frictional force is given by

T=-uNX

13



14 CHAPTER 1. LEGGED CRAWLING

where N is the normal reaction force exerted by the (rigid) substrate, X is the
foot velocity and p is a phenomenological proportionality constant. A striking
observation in [19] is that the robot may be able to switch direction of motion by
tuning the frequency of the engine powering the vertical oscillations. The goal
of this Chapter is to investigate this issue and the whole propulsive mechanism
of bristle-bots in detail.

Through a full analytical treatment of the bristle-bot model, we are able
to provide an approximate expression for the average velocity and an explicit
formula for the inversion frequency, namely,

Qinv:\lﬁ ! (1.1)
M Lcosa

where M is the total mass of the robot, L is the length of the legs, « is their
angle in the unloaded state and k is the rotational stiffness of the spring joining
the legs to the robot’s body (see Fig.??). As for the average velocity o, we prove
that the foot velocity X stabilizes after an initial transient, getting close to a
periodic function given by the sum X ~ 0+ Xoge where

o ]l NXow, (1.2)
N

with f denoting time average, and N being the average value of the normal
force N (which is also close to a periodic function). Formula (1.2) puts in
a quantitative framework the stick-slip picture. Indeed, the average velocity v
proves to be the negative of a weighted average of Xos, the feet velocity relative
to v, the weight being the reactive normal force N transmitted by the ground
during the oscillations. Therefore, in order to move, say, forward, the robot legs
exploit a stronger grip due to a larger normal force when sliding backwards, and
then recover when N is smaller.

The argument above explains why the average velocity of the robot may be
non-zero. The question of determining the actual direction of motion, i.e., the
sign of ¥, is more subtle and depends, as (1.2) indicates, on the relative phase
between the oscillations Xos. of the feet and of the normal force N. This is
discussed in detail in Section 1.3.

The rest of the Chapter is organized as follows. We set up the equations of
motion in Section 1.1 and solve them formally through an asymptotic expansion
in Section 1.2. Therein we calculate the first three orders of such expansion,
obtaining (1.1) and the expression for the approximate average velocity. The
convergence of our asymptotic solution, together with its regularity, periodicity
and stability are analysed in the Appendix. In Section 1.3 we derive (1.2) and
provide a quantitative description of the locomotion process.

1.1 The model

We consider the robot legs as massless and rigid, joined to the body with a
rotational spring of stiffness k, while we assume that their feet are in frictional
contact with the substrate. The system is driven by a force Fy, internal to the
body coming from a mass oscillating vertically at frequency €2. For simplicity,
we assume that rotations of the body are not allowed and that the legs are
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Figure 1.1: Schematic description of the model bristle-robot.

always in contact with the substrate. So the only degrees of freedom in our
model are the horizontal coordinate of the body u, and the deviation ¢ from
the angle in the unloaded state «, namely the angle the legs form with the
vertical direction when no torque is exerted on the rotational springs. We remark
that real bristle-bots are known to display typically more complex dynamics.
Nevertheless, there exist settings (e.g., robots moving inside a closely fitting
channel or robots resting on rubber feet of large transversal width as in [28])
where our one-linear-degree-of-freedom assumption would not be too far from
reality.
Balancing all forces we end up with the following equations of motion

Mh = N(t) - Mg+ Fq(t) (1.3)
ko = N(t)Lsin(a + @) — uN(¢) X Lcos(a + ¢) (1.4)
Mii = —uN(t)X (1.5)

where N is the normal reaction force exerted by the (rigid) substrate, M is the
body mass, L is the length of the legs while

h=Lcos(a+¢) and X =u+Lsin(a+p).

We will first discuss a heuristic approach to solve the problem using an
asymptotic expansion in terms of a small parameter. Instead of solving the
problem directly, we will pursue the following strategy: we first give an ansatz
on N by choosing it in a suitable family of oscillatory functions depending on
parameters. Then we find an asymptotic solution to equations (1.4) and (1.5)
for the variables ¢ and v = 4, that will depend on our choice of N. We then
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obtain the expression for Fq from (1.3), and we find the appropriate N, after
tuning the parameters, in order to have an approximate solution to the system
in the case when the robot is driven by an oscillating internal force.

1.2 Formal asymptotics

Let us use the following ansatz for the normal force
N(t) = N*+ Nsin Qt + (N5 cos 20t + N sin 2Qt) + o.h.

Here N* stands for the approximate average of the normal force, for which we
take

N*=Mg.
This choice will be justified by the results in Section 1.3. The term o.h. stands for
“other harmonics” of any order, which can be neglected at first approximation.
Specifically, we are considering the normalized normal force n, where

N(t) = N'n(Qt)

to be a power series expansion in the parameter 7 in which the first three orders
are given

n(7) = 1+ nsinT + n%(ns cos 27 + n5sin 27) + O(n?). (1.6)
The coefficients (n$,n3) are the tuning parameters that will be chosen appropri-
ately later, while we assume that 7, namely the ratio between the amplitude of
the first “relevant” harmonic and the average normal force, is a small parameter

%* =n<«l1.
1.2.1 Non-dimensionalization and orders of magnitude of
the parameters

We now normalize the dynamical variables, which can also be expanded into
power series of 7, as show below. By defining the constants

o=sin(a) and x=cos(a)

together with the angle € given by

N*Lo
= 1.7
= (17)
we determine the new dynamical variables (6,w) through the equalities
p(t)=€6(Qt) and wv(t) =eLxQuw(Qt). (1.8)

Applying all the definitions above we can rewrite equations (1.4) and (1.5) as
the equivalent system

g - n(T)M B fn(T)(w+9COS(a+€0)) cos(a + €f)
o X X
(1.9)
w:—An(T)(w+9M)
X
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where 7 = Qt is the non-dimensionalized time, while

MN*L2X2Q /-LN*
= d A= . 1.10
3 P an 7 (1.10)
Finally we normalize equation (1.3), obtaining
_(M)29.Sin(a+69) _GLwZéQcos(aJreé) C () =1+ £(r)
X g X X
(1.11)

where f and w are, respectively, the normalized force and frequency defined by
the equations

kE w
Fo(t) = N*f(Qt d Q=\/——. 1.12
a(t)= N*f(01) an i (112
In the next section we will formally solve (1.9), by calculating the asymptotic
expansions up to the second order

0=00+n0; +7%0+O(1®) and w =wo + nwy + n*wy + O(n*) (1.13)

by first making the following assumptions on the parameters, needed in order
to enforce the separation between O(1) quantities and smaller ones. We take

g

w,f,A,;-O(l) and €=0(n?). (1.14)

Such a choice of orders is always possible. Indeed we can take o,x = O(1),
provided that we exclude the cases in which the legs are either close to perpen-
dicular or close to parallel to the body of the robot. Then we assume w = O(1),
that is coherent with the fact that, as we will see, these are the order of values
of w around which the inversion of the direction of motion occurs, and that this
is precisely the regime we are interested in. Finally, we can first set € to be of
order O(n?), and then, exploiting the fact that £ and A are the only parameters
depending on u, we can assume that the latter is in a range of values consistent
with (1.14).

We only stress here the fact that hypothesis (1.14), and specifically the one
on €, are not strictly necessary to apply the solving technique developed here,
but they simplify consistently the formal developments. In particular, in the
case € = O(n®) with either K = 0 or K = 1 a similar analysis is still possible.
However, a more complicated function for n instead of (1.6) should be used,
making the solution of the formal asymptotics, as well as the calculations needed
for proving the rigorous results, more involved.

1.2.2 Asymptotic expansion

We remark again that up to now we have just rewritten equations (1.4) and (1.5)
in the completely equivalent system (1.9). From now on, we proceed formally to
find approximating solutions to our problem. In the Appendix we will provide
a rigorous proof that those solutions are indeed good approximations of the
solutions of the original system, by using theorems from perturbation theory of
periodic ODEs.
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Taking € = cn?, with ¢ being a fixed constant, we replace the series expansions
(1.13) of § and w in (1.9) and develop both sides of the equations into power
series with respect to . By matching coefficients of equal powers, we end up
with a sequence of systems to be solved successively. At zero-order we have

0p=1 —{(w0+90)

U')O:—A(wo—f-éo)

We will prove in the Appendix that this equation, and the others to come, have
only one periodic solution and every other solution converge asymptotically to
such periodic one. We take as (0;,w;) with j = 0,1,2,... the only periodic
solution to the problem at each order. The zero-order periodic solution is

90 =1 s Wo = 0. (1.15)

A constant solution is coherent with the fact that, at this stage, only the non-
oscillating part of n is affecting the dynamics.
Proceeding with the calculation of our expansion, the first order system is

0, =sinT —§(w1 +0; + sinT(wq + 90))

11)1 ==\ (w1 + él +sin7'(w0 + 90))

Notice that sin7 is the first order term in the expansion (1.6), and that this is
the first time that the oscillating part of n enters in the problem. Solving these
equations, imposing that the zero-order terms be the one we just found, this
time we have the non-trivial periodic solution

01(r)=07cosT+07sinT , wi(7)=wicosT+w;sinT (1.16)
where
gc = — =5 s = 1AEN
17 1+(6-X0)2> 17 1+(e-N)2 >
(1.17)
c _ AN s _ -
WI=Tren? W17 mE-ne

Notice that the average velocity is still zero up to the first order, and that in
order to recover a non-zero average velocity we need to calculate the next order
expansion in 7. We have

Oy = GocK + n5sin 27 + ngcos27 + 2&(wo +9'0)t9ocg
o X

- &((ws + 03) +sin7(wy + 61) + (n sin 27 + nS cos 27 ) (wo + 90))

. ; g
wo = )\('[U(] + 90) 90 C;

= A((ws + 03) +sin7(wy +61) + (n3 sin 27 + n§ cos 27) (wo + 90))
The only periodic solution is, in this case

Oa(7) = Xy 05cos2T +058in27  ,  wa(T) = w+ ws cos 27 + w; sin 27 (1.18)
o
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where
pc =1 (1-63)-65(26-%) + (1-2(26-2))n5-2¢n3
27 2 1+(2§7%)2 1+(2£7%)2 ,
03 1 9;*’(1_9;)(25_%) 257134—(1-%(25_%))”3
272 1+(26-3)? 1+(26-2)2 )
(1.19)
o _ 1 [ wirwi(26-3) (2¢-3)n3-ng
s _ 1 [ wi-wi(2¢-3) (2¢-3)ns+n3
ui = (AR A ()
and
1 £-A
ol e o) 1.20
’ 2(1+(5—A>2) (1.20)

This last equation provides us with an explicit formula for the approximate
(normalized) average velocity, and shows how its sign depends on that of the
difference between the two parameters (£, \), and ultimately on the frequency.
It also allow us to calculate the frequency at which the inversion of motion
occurs, namely, wi,, = 1 for the normalized quantity, and

Qinv: ﬁi
V M Ly

for the dimensional one. Notice that, unlike the rest of the coefficients of the
second order expansion, the average velocity does not depend on the two pa-
rameters n5 and n§, that can be now chosen in order to solve asymptotically
equation (1.11), in the case when f is a sinusoidal function.

1.2.3 Tuning the parameters

Just by rewriting (1.11) we have the following expression for the normalized

force
ow )29 sin(a+ef)  ow? 02 cos(a + €f)
_— _—

f=1-n(n- (
X X X

Substituting the expression (1.6) we assumed for n and the one we calculated
for #, and then formally expanding into a power series, the second member of
the previous equation becomes

d

Now, in order to have a sinusoidal force to within O(7®), we must require that

a

2 2

2,2
}+n2{(U;J9§—n§)COS2T+(U “
X X

sinusoidal

— 05 —n;
terms 2 722

) sin 27} +O(n?).

2, 2 2, 2
0w . c ofw s
792—’”2:0 and 702—'{12:0.
Since we found that
1*%(2513) “26
c nc c 1+(2¢-%)2 1+(2¢-%5)2
(Zg)z(qg)wb("g) with O, =
2 b2 " 2 1-3(2%6-3)
1+(26-3)2  1+(2¢-3)?
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and (55, 55) are constants, this requirement is fulfilled if the matrix

o2w?

—-0,-1d
X

is invertible. As it can be easily checked, this is true under the only assumption
that £ > 0, which is guaranteed by its definition (1.10).

Finally let us analyze the oscillating force that we found. We have the
following asymptotic equality

F() =nfi(r) + O
where fi can be calculated to be

2 2 2, 2
fi(r) = —UX;J 07 cosT + LX(: SsinT —sinT = w?p, sin(7 - ) (1.21)

with

2 2 X2 2 %—95
pw:;\/(ef) +(0f—%2) and gZ)w:arctan(Q;?l).

Now, since we consider our robot as driven by a vertically oscillating mass, we
have Fq(t) = mAQ?sin(Qt), where A and m are the amplitude and weight,
respectively, of the ocillating mass. From (1.12) follows that

inv

mAQZ
f(1) =w? 5 sin(7) .
In order to recover such expression for f (at least up to a O(n®) error), we must
require n to be w-dependent by imposing

mAQ?nV
N = W , (1.22)

and considering the new time variable 7/ = 7—¢,,, where 7’ can be viewed as the
proper (normalized) time of the internal oscillating force (1.21), while 7 is the
time relative to the first order harmonic of the normal force (1.6). Notice that
both these operations do not affect the analysis we proposed. Indeed, the only
requirement we imposed on 7 is that of being a small parameter. We can then
consider it as w-dependent and satisfying (1.22) if mAQ2, /N* is small enough,
and by eventually restricting the range of values of w in order for mAQ2 [/N*p,,
to be small enough as well for all such values. Moreover, the transformation
7 — 7' leaves the form of the equation of motion (as well as the form of each
system of equations in the asymptotic expansion) invariant, therefore all the
presented results still apply.

Having found the expression for 7 in terms of the given dynamical parameters
of the problem, it is worth to check whether our hypothesis (1.14) is compatible
with the order of magnitude of variables relative to real physical systems. Taking
M = 42gr, L = 10mm, k = 20Nmm, « = 45°, A = 5mm, m = 2gr as in [14] and
p=3sm™!, instead of the value for the dry friction coefficient pqry = 0.9 used in
[14], the choice of order (1.14) in the paper is fulfilled for frequencies varying
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from 10Hz to 70Hz. This range contains our predicted inversion frequency
finv = Qiny/27 ~ 15.5Hz. With the value p = 0.9sm™! (1.14) is not fulfilled,
hence our estimate for fi,, is not directly relevant for the system studied in
[14].

In the following, we will continue to denote the small parameter as n, without
explicitly considering its dependence on w, in order to avoid complications. Also,
we will keep 7 as the normalized time variable of the system.

The expressions that we found for # and w provide approximate solutions
to the equations (1.9)-(1.11) which are justified, at this stage, only through a
formal argument. In the Appendix we will prove that the system (1.9)-(1.11) has
a unique, asymptotically stable, periodic solution (#,w) that can be expressed
by a power series in 17 whose first three orders of expansion are indeed given by
(1.15), (1.16) and (1.18).

1.3 Discussion of the physical implications

Let us turn back to the original, dimensional, equations. From the results in the
Appendix it follows that the dynamical variables (p,v) converge asymptotically
to periodic functions, provided that their initial conditions at, say, ¢ = 0 are close
enough to the equilibrium configuration of the non-actuated system. So, for
large enough values of ¢, after the initial transient, both variables can be written
in a unique way as a sum of a constant (the mean value) and an “oscillating”
periodic function with zero average

© =P+ Posc VXU + Vosc -

The same thing then must hold for any other function depending on them, in
particular

N~N+ Ny and X:)T(+XOSC.
By looking at equation (1.5) we can see that N can be written as the sum of

the constant weight force Mg, the sinusoidal function F and the derivative of
another periodic function, which therefore has zero average. So we have that

N=N*=Mg.

The same kind of argument shows that the second term of the last member of
the equation

X =v+@Lcos(a+p) =20+ (vosc + pLcos(a+ p))

has also zero average. Since the representation of a periodic function as a sum
of its average and of an oscillating part is unique, we have that

X=7 and Xose = Voge + @L cos(a+ ).

Now we can use the asymptotic representations of the various relevant quantities
in equation (1.5), namely

Mo =-uNX.
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Then, by integrating both members of the last equality and taking the time-
averages on an interval [T, T + 27 /w], for T big enough, we obtain the formula
for the average velocity of the robot

bt ][ NXow . (1.23)
N

This formula shows that net forward motion is due to the oscillation of N, which
biases the product N X,sc and leads to non-zero average speed even though
Xose has zero average. In physical terms, the robot moves, say, more forward
than backward thanks to the stronger grip available while its feet slip backward
because, at these times, the robot is pushing more forcefully downwards. What
‘selects’ the direction of motion is therefore the relative oscillation phase between
normal force N and the foot velocity XOSC, the latter being the combination of
the velocity of the robot’s center of mass and the one of the feet with respect
to the body frame. From the first order system in Section 1.2 we have

w1 (T) = pu,ysin(7 - ;)  and 91(7) = pélsin(T - 59-1)

where all the involved quantities py, , pj, , 0w, and ; can be deduced from (1.16)
and (1.17). All of these quantities are frequency-dependent. The functions wy
and 6, can be viewed, respectively, as the approximate (and normalized) center
of mass velocity, and the feet velocity with respect to the body frame. Their
sum enters in the first approximation of the oscillating part of X according to

the following equation
Xose = eLxQn( wy +0p + (9(77)) .

The center of mass velocity and the feet velocity with respect to the body frame
have, at first order approximation, the typical behavior of a driven damped
oscillator: they both vary at the same frequency of the driving force with a
frequency-dependent delay and amplitude. In order to show how these delays
affect the direction of motion we must recover from (1.23) the approximate
average velocity (1.20). Let us notice first that

T —eLxQ(][ n(wosc+é) + 0(773)) ;

where wys. is the oscillating part of w. Now, since sines and cosines average to
zero, we have

F () (wose (1) +6(7))

Fn?sinT (o, sin(r — 8u,) + pg,sin(t = d,.) )
+ f {sines and cosines} + O(n?)

-z 5  cos(6; ) + O

2 (prCOS( wl) + pHICOS( 91) ) + (77 )
Using (1.17) and (1.24) we can express w* as
* 1 S (& 1
w* = —§(w1 —-05) = —5( Py €OS(0n,) + pélcos(éé1 ) ) , (1.24)

therefore (1.23) becomes

R eLxan(u)* +0(n)). (1.25)
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Formulas (1.24) and (1.25) above show that the sign of w*, and hence of 7,
is selected by the relative magnitude of two constants that are affected by the
interplay of the two frequency-dependent delays d,,, and 9, . Both signs are pos-
sible, with positive sign prevailing in the frequency range [0, Qi,y) and negative
sign emerging in the range (Qipy, 00).

1.4 Appendix. Existence, stability and unique-
ness of a periodic solution: rigorous conver-
gence results

Let us start by writing down the normalized equations of our system

ow 25 sin(a+ed ocw? A s(a+ed
— () g enlard) _ eout g2eo(erd) 7y — 14 f(7)

9 = TL(T) sin(o:e@) _ gn(T)(w_’_a'cos((;JreG)) cos(a+ef) (126)

X

W= —)\n(T)(w +0 ms(’;iﬂm)

The function n(7) is now a derivative quantity, that can be written in terms of
f, 0 and its derivatives from the first equation. On the other hand the active
force f is now given and we set it to be

f=nh
where f7 is given by (1.21).

We are going to prove that, for every n sufficiently small, this system has one
and only one 27-periodic solution, which is asymptotically stable and analytic
in 7. This result will put the expansion of Section 1.2 on firm grounds. In
fact, the uniqueness of the periodic solution together with the uniqueness of the
power series representation for the functions involved, guarantees that we have
constructed the actual solution of our problem.

By introducing the auxiliary variable y = 6 one can rewrite (1.26) obtaining
the standard system of ODEs

0
y :Gﬁ(evyaw;T)7
w

where G, is an analytic function with respect to all the variables, and it is
2m-periodic in 7. We first study the unperturbed case
0o
9o | =Go(o,v0,wo;T), (1.27)
o
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or, more explicitly,

éO: Yo

. X2 1 0o
o o2w? 1-&(wo +yo)

. o
wo =—A (1 “e(wo + yo)) (wo +yo)

As we expected Gy is independent of 7 because we ruled out the oscillating
force. It can be immediately checked that

1

Qp=|0
0

is a solution, which is coherent with the results in Section 1.2.2. We calculate
now the Jacobian matrix DGq at the point ¢g. This will give us information
about the stability of the autonomous system and will be crucial in the proof
related to existence. We have

0 1 0
DGO(qO) = o._2>(i)2 ;;(wg ;;(wg
0 -A -A

The characteristic polynomial p associated with the matrix DGy(go) then reads

2 2

p(z) = —det(DGo(go) - 21d) = 2% + %gﬂ o+ XTAQ
02w 02w
We can see that p has the form p(z) = p3x3 + paz? + p1a + py where all the
coefficients p; are strictly positive and, moreover, p1ps —pop3 > 0. As a straight-
forward consequence of the Routh-Hurwitz criterion (see e.g. [30]) all the three
roots of p have strictly positive real parts. This proves that go is a (locally)
asymptotically stable solution of the unperturbed system. Nonetheless this is
also a sufficient condition (see [20], theorems 6.1.1, 6.1.2 and 6.1.3) to guarantee
the existence, uniqueness, periodicity and asymptotic stability of the solution
of the general (n-dependent) system (1.26). We give here a sketch of the proof
for the reader’s convenience.

We have to consider the solution

o(t)
y(r) |=s(gn,7)
w(T)

to the n-dependent problem with initial data

6(0)

y(0) |=q.
w(0)
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The general theory of ODEs guarantees that such a solution exists locally for
small enough values of n and initial data ¢ close enough to gy and that, for
such values, it is analytic. In addition, we also know that s(q,n,-) converges
to the solution of the unperturbed system as its maximal interval of definition
approaches the whole real line (since the solution to (1.27) with initial value
close to the equilibrium ones is defined on R). There are no restriction then
to suppose that s(q,n,-) is defined on, say, the interval [0,27], for every small
enough values of 7. One can easily check that s(q,7,-) is 2m-periodic (and
therefore defined on R) if and only if

0

s(g;m.2m)-q=| 0 |. (1.28)
0

Indeed, if s(q,n,-) is a 2m-periodic solution, then (1.28) holds. Vice versa,
if we have a solution s(g,7,-) of (1.26) defined on [0,27] such that (1.28) is
verified, then we can extend (with regularity) the function on the whole line by
periodicity. The function so obtained is a solution of (1.26) for every 7.

Now, we already know that

S(q07 0) 277) =4qo

since the solution of the unperturbed system is constant for the initial data gg.
To prove that there exists one and only one function

n=dqn
defined around 7 = 0 and such that
0
s(qn777,27r)—q,,: 0
0

one needs to apply the implicit function theorem. We have to verify that
det (Dys(go,0,2m) —1d) # 0. (1.29)
From its definition we know that s(q,0,-) is the solution to the problem

5(¢,0,0) =¢
We can therefore differentiate both members of the previous equations and
obtain that

d
EDqS(CImO,T) = DGo(q0)Dy5(q0,0,7)

Dys(go,0,0) =1d

From this we have
DqS(QO7 0, 27‘(‘) = e27TDG0(QO) )

But then relation (1.29) is verified since all of the eigenvalues of DGy (qop) have
negative real part. Thanks again to the implicit function theorem we can con-
clude that the only periodic solution

(n,7) = 5(qn,m,7)
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to problem (1.26) is analytic in 1 being the composition of analytic functions.

The asymptotic stability of the general solution for small enough values of
7, which is inherited by the asymptotic stability of the unperturbed one, follows
now by applying classical theorems, see [20] (theorem 6.1.3).



Chapter 2

Snake-like Locomotion

Snake locomotion has fascinated natural scientists for a long time. More re-
cently, it has become a topic of great interest as one of the key examples of
soft bio-inspired robotics. This is a new and recent paradigm in robotic sci-
ence [33, 34], whereby inspiration is sought from nature to endow robots with
new capabilities in terms of dexterity (e.g., the manipulation abilities of an ele-
phant trunk or of an octopus arm) and adaptability (e.g., the ability of snakes
to handle unexpected interactions with unstructured environments and move
successfully on uneven terrains by adapting their gait to ground properties that
change from place to place in an unpredictable way).

The way snakes move has been the subject of seminal works by Gray [1, 2],
see also [35, 3]. In these early studies Gray described the mechanics underlying
snake locomotion inside closely fitting channels and on a surface in the presence
of external push-points. Subsequently, muscular activity as well as forces trans-
mitted by snakes to arrays of pegs among which they move have been measured
[36, 37]. More recently, focus has turned to the importance of anisotropy in the
frictional forces between snake ventral skin and flat surfaces on which they move,
stimulating both experimental and theoretical research [38, 39, 40, 41, 42].

The idea that frictional anisotropy plays a role in snake locomotion was put
forward long ago in the engineering literature [35] and, most notably, by Hirose
in his seminal work on robotic snake-like locomotion [44]. Hirose was among
the first to call attention on the potential of biological inspiration in designing
robots by studying snake-like locomotors and manipulators [44]. Technological
advances in this field have led to the development of models for snake robots
crafted with more and more jointed active segments, eventually leading to the
use of continuum theories [45]. In some more recent contributions [46, 47, 48, 49],
Cosserat models are used for the mechanics of slender flexible robots, described
as deformable rods.

Inspired by the literature on snake-like locomotion recalled above, in this
Chapter we study a model system similar to the one used in [50] in the context
of undulatory swimming, and consisting of a planar inextensible elastic rod that
is able to control its spontaneous curvature. This is the curvature the rod would
exhibit in the absence of external forces, which can be non-zero in the presence
of internal actuation (see the sketch in Fig.2.1B). Local control of this quantity
provides an internal actuation mechanism that can be used to mimic muscular
activity in undulatory locomotion. Travelling waves of spontaneous curvature

27
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can put the system in motion when the environment exerts constraints or forces
that the prevent the rod to be deformed everywhere according to its spontaneous
curvature.

To show how control of spontaneous curvature in the presence of external
constraints leads to locomotion, we use a Cosserat model, and derive the equa-
tions of motion for two special cases: one in which the rod can only move along
a prescribed curve (prescribed-path case), and one in which the rod is con-
strained to slide longitudinally without slipping laterally, but the path is not
fixed a-priori (free-path case). The first case corresponds to a rod confined in
a channel with frictionless walls. The second case is inspired by the slithering
motion of snakes, that interact through anisotropic frictional forces with a flat
surface on which they are free to move. Frictional resistance is typically larger
in the lateral direction than in the longitudinal one. Our setting corresponds to
the limiting case of infinite ratio between lateral and longitudinal friction coeffi-
cients, in which longitudinal sliding is allowed while lateral slipping is forbidden,
as in [42].

Our model is related to the ones studied in [40, 41, 42], with some important
differences. We do not allow for lateral slipping and for lifting of portions of
the body (hence neglecting the corresponding modulation of frictional forces) as
in [40] where, however, the curvature of the visible trajectory is assumed to be
known. By contrast, in our model, only the spontaneous curvature (the proxy
for muscular activity) is prescribed, and the curvature of the resulting trajec-
tory, which is a-priori unknown, emerges from the solution of the equations of
motion. We also do not consider internal viscous dissipations and non-linearities
of the longitudinal frictional force, as done in [42] where, however, only periodic
solutions are studied (effectively considering a system of infinite length) and the
equations are closed by imposing an ansatz on the lateral forces exchanged with
the ground surface. By contrast, our model deals with a system of finite length,
and the equations are closed by carefully considering edge-effects, which lead
to non-standard boundary conditions. Moreover, no a-priori assumptions are
made on the reactive forces imposing no lateral slipping, which emerge instead
from the solution of the equations of motion.

Our main new results are the following. We formulate direct and inverse
locomotion problems (direct: find the motion produced by a given actuation
history; inverse: find the actuation history required to produce a given mo-
tion), and show existence and uniqueness of the solution of direct problems,
non-uniqueness for the inverse ones. Our goal is to study the connection be-
tween observed motion, internal actuation, and lateral forces exchanged with
the environment, with the aid of a model system (active elastic rod). Our ap-
proach delivers explicit analytic formulas that enable us also to explore how this
connection is affected by the passive elastic properties of the system (the rod
bending stiffness).

In the prescribed-path case, we reduce the dynamics of the system to a sin-
gle ordinary differential equation for the tail end coordinate (the only degree of
freedom for an inextensible rod forced to slide along a given curve). This equa-
tion reveals clearly the mechanism by which a flexible rod can actively propel
itself inside a channel, whenever the channel exhibits a variation of curvature
along its track, and provides a quantitative framework to revisit some of the
classical findings on snake motility by Gray. In addition, we provide explicit
formulas to calculate the forces exchanged with the environment.
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In the free-path case, we are again able to close the equation of motion and
reduce the dynamics of the system to a single equation, this time an integro-
differential equation for the tail end coordinate. A particularly interesting out-
come of our analysis is the emergence of an asymmetry in the mechanical bound-
ary conditions at the (leading) head and the (trailing) tail. This is not only a
mathematical subtlety, but it is also deeply grounded in the physics of the prob-
lem. While the tail follows the path traced by the preceding interior points, the
head is free to veer laterally, ‘creating’ the path as the motion progresses. We
show that the curvature of this newly created path is set by the time history of
spontaneous curvatures at the leading head. Recognising this steering role of the
spontaneous curvature leads to a procedure to generate solutions for the free-
path case from those of the prescribed-path case, based on modifying them near
the leading head, in order to account for steering. Again, we provide explicit
formulas to calculate the lateral forces transmitted to the ground surface.

The rest of the Chapter is organized as follows. In Section 2.1 we present
our mathematical model of flexible robot as an active rod, and formulate di-
rect and inverse locomotion problems. In Section 2.2 we derive the governing
equations and the appropriate boundary conditions for motion inside a channel
with frictionless walls (prescribed-path), solve them in some simple geometries,
and discuss the physical implications of our results. In Section 2.3 we derive the
governing equations and corresponding boundary conditions for the motion of
an active rod sliding longitudinally without slipping laterally on a flat surface
(free-path) and propose a class of analytical serpentine solutions. Possible con-
nections of our results with observations made in the context of biological snake
locomotion are briefly summarised in the Discussion section, while the existence
and uniqueness of the solution of the equations of motion for the free-path case
is proved in the Appendix.

2.1 The flexible robot model

We consider a model consisting of a (long) chain of cross shaped elements
(Fig.2.1B) linked together by ideal joints connected by deformable springs. We
assume that each spring is able to actively change its rest length (the length
at which the tension in the spring is zero). Following [47, 46, 48, 49] we model
this system through a continuous description based on the planar Cosserat rod
theory.

A configuration of a Cosserat rod of reference length L on the plane is defined
by a pair of vector-valued functions

[0,L] x[0,00) 3 (s,t) = r(s,t), b(s,t) (2.1)

where b is a unit vector (Fig.2.1A). As in [51], we introduce also the unit vector
a = —e3 x b, where ez is the unit vector normal to the plane. We then define the
strain variables v and n through the following decomposition along the moving
orthonormal frame {a,b}

rs=va+nb

where the subscript s is used to denote the partial derivative with respect to the
space variable. The function v = v(s,t) describes the stretch, while n = n(s,t)
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Figure 2.1: A) Variables describing a Cosserat rod configuration. B) Schematic
model for the constitutive elements of the robot structure, illustrating a mech-
anism to produce non-zero curvature in the absence of external forces.

defines the shear strain. Finally the bending strain p := 05 is obtained through
the scalar valued function 0(s,t) defined by

a(s,t) = cosf(s,t)e; +sinf(s,t)es

where {e1,e3} is a fixed basis in the plane containing the rod. We consider
our system as being made of an infinite number of elements like the ones in
Fig.2.1B, each of them being of infinitesimal length, and assembled along the
central curve r of the rod. Since we assume them to be rigid, we impose the
constraints that the rod is inextensible and unshearable:

v(s,t)=1 and n(s,t)=0. (2.2)

The ability of the robot to modify the equilibrium length of each of the connect-
ing springs can be naturally modelled macroscopically by considering an elastic
rod which can actively vary its spontaneous curvature, namely, the curvature
the rod would exhibit in the absence of external loads. This is similar to what
is done [50] in the context of swimming motility. We model this by introducing
the elastic potential density

UG5 1) = 27 (n s, 1)’ (2.3)

where EJ is the bending stiffness of the robot. Notice that if (2.2) hold, then r;
always coincides with the unit vector a, and the bending strain u(s,t) is equal to
the curvature of the rod at the point r(s,t). The function « in (2.3) therefore
can be viewed as the varying spontaneous curvature, which we assume to be
freely controllable in order to set the robot in motion. The bending moment
resulting from (2.3) is

M=FEJ(p-a)=FEJo,+M* (2.4)

and can be seen as the sum of a passive elastic term E.J#, and of an active
one M?* := —FEJa which can be varied at will by suitably tuning «. An active
moment originating from muscular contraction is used also in the model of snake
locomotion in [42].

Along with the elastic potential we define also the kinetic energy density



2.2. THE PRESCRIBED-PATH CASE 31

where the subscript ¢ denotes the partial derivative with respect to time, pA
is the linear mass density and pJ the linear moment of inertia. Finally, the
Lagrangian density £ of the system reads

L=T-U-N(v-1)-Hn (2.5)

where N = N(s,t) and H = H(s,t) are the reactive internal tractions (axial
tension and shear force, respectively) enforcing constraints (2.2).

In the following sections, we will consider two types of locomotion problems
arising form the interaction of prescribed spontaneous curvature and external
constraints. The direct one can be formulated as follows: given a time history
of spontaneous curvatures a(s,t), together with initial and boundary condi-
tions, find the motion r(s,¢) of the rod and the forces it exchanges with the
environment. In the inverse one, the motion is prescribed, and we want to find
a history «(s,t) that produces it, together with the corresponding forces. We
will consider two types of external constraints and see that, in both cases, the
direct problem has unique solution while, for the inverse one, the solution is not
unique.

2.2 The case of prescribed path:
sliding inside a channel

The first problem we consider is motion along a prescribed path. We place
our robot model inside a curved channel fitting exactly its body, assuming that
there is no friction between the walls of the channel and the active rod itself.
We model such a setting by imposing the external (holonomic) constraint

r e Graph{I'} or ¢r(r)=0 (2.6)

where the equation ¢r = 0 defines (we assume, globally) the curve T' which we
interpret as the central line of the channel. There is no loss of generality in
assuming |Ver| = 1.

2.2.1 Derivation of the equations of motion

We derive the equations of motion through Hamilton’s Principle, adding to
(2.5) an external reactive potential —fér(r), where f = f(s,t) is the Lagrange
multiplier enforcing (2.6). A solution (r,#) must satisfy

to L
5ft1 /0 L~ for(r) dsdt=0 (2.7)

for every variations dr and 66 defined on [0, L] x [t1,t2] and vanishing at its
boundary. If we define n := Na+ Hb, the Euler-Lagrange equations we obtain
from (2.7) are

n,— fVer(r) =pAry , Mses+rsxn=pJlyes

where the bending moment M is defined in (2.4). These are the classical dynam-
ical equations for a planar Cosserat rod (see e.g. [51]) with an external force
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given, in our case, by the transversal reaction imposing the constraint (2.6).
The presence of a longitudinal frictional force per unit length

F/’= —’y”mSgn(rt ‘T, (2.8)

rS

S
is handled by simply adding F”, where Sgn denotes the sign function, to the
left hand side of the first equation.

To close the equations of motion we use the Principle of Mechanical Bound-
ary Conditions (from now on: PoMBC) [52]. We define generalized edge loads
acting on the system by considering the rate at which work is expended at the
edges in virtual motions compatible with the constraints, and assume that all
generalized edge loads acting on the system are explicitly prescribed.

In view of (2.6), we have that

I‘(O,t) = F(S()(t)) ) I'(L,t) = F(SL(t)) ’ 9(07t) = @(SO(t)) ) Q(Lvt) = G(SL(t))
(2.9)
where sg and sy, are the curvilinear coordinates relative to I' of the two ends of

the rod, which we call generalized edge coordinates, and © is the angle between
the tangent vector to I and ey, so that

T(¢) = T(&) + f; cosO(N)er +sinO(A)es dA. (2.10)

Now, following the PoMBC, we write the work rate Peqge of the edge loads as

s=L

s=L
Page = n(s,) -wi(s,0) |+ M(s.0)0(5.1) (2.11)

s=0 ’

Using (2.9) to derive the expressions for r; and 6; at s =0, L we obtain
Pogge = s'L(t)(n(L,t) ‘Ts(sp(t)) + M(L,t)k(sL(t)))

~50()(n(0,1) - Ty (s0(£)) + M(0,6)k(s0(1)) )

where we used a “dot” to denote the time derivative of the generalized coordi-
nates, and k is the curvature of I'. The coefficients multiplying the generalized
velocities $o(t) and $p(t) are the generalized edge loads which, by the PoMBC,
have to be prescribed. Since we suppose that no external edge forces are doing
work on the system at either of the two ends, we enforce the condition Pegge = 0
by setting such loads equal to zero.

Finally, conditions (2.2) and (2.6) must be added to the equations of the
system. Since the active rod is assumed to be inextensible and unshearable, and
its backbone curve r is forced inside the graph of I', the constrained system can
be described with only one degree of freedom, namely, the curvilinear coordinate
relative to I' of the first end of the robot model. Thus,

r(s,t) =T(so(t)+s) , 0O(s,t)=0(so(t)+5) (2.12)

and substituting these expressions in the equations of motion we obtain, ac-
counting also for longitudinal friction,

Ny —kH —~"Sgn(30(t)) = pA3o(t) (2.13)
EN + H, - f = pAkso(t)? (2.14)
EJ (ks — ) + H = pJ (kso(t) + ks$o(t)?) (2.15)
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where k = k(so(t) +s). As for the boundary conditions, they now read

N(0,t) + EJ(k(s0(t)) — a(0,t))k(s0(t)) =0,

(2.16)
N(L,t) + EJ(k(so(t) + L) — (L, t))k(so(t) + L) = 0.

Summarizing, in order to solve the (direct) locomotion problem stated at
the end of Section 2.1, we need to find the unknown functions N(s,t), H(s,t),
f(s,t) and sg(t). The equations we have for this purpose are the three equations
of motion (2.13)-(2.14)-(2.15), and the two boundary conditions (2.16). We'll see
that, by integrating (2.13), a first order ordinary differential equation (ODE),
and using the two boundary conditions (2.16), we can derive an additional ODE
containing the only unknown so(¢), which completely determines the motion of
the system. This ODE is given below as equation (2.18), or (2.19) in a simplified
version. Once g is known, we can use (2.15), (2.13) and (2.14), together with
the boundary condition (2.16) holding at s = 0, to determine H, N, and f
respectively.

We show now how to obtain the ODE for s¢(t). If we substitute in (2.13)
the expression of H given by (2.15) then, integrating on the space variable, we
have

L L
m8o N|0+EJ.[0 (ks — as)kds —~"Sgn(s0)L - pJ R - pJ Q3o

L L L
N |O + BJ(k - a)k‘o -EJ fo (k = a)ks ds —v"Sgn(s0) L — pJ R - pJ Qo
where m = fOL pAds is the total mass of the rod,

RGo(0),50(0) = 2O (12(s0(4) + 1) K20 (1)

. (2.17)
and  Q(so(t)) = fo 12 (s0(1) + 5)ds
If we now apply (2.16) we obtain the equation
(m+pJ Q(s0(t))) 30(t) = % (K*(so(t)) = k*(so(t) + L)) —7"Sgn(s0(t)) L
—7"Sgn(30(t))L = pJ R(30(t), s0(t)) (2.18)

‘EJ fOL (s, t) ks (so(t) + 5) ds

which, complemented with initial position and velocity, defines s uniquely. The
shear force H is now uniquely defined by (2.15), while

Ns,t) = [ {pA50(t) +7"San(a0(0)) + Ksot) + HOL 1} i)
- EJ(k(s0(t)) - a(0,£))k(s0(t)) .
Using all the expressions above we can recover f from (2.14).

Let us now suppose that our active rod is stiff and slender enough, so that
EJ,pA> pJ. We can then neglect the terms containing pJ in (2.18), obtaining
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the simplified equation

mio(t) = S5 (K (s0(1)) - B (so(t) + 1)) =2 Sgn(so(1)
(2.19)

N EJ/OLa(s,t) ko(s0(t) +5) ds.

Equation (2.19) shows that the dynamics of the robot model is reduced to that of
a point particle of mass m subjected to a force given by the sum of three terms.
The first one is a “potential” force depending exclusively on the geometry of
T, the second one is a friction term, while the third is an “active” force which
depends on the spontaneous curvature «. The following examples illustrate the
role played by these terms in the dynamics of the system.

2.2.2 Spiral channel

Let us consider only the first term in the right hand side of (2.19) by setting
a,v" =0. The system described in this case is a passive elastic rod with straight
rest configuration placed inside a curved channel with frictionless walls. Because
of inextensibility, the driving force on the rod depends only on the curvature of
the channel at the two ends of the body. Moreover, the sign of this force is such
that the rod is always pushed towards the region of smaller curvature. As an
example, consider the case of a spiral-shaped channel where k(s) = K/s, with
K >0 (see Fig.2.2). Then (2.19) with a = 0 reads

mé&o(t) = -U'(so(t)) where U(sg) = m .

In order to thread the rod inside the spiral by varying the coordinate of the end
point from & to & we need to perform a positive work

EJ (( LK? LK? ) 0 (2.20)

W=U -U = — -
-0 S5 evoa @ e
since we have to increase the curvature at every point of the body. If we then

release the rod it will accelerate towards the exit and return back to & with a
positive velocity

EJ( LK? LEK?
V_\j m((€1+L)§1 _(£2+L)§2)>0' (2.21)

In other words, the system moves towards a “straighter” configuration, decreas-
ing its elastic energy and therefore increasing its kinetic energy. Similar prob-
lems of passive elastic rods sliding inside frictionless sleeves have been studied,
both analytically and experimentally, in [53].

Let us suppose now that a,v” # 0. The active force term in (2.19) can
assume any value if we suppose that we have no restrictions in the choice of
«. This means, in particular, that an active elastic rod can slide inside the
spiral without need of external pushing. More generally, the system can achieve
motion in a predetermined direction when placed inside any channel which does
not present circular or straight sections of length greater than L. This last
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Figure 2.2: A) Two configurations of the elastic rod inside a spiral channel:
initial (light grey) and final (dark grey). A positive work W is necessary to vary
the position of the end point from I'(&3) to I'(§;) and force the rod inside the
channel. B) Upon release, the first end point slides back from I'(§1) to T'(&2)
and the rod exits the channel with velocity V.

result is reminiscent of theoretical and experimental findings of J. Gray in his
study [1] of snake undulatory locomotion. Using an energy balance argument,
he concludes that it is possible for a snake to slide inside a channel closely
fitting its body only provided such a channel exhibits a variation of curvature
along its track. He then shows experimentally that snakes are able to move
in sinusoidal closely fitting channels, but motion in straight ones only occurs
through a different gait (concertina), which is impossible if the width of the
channel and of the snake body are comparable.

2.2.3 Sinusoidal channel

We address in this section an inverse locomotion problem. Let us consider a
sinusoidal channel meandering around the horizontal axis

') = fogcos@el +s8inB@ey; where O(&) = —CACOS(%) (2.22)

and therefore
k(&) = Csin (%) . (2.23)
For small values of the geometric parameter {, the channel is close to a straight
tube while, as ( grows, it becomes wavier and wavier. The wavelength A\ dictates
how many turns the channel has per unit length.
We want to find a history of spontaneous curvatures «(s,t) that produces
motion along the sinusoidal channel (2.22) with constant longitudinal velocity

50(t)=V>0.

Assuming that the trailing edge of the active rod lies at the origin at t = 0, we
must have so(t) = Vt. If we also assume that L = 2rn), where n is a positive
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integer, then the potential term in equation (2.19) vanishes, and constant for-
ward motion is realized only if the active force exactly matches the frictional
one:

s+ Vit

p L EJ¢ rL
~'L = EJ/(; a(s,t)ks(s+Vit)ds = - fo a(s,t) cos( ) ds. (2.24)
Once we find a function « that solves (2.24) then so(t) = V't becomes automat-
ically a solution for the equations of motion, and N, H and f can be explicitly
written following the procedure illustrated in the previous section.

To show non-uniqueness of solution of this inverse locomotion, we generate
two different solutions « by solving two constrained minimization problems.
Among all o’s satisfying (2.24), find the ones that minimizes either Ieng (the
bending energy) or I, (the activity), where

Lt [a 2[ 2(s,8)ds , Tpena [ f (k(s+ V) - a(s, 1)) ’ds.

To solve, e.g., the second problem we consider the extended functional

R L
TIvena [@;q] := Tvena [@] + ¢ [0 a(s,t)ks(s+Vt)ds

where ¢ is the Lagrange multiplier enforcing (2.24). The spontaneous curvature
Qbend MiNimizing Ipenq must then solve 6lpena [@bend; q] = 0, where the varia-
tion of the extended functional is taken with respect to a. A straightforward
calculation gives
"
q ~"L
Qbend(8,t) = ==ks(s+Vt)+k(s+Vt), ¢=—"—"—— (2.25)
. EJ JEk2(s+ Vit)ds

where the second equality is obtained by plugging the expression for apenq in
(2.24). More explicitly, using (2.23), we get

/!
Qpend(8,t) = (sin ( 5 +>\Vt) + ELJ cos ( 5 +)\Vt) with ¢= :mIé .

From the equations of motion and the boundary conditions, taking again pJ = 0,
we then obtain

/1l /!
Hyena = —2% sin(s +)\Vt) , Npend = Zﬁﬁ(sin2(s +/\Vt) sin 2 %)

and

foend(s,t) = ’Y//ZfiL(sinQ(SjL)\Vt) +sir12ﬁ )sin(s+Vt)
™

A A
4 Vit Vit
”gcos(st\ )—pAVQCSin(S+ )

-7

Notice that none of the external and internal forces depend on the bending
stiffness FJ. This allows us to consider the rigid limit E.J — oo, for which the
observable motion and forces do not vary, while on the other hand apenq(s,t) —
k(s+ Vt). This limit case could be relevant for the steering of wheeled robots
in which curvature control is achieved through internal motors.
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Let us find aaet that minimizes I,.; by repeating the procedure above. We
obtain in this case that the optimal « is proportional to ks, whereby internal
actuation is concentrated around inflexion points of the trajectory. This is rem-
iniscent of patterns of muscular activity patterns observed in snake undulatory
locomotion [36, 37]. More in detail,

et (5,) = k(s + V1) = 2L cos(s 1”) , (2.26)

with ¢ given again by (2.25). In order to compare the two solutions we write

2 Vit
H.ct(s,t) = Hpenda(s, 1) —EJ%COS(S +>\ ) ,

2 Vit Vit
Nact(8,t) = Npena(s,t) + EJCZ(COSQ(S +/\ ) +C0827)

and

fur(5:8) = oenals,1) + BT (Z20) o (221

¢3 s+Vt Vty . (s+Vt
+EJZ(COSQ( i\ )+00527)sm( X )

for internal and external forces generated by ., in terms of the corresponding
quantities we found for apenq. We observe that the two force fields differ by
terms proportional to FJ, while they become indistinguishable when EJ — 0.

] 02 04 06 08 1 0 02 04 06 08

Figure 2.3: Snapshots for solution generated by A) apena and B) et at three
times: 1) Vt/A =0, 2) Vt/X =27/3 and 3) Vit/\ = 47/3. Grey segments indicate
the magnitude of the transversal force exerted by the active rod on the channel.

Spontaneous curvatures are represented through the shaded areas along the
rod’s body.

We give here a graphical representation of the two solutions, using ma-
terial parameters taken from the zoological literature. Based on [37] we set
L =1.3m and 7" = p/'mg/L, where p” = 0.2 is the longitudinal friction coeffi-
cient, m = 0.8kg and g is the gravitational acceleration constant. Following [40],
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we neglect the inertial terms in all the expressions setting pAV? = 0. As for
the bending stiffness, we can explore a range going from E.J = 10~*Nm? [54] to
EJ =10"Nm? [42].

Results are shown in Fig.2.3. We set (arbitrarily) n = 3 and ¢ = 18.5m™!,
while we choose the largest value of EJ in order to emphasises the difference
between the two solutions. Segments indicate the direction and magnitude of
the force exerted by the robot on the walls of the channel. The pattern and
amplitude of spontaneous curvatures are indicated by the dark shaded area along
the midline of the robot’s body. The two solutions give very different results in
terms of forces exerted on the channel walls. The force field fpenq consistently
displays maxima in magnitude near the inflection points of curvature. On the
other hand, f..; varies substantially during motion: at some times it displays
local maxima at the points of maximal concavity and convexity, while at some
other times maxima are located at the inflection points. Notice that at points of
maximal concavity and convexity f is perpendicular to the direction of motion
and does not contribute to the propulsive forces. We will comment further on
these features in the next sections.

2.3 The free-path case

We now turn to the case in which the path is not a-priori known and study an
active rod free to move on a flat surface through longitudinal sliding without
lateral slipping. Accordingly, we impose the (non-holonomic) constraint

rior; =0 (2.27)

where ri = e3 xry. We denote by —fr: the transversal reactive force per unit
length (exerted by the ground on the rod) enforcing the no-slip condition, where
f is the Lagrange multiplier associated with constraint (2.27). At the same time,
we suppose that a frictional force F/ given by (2.8) acts in the longitudinal
direction.

Real snakes [38, 39, 40], as well as real snake-like robots [44], cannot rely
on transversal frictional reactions of arbitrary magnitude to prevent lateral slip-
ping. Solutions of interest for the realistic description of these systems can be
considered, for instance, those for which the reactive force f imposing constraint
(2.27) does not exceed a maximum value, which can be determined experimen-
tally.

2.3.1 Derivation of the equations of motion

We deduce the equations of motion through the Lagrange-d’Alembert principle,
similarly to what is done in [55] and [56]. The principle states that, in the
presence of the dissipative force F”, a solution (r,0) that satisfies constraint

(2.27) must solve
ta L 2 L
5[ f Ldsdt+/ [ F".ordsdt =0 (2.28)
tl 0 t1 0

for every variations dr and 66 that vanish at the boundary of [0, L] x [t1,t2],
while dr also satisfy
ri-or=0. (2.29)

S
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Calculating the variation on the left hand side of (2.28), after integration by
parts and reordering, we have

ta L to L
5f f Ldsdt + f f F'6r(s,t)dsdt =
t1 0 t1 0

to L ~ ~
f [ {=pAry + (Na), + (Hb), + F"} - or dsdt
t1 0
to L - -
N f f {(=p IO + BJ (0es - ov0) + (vE - )} 60 dsdt
t1 0

Since (2.28) holds for all the variations satisfying (2.29), it forces the coefficient
multiplying 66 to vanish, while the coefficient relative to dr must take the form
fri, where f = f(s,t) is the unknown Lagrange multiplier enforcing constraint
(2.27). The equations of motion then read

n,+F"' - fri=pAry , Mses+r,xn=pJiyes

We complement these equations with boundary conditions by relying again on
the PoMBC.

Let us consider a typical configuration of the robot model in motion while
subjected to the external constraint (2.27). We suppose that such a movement
is directed head-first, where we denote the head as r(L,t) and the tail as r(0,¢).
As shown in Fig.2.4A, an asymmetry between head and tail emerges. Because
of (2.27), the tail position and director can change only by assuming the values
previously taken at an adjacent internal point. We can therefore impose on s = 0
the same conditions we had in the channel case, namely,

r:(0,t) =vo(t)rs(0,t) and 6,(0,t) =vo(t)k(0,t)

where vy is the (only) generalized velocity at s =0 and k(0,t) is the curvature
of r evaluated in s = 0 at time ¢t. As for the head configuration, since the path is
no longer predetermined, we have an extra degree of freedom. Condition (2.27)
requires r; and ry to be collinear, therefore this extra degree of freedom must
come from the rotation of the director. We then impose

ro(L,t) = vr(t)rs(L,t) and 0,(L,t) = wy(t)

where vy, and wy, are the generalized velocities for the system at s = L. The
work rate of the external edge forces is

Pedge = H(L,t) : rs(L’t)vL(t) + M(La t)wL(t)
= (0(0,8) x5 (L, 1) + M(0,)k(0,1) ) vo (1)

Thus, there are two generalized edge loads at s = L, namely, the axial tension
n-r, and the bending moment M, and one at s = 0, with the same expression
it had in the channel case. We prescribe that they vanish because, just like in
the previous section, we suppose that no external edge force is doing work on
the system.

Alongside with the boundary conditions coming from the vanishing of the
generalized edge loads, the system must be complemented with equations (2.2)
and (2.27).
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Figure 2.4: A) Sketch of the system moving while subjected to the constraint
(2.27). Arrows indicate the direction of motion. Tail position and director
change by assuming the values taken previously at an internal point. The head
configuration has an extra degree of freedom, since it is allowed to turn freely.
B) Motion generated by a given spontaneous curvature history a(s,¢). The
curvature of the path at the leading edge is determined by the spontaneous
curvature at s = L.

The non-holonomic constraint (2.27) compels the active rod to move within
a curve in the plane, much like it was for the channel case in the previous section.
This time, however, the path is not a-priori determined but is created during
the motion, and it is an unknown of the problem. In fact, constraints (2.2) and
(2.27) lead to the existence of some function sg and some curve I', which have
both to be determined, such that (2.12) holds. Since the boundary conditions
we derived hold only for head-first motions, we only consider solutions satisfying

50(t)>0. (2.30)

The equations of motion written in components are formally identical to the
ones derived for the channel case

N, —kH -~"=pAsy(t) (2.31)
EN + H, - f = pAk50(t)? (2.32)
EJ (ks —ag) + H = pJ(k3o(t) + ks 50(t)?) (2.33)

but k = k(so(t) + s) is no longer predetermined. On the other hand, the equa-
tions are closed through the boundary conditions obtained by setting the three
generalized edge loads to zero

N(0,t) + EJ(k(s0(t)) - a(0,1))k(s0(t) =0,

(2.34)
N(L,t)=0, EJ(k(so(t)+ L) -a(L,t)) =0

together with the initial curvature k(so(to) +s) = K(s), with s € [0, L], and the
initial values for sy and $g at ¢ = tg. Such values must satisfy the compatibility
relations

So(to) >0 s K(L) = a(L,tO) and KS(L)S()(t()) = O[(L,to) . (235)

In order to solve the locomotion problem, we need to find the unknown
functions N(s,t), H(s,t), f(s,t), together with so(t) and k(so(t) +s). The
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three equations of motion and the three boundary conditions (2.34) are sufficient
to solve this problem uniquely. This leads to a unique solution also for r and
0, once the initial position r(0,t9) and orientation 6(0,tq) of the first end are
prescribed, by integrating the equations 65 = k£ and ry = I' as done, e.g., in
[40, 41]. The detailed proof is provided in the Appendix, and we only sketch
here the heuristic argument behind it.

A key role is played by the third boundary condition in (2.34), coming from
the vanishing of the bending moment at the leading edge. This latter condition,
namely,

k(so(t) + L) = a(L,t) (2.36)

assigns a crucial role to the spontaneous curvature at the leading edge in deter-
mining the path followed by the system. Thus, the value of a at s = L operates
as a “steering wheel” while the internal values of the spontaneous curvature
supply the active force for propulsion, as it was for the channel case.

Let us see how sg and k can be determined. There is no loss of generality
if we take 9 =0 and sg(0) = 0. On the other hand, let us assume 3¢(t) > 0 for
t €[0,t*) so that sg is invertible in the whole interval, and let’s also assume that
t* is small enough so that so(t) < L for every t. Clearly, k(s) = K(s) is known
for s € [0,L] from the initial condition. For s > L we can recover k from the
history of spontaneous curvatures at the leading edge because each point of the
path T'(§) with £ > L generated between ¢y and t* is the location of the leading
edge at some time sy (& - L), see Fig.2.3B. Thus, setting

k(€) ::{ f((f,)sal(g_L)) igiﬂ (2.37)

we can recover k(so(t) + s) from the initial conditions, the given « and the
knowledge of sg. In turn, so can be determined by substituting the expression
for H given by (2.33) into (2.31) and integrating with respect to s. Using (2.34),
we deduce

(07 Qo)) 3olt) = 5 (K (s0(0)) ~ K(s0(0) + 1)
"L = pJ R(3o(8),50(1)) (239)

+EJfOLa(s,t)ks(so(t)+s)ds

where R and @ are given by (2.17). Moreover, using (2.37) and the change of
variable s = £ — so(t), the last integral in (2.38) can be written as the sum

L+s
L

a6 o)D) Ku(e)de + [ e = solt). 1) ka(E) de
Sol(/t)

The second summand in the last expression can be rewritten further, using the
change of variable £ = so(7) + L, as

L+so(t) t
fL (€ = so(t),t) ks (&) d€ fo a(so(T) =so(t) + L,t) ks(so(T) + L)éo(7) d

fota(so(T) —so(t) + L,t) &(L,7) dr
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where we have used the identity ks(so(t) + L)so(t) = &(L,t) following from
(2.36). Finally, observing that in view of our assumption s¢(t) < L we have
k(so(t)) = K(so(t)) and k(so(t) + L) = a(L, t), also

So(t)”

R= — (a®(L,t) - K*(s0(t))) and

Q:/SOL(t)KQ(«f)d§+fotag(L,T)éo(T)dT.

Equation (2.38) is in fact

(m+pJ Q) 5o(t) = % (K?(s0(t)) —a*(L,t)) —=7"L

L
—pJR+EJ fso(t) €= so(t), t) K (€) de

+EJ fot also(r) = s0(t) + L, 1) (L, 7) dr

an integro-differential equation on sg alone which can be uniquely solved in
terms of the data of the problem, as proven in the Appendix.

Just like in the channel case, once sy and k are known, the unknown functions
H, N and f can be readily deduced from (2.33), (2.31) and (2.32) respectively.

2.3.2 Serpentine solutions

In this section we provide a class of explicit serpentine solutions for the free-path
locomotion problem, by exploiting solutions constructed for the channel case.
We obtain these solutions by solving an inverse locomotion problem, prescribing
the motion first and then looking for a history of spontaneous curvatures «(s,t)
that produces it.

Let us consider the sinusoidal path ' given by (2.22) and assume so(t) = Vt.
As we did before, we set pJ = 0 for simplicity. Following the arguments of
Section 2.2.3 we conclude that o must again solve (2.24). In addition, this time,
we must also require the boundary condition (2.36) to be satisfied. Notice that
none of the spontaneous curvatures we obtained in the channel case fulfils (2.36),
but we show in the following how to modify any « solving (2.24) so that also
(2.36) is satisfied.

We focus below on a, given by (2.26) since, as already remarked, it is the
one that more closely resembles the typical muscular activity patterns observed
in undulating snakes. If we consider a function

a(s,t) = aaet(s,t) + a(s,t) (2.39)

with & such that
L+Vt

(L, 1) :gsin(
/()La(s,t)cos(5+)\Vt) ds=0,

then « satisfies both (2.24) and (2.36). With « having these properties, so(t) =
V't becomes a solution for the equations of motion, and the expression for N,
H and f can be deduced following the procedure of Section 2.2.1.

) — act (L, t)  and
(2.40)
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The extra term & in (2.39) satisfying (2.40) can be taken of the form

_ 01if s€[0,L -]
a(st) = { S pi(t)(s—L+6) if se[L-0,L] (2.41)

where § is an arbitrary constant, which can be taken as small as we want, and
pi(t) with i = 3,...,Q are coefficients explicitly depending on ¢ and implicitly
depending also on § and all of the other parameters. These coefficients can be
uniquely determined imposing (2.40) and any other @ — 5 linearly independent
relations between them (for example, in the numerical experiment we are about
to propose, we imposed @ss(L,t) = 0, which led to a smooth generated force
field f concentrated near the head). Notice that the function & so defined is
twice continuously differentiable.

If we take ¢ small enough then « differs from ¢t only in a small neighbour-
hood of the leading edge where the steering term @ is non zero. The reactive
shear force and tension are now

H(s,t) = Haet(8,t) + EJas(s,t),
N(s,1) = Nows (5,1) + EJC fo sin (%) F.(6,) de

and the force exerted on the ground is, in this case,

E+ Vit
A

From the last equalities it follows that, if ¢ is small, also the forces (external
and internal) have the same values of the corresponding ones obtained in the
channel case with the exception of a small region near the leading edge.

We set §/L = 0.25 and we give here two graphical comparisons of the same
solution fitted with different parameters (Fig.2.5 and Fig.2.6).

In Fig.2.5A and Fig.2.6A we take the same values we considered in Section
2.2.3 for all the parameters. When compared with that of Fig.2.3B, this solution
clearly shows the asymmetry that the steering term & generates in the activa-
tion and force pattens in the proximity of the head (leading edge). In Fig.2.5B
we take the smaller value for the bending stiffness, £.J = 10~*Nm?. Notice that
this solution, besides the tail-head asymmetry associated with steering, displays
a similar force pattern to that of Fig.2.3A (as expected from the formulas we
derived in Section 2.2.3), which is generated by a different pattern of sponta-
neous curvature. Finally, in Fig.2.6B, we consider a rod with the same bending
stiffness but moving with a less tortuous gait (smaller ¢). Observe that, also in
this case, we obtain an almost stationary force pattern, which is qualitatively
similar to that of Fig.2.5B.

Summarizing, we see that a pattern consistent with the picture of snake un-
dulatory locomotion hypothesized in [42] (muscular activity and lateral forces
both concentrated near the inflection points of the trajectory, where the propul-
sive effect of the lateral forces is largest because their component along the
direction of motion is largest) emerges either automatically, for specific choices
of material parameters (Fig.2.5B), or through adjustment of the gait (Fig.2.6B).
Lateral forces near points of maximal and minimal convexity may also be ruled
out by eliminating ground contact (by lifting portions of the body near those
points), as it is done in [40, 41] and sometimes observed in undulating snakes.

s+ Vit

£(5,1) :fact(s,t)+EJ§2/OSsin( )as(g,t)dgsin( )+EJass(s,t).
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Figure 2.5: Solutions with different bending stiffness, A) E.J = 10">Nm? and B)
EJ =10"*Nm?, at three times: 1) Vt/\ =0, 2) Vt/A = 2r/3 and 3) Vt/\ = 4/3.
To help visualization, the spontaneous curvatures are here not on scale: the
maximal width of the dark shades in B) should be ten times greater than A).

Figure 2.6: Solutions with the same bending stiffness and different path ge-
ometries, A) ¢ = 18.5m ! and B) ¢ = 15m™', at three times: 1) Vt/A = 0, 2)
V[ =2n/3 and 3) Vit/\ = 4x/3.

2.4 Discussion

We have studied the motion of an active rod (a planar inextensible elastic rod of
finite length with adjustable spontaneous curvature) arising from the interaction
between external constraints and internal actuation by spontaneous curvature.
Using Cosserat theory, we have formulated and solved both direct and inverse
locomotion problems for two cases: one in which the system is forced to move
along a prescribed path, and the other in which the path is not fixed a-priori and
the system slides along its tangential direction while subjected to lateral forces
preventing lateral slipping. We have obtained a procedure to generate free-
path solutions from solutions with prescribed-path, by recognising the dual role
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(pushing and steering) played by spontaneous curvature in powering undulatory
locomotion of the rod. Finally, we have obtained explicit analytic solutions and
formulas that can be used to study the connections between observed motion,
internal actuation, and forces transmitted to the environment, and to explore
how these connections are affected by the mechanical properties of the system
(its bending stiffness).

Although our results hold for a (very specific) model system, it may be
interesting to compare some of them with observations made in the context
of undulatory locomotion of snakes. For this exercise to make sense, we are
formulating the implicit assumption that our mechanism of internal actuation by
spontaneous curvature can provide a reasonable proxy for muscular actuation,
and that the free-path motion of the organism we are considering does not
cause lateral slipping, but only involves longitudinal sliding (as it is sometimes
observed).

The first example is formula (2.19), which provides a compact summary of
some classical observations on snake locomotion by Gray [1, 2]. Undulatory
locomotion in closely fitting channels is possible only if the channel presents
a variation of curvature along its track. The formula explains the mechanism
by which spontaneous curvature can provide the driving force for locomotion
inside a tightly fitting channel, and our analysis delivers formulas to calculate the
lateral forces exerted on the channel walls. It would be interesting to compare
these with experimental measurements.

A second example is the observation that, among various possible actuation
strategies producing the same prescribed motion, the one minimising actuation
effort (as measured by the integral norm of spontaneous curvature) is propor-
tional to the arc-length derivative of the curvature of the trajectory. This means
that local actuation is maximal at the inflexion points of the trajectory, and
zero at points of maximal and minimal curvature. This is closely reminiscent
of the typical pattern of muscular actuation emerging from experimental mea-
surements on snakes [36, 37], and it would be interesting to explore further the
reasons behind this analogy.

Finally, our analysis suggests that the connection between observed mo-
tions, internal actuation, and transmitted forces may be strongly affected by
the passive mechanical properties of the system, such as its bending stiffness.
The conceptual picture of snake undulatory locomotion in which both muscular
activity and lateral forces are concentrated near the inflection points of the tra-
jectory, previously theorised in [42], emerges either automatically, for specific
choices of material parameters, or through the adjustment of the gait.

Understanding the mechanisms that control gait selection and, in particular,
whether there are optimality criteria explaining gait selection in the biological
organisms, and whether some of them may be useful for the engineering of arti-
ficial devices represent interesting challenges. Adding some important ingredi-
ents, currently not present in our model, may prove necessary. One example is
some form of active local control of the frictional interactions between body and
ground, as is done in [40, 41]. Moreover, when considering real snakes behaviour
it is natural to speculate that muscular activity may be, at least to some extent,
a reaction to external stimuli (the forces exerted by the ground on the snake),
thereby creating an interplay between the two dynamical variables. It would
be interesting to study how our model could be extended to account for such
feedback mechanisms. All these questions will require further study.
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2.5 Appendix. Existence and uniqueness
of free-path locomotion solutions

For the sake of simplicity we take pJ = 0. The following arguments can be easily
adjusted for the general case.

Suppose we have a solution of the free-path locomotion problem (2.31)-
(2.32)-(2.33) satisfying the boundary conditions (2.34) and the extra require-
ments (2.30) and (2.35) where K(s) = k(so(tg) + s) for s € [0,L]. Again, there
is no loss of generality taking tg = 0 and sg(to) = 0. Let us first suppose, by
restricting its domain of definition if necessary, that sg is defined on a time
interval [0,t*) such that so(t) < L for every ¢ € [0,¢*). The arguments used in
Section 2.3.1 show that, within this time interval, the equation for sy in terms
of the data of the problem reads

méog(t) = E2J(K2(so(t))—aQ(L7t))—7”L+EJ/SOL(t)a({—so(t),t)KS(g)dg
+ EJ fo " a(s0() = s0(t) + L.1) &L, 7) dr . (2.42)

The general case in which sg(t) > L may also occur (i.e., the trailing edge is no
longer contained in the image of the initial configuration, see Fig.2.3B) can be
handled by applying the following simple, yet technical, argument. As we will
show, a local solution sy for (2.42) exists and is unique once a positive initial
velocity $q(to) is given, by requiring that so(t) < L. If alocal solution sq of (2.42)
exists and is unique then, for every given initial conditions, there exists only one
solution with a maximal interval of definition. For such maximal solutions we
can have either of two cases. In the first, the maximal interval of existence of
so with $9 > 0 is of the type [0,t*) and, for every ¢ in the interval, so(t) < L
holds. If that occurs, the only solution of the free-path problem is defined in
the time interval [0,¢*), the curvature k can be derived through (2.37) while all
the other unknowns can be deduced by the the same procedure we employed
in the channel case in Section 2.2.1. In the second case, a solution sq of (2.42)
satisfying $o > 0 and so(t) < L can be only defined in a maximal domain of the
type [0,t*]. For a solution of this kind we must have sq(¢*) = L, by maximality.
In this last case we can still define k through (2.37) as we did before. Then
we can reapply all the arguments of Section 2.3.1 finding an equation of the
type (2.42) for a new variable s§ with new initial conditions for the free-path
locomotion problem, namely sg(t*) = so(*), 55(t*) = So(t*) and the new initial
curvature K*(s) = k(L + s) with s € [0, L]. After that we are able to solve the
new integro-differential problem uniquely for sj, recover the value for all the
unknowns, and then glue the solutions together. We repeat this procedure until
we reach eventually a maximal domain of existence for the general solution.

The existence and uniqueness of free-path locomotion solutions then follows
from the local existence and uniqueness of solutions of (2.42) with the extra
requirements $o(t) > 0 and so(t) < L. This can be proved using standard
contraction mapping arguments. The result holds under the very reasonable
assumption of a and K being differentiable and uniformly bounded together
with their derivatives.
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Observe that we can recast (2.42) into a set of integro-differential equations
of the form

X(t) = G(x(t), 1) + fo "H(x(r) - x(t), . £) dr | (2.43)
with
x() = (1), y(1)) , H(x,7,1) = (0, BJa(z+ L,t)a(L,7)) and

y FEJ
G(’““:(m’ 2

It is clear that x solves (2.43) if and only if so(t) := z(t) solves (2.42). We first
extend K and « outside [0, L] x [0, co) while keeping their regularity properties.
Then we consider the Cauchy problem for (2.43) with initial conditions x(0) = xq
and no extra assumption on the solutions besides differentiability. The problem
can be easily proved to be equivalent to that of the existence of a fixed-point
for the operator C' defined as

C[x] (t):xo+f0t[G(x()\),)\)+f0/\H(x(T)—x()\)7T,)\)dT dX.

(K2(x)_QQ(Lvt))_ry//LJ,-EJ‘LLa(f—x,t)Ks(g)df) .

We restrict the operator C' to the space B%’T of continuous vector valued func-
tions ¢ — x(t) defined on the interval ¢ € [0,7] and such that

X — Xg|| = max |[x(t) - xo| < M.
=] = masx. (1) =l
There is no loss of generality in assuming that the extensions we considered for
K and « lead to the existence of two constants Mg and Mg such that
|G(x(t),t)|< Mg and |H(x(7)-x(t),7,t)]< Mg forevery 7 and ¢

and for every x € B% T, We can also assume that there are other two constants
Lg and Ly such that

IG(x,1) - G(y, )| < Laglx-y| and [H(x,7,t)-H(y,7,1)|< Lulx -y
for every 7 and ¢ and for every X,y € B% T We have then
|C'[x] (t) - 0| < TMg + T? Mg

and also
CHO-CHIO < | [ exMN -GN

+

fot fOA H(x(7) -x(\),7,\) —H(y(7) —y(\), 7, \) dr dA ’

IN

Tralx-yl+ L [ [ () -x() - (y(r) ~y(0)| drax

IA

(TLg +2T°Ly) [x-y]| .

For small enough T the operator C' is a contraction from B,J(\;I’T into itself,
therefore it has only one fixed point. This proves local existence and uniqueness
for the extended version of (2.43). If we take xg = (0,y0) with yo > O then,
restricting the domain of existence to an interval [0,7*) if necessary, we have
by continuity x(t) < L and @(t) = y(t) > 0 for every ¢t € [0,T*), hence obtaining
the unique solution to the original (non-extended) problem.






Chapter 3

Flagellar Swimming

Flagella constitute the mean of propulsion for a large variety of swimming mi-
croorganisms, and they are at the base of bio-inspired designs of swimming
robots targeted to medical applications [8, 9]. In eukaryotes these long and
flexible appendages are typically actuated by distributed internal forces. Mam-
malian sperms, for example, propagate bending torques along their tails to
achieve propulsion [63, 64, 82]. Others, like the bi-flagellate Chlamydomonas,
perform a rhythmical breaststroke-like routine leading to a rocketing forward
motion [83, 84].

On the other hand, passive elastic flagella, when actuated only at the extrem-
ity, can also constitute an effective and simpler swimming device. A biological
example for that comes from bacteria like F.Coli, whose passive helical tail is
actuated at one end by a rotary motor inducing a cork-skew like propulsion [84].
Locomotion at very small scales is subject to the so called “Scallop Theorem”
[72], which states that the body of a swimmer must undergo time-irreversible
shape changes to produce net advancements. How the hydroelastic coupling
between a flagellum and the surrounding fluid constitute, by itself, a source of
time-irreversibility and propulsion stands as a fundamental problem to address.

Much has been done. Besides the pioneering work by Machin [71], the prob-
lem has been explored extensively in more recent years [58, 59, 60]. In [58, 59]
Wiggins et al. demonstrated that, apart from axial rotations, also the planar
beating of an elastic filament with one oscillating end can produce axial propul-
sive force. These findings have been put in the swimming context by Lauga in
[66], who analysed the locomotion capabilities of an internally actuated swimmer
model as the one in Fig.3.1B. Numerical experiments also focused on externally
actuated swimming of microrobot models, inspired by the geometry of sperm
cells, consisting of a cargo with a clamped passive elastica [69, 65] like the one
depicted in Fig.3.1A. Both externally and internally actuated elastic swimmers
were also analysed through discrete models by Or et al. in [73, 74] to grasp the
essentials of their motility mechanism. However, in all the aforementioned stud-
ies flagellar beating is always restricted to sinusoidal actuations; the swimmers
move “head-first” and, on average, on a straight line.

Many questions remain unanswered. For instance, what is the direction of
motion for a generic (non-sinusoidal) periodic actuation? Does swimming always
take place head-first, or can the sign of swimming velocity be controlled? In
this Chapter we provide an answer to these questions. Our analysis is based on
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a small-compliance assumption to obtain rigorous approximation of the general
continuum equations. Within this limit we provide explicit formulas whose
results are expressed through motility maps [78, 79, 80, 81], a visual approach
that allows deduction on equations outcome without the need to actually solve
them.

We find a sign reversal in direction for the externally actuated swimmer
for large enough actuation amplitudes. Moreover, we find that modulation in
the velocity of actuation can provide a mechanism to select different direction
of motion. Indeed, a flagellar oscillation composed by a fast turn in in one
direction and slow turn in the other produces generally a deviation from the
symmetry axis around which beating takes place. With these oscillatory inputs
the externally actuated swimmer in Fig.3.1A can translate laterally with respect
to this symmetry axis, while the internally actuated one in Fig.3.1B is able to
move along curved trajectories.

Dependency on the velocity of actuation is not surprising since previous
investigations on this kind of model swimmers [66, 73, 74] reported that different
displacements arise after different frequencies of oscillation. With our analysis
we can look deeper in to the relations between a) given (generic) actuation, b)
shape changes of the swimmers c) resulting displacements after every actuation
cycle, and we demonstrate how the actuation velocity can be considered as a
motion control parameter.

Take first the externally actuated swimmer. As mentioned earlier, in order
to obtain a net displacement, the swimmer must undergo non-reciprocal shape
changes to overcome the Scallop Theorem. Here the shape of the swimmer is
determined by the angle « between the head and the tail at the point of at-
tachment (see Fig.3.1B) and by the geometry of the tail itself. The latter is
a result of the dynamics. Because of our small-compliance assumption we do
not have propagating bending waves, instead tail geometry during motion is
“simple”. More precisely, we deduce an explicit formula for the tail deformation
at a given time depending only on two parameters: the internal angle o and its
velocity &. This last two quantities can be interpreted then as the shape param-
eters of the swimmer. Modulations of the actuation velocity lead to different
loops in the shape space, resulting in different displacements. Motion control is
possible as, given the loop geometry in the shape space (&, @), the resulting dis-
placement can be inferred with the aid of the motility maps provided in Section
3.3.2.

A similar analysis is carried out in Section 3.2 for the swimmer in Fig.3.1A.
It must be noted that, because of the presence of an external torque, in this
case the Scallop Theorem does not apply, see [74, 85]. Indeed, for example, a
two-link swimmer (“Purcell Scallop”) can display net motions if an oscillating
external moment is acting on it. Non-reciprocity is, on the other hand, still
crucial. For the two-link swimmer we have net displacements if, as a result
of external activation, the angle of one link with respect to an external frame
and the internal angle between the two links undergo a non-reciprocal cycle.
Motions arise, for our externally activated swimmer, in a similar way. We can
assimilate the link angle of the Purcell Scallop with the angle ¢ (see Fig.3.1A),
and the internal angle between the links with the geometry of the tail. Also in
this case, in fact, the tail geometry is “simple” and it is completely determined
by only one parameter: the velocity ¢ Modulating loops in the space (d),gb)
leads to different resulting displacements that can be inferred from the motility
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maps of Section 3.2.2.

The Chapter is organized as follows. In Section 3.1 we set up the governing
equations for both models, following closely the derivation in [66], and we for-
malize the assumptions on the dynamical parameters. In Section 3.2 we derive
an explicit solution for the externally actuated swimmer in Fig.3.1A, we derive
and comment the motility maps and also address some optimization problems
related to efficiency and velocity of swimming. The same kind of analysis and
results are carried out in Section 3.3 for the internally actuated swimmer in

Fig.3.1B.

3.1 Governing equations

As mentioned in the introduction, the model microswimmers subject to our
study are those illustrated in Fig.3.1A and Fig.3.1B. We restrict ourselves to
planar motions of such model swimmers (although the analysis we present here
can be carried out also in three dimensions) and we consider the plane of loco-
motion as the one spanned by the couple of orthonormal vectors {e1,es}. Both
of the models consist of a spherical cargo of radius a attached to a passive elastic
filament of length L, which we shall refer to as the “flagellum”. Both swimmers
are surrounded by a Newtonian fluid and moving at a low Reynolds number
regime.

Figure 3.1: Schematic description of A) the externally actuated and B) the
internally actuated swimmer model.

In the case of Fig.3.1A, the swimmer’s flagellum is clamped orthogonally
to the cargo, and the swimming propulsion is achieved thanks to an external
torque acting on the sphere. We suppose that such a torque modulates the
angle ¢ formed by the horizontal line and the line joining the centre of the
cargo q and the point of attachment. We define the angle ¢ for the swimmer
in Fig.3.1B in the same way. Here, however, we suppose that the flagellum is
connected to the sphere by a joint, and that the angle € of the flagellum at the
point of attachment can vary. The action of an internal torque modulates the
angle difference o = 0 — ¢.

In both cases the elastic flagellum is supposed to be inextensible and slender,
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that is, denoting ry the radius of its cross-section, we assume
Ty
— 1. 3.1
L (3:1)

As proven experimentally in [67] the dynamics of interaction between the fluid
and such a slender filament can be well described by “resistive force theory”,
which is the lower order approximation in the parameter 7;/L of the more
general “slender body theory” [70, 5], which is derived directly from the Stokes
equations. In the limit of small ratio /L long range interactions are neglected,
and hydrodynamic forces are assumed to be acting locally. We also neglect
hydrodynamic interactions between the flagellum and the cargo. The two key
dynamical parameters are the viscous drag coefficients £,, and &, which are the
force exerted by the fluid per unit length of the flagellum for motion parallel and
perpendicular to its length. The mass of the swimmers is neglected as viscous
and elastic forces dominate the dynamics.

Our analysis relies on yet another hypothesis, previously stated in the in-
troduction: we assume that the flagellum, in both cases, has a large bending
resistance compared with the viscous forces it is subjected to. More precisely, if
we denote B as the bending stiffness of the flagellum and w as the frequency of
actuation (either internal or external), then we assume that the ratio between
the typical normal viscous force &, L?w and the typical elastic force L™2B acting
on the flagellum

£ L%w
€ =

LB
is small. As a consequence, the flagellum does not deviate largely from a straight
line. This last assumption is consistent with the use of resistive force theory, as
the theory is proven more accurate for slender bodies for which any two point
of the system are kept “as far away as possible” [67, 66]. Moreover, the small-
slope regime leads to a substantial simplification of the governing equations of
the system, allowing the theoretical treatment we propose here.

(3.2)

3.1.1 The small-slope approximation

In setting the equations of motion we follow closely Lauga’s derivation in [66].
The arguments leading to the equations do not differ greatly from those pre-
sented in [66], and the equations themselves present little discrepancy. In order
to elucidate on the few differences we propose here the main passages of the
derivation. First we consider the flagellum dynamics, for which the same “bulk”
equations hold both for the externally and the internally actuated case.

We denote by r the curve on the plane describing the position of the middle
line of the flagellum. As mentioned in the previous section, we restrict our
analysis to the case in which the flagellum is varying mildly around a moving
axis of reference. We assume that the direction of the reference axis is given at
time ¢ by the normal vector

ep =cosf(t)er +sinf(t)ey
and that the curve r has the following expression

r=r(0,t) + zeq + y(z,t)e; (3.3)
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where e; = —sinf(t) e; +cos#(t)es is the normal vector orthogonal to the refer-
ence axis and r(0,t) determines the position of the point of attachment between
the cargo and the flagellum. We suppose

y(0,t) =0 and @(OJ) =0 (3.4)
ox

so that, in particular, the orientation of the flagellum at the point of attachment
is determined by 6. Notice that, with this assumption, for the externally driven
swimmer the angle 6 and the orientation of the cargo ¢ coincide. The small-slope
approximation consists in the hypothesis

dy

9| < 1. (3.5)

In this regime the variable = can be considered as the arc-length coordinate of
the curve r, and it is taken to vary in the interval [0, L]. We denote with v, and
vy the longitudinal and the transversal velocity (respectively) of the flagellum
with respect to the reference axis direction. The two quantities are defined by
the formula

or

ot
Following [66], in the small-slope approximation the projections on ey and ej
of the force balance equation on the flagellum read

= Vg€ + vy€p . (3.6)

dy 0
Eva + (&1 _ﬁl)nyy _—
oo (3.7)
0y oty 0 Oy .
o+ (6-Eugl =Byt o (o5

The left hand sides of the equations account for the viscous forces, while the
right hand sides for the elastic ones. The function o is the Lagrange multiplier
enforcing the inextensibility constraint, and it is determined (see again [66]) by
the equation

Ui B(fu_l)fﬁya“y:B@y%,
Ox? ' Ox? Ot Ox Oxb
The boundary conditions at the free edge x = L are given by the vanishing of

the applied elastic force oeg + (-Bd3y/0z® + 0dy/Ox)ej and elastic moment
BO%y/0z?, which give

(3.8)

0%y 23y
U(L,t) =0 5 @(L,t) =0 and @(L,t) =0. (39)

Force and moment at the point of attachment x = 0 are determined by the
interaction with the cargo.

As we stated in the previous section, the cargo does not interact with the
flagellum through hydrodynamics. Therefore the viscous force on the sphere is
given by —vq where v is the viscous drag coefficient and where we denoted with
a ‘dot’ the derivative with respect to time. For both the externally and the
internally actuated swimmers the forces acting on the cargo are the viscous one
and the contact force oeg + (~B8?y/0x* + 00y/0x)e; exerted by the flagellum
on the sphere. If we apply (3.4) the force balance on the cargo reads

3
—vq(t) + (0, )eq - B%(o, t)et =0. (3.10)
X
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The difference between the systems of equations of the two model swimmers
lies in the moment balance between the cargo and the flagellum. For the exter-
nally actuated swimmer the moments acting on the cargo are: the viscous one,
given by —thé where vt is the rotational drag coefficient for the sphere; the
contact one a(-Bd3y/0z3 +00y/0x) + BO?y/0x? coming from the flagellum; and
the one given by the external torque Tex;. Using (3.4) and (3.10), the moment
balance equation on the cargo reads

Vot H(1) + vaey-q(t) + B(92 5 (0,8) + Text (1) = 0 (3.11)

where e, = —sing(t) e + cos¢(t)es. As for the internally activated swimmer
there are only viscus and contact moments acting on the cargo, when, on the
other end, we assume that there is internal couple 7y, acting on the flagellum
to enforce the angle difference oo =0 - ¢. We have

0%y 0?
(1) + vaey - a(t) + By (0 =0 and Tin = Bai;(o,t). (3.12)
x
In the next section we non-dimentionalize all the above equations of motion.

3.1.2 Non-dimensional equations

To avoid notational excess we use the same variables we adopted in the deriva-
tion of the dimensional equations to denote their respective normalized quanti-
ties. We scale by L the space variables z, y, r, q, and by w™! the time variable .
The Lagrange multiplier ¢ is scaled by the elastic force L2B while 7oyt and 7
by the viscous torque &, wL?. We keep the angle variables ¢ and 6 (themselves
in non-dimensional units) unscaled.

The normalized equations for the flagellum are

€ (vvgc +(v-1)vy By) = g—z (3.13)
oy oty 0 oy
e(vy (v -1, x) = ot o, ( 3x) (3.14)

where v = £,/¢, is the drag anisotropy factor and € is given by (3.2). The
non-dimensional equation for o becomes

%0 82y oty _ Oy ° Py
= 3.15
Ox? +(r- 0x2 Ozt Oz 925 (8.15)
while the non-dimensional force balance on the cargo reads
. 839 L
—enq(t) +o(0,t)eq — ﬁ(o, t)e; =0 (3.16)
x

where we set n = v/£, L to be the total viscous drag ratio between the sphere
and the flagellum. The moment balance on the cargo for the externally actuated
swimmer in non-dimensional units is

: R
e d(t) + enpel - a(t) + 87;;(07@ + €Toxe (1) = 0 (3.17)
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while for the internally actuated swimmer we have

. 2
_enr0t¢(t) +€np eéﬁ : q(t) — €Tint (t) =0 with 6Tint(t) = —%(0, t) (318)
X

where ot = Vot/EL L2 is the total rotational viscous drag ratio and p = a/L.
Finally, the following boundary conditions must hold

dy 0%y O3y
== =—(1,t) = —(1,t) =0(1,t) =0. .

We conclude this section with a few comments on the relevant quantities that
arise from the non-dimensionalization of the equation of motion.

In the slender limit (3.1) the two viscosity coefficients on the flagellum have
the following expressions

B 2mp
~log(Lfry)-1/2

AT

& log(L/rs) +1/2°

and & = (3.20)

where p is the dynamic viscosity of the fluid [70, 5]. In the same slender limit
then the drag anisotropy ratio 7 is approximately ~ 0.5. As for the spherical
cargo we have v = 6mpa and vyoy = 8mpa® [77], therefore from (3.20) and the
definitions of 7 and 7,4 we have

n= %P(log(L/Tf) +1/2) and oy = 20°(log(Lfry) +1/2). (3.21)

Once the slenderness L/ry of the flagellum is set, the two parameters 7 and 7ot
depend solely on p = a/L.

Finally, let us consider e given by (3.2). As mentioned in the first section,
this parameter measures the compliance of the flagellum while subject to a
viscous force of order &, wL?. In the following, we shall refer to € as the “Machin
number” and always assume

ex1. (3.22)

We point out that this assumption is not always satisfied for material parameters
of known manufactured or biological flagellar swimmers; for sperm cells € ~
10% - 10° [64], while for the artificial swimmer in [62] € ~ 10° - 10®. However,
considering a flagellum with L/ry ~ 10%2-10% and Young modulus E ~ 10" Nm™2,
the value for permalloy as in [85], beating in water p = 8.90 x 10*Nm™2s then
(3.22) is satisfied for a reasonable range of frequencies. Indeed, using (3.20) and
the formula B = WET;/ZL, we have

L 4
_Swa_ Spw(Lfry) < wx107% - w x 1072s.
B (log(L/rg) +1/2)E

Besides, the hypothesis (3.22) will enable us to develop an asymptotic ap-
proximation scheme for explicit analysis. Moreover, it justifies the adoption of
the small-slope equations, as it is explained in the next section. This is the
major difference between our analysis and the one presented in [66] where small
deviations of the flagellum comes as a consequence of small actuation.
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3.1.3 Further simplifications

Following again [66], we further simplify the governing equations by estimating
the scaling in € of the various quantities and retaining only on the leading order
terms.

If the data driving the motion Tint,7ext are of order ~ 1 then, from the
physics of the problem and the hypothesis of quasi-rigidity (3.22), we have that
the quantities q, (,2.5, 9, Vg, Uy, ¥y are at most of the same order, as it is verified
a-posteriori. From (3.17) and (3.18) we have that 9%y/0%z ~ ¢ at z = 0 in both
the externally and the internally driven case. If we project (3.16) on es and ej
then, with the same argument, we obtain o ~ € and 0%y/9%z ~ € at = 0. Given
that the other boundary conditions for y and ¢ are null (3.19), we can conclude
from (3.13) and (3.14) that o,y ~ €. Notice that (3.5) is therefore verified.

It will turn out that in the externally driven case o is in fact of order €2,
but in the internally driven one it is actually of order . Anyhow, we can drop
higher order terms in e from equation (3.14), obtaining

4
€vy = —%(mi) (3.23)
Because of this simplification we can rule out o from the equation of motion.
Indeed, observe that from (3.3) and (3.6) we have

vy =u® -0y and w,=u!+0x+ % (3.24)

where we defined ©” and u? as the longitudinal and transversal velocity of the
attachment point respectively

. Or or
u- = a(o, t) ‘€ , u’ = E(O7 t) . eé . (325)
Therefore, using (3.19) (3.23) and (3.24), if we integrate (3.13) we obtain
L 9o 1 oy
00 L1 el 002)
o(0,t) , €l +(y-1)v, D

0 Ox
Lo ! Ay dy

=— v 6 / -1 =—==Z
ewt+§£ 0y + 0(7 )aﬁax

1
. Lo oy 3y 1 (0% ?
-cent e | 7‘99*(7‘1)[%3@‘2(%

0
1 2,\2
oz ;-1 (0%
= —eyu +e[0 ~Oy + 5 (8x2)(0,t).

Substituting the above expression for ¢(0,t) in the projection along eg of (3.16)
we have

e(n+7)u®(t) —enpsina(t) = e’yé(t)[ol y(x,t)dx +

-1 (0%
Ox2

2
> ) (0,¢) (3.26)

where o = 0 in the externally actuated case.
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3.2 Externally actuated swimmer

The natural problem for the case of the externally actuated swimmer is that of
finding the motion given the external actuation 7ey;. We study here first the
problem in which ¢ is given, for two reasons: first, it simplifies the asymptotic
calculations; second, and more important, the geometry behind the propulsion
capabilities of the swimmer is better understood when treated in terms of the
configurational parameter ¢.

Observe that, in this case, the moment balance equation on the cargo (3.17)
can be ruled out. More precisely, (3.17) stands to define the external torque 7oyt
needed to impose the oscillation of ¢ we prescribe. The system of equations for
the swimmer therefore consists in: the (simplified) balance of transversal forces
on the flagellum (3.23), the projection on e; of (3.16), and (3.26). Since ¢ =6
then, using (3.24), the system reads

. 4

e(uy(t) F o)z + %(m,t)) - —%(m) (3.27)
. 03y

enpd(t) —em¥(8) = 40,1 (3.28)

e(n+y)u”(t) = e*yq.ﬁ(t) /;1 y(x,t)dx + 7; 1 (gx:g) (0,t) (3.29)

In order to solve for the unknowns u*, u¥ and y, the previous equations must
be accompanied to the boundary conditions (3.19).

As we show in the Appendix, given a periodic actuation ¢(t), the system
(3.27)-(3.29) admits only one periodic solution. All the analysis and results
we present in the following regard this solution alone. In the next section we
propose a perturbation scheme to obtain a formal asymptotic solution, which
approximates the unperturbed periodic one in a sense defined rigorously in
Appendix 1.

3.2.1 Asymptotics

We now proceed formally in finding an asymptotic solution of our problem,
applying standard perturbation techniques [75]. We look for solutions in the
form of a power series in the Machin number

2 @ _ 2 @ 2
Y =yo+eyr+eyat..., ut =ugteuf e us+..., u¥ =uf+eud+e uy+... (3.30)

We can also think the given periodic angle ¢ as coming in power series form
¢ = o+ €py + €2y ..., taking ¢ = ¢ and ¢y, = 0 for k > 1. Substituting these
expression in the equations of motion, and expand all members of the equations
in power series in €, we then make coefficient of equal power equal. We obtain
a series of problems to be solved successively: equation (3.27) becomes

yo 'y

: OYr-1 k
0= @(I,t) and  u}_|(t) + dp_1(t)z + 5 (x,t):—ax4 (z,t) (3.31)

for every k > 1, while (3.28) gives

_ »yo
ox3

33%

0 =
ox3

(0.0) and mpdear (t) ~nul_, (1) = Z2(0,1) (3.32)
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for k > 1. These series of equations come with the following boundary conditions

8yk 5‘ Yk ok Yk

b 2=

Notice that u” is completely decoupled from u¥ and y, as it appears only in
(3.29). We can then solve (formally) for «¥ and y from (3.31) and (3.32),
and subsequently recover the asymptotic expression for u® though the equality
(3.29).

In the following we calculate explicitly the asymptotic solution up to order
k =1. Clearly, at the zero order we must have

yo(z,t) =0.

Equation (3.31) for k£ =1 then reads

ye(0,t) = —(0,t) = (1 t)=0 fork>0. (3.33)

A 4
wl(t) + (t)x = —‘{;xﬂl (z,1).

The unique solution for y; satisfying the previous equation and the boundary
conditions (3.33) can be written as

y1(x,t) = - fow‘/(;m[z:/;: (ug(t) + gﬁ(t)x4)dx4dx3dz2dz1. (3.34)

Substituting (3.34) in (3.32) we have

mod(0) i) = [ (1) + b(0)e)

which gives

1
np-3
u(t) = 2 (t). 3.35
uj(1) = T () (335)
Plugging the above expression for u§ back in (3.34) we obtain

y1(x,t) = —p1(x)(t) where

p1(x) = f f f /;3 (77:_:1 4) dxadrsdrodry . (3:36)

Notice that the solution we have just found for y; states that, at first approxi-
mation, the shape of the flagellum during motion is completely determined by
the actuation velocity ¢(t). This is not entirely surprising, since the bending of
the flagellum must be proportional to the total moment applied to it, which it-
self depends on the velocity of the swimmer. We will return on this observation
in the next section.

We find now an explicit solution for u{, by considering the k = 2 order
problem in (3.31), which now reads

Wl(8) — pr(2)6(1) = 8y2< ).

Following the same arguments as in the case of y; we obtain the integral formula

ya(z,t) = —[Omfox1L2lf$: (u%(t) —pl(m)é(t))dmdazgdxgdxl
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which, substituted in (3.32) for k = 2, gives

1 .
(1) = [ (w0 = pr(0)d()) do
From the previous equation we have

1

1))
ud (t) = il (3.37)

1

We can know find the solution for the first orders of u”. If we replace the
asymptotic expansion of y in (3.29) we get

1. -1 2 2
e(n+y)u” = egvf dy + 21 (8'1]21) (0,8) + O(e%),
0 2 or

from which we obtain the expressions for the orders k£ = 0 and k =1 of the u”
asymptotic expansion

uy =0 and wuf

gl /1 L=y w2\ 2
o el TR e V{0 EANCE Y
(77 +v Jo 2(n+7) "
where we denoted with a ‘prime’ the derivative of p; with respect to x.

3.2.2 Motility maps

Having found the first order of approximation for u* and uY we turn now on
the analysis of motion of the swimmer. Specifically, we study here the resulting
approximated solution for the coordinate q of the cargo, and we show how a
given (periodic) actuation ¢ can lead to propulsion. The quantity we shall
consider is

Aai=a(1)-a(0) = [ a()d

namely the net displacement of the cargo after one period.
Before entering in the explicit calculations we make here two important
remarks on the definition of Aq. Firstly, since from (3.25) we have

d d
4= —(r(0,t) - pey ) = u¥ey, + ulel — —pey,
th(( ) - pes) ¢ 6~ g Pee
where {u”,u?} is the (periodic) solution to the unperturbed problem, then if we
consider A, q, namely the net displacement of the cargo after the n'" period,
we obtain

n+1 n+1 d 1
Anqi= f q= / (uregb +u¥et - —pe¢) = f u“ey + uyeé =Aq
n n dt 0

because of the periodicity of u®, u¥ and ¢. The definition of Aq is well defined,
as it gives the net displacement of the cargo after any period of the actuation.
Secondly, we observe that we can restrict our analysis to the case in which the
activated angle ¢ oscillates around 0 (i.e. the flagellum is beating around the
horizontal axis) without loss of generality. Indeed, for a general periodic function
¢ we can always find ¢ oscillating around zero such that o(t) = ¢* + ¢~>(t) for
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some constant ¢*. Since the equations (3.27)-(3.29) only depend on the time
derivative of the prescribed angle, the two inputs ¢ and (;NS generates the same
velocities u” and u?. Therefore, if we denote q the coordinate of the cargo when
the controlled angle is ¢ and q when the angle evolution is given by ¢, we have

1 1
— - s _ * . 1 _ * ~
Aqiﬂu%ww+w%wf3wq[;M%+W%_Rw)mq

where R(¢*) is the rotation on the plane by the angle ¢*, which reads

R(¢") = ( cosg —singt ) (3.39)

sing*  cos@”

in matrix form for the basis {e;,es}. As it is intuitive, an oscillation about a
given angle produces the same kinematics of swimming, up to a rotation, as
when the same oscillation is performed about the horizontal.

We now turn into the calculations involving the asymptotic solution we found
in the previous section. As a first thing we expand ¢ into a power series in the
Machin number up to the order k = 1, that is § = o + ed1 + O(€?). From (3.35)
and (3.38) we have

np-3
n+1

: d np-3 d
ey~ P = ( z - P) & (340)

. d
qO:u§e¢+uge$—£pe¢: vl

while from (3.37) and (3.38) we obtain

a1 = ujey +ujey = UT p?ey + Uiyéeé) (3.41)
where
! 1-7) p{(0) 1t
Uy =- i P — (77) Q) and U = [ p1 (3.42)
n+vy Jo n+v 2 n+1Jo

are constants. From this expansion we can deduce an approximated formula for
the displacement, that is Aq = Aqg + eAq; + O(€2). We have

Ynp-3 \d
Ado= [ 2 _p)Le,-0. 3.43
a- (L2 -0) oo (3.43)

Notice that qp can be seen as the trajectory of the cargo of a swimmer with
a rigid straight flagellum, since for € = 0 equations (3.27)-(3.29) describe pre-
cisely this system. The result in (3.43) then says that a rigid swimmer, whose
orientation is controlled externally, always undergoes reciprocal motions.

Now, the expression (3.41) for q; has the following form

A(8)¢* +B(9)o. (3.44)

We can draw a simple, yet general, argument about whether (3.44) gives a
non-zero result when integrated over one period. Observe that

A@)F + B(0)i = 5 (B0)) + (A0) - ()3

So, if A —dB/d¢ =0 then the integral of (3.44) over a period of ¢ gives always
a null result. On the other hand, whenever A — dB/d¢ + 0 we can always find
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a periodic ¢ such that the integral is non-zero. Indeed, suppose that the curve
given by t — (¢(t), $(t)) c R? parametrizes the boundary 9 of a domain € in
R? (which it is not to be confused with the plane of locomotion). Then, with
the position 1 = ¢, from the Stokes theorem we have

[ A@#+B@)i= [ A@s+BE)

B (3.45)

- [ A@ds+B@)dv = [ A@6) -2 (6) dudo.

S M@)o+ B@)dv = [ A(9) - 2(6) dids

It is easy to see that, using for instance a function ¢ of the form ¢(t) = ¢* +

Asin(2nt), we can always find a set © that gives a non-zero result in (3.45)
whenever A - dB/d¢ # 0.

Taking A(¢) = Ue, and B(¢) = Ul'e; we have A - dB/d¢ = C'ey where

C = Uy +U/. Applying the definitions (3.36) and (3.42) we have, after some

calculations,

~ 5+12n(2 + 5p) + 40 (7 + 42p + 45p?)
R e e ma) M
From (3.45) then we obtain
Aq = fQ V(¢)diypdp where V(@) =C (cospe; +sin pes) (3.47)

is a vector field that has to be interpreted as a map from R? in the variables
1 and ¢ (although being independent from ) with values in the locomotion
plane, while Q is the planar domain in R? whose boundary is given by

O ={(d(t), 4(t)); t € [0,1]} cR%. (3.48)

Observe that since v # 1 then C is non-zero: as in [66, 61] drag anisotropy is
essential to achieve locomotion. We can write the approximated expression for
Aq through the following formula

Aq=e QV(¢)d¢d¢+0(e2) (3.49)

which is the most important result of our analysis for the externally actuated
swimmer model.

Observe that the vector field V defined in (3.47) is independent from the
given actuation ¢. The integral in (3.49), and therefore the direction and magni-
tude of the displacement Aq, can be estimated with the visual aid of the vector
field plot and by guessing the geometry of Q. In the following we show some
examples of that, illustrating the “motility maps” for various angle actuations.

This formulation [78, 79, 80, 81] embrace the spirit of robotic locomotion
analysis, with one important difference. The typical robotic locomotion problem
is to find the time evolution of a body coordinate as a result to a given cycle of
shape or body parameters, where such parameters are assumed to be completely
controllable. It is not the case here, since the shape of the swimmer flagellum
is rather a result of the dynamics. However, we somehow can control the shape
of the flagellum, although indirectly. Indeed, as we mentioned in the previous
section, at first approximation the deviation of the flagellum from its reference
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axis y = —epqu +O(€?) is fully described by the angle velocity; this because of
the elasticity of the flagellum and the viscous nature of the forces applied to
it. We can then refer to ¢ as the flagellum “shape” parameter. By modulating
the orientation ¢ and the shape ¢ we can vary Q, and in turn determine Aq in
magnitude and direction, at least at the first the order in the Machin number.

Notice that we have a finite displacement only if the measure of the set )
is non-zero. In other words: locomotion is enabled if the orientation ¢ and the
shape (b undergo a non-reciprocal cycle. As mentioned in the introduction, this
have been pointed out in the case of a two-link model swimmer in [74]. What
we gain with our analysis in this matter is that shape and orientation are one
the time derivative of the other, and non-reciprocity happens naturally exactly
because of this fact, indeed

fgdqu:fmwdqs:folq%?dbo. (3.50)

Notice that this result implies that, whenever the curve t - (¢(t), ¢(t)) parame-
trizes the boundary of a domain in the plane, then it is always circuiting it in
the counter-clockwise direction.
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Figure 3.2: A) Sinusoidal actuation. B) Resulting domain  (orange) on the
space (¢,¢) and normalized vector field V (grey arrows). C) Various snap-
shots of the swimmer as seen in the frame {e;,es} moving with the centre of
the cargo. In orange, the trajectory of the cargo (as seen in a fixed frame) given
by the truncation at first order qq + €q;.

Let us consider first the most simple example, namely that of a sinusoidal
actuation ¢(t) = sin 27t as in Fig.3.2A. Here 2 is the set contained in the ellipse
O centred in the origin (see Fig.3.2B). From (3.46) we have that C < 0, therefore
the horizontal component V -e; of the vector field is always negative for every
point in €2 in this case. On the other end, the projection V-e; is an odd function
with respect of the variable ¢. Because of the symmetry of Q the integral in
(3.49) has a null component in the e, direction. The motion is then horizontal
and the swimmer moves head-first, from right to left, as shown in Fig.3.2C. We
recovered here the known result from previous numerical investigations [65, 69].

Observe now what happens if we take the non-sinusoidal actuation shown in
Fig.3.3Al. The amplitude of the oscillation is the same as the previous example,
however, now when ¢ > 0 the oscillation runs slower, while when ¢ < 0 it goes
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faster. We have an asymmetric set of integration ) that gathers more points
in which V - ey > 0 rather than points where V - e, <0, as Fig.3.3BI illustrates.
As a result the swimmer moves sideways with respect to the axis of symmetry
of the oscillation, with a positive displacement in the vertical direction at every
period (see Fig.3.3CI). In order to obtain a negative displacement in the vertical
direction we can consider the “negative” of the previous angle evolution, such
as the one shown in Fig.3.3AIl. This time the oscillation is faster for ¢ > 0 and
slower for ¢ < 0, and the resulting set €2 is the reflection about the v axis of
the previous one. The motion of the swimmer is depicted in Fig.3.3CIIL. In all
numerical calculations in the Chapter we set L/r; = 10® and v = 0.5. For the
simulation in this Section we took € =0.7 and p = 0.2.
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Figure 3.3: A) Non-sinusoidal actuations. B) Resulting domains 2 and normal-
ized vector field V. C) Swimmer kinematics.

In all the examples we have seen so far we had the swimmer moving in the
negative horizontal direction, head-first. Equation (3.49) tells that this is in
fact the case for every actuation such that |¢| < /2. Indeed, since V -e; <0
for every point in the domain {2 generated by such an oscillation, and since the
signed area of ) is always positive (3.50), the projection on e; of the integral
in (3.49) is negative.

We conclude this section showing that, in addition to be able to control
the vertical displacement of the swimmer, we can also control the sign of the
horizontal motion, making the swimmer going from left to right or from right
to left. We exploit here the fact that V -e; = C cos ¢ changes sign for |¢| > /2.
Indeed, if we consider the sinusoidal actuations ¢(t) = Asin(27t) and we denote
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Q(A) their generated domains, we have
. = . = = 2
Aqi-e; /Q(A)V((;S) e dipde cfQ(A) cos(¢) did = C(2m)2 A1 (A) (3.51)

where J7 is the first Bessel function of the first kind. So, at first order approxi-
mation, the horizontal displacement Aq-e; = eAq;-e; +O(€?) do change sign, as
Aq; - e; has the graph illustrated in Fig.3.4A. In fact, as A grows, the horizon-
tal displacement goes from being negative to being positive and then negative
again, passing from local maxima to local minima that grow in modulus. In
Fig.3.4B we show what happens with the integral in (3.51) as we vary A. While
the domains Q(A) grow larger and larger, they end up to gather, alternatively,
more points in which V -e; <0 or more points where V -e; > 0.
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Figure 3.4: A) Aq -e; as a function of the amplitude A of oscillation. The
first order horizontal displacement attains both positive (orange) and negative
(grey) values, passing from local maxima to local minima (dotted lines). B)
Domains generated by the actuations relative to local maxima and minima of
Aqs - e;. Vectors for which V-e; <0 (V -e; > 0) are plotted in grey (orange).

3.2.3 Optimality

Since our analysis provides some novel explicit formulas for the dynamics of the
microswimmer, it is worth considering whether they can deliver some results
regarding the optimization of the locomotion process.

First we recall that, if we fix the slenderness parameter L/rs for the flagellum,
then 7 can be written solely in terms of p as in (3.21). In turn, substituting
(3.21) in (3.46), we have that also the parameter C' = C'(p) can be seen as a
function of the ratio p = a/L. By restricting ourselves to sinusoidal actuations of
the type ¢(t) = Asin(2nt), we can endure to optimize some dynamical quantities
in the parameters A and p.

From the last example in the previous section we see (3.51) there is no
amplitude A that maximizes the displacement Aq, which displays local maxima
growing larger and larger as A — oco. This is not entirely surprising because,
since we work with fixed frequencies, as A becomes larger the velocity ¢ in
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which the oscillation is driven tends to infinity. In view of this observation we
then consider here V, namely the ratio between the average velocity in body-
length of the swimmer units wL|Aq|/(2a+ L) and the velocity wA related to the
oscillation

wLiAdl _ |C(

T ot Dwd 2 f)1| (2m)%| 11 (A)]+O(e?). (3.52)

At the first order in the Machin number velocity ratio V can be written as a
product Cy(p)Jy(A) where

Co(p) = 2 and () - 201 (A) (3.53)

are two coefficients that can be maximized independently in p and A respec-
tively. Their graphs and their maximum points are displayed in Fig.3.5.
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Figure 3.5: A) Ratio p,, maximizing coefficient Cy, and relative swimmer. B)
Amplitude A,y maximizing coefficient Jy. Dotted lines indicate maximum
values.

The other quantity that we can optimize is the locomotion efficiency &.
We define £ as the ratio between: the total power expended by the external
(dimensional) torque wé, L37ey; during one period, and the power needed to
move an inactive swimmer along its reference axis by a distance L|Aq| with
average velocity Lw|Aq|; the distance and average velocity, respectively, that
the external actuation produces. We have

LA L)
f (W& L3Text ) (W)

Here we consider 7.4 as the external torque needed to generate the sinusoidal
oscillation ¢(t) = Asin(2nt). By expanding the first three terms in equation



66 CHAPTER 3. FLAGELLAR SWIMMING

(3.17) we obtain the following approximated expression

) 52
Text = (Nrot + 107 ) P — npuf — 87%1(07 t)+O(e)

1 .
= (nrot +np? —np(n:+ 12 ) +p'1'(0)) ¢+ O(e)

4n(1+3p+3p?)+1
= Mrot +
12(n+1)

)qs+o<e>

An(1+3p+3p%) +1
12(n+1)

= To(b + 0(6) where Tj = Mrot + (354)

Using again (3.21), we have Ty = Ty(p). With Text = ¢ Ty +O(€), the formula for
the efficiency gives

_ 2 (n+7) |fQVd¢d¢|2 3
8—6 To ( j-Old')th )_‘_C)(6 )
L(n+7) [|c@m2An )|
=€ (nTO’V) (| 2(7“4)2 | ) + 0(63)

= 62(’7;07) C?8m% J1(A)? + O(€%).

As it was for the previous case, also the efficiency can be written, at first ap-
proximation, as a product Cg(p)Jg(A) of two functions

C*(p)(n(p) +7)
To(p)

that can be maximized autonomously, one for the actuation amplitude A and
the other for p. Graphs of the two coefficients and optimal values for A and
p are given in Fig.3.6. Notice that V and &£ are optimized by the same angle
amplitude.
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Figure 3.6: A) Coefficient Cg and the optimal swimmer. B) Coefficient Jg.
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3.2.4 Prescribed torque

We consider here the analysis of the problem for the externally actuated swim-
mer in the case where 7oy is given. The system of equations in this case consists
in (3.27)-(3.29) and the equation for the moment balance on the cargo (3.17).
As we prove in Appendix I, this problem admits only one periodic solution in
the unknowns u*, v¥, y and q-S, if the prescribed torque 7y is periodic. Such
a solution can be approximated using the asymptotic approach we adopted in
the case of prescribed angle actuation. We obtain a formal series expression for
u®, u¥ and y of the type (3.30) and ¢ can also be computed in the power series
form

b =co+epy +€EXpy. .. (3.55)

We provide the explicit calculations of the asymptotic coefficients in Appendix
II, while we discuss here the main results.

An important formula we derive is the zero-order expression for the resulting

angle evolution ¢(t), that reads
t

Do) = G+ Ty [ 7ot (3.56)
where T is given by (3.54) and ¢y, is the angle at time ¢ = 0. Not surprisingly
we recover the same zero-order relation we have in the case in which ¢ is given
and Teyt is the torque needed to produce it. Interpreting formula (3.56) we can
say that we can bring ourselves back to the case of prescribed angle as the angle
can, in a sense, be prescribed, at least up to a multiplicative constant and an
integration in the time variable.

We can combine (3.56) with another result of the asymptotic calculations,
that is the expression for the displacement Aq. If 7ex¢ has zero average during
one period, the formula we obtain for Aq is in fact the same as in (3.49) with
¢ replaced by ¢g, namely

Aq=c [ V(60) dvdsy + O(e)

where V is given by (3.47) and Q is the domain contained in the closed curve

0 ={(do(t), ¢o(1)); t € [0,1]} c R?. (3.57)

Clearly, then, all the motility results deduced in Section 3.2.2 applies here with
with ¢ replaced by ¢g.

As for the optimality, we can consider sinusoidal actuations of the kind
Text = A cos(27t) then, since we have

AT
bo = —2 sin(27t),
2

the two quantities considered in the previous section now read

V= GM(Q’IT)2|J1 (

ATy?
20+1 27

) | +O(e?) and

AT
£=¢ (”; ) 2gp2 g2 ( o ) L O(S).
0 s
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We can optimize the least order approximation of V and £ in terms of the
actuation amplitude A and the parameter p, although not independently as
it is for the prescribed angle case. In particular, given p, in both cases the
optimal torque amplitude is Aopy = 27T0(p)Aops, Where Ay is the optimal
angle amplitude for V and €.

3.3 Internally actuated swimmer

For the swimmer in Fig.3.1B we do not treat the case of prescribed (internal)
torque, and we consider only the problem in which the angle difference oo = 0 —¢
is given. We restrict our analysis to the physically significant case |a| < /2.

The governing equations reduce to (3.23), the projection on ey of (3.16),
(3.26) and the first equation in (3.18), together with boundary conditions (3.19).
Setting 0 := ¢ + o, we obtain the following system

4
e(uy(t) b+ @(z,t)) - -@(x,t) (3.58)
ot x4
u® b fy y+ 5 (aﬁz) (0,)
eM(a)| w? |= dsy L(0,1) (3.59)
’ S 0.1
where
N+ 0 -npsina
M(a) = 0 n —-npcos a

—nppsina -npcosa (Mot + 77ﬂ2)

System (3.58)-(3.59) defines a set of equations in the unknowns u®, uY, é and
y that, given a periodic «, has only one periodic solution. As for the externally
driven case, the periodic solution can be approximated using standard series
expansion methods. All these technical results are proven in Appendix I.

3.3.1 Asymptotics

We look again for formal solutions where u*, u¥ and y are given by (3.30). While
writing also ¢ and 6 as a power series of ¢, we assume that their coefficients
satisfy 0y = ¢g + o and 0y, = ¢ for k > 1. We provide here the main passages of
the calculation of the expansions up to the order k£ = 1, providing the mean to
obtain explicit solutions. We do not report the final formulas because of their
excessive complexity.

The equation for the coefficients yy, is given by (3.31) with 0 instead of ¢y,
together with the boundary conditions (3.33). As in the externally actuated
case we have o = 0, while y; can be written as in (3.34) with ¢g + ¢ instead of
z;-b. In turn
8 Y1

3 Y1 “g( )

Ty (01 = y(t)+ (¢o(t)+04(t)) and

2 (0.1) = *(sbo(t)m(t))

Notice that the first order term in the expansion of the first component in the
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right hand side of (3.59) is zero. Therefore, the first order in € of (3.59) reads

uy 0
bo -3

where My is given by (3.80). We can invert the matrix My obtaining that ug,
u§, ¢o and 6y can be written in the following form

uf = Ug(a)d, uf =UY(a)d, do=po(a)d and 6y =do(a)d (3.60)

where U, U and ¢ are functions that can be calculated explicitly, while
90 = ¢ + 1. Taking two primitives &y and Ogrespectively for ¢y and ¥y that
are compatible with the initial conditions we can write

¢0 = @0(0[) and 90 = @0(0[) . (361)
In turn, we have that

y1(x,t) = -p1(z,a)&  where

p1(x, ) = fow/(;wl‘[w:/ml (Ug(a) +@6(a)x4)dx4dx3dw2dml (3.62)

Notice that the bending of the flagellum, at first approximation, depend both
on the internal angle o and its velocity c.
Proceeding with the calculations, we can write yo as

(z t):—fzfxlflfl(uy(t)+%(x t) + p1(t)z )da: dxsdzodr
Y2(z, o Jo Juy oy \11 ot 1(1)%q ) T40T30T 20T -

(3.63)
which gives

6@2(0 £) = y(t)+¢1(t) d2/(; 8p1( ,z) dx - aflpl(a,m)dx and
6y2(0 £)=- 12(t) ¢1(t) /(; f apl(a x)dxdz-ra/ f p1(a,z) dedz .

The second order term in the expansion of the first component in the right hand

side of (3.59) is
(Zn) - (w@[)(a[pl( 0= (2m) o )) 2

790/ y1+

therefore
uf ~100(@) fypr (@) + 35 22(0,0) 0

My () u?{ = fo Do o (a,x) dx &+ fO pi(;°) a
b1 j0f1 1 (a, ) dedz follepl(aa')

We can invert again the matrix My obtaining the solution for u{, u¥ and gﬁl = 6.
It is easy to conclude that these expressions have a common form, that is

u? = A%(a)a? + BY (a)é (3.64)
= AY(a)é? + BY (o) (3.65)
b1 = A?(a)a? + BY (a)d (3.66)

where all the functions of « in the right hand sides can be calculated explicitly.
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3.3.2 Motility maps

A first consequence of the asymptotic analysis of the previous section is that the
internal angle « and its velocity &, at first approximation, completely determine
the shape of the swimmer in motion. The angle a gives the relative orientation
of the reference axis of the flagellum with respect to the cargo. The bending
deformation is given by (3.62) as the product of the input velocity & times a
shape function p;, depending also on a.

In the following we show how the geometry in the shape space (&, a) of the
actuation plays a crucial role in the resulting swimming behaviour.

We start by considering the orientation ¢ of the cargo. Since we know that
the unperturbed problem has a periodic solution ri), we can consider the net
variation of the angle ¢ over one (and indeed any) period of the actuation

Aqb::folé.

Expanding the solution A¢ = Agg + eA¢; + O(e?) we have that, using (3.60)
and (3.61),

Bo= [ po(a)a = [Bo(a)]} =0,

Next, we notice that formula (3.66) for ¢; has the form (3.44). Using (3.45),
with the position & =1, we obtain

dB?
A¢y = / W(a)dipdo where W = A - —L (3.67)
Q do
and Q is a domain in R? such that
99 = {(a(t),a(t)); t€[0,1]} c R%. (3.68)

Numerical calculations show that W is non-zero for every p > 0, it is odd with
respect to a and negative for a > 0. As a result, the net variation of the angle

Aqb:e[QW(a)dwdaJrO(ez). (3.69)

is in general non-zero, and the swimmer can change its orientation. Observe
that in this case, while ¢ is periodic,

d(t+n) = (t) + nAd (3.70)

is not periodic since A¢ is non-zero.

Let us consider now the q coordinate of the cargo given by the solution of
the unperturbed problem (3.58)-(3.59). Using (3.70), the displacement A,q at
the n'™ actuation cycle is

n+1 n+1 d
Anq = f q = f (umeg +uye§ - &pe(b)

1 .
= [0 (u”’e9+nA¢ + “ye§+nA¢ - beeé}mmﬁ)

1 .
= R(nA¢)/O (uze9+uye§—p¢>e$) = R(nA¢)Apq
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Figure 3.7: A) Sinusoidal actuation. B) Resulting domain Q (orange) on the
shape space (¢, «) and normalized vector field V (grey arrows). C) Resulting
loop in shape space and W (shaded colours). D) Various snap-shots of the
swimmer as seen in the frame {ej, 3} moving with the attachment point r(0, ).
In orange, the trajectory of the cargo (as seen in a fixed frame) given by the
truncation at first order qg + eqy .

where R is the rotation matrix (3.39). If A¢ # 0 and Agq # 0 the swimmer moves
along a curve passing through the points 37" A;q with n > 0. In the following we
deduce the first order approximation formula for Agq = Agqo+eAoq; +O(€?). It
must be noted that the formula holds only for actuations a such that «(0) = 0.
However, for actuations such that « # 0, the following construction can be
modified accordingly.

Expanding ¢ = qo + €1 + O(€?), from (3.60) and (3.61) we have that

Qo = (ugen, +ugeg,) = pooeg,

has an expression of the form P(«)d, which gives always a null result when
integrated over a period. Therefore Agqg = 0. The first order coefficient in the
expansion for ¢ reads

a1 = (ujeq, + Ulfeéo) + ¢1(Uge$0 - ugeg,) - Péleéo + ¢1P<Z'50€¢>o .
—_— Y—
I II II1 v
Now, from (3.61) and (3.64)-(3.66) we see that terms I and III have again the
form (3.44). Using (3.45) they can be written, respectively, as integrals of two
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Figure 3.8: A) Loops in shape space generated by two sinusoidal beating around
a non-zero internal angle a*. When a* > 0 («* < 0) the generated loop circles
an area in which W assumes negative (positive) values. B) Sign of resulting
rotations is consistent with sign of torque generated by miss-alignment of viscous
and propulsive forces.

vector fields V; and Vs over €, where the boundary 0f2 is given by (3.68).
On the other hand, terms II and IV are products of ¢; times an expression of
the type P(a)&. If we choose a function ITy(«) with dIIg/da = P such that
II5(0) = 0, then we have

[ o = [omto(e))h - [ dilae) =~ [ diTi(a).

Since ¢1IIy(a) has now the form (3.44), then II and IV can be written, re-
spectively, as integrals of two vector fields V;; and V;y over 2. Taking
V = V[ +V[[ + V][] + VIV we have

AqlzfQV(a)dwda. (3.71)

Combining (3.71) with the expansion R(nA¢) = Id + enA¢ R (7/2) + O(ne?)
for the rotation we obtain

Anq:e(ldmquis(w/Q))fQV(a)dwdmO(e?,ne?’). (3.72)

Together with (3.67), formula (3.72) allows for a motility analysis solely based
on the geometry of 2.

As a first result from (3.69) we have that for domains {2 that are symmetric
with respect to the 1 axis there are, at first approximation, no net rotations
of the swimmer after any cycle. This happens, for example, with a sinusoidal
actuation around 0. In Fig.3.7 we show the case where a(t) = m/2sin(27t),
e=0.5 and p =0.27. Since V -e; <0 for every |a| < 7/2 while V - e, is odd with
respect to «, the swimmer moves head-first and, on average, on the horizontal
axis. We recover here the same swimming behaviour described by previous
studies [66, 67].

A second result we deduce from (3.69) is that the swimmer rotates when
it performs sinusoidal beating of the flagellum «(t) = a* + Asin(27t) around a
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Figure 3.9: A) Non-sinusoidal actuation. B) Resulting domain 2 on the shape
space and normalized vector field V. C) Resulting loop in shape space with
respect to W. D) Various snap-shots of the swimmer during two different cycles
of actuation, as seen on the frame {e1, es} moving with the point of attachment.
The q coordinate after every cycle (orange dots) is obtained summing the leading
order values of the displacements (3.72).

non-zero internal angle a*. The sign of W leads to a counter-clockwise rotation
of the swimmer for a* < 0 and a clockwise rotation for a* > 0. This can be
interpreted with the following heuristic argument, sketched in Fig.3.8B. Sup-
pose that a sinusoidal beating always pushes the cargo with a force that is, on
average, directed along the mean direction of the flagellum, as in the case when
« oscillates around 0. Such a force must always oppose an equal and opposite
one given by the viscous resistance on the cargo. If the flagellum is not perpen-
dicular to the cargo on average, the two forces are not aligned and a moment is
created. The sign of such a moment is consistent with the rotation directions
dictated by (3.69). While this effect has never been discussed before (to our
knowledge), it does not rely on large actuation amplitudes and, we remark, it
can also be deduced within the small-actuation regime presented in [66].

The novel physical insight that (3.69) and (3.72) give is related to non-
sinusoidal actuations, when {2 is non-symmetric with respect to its horizontal
axis. Taking again € = 0.5 and p = 0.27, let us consider the actuation in Fig.3.9A,
for which ¢ is much larger when o < 0. The part of the resulting domain €2 where
W is positive is larger then the part of €2 where W is negative. As a result the
swimmer rotates counter-clockwise at every actuation cycle. The displacement
Aoq is, at first approximation, directed in the negative direction in the plane of
locomotion since V -e1 < 0 for every point in the space (¢, a). Moreover, since
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V-ey >0 for a <0, Agq displays in this case also a positive component in the
vertical direction. The composition of rotations and translations at every cycle
generates the curved path illustrated in Fig.3.9D.

3.3.3 Optimality

An interesting feature of the internally actuated swimmer is its ability to move
along curved paths. It is natural to consider whether there exists a design for
the swimmer (the parameter p) that maximizes this effect (the angle A¢).

As shown in the previous section, there are two distinct strategies by which
the swimmer can rotate: one is through actuations around a non-zero internal
angle (Fig.3.7A), and the other is through non-symmetric actuations around
a =0 (Fig.3.9C). To optimize the first turning strategy the actuation « has to
produce a set  that is located around the maximum of |W|. A good choice
for p is then the one that maximizes max, |[W/|. For the second strategy we can
argue that the best p is the one for which W displays the steepest gradient in
values around a = 0. The good choice in this case is that of p that maximizes
|dW [/da(0)]. Fig.3.10 illustrates the graphs of max, |W| and |dW /da(0)| as
functions of p, showing the existence of optimal values for both.

A x107° B x1073

25

o o

4

[dW [da(0)]

max, [W|
»

' popt = 0.27 Popt = 0.31

0. 0.2 0.4 06 0.8 1 0. 0.2 0.4 06 0.8 1

Figure 3.10: Variations of A) max, |[W/| and B) |dW /da(0)| as functions of p
and resulting optimal swimmers.

Finally, we consider sinusoidal actuations of the form «a(t) = Asin(2xt),
leading to no net rotation. We test the values for different A and p of the fol-
lowing quantities: velocity ratio V given by (3.52), displacement after one cycle
DL = |Aq| (measured in flagellum length units), displacement D® = L|Aq|/a (in
units of cargo radii), and the efficiency

(@A)’ £,0)
[ (W€, L3Ting ) (wik)

defined in an analogous way as in the case of the externally actuated swimmer.
Taking the lowest order terms in € of

|Aoq] 2 L 2
—e——— D~ =€|lA
% 6(2p+1)A+(9(6), e|lAoqy| + O(€7)
Da — 6|A0(11| + 0(62) , 8 — 62 ("7 + 7)|AOQI
p

192 .
o %f; (0, )a2dt

| 2

O(e)
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and denoting them Vi, DF, D¢ and &, respectively, we plot their graphs as
functions of p for different values of A, from 0 to 7/2. The results are shown in
Fig.3.11. For every fixed p each quantity grows as A gets larger, so the optimal
amplitude is A = /2 for all cases. For any given amplitude A, we can detect
optimal values for p for all the quantities. Such optimal values vary as A varies,
but mildly. The swimmer designs resulting from the average of the optimal p’s
are displayed in Fig.3.11E.

Figure 3.11: Variations as functions of p for different amplitudes A of: A)
velocity Vi, B) displacement DF, C) displacement D¢ and D) efficiency &,.
For every fixed p each quantity grows monotonically as A ranges from 0 to
m/2 (linear steps), however, optimal values for p vary mildly as A varies. E)
Swimmer geometries resulting from the average of such optimal values.
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3.4 Appendix I. Rigorous approximation results

We propose here a scheme for the proof of existence and uniqueness of a periodic
solution for the problems treated in Section 3.2, 3.2.4 and 3.3. After that, we
show how the formal asymptotic solutions we proposed for each case approxi-
mate the unperturbed periodic ones. We provide the detailed proof for the case
of the internally actuated swimmer (3.58)-(3.59). The other two cases can be
treated following the same passages with minor changes.

Let us start by setting some notations. We denote W;, with j > 0, the
normalized eigenfunction of the operator —9* with boundary conditions (3.19),
relative to the eigenvalue A?. For an exhaustive discussion on the operator —9*
and its eigenfunctions we refer the reader to [58]. In our case we have

cos Aj +cosh A

W;(x) = (cos Ajz —cosh Ajz) — (sin\jx — sinh \;x) (3.73)

sin A; +sinh A;
where the A;’s are given implicitly by the following formula
cosAjcoshA; =-1 (observe that A; #0 and A; ~ (25 + 1)% as j - 00).

The W;’s are mutually orthogonal and together form a base of the square inte-

grable functions space £*([0,1]). Finally, we denote with Cj,, and CJ,, respec-
tively, the space of continuous and continuously differentiable periodic functions

on [0,1].
Consider now equation (3.58). We first proceed formally, substituting in
(3.58) the expression

y(@.t) = (W (@) (3.74)

and supposing that we can interchange the order of differentiation and sum-
mation, thereby deriving (3.74) term by term. Then, we substitute u¥ and
Ox = (¢ + &)z in the left end side of (3.58) with

S (i,Wy@) and RS0 +a(0)Wy(a).
J J
where {1 j} and {&;} are the Fourier coefficients relative to the orthonormal base

{W;} of the functions 1 and z respectively. By matching coefficients relative to
same eigenfunctions, we obtain the following sequences of ODEs

e%(t) = —)\?g)j(t) —€ (uy(t)ij +(d(t) + &(t))z;) , for every j >0.  (3.75)

Given the initial conditions ¢;(0), coefficients §; can be written as

§;(t) = e Xite,(0) — et fo CAlsfe [w? ()1, + (d(s) +i(s))2;] ds. (3.76)

Suppose now that u¥ and (;.S, along with the given function «, are periodic.
Then, there exist only one periodic solution for (3.75), namely the one that
corresponds to the initial condition

Ji C A [un (s)1; + (d(s) + 6(5))5] ds

e—)\?/e
9;(0) = TN
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as one can check by substituting the expression above in (3.76). If we also

suppose that uY, ng € Cger and a € Céer then, a simple analysis gives

€

4
)‘j

1900 < 17 (Ie¥ o0 15 + |0 + ] 25)
where we denoted with ||, the uniform norm on [0, 1]. The previous inequality
shows that, given uy,q'& € Cger and « € Crl,er, and considering periodic solutions
9; of (3.76), then series (3.74) converges absolutely and uniformly with respect
to t and z. The same holds the derivatives in z of (3.74) up to the third order.
Moreover, equation (3.58) is solved by (3.74) in the weak sense. By construction,
the periodic solution given by (3.74) is unique.

A crucial result for the remaining of our proof is summarized in the following

Lemma. Consider the one parameter family of operators T, defined for
every u € Cger as the only periodic solution v = T (u) of the equation

dv
eﬁ(t) =-w(t) +u(t)

where A > 0 and € > 0. Then, we have that a) T : Cger - Cger are bounded
operators with |T¢| < 1/X for every € > 0, and b) the function € ~ |T¢| is
continuous for € — 0.

Proof. Let us observe that, following the same arguments we adopted ear-
lier, we can write
t
T.(u)(t) = e Mg + e_le_M/ef eMeu(s) ds (3.77)
0
e—A/e

1
As/e
71—64‘/5/0 e u(s) ds.

Moreover, we have |T¢|| < 1/A, which proves a). In order to prove b) we have to
show that, for every u € C

-1
where wug =¢

per’

T(u) - To(u) in the uniform norm, where Ty(u) = (3.78)

>

We first check the limit above for u € C!

per- Liet us observe that, after an inte-
gration by parts,

t t) 67>\t/6 e—)\t/e t
-1 —)\t/ef As/e _u( Asfe, 1
€e e u(s)ds = - - e™u'(s)ds.
0 () DU x o (<)
Now, since Te(u) — To(u) is a continuous periodic function, we can evaluate its
uniform norm in any of the intervals [k, k + 1] with k& > 0. We have

|Te(u) = To(u) ] = sup
te[k,k+1]

1
< e /e |u0|(1—7)+ sup
A e[k k1]

1 -Atle ~t
uge e (1 - X) —  , e/ (s) ds

—At/e t
€ [ eks/e ds
0

1
= e My (1 - 7) + %(1 —e MY Ju],

[
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The previous inequality must hold for every k > 0, therefore

€ !
I7e(w) = To(w)leo < 5 10l »

which proves (3.78) for every continuously differentiable . To generalize the

same result for every u € Cger we can approximate u with a function in Céer and

apply a classical “3 argument” thanks to the uniform bound for the operator

norms |T.| < 1/A.
Finally, let us observe that from (3.78) we have

o). = lm |7 (w)] . < limint | 7] ..
But then, since |Tp| = 1/ we obtain
1 [To| < liminf |T¢| <limsup [|T¢| < 1
A =0 €0 A
which proves b). O

We put here in evidence the dependence of the periodic solution y of (3.58)
on the parameter €, and also the (functional) dependence on u¥, ¢, and a by
writing '

y(x,t) = ye [u¥, d; 0] (2,1).

After that, we define the following
yr [uy, b; a] (z,t) := €y, [uy, o; a] (z,t) and

. ) 1 . - y
ol [u?, ¢;a] (t) = ~(t) /0 vl [w', dr0] () do + 72 1 (86932e

[u¥, é; a])Q((), t).

Notice that, for every fixed x, y* is a uniformly convergent sum of operators of
the kind discussed in the lemma. The same is true for each of its derivatives in
2 up to the third order, and also for the integral term (multiplying 'yqﬁ) in the
expression of o*.

Now, with y given by (3.74), system (3.59) reads

0 e [u?, ;0] () 0
Ma@)| w (@) [-| -%% [« d;a](0,) |=| 0
(1) 90 [u¥, ¢;0] (0,1) 0

Denoting U = (u®,uY, gi)) we write the left hand side of the above set of equations
as G¢ [U;a], so that
G.[U;a]=0. (3.79)

From the lemma we can prove that G, is a family of (non-linear) operators in

the parameter e defined in X x Y with values in X, where X := (Cger)X3 and
Y :=C},,. The operators G are continuous and continuously differentiable with
respect to U. Moreover, the map ¢ — dG./0U is continuous for ¢ - 0. Now,
the existence and uniqueness of a periodic solution for the system (3.58)-(3.59)

follows if, for every fixed o € Y, there exist only one U = U.[a] € X that solves
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(3.79). We prove this last statement by applying the implicit function theorem
for Banach spaces (see for instance [76] Th,7.13-1). For the theorem to apply,
we recall,
0G,
ou

must be continuous as a function of U and «, and invertible as a linear operator
from X to itself at a given point (U, ). We show that the invertibility condition
holds for the case € = 0 which, by continuity, proves the hypotheses of the
theorem for every small enough values of e. Observe first that y” [uy, b 04] (z,1)
is the only periodic solution of

[U;a]

u? () + ($(t) + a(t))z + 65‘;5: _ _%455

satisfying the boundary condition (3.19). For e = 0 the solution can be written
explicitly as

Yo [uy,q'S; a] (x,t)=- '/Omfomlfml—/ml u? (1) + (o(t) + &(t)) g degdrsdryday
2

- _%O(uy(t)(go - 20z +52%) + ($() + a(t)) (20 - 10z +2°))

therefore, in particular, we have

920 ) V() () + At
anyO [vaﬁb;a](O,t):_u?( ) _ & );a( ) ind

3, % . . 4
2% [u¥, ;0] (0,8) = —u? () - o) +a(t)

Ox3 2

At € = 0 the operator G, then becomes

0
Go[U;a] = Mo(a)U +| &/2
/3
where My(«) is the following matrix
n+y 0 —npsina
0 n+1 1/2 - npcosa . (3.80)

—npsina 1/2-npcosa (ot +np* +1/3)

We have 0Go/0U = My, which shows that the derivative of G, is invertible for
€ = 0 and, indeed, for every small enough values of €. The hypotheses of the
implicit function theorem are fulfilled, and the uniqueness and existence of a
periodic solution U is verified.

Let us now prove that the truncated asymptotic solution U; we have calcu-
lated in Section 3.3.1, where
uf + euf
Up=| ud+eu

¢o + €p1
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approximates the periodic unperturbed solution U.. We assume here, for sim-
plicity, that « is periodic and smooth. Notice that every results we stated above
still apply. Moreover, from the calculations in Section 3.3.1, we have that U; is
itself also smooth and periodic.

As a first step we show that there is a triplet R,, bounded in the norm of X
uniformly for every e small enough, such that

G [U1] =R (). (3.81)

The equality (3.81) follows by asymptotic construction, however, we check the
details here in the following. It is easy to verify that the periodic solution y of
(3.58) can be written as

ye [w?, d50] (2 UEED) G + (9n + ) 2O ()

€i2mn + )\?

where (bn, w¥ and ¢, are the Fourier coefficients of (ﬁ, uY and & respectively.
Observe now that

1 1 €i2mn 1 e2mn €2(i2mn)?

€i2mn + A - /\7;*  (ei2mn + ADA] - /\7? - AS i (€i2mn + AT)AS

therefore, denoting uy = (uf + euy, o + €¢1), we have

i +(¢0 + )y
Ye [ur; a] (z, t)__ez g 51 /\4n n Jem27rtWJ(0)(x)
J
G 154 (Gom +Gn)E; @1+ drnds )
+€22 227'['77/ 0,n~J ( 8’774 n) J _ 1,n—J . 1,n+tj ezTLQWtW;O)(x)
n,j )‘j )‘j
ﬂzf,nij + §51,n§3]‘ ) Qﬂg’nij + (¢'507n + &n)j]

in2m 0
e'n? tW; )(x),

3 .
+e 2nn———"———— — (i27n) -
g; (€i2mn + AJ)A] (€i2mn + AJ)A

where Go.n, ¢1.n, ag,, and af , are the Fourier coefficients of bo, b1, u§ and
uy respectively. It is straightforward to verify that can rewrite the previous

equality as
Ye [ur; ] (z,t) = eyr (z,t) + 62y2(1',t) + egyf‘[ul; o]

where y; and yo are the asymptotic coefficient for y that we have calculated
in Section 3.3.1. Replacing vy [u1;a] = €'y [u1;a] into the expression for
G.[Uy; a], we can verify that we have (3.81) where R, can be calculated explic-
itly. The resulting R, is bounded in the norm of X uniformly for every e small
enough.

Finally observe that, from previous augments, the operator G, is locally
invertible in U for every fixed a. So, from (3.79) and (3.81), by eventually
restrict our set of choice for €, we have

1 1
Ui -Uc=G R a] -G H0;a] = € /0 agU [7€Re;al dr- R..
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The integral term in the right hand side of the equality can be shown to be
bounded in the norm of X by a constant C

which can be taken independent from e for a small enough set of values of the
parameter. For such set of values of € then we have the following inequality

<C

-1
/1% [TezRE;a] dr - R,
0 X

ou

|01 - Ul x < €C,

which state rigorously that the asymptotic solution actually furnish an approxi-
mation for the only periodic solution of the unperturbed problem. An analogous
result can be deduced for the difference between the truncated asymptotic so-
lution for y and its unperturbed counterpart.

3.5 Appendix II. Prescribed external torque:
formal asymptotic solution.

The unperturbed equation of the system in the case of the external given torque
are those listed in the beginning of Section 3.2.4. As it was for the prescribed
angle case u” is decoupled from the other unknowns of the problem. If we take
u®, u¥, y as in (3.30) and ¢ as in (3.55), the coefficients of u¥, y and ¢ must
solve

a2yl~c+1
Oz

—nrot(ﬁk +np(uy - p(bk) + 0,t)+71,=0 for k>0, (3.82)
where we assumed 79 = 7Text and 73 = 0 for k > 1, together with (3.31), (3.32)
and the boundary conditions (3.33). Then, each coefficient of u* can be directly
calculated expanding (3.29). If the initial value ¢y, for the angle at ¢ = 0 is
prescribed, we impose ¢ (0) = ¢i, and ¢x(0) =0 for k > 0.

At the zero-order we have yo(x,t) = 0, therefore y; can be written as (3.34)
with ¢ instead of ¢. Substituting this expression for y; in (3.32) and (3.82) we
obtain the following linear system

) 1.
npdo — nug = ug + §¢0

) v 1, 1,
- nrot(bo + ﬁp(uo - p(b()) - §¢0 - iuo + Text = 0

which allow us to solve for ug and q50 in terms of Text. If we consider the
constants UY = (np +1/2)/(n+1) and T} given by (3.54), then we have

ul(t) =UY do(t) and  ¢o(t) = Ty Texi (1)

which gives (3.56). In turn y;(z,t) = —p1 (2)do(t) with p; given by (3.36), thus
the k = 2 order problem in (3.31) is solved by

yo(x,t) = —foxfomfx:fx: (Ugll(t) + 1 ()24 —p1($4)éo(t))d$4d$3d$2d$1-



82 CHAPTER 3. FLAGELLAR SWIMMING
Substituting the previous in (3.32) and (3.82) we obtain
) 1. 1y .
npd1 —nui =uy + Sé1 - ([0 p1)¢o
. ) 1. 1 1l
= Neot 1 +np(uf = pd1) - §¢1 - 5’&3{ + ([0 fm P1)¢0 =0
Defining the following constants

_ p_7
<P1:Tol(ff p1+n+1 ; pl) and UY=UYp, +UY,

where U} is given by (3.42), we can write the solutions of the previous system
as

uf{()=0Y ¢o and  1(t) = p1o(t).
If we now expand the right hand side of (3.29) we get

1. _
et =y [ b+ 75 (28 0.0

therefore obtaining _
uf =0 and uf = Uy @3

where U7 is given by (3.42). In the following we suppose that 7.y has zero
average, thus ¢q is periodic. For simplicity we also assume Tex(0) = 0 so that
d1(t) = <p1q'50(t), but the result we propose here holds for any initial value of the
external torque.

Let us consider the expansion ¢ = ¢ + eq; + O(e?). At the zero-order we
have

Qo = uj g, +up e, — ppoe, = (Uf - p) doey,
while at the first order

qi = (UT g, +uf eé +ugd eéso —upd1ep, - o eééo + pdod1 edno)
= (UT = Upr + pp1) dies, + (U7 - ppr) does, -
If we now expand Aq = Aqg + eAq; + O(€?), then
1
: 1
Aao= [ (U =p)does, = (U =p)es ] =0
because of the period1c1ty of ¢g. On the other hand, smce a1 has the form (3.44)

with A(¢o) = (UF = Up1 + pp1) ey, and B(go) = (T} - pp1) e}, if we apply
(3.45) we obtain

dB ~
Bai= [ (A0) - T (00)) dvds = U - U1 +TY) [ ea,didin
Q dog Q
where 99 is given by (3.57). Since U ~ U¥py + UY = UY + U} = C we conclude

Aa=c [ V(go)diddo +O()

where V is given by (3.47).
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