
Swimming Style 
The swimming style is defined by a pattern of muscles activation, tuned 
both in space and in time. We first assign the transversal displacement of 
the axis h(X,t), and then compute the corresponding muscle-driven 
distortions. 
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Introduction 
Our goal is to reproduce the key features of carangiform swimming (1) by 
running 2D simulations which fully exploit the Fluid-Structure Interaction 
interface of COMSOL.  
We simulate muscles contraction by using the notion of distortions (aka 
pre-strains), emphasizing the kinematical role of muscle, the generation of 
movement, rather than the dynamical one, the production of force (2). 
State variables are the displacement of the fish-like solid (material field), 
and the velocity of the fluid (spatial field). 

Results 
In carangiform swimming, muscles contract with a wave-like pattern running from head to tail; fish tail acts like a propeller, generating a localized 
thrust wake with an observable momentum jet (3). The mutual distances between the cores of the vortices do not change.  

 
 
 
 
 
Snapshots of fish swimming with fluid velocity (left) and vorticity (right); muscles stroke (red colored) bends the fish and produces the swimming 
thrust. A long wake lies behind the fish.  
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Computational Methods 
We need both moving mesh to solve the FSI for short time intervals, and re-meshing to track the long swimming path we aim at simulating. Left: 
evolution of mesh during swimming; Right: wake generation at onset of swimming (t=0.6 s).

viscosity. System (1) is supplemented with bound-
ary and initial conditions. In our case, the solid
represents a fish-like body which is surrounded by
fluid; we call @⌦

sf

the interface between the fish
and the fluid, and we pose FSI conditions on such
interface:
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with n
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normal to the solid boundary and n
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nor-
mal to the fluid boundary; @⌦

f

represents the
boundary of the aquarium on which we assign a
no-slip wall condition for the fluid:
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Finally, we assign homogeneous initial conditions.
The fluid is assumed to be incompressible and

linearly viscous; its stress � is given by:
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where p is the fluid pressure. The solid is assumed
to be isotropic and linear elastic; its stress S is
given by:
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, � the Lame’s moduli, Ee = E � Eo the
elastic strain; E is the non-linear strain, measure:
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and Eo the distortions field (aka, pre-strains).
The muscle actions are modeled by a time-

evolving distortion field Eo = Eo(X,Y, t) that pro-
duces the sought flexural motion of the fish-like
body. Within this approach, a muscle generates
motion, possibly without stress; as example, if the
imposed distortion is compatible, that is, if a dis-
placement u

s

, such that sym ru
s

= Eo, can be
realized. In our case, the lateral motion of the
fish is reacted upon by the force exerted by the
surrounding fluid, and any muscles action is ac-
companied by stress production.
We set our problem in 2D; the reference configu-

ration of the fish-like body is a streamlined region
of the XY plane, whose symmetry axis lies in the
X-axis; tail and head are at (0, 0) and (L, 0), re-
spectively. The contour Y = c(X) is given by a
mirrored 5th order polynomial function:
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where t
s

is the maximum fish thickness and L in-
dicates the fish length [4]; the resulting reference
configuration is shown in Fig.(1).
Denoting with Y=h(X,t) the transversal dis-

placement of the axis, the relation between distor-
tion Eo and the curvature of the axis �@2 h/@X2

reads as:
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To define a swimming style, we first assign the
function h(X, t), and then derive the muscle-
driven distortions E

oxx

by integrating (8) twice.
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Figure 1: Reference shape of the fish-like body; the con-

tours ±c(X) are parametrized by eq. 7.

Figure 2: Shape of the fish axis at di↵erent times; ampli-

tude of movements is much larger at the tail (left) than

at the head (right), and is enclosed in the envelopes. It is

present an amplitude wave moving towards the tail, see the

position of amplitude maximum at times t1 < t2 < . . . <
t6; fish motion is rightward.

We use as benchmark swimming-style the
carangiform style; the transversal displacement of
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