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Myometry-Driven Compliant-Body Design for Underwater Propulsion
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Abstract— Within the broader scope of underwater
biomimetics, in this paper we address the relevance of factors
such as shape and elasticity distribution in the ability of a
compliant device to imitate the kinematic behaviour of a fish.
We assess the viability of myometry as a tool to determine
candidate mechanical parameters without relying solely on
analytical models; we show that we can obtain elasticity
distributions that are both consistent with previous theoretical
investigations and experimentally better adherent to the passive
kinematics of a biological embodiment (rainbow trout).

I. INTRODUCTION

The overall goal of our work is to design a biomimetic
underwater propulsion system with higher power-thrust effi-
ciency and maneuverability than current underwater vehicles.
The biological inspiration is steadily swimming fish. In order
to reproduce the dynamics of a fish during its steady swim-
ming, in particular sub-carangiform swimming in rainbow
trouts, we first study its structural morphology. Our starting
point is assessing the properties of the device’s structure,
examining in particular the following three questions:

1) Which characteristics of fish morphology enable fish
to achieve high swimming performances?

2) Which mechanical design approach is most suited to
develop an underwater vehicle with similar character-
istics?

3) In the chosen approach, which design parameters are
most relevant? What methodology can we successfully
employ to determine values for such parameters?

The first question is answered in literature. Previous research
on fish swimming ([1], [2], [3], [4], [5]) stresses the im-
portance of few key features in achieving high swimming
efficiency: i) undulating motion mechanics, in which a body
wave travels downstream with phase speed greater than the
fish’s swimming speed; ii) the ability to alter the body
wave speed, by adjusting tail beat frequency and/or body
wavelength; iii) the ability to tune the body wave in terms
of amplitude and phase.

In light of this set of competences, we address the follow-
ing question “What is the simplest mechanical design that
can accomplish this overall functionality?”. Traditionally,
robots that mimic fish ([6], [7], [8]) are built with rigid
components connected by joints. This design style leads to
complex mechanisms with inevitable controllability difficul-
ties.
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A. Modelling fish as visco-elastic bodies

We have decided to use the visco-elastic compliant-body
approach recently proposed in [9]. This approach is inspired
by [10], in which the body of a real fish is modeled as a
visco-elastic beam. In this approach, devices are compliant
continuous flexible bodies, in which material distribution
allows a minimal set of input functions to exploit resultant
modes of vibration for locomotion.

Locomotion-inducing waves travelling along the elastic
body are achieved through phase differences between sub-
sequent points in the body; phase depends on viscosity and
timing is critical. Hence, two important design parameters
emerge in affecting device performance: spatial distribu-
tion of elasticity and of viscosity. These design parameters
encapsulate i) geometry of the body (shape and size), ii)
material distribution along the body, and iii) visco-elastic
characteristics of each constituent material.

1) Analytical Approach: A promising way of computing
these parameters is through analytical models. The standard
model for fish comes from slender-body theory ([1]), which
has been developed for small displacements but can be
extended further. In recent studies ([10], [11]), the fish body
has been modeled as a visco-elastic beam and analyzed in the
domain of Euler-Bernoulli/Timoshenko beam theory. Lateral
motion is described by the solution of the partial differential
equation (PDE) associated to the visco-elastic beam. Given
a geometry, the desired kinematics and the set of available
actuation signals, a PDE model can relate prototype behavior
to the target parameters. For simple geometries and uniform
material distributions these equations can be solved to obtain
reliable values ([12]). Moreover, PDE models can be used
to determine favorable operating conditions — such as
optimal operational range of frequencies and position of the
excitation point.

However, PDE models, in general, suffer from an enor-
mous increase in computational complexity with increasing
dimensionality. As the number of parameters increases for
geometries with tail, fins and non-uniform material distri-
butions, the models get more complex and it is extremely
difficult to solve their characteristic equations. This leads
to over-simplified models which perform poorly when com-
pared to biological fish.

2) A myometry-based approach: In this paper, we propose
an alternative method and test its viability. We wish to
obtain design parameters from direct investigation of real
fish bodies. For direct analysis, we perform myometry on
fish. Myometry is a method for non-invasive measurement
of biomechanical properties of the muscles; myometry data



can enable us to better understand how the visco-elastic prop-
erties of fish muscles change along the body. If successful,
this method allows bypassing analytical difficulties. In this
paper, we focus in particular on the elastic properties of fish;
we attempt to identify the elasticity distribution and employ
it as values for soft-bodied robot design.

The main benefits of the proposed design method are:
i) It is a simple, fast and efficient method for computing the
desired modelling parameters. ii) It requires few theoretical
assumptions. This enables us to design more realistic models
with complex shapes and non-uniform material distributions.
iii) Moreover, the method can be used to crossvalidate
the analytical modelling approach and complement it; for
instance, findings from myometry can be used as boundary
conditions for analytical models or to reduce the dimension-
ality of unknown model parameters.

B. Paper methodology

Our methodology can be decomposed into four phases:
1) We perform myometry on biological specimens, mea-
suring muscle properties along the body. We derive
estimates for the elasticity distribution for real fish.
On the basis of geometry and estimated elasticity, we
estimate the target properties of our biomimetic device:
geometry, material properties, material distribution.
We manufacture prototypes for comparative experi-
ments; prototypes vary in elasticity, elasticity distri-
bution and geometry.

We conduct experiments to verify the kinematics of
the prototypes against a real trout. We assess the
kinematic similarity between prototype performance
and real fish. We describe similarity by correlating
body bending; we also evaluate the differences in
point-wise displacement.

2)

3)

4)

II. FISH MYOMETRY

To perform myometry we employ a Myoton, a device
developed by Miiomeetria AS. ([13]). The device operates
by locally stimulating the tissue with a small impact and
recording the resulting dampening oscillation through an
accelerometer. A microprocessor analyzes the signals to
output tone (frequency of the oscillation in Hz), logarithmic
decrement (logarithm of the ratio of consecutive peaks) and
stiffness of the tissue (in N/m) ([14]). Tone characterizes
muscle tension, whereas decrement quantifies a muscle’s
ability to restore its initial shape after contraction. Stiffness
refers to the muscle’s resistance to changes in shape due to
external forces.

Myometry is generally used to measure human skeletal
muscles ([15]-[16]). In measuring relatively smaller-sized
muscles (such as fish muscles), we expect that the Myoton
readings do not depend solely on local muscle properties,
but up to a certain distance (“the effective depth”) also on
the neighboring materials along the direction of the applied
force (Figure 1). However, so far no data is available in the
literature to establish with precision what the effective depth
is. When tested on a homogeneous material with varying
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thickness, the myometer’s stiffness readings are found to be
affected by the width at the point of measurement. We can
consider the myometer readings k in terms of an “equivalent
stiffness”: k = %, where E is Young’s modulus, A is the
area associated to the applied force and w(x) is the width at
the point of measurement. We have also tested the myometer
on a homogeneous cone with known elasticity, and compared
myometer readings with the theoretical values for elasticity.
We found that the myometer follows

Oc(x)%

k= ; (D
where a(x) is a scaling coefficient with value approximately
0.5, and that adherence to theoretical values is poor when
material thickness is very small (sensibly less than 5 cm).
In terms of fish measurements, this means that fish is in
the range of reliable thickness in the central section (see
Figure 2, regions R1 — R4).
Force applied by Myoton

dA Muscle

groups

Backbone

Fig. 1. Cross sectional view of fish body during myometry.

A. Experiments with Trout

For myometry experiments we used two fresh-water trouts.
One fish measured approximately 40cm and the other approx-
imately 50cm in length. Myometry was performed shortly
after death, to minimize intervening changes in muscle
properties. During measurements, the specimen were placed
on a soft pillow-like surface. For each fish, we chose 25
sample points, to cover the surface of the body in the regions
of interest. Sampling points are grouped in 5 regions (from
midsection (R1) to tail (RS)), each containing 5 measurement
points; each measurement was repeated 10 times. Figure 2
shows location of the sampling points for the second speci-
men. We take measurements only on 5 points per region to
contain the duration of the myometry experiments, to avoid
changes in stiffness due to rigor mortis.

B. Results and Analysis

Table I summarizes myometry data and elasticity esti-
mates. Figure 3 shows that in fish E increases towards the
tail. The measurements in Region 5 should be considered
less reliable because the width is very small and interference
from the underlying material is not negligible.

We believe the increase in E is related to the decrease in
muscle-bone ratio of the body — as we approach the tail, the
relative effect of bones on stiffness measurements increases.
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Fig. 2. Measurement points in myometry experiments (fish 2)

TABLE I
MYOMETRY READINGS AND ELASTICITY ESTIMATES.

log. dec. | freq. (1/s) | stff. (N/m) | elas. (KPa)
Fish 1
R1 2.14+0.1 154+£09 | 347.8+184 222.6
R2 2.240.1 16.9+£0.5 359.4+24.8 224.8
R3 2.440.1 19.0£0.5 | 414.5+26.5 275.7
R4 2.74+0.1 21.4+1.0 | 422.0+19.7 478.3
RS 2.84+0.1 13.44+0.6 | 340.0+£17.7 618.5
Fish 2
R1 1.440.2 | 22.0+2.6 | 466.9+57.1 247.9
R2 1.240.2 | 23.74+2.4 | 519.7+53.3 285.0
R3 1.240.2 | 257423 569.9+54.1 370.9
R4 1.340.2 | 31.34+1.9 | 629.1+22.1 610.3
R5 2.240.1 35.8+2.4 | 505.0+24.6 703.2

As bone is stiffer than muscles, E locally increases. More-
over, near the tail muscles are more tightly packed and there
is more cartilage and tendon at the tail. This is also coherent
with the theoretical models described in [10].
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Fig. 3. Elasticity distributions of two fish. Elasticity values for two silicone
materials are also plotted. Both materials are used during manufacturing
prototypes (see Section III).

III. COMPLIANT-BODY DESIGN

Using myometry data, we have thus identified a candidate
distribution of elasticity for our biomimetic device (figure 3).
Direct investigation of fish has provided information on both
a desirable trend — increase E towards the tail — and a
desirable value for average elasticity.

The next step is to identify materials whose Young’s
modulus lies in the biological range. We employ silicone-
based materials Elite Double 8 (E8, Shore A scale: hardness
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TABLE II
GEOMETRY, LENGTH (L) AND ELASTICITY (E) VALUES FOR
MANUFACTURED PROTOTYPES. ELASTICITY VALUES: E| = 454.4KPa
AND E; = 722.0KPa. SHAPES: CYLINDER (A), ELLIPTICAL TRUNCATED
CONE (B) AND FISH-LIKE (C). GEOMETRY: r|{ AND 1, ARE MAJOR AND
MINOR RADII FOR THE ELLIPTICAL CROSS SECTION AT THE LARGEST

EXTREMITY.
Prot. E Shape L Geometry

# (Pa) (cm) (cm)

P1 E; A 25 r=4.5,rn =225
P2 E, B 25 r=6,rn=3
P3 E; B 25 as P2

P4 E, C 30 as P2

P5 E, C 30 as P2

P6 Ei, E> C 30 as P2

of 8, elasticity 450KPa) and Elite Double 22 (E22, Shore
A scale: hardness of 22, elasticity 720K Pa). Figure 3 shows
the elasticity values of the two silicone materials along with
the biological distributions obtained via myometry. E8 lies
in the middle of the biological range (200-700 KPa) and
can be considered representative of the average elasticity of
fish, whereas E22 approximates the highest value measured
in fish.

The goal of our experimental procedure is assessing the
passive kinematic similarity of biomimetic devices with re-
spect to a fish body. For comparative experiments, we employ
three different geometries (cylinder, truncated elliptical cone
and elliptical cone with tail).

Prototype P1 is a cylinder made of E8. This prototype
is used as analytical reference, because a solved partial dif-
ferential equation describing its dynamics is available in [9].
Prototypes P2 and P3 (made of E22 and E8, respectively) are
designed as elliptical truncated cones. This geometry can be
seen as intermediate in complexity between a cylinder and a
realistic fish-shape. Prototypes P4 to P6 are elliptical cones
terminating with a tail (“fish-shaped” prototypes). Prototypes
4 and 5 are made from E22 and ES8, respectively. To approxi-
mate an increasing elasticity distribution and mimic the trend
found from myometry, prototype P6 is hybrid: the first part
of the body is made of E8 and the posterior section, tail
included, is fabricated out of E22. See Table II for physical
properties of prototypes displayed in Figure 4. In total, we
have 6 prototypes available for comparative experiments —
with varying elasticity, elasticity distribution and geometry.

A. Fabrication of Prototypes

The manufacturing process comprises two steps: mould
making and casting. For truncated elliptical cone-shaped
bodies, a positive mould was cut out of expanded polystyrene
(EPS) using electrically heated wire. After smoothing the
surface with polyvinyl acetate (PVA) glue, the positive mould
was covered with glass fiber cloth and painted with epoxy
resin to obtain the negative mould. More complex moulds
were milled on a computer numerical controlled (CNC)
machine. As the silicone we used is virtually impossible to



Fig. 4. Compliant prototypes used in the experiments. The prototypes
are manufactured using two different silicone materials: i) Elite Double 22
(green) and Elite Double 8 (pink). The elasticity values for E8 and E22 are,
respectively, around 450K Pa and 720K Pa.

glue or fix with screws after curing, actuator mounts were
inserted into the moulds during casting. The mounts are rigid
plates with threaded holes for mounting and holes or pores
to form a strong interface with silicone.

IV. COMPARATIVE EXPERIMENTS
A. Experimental Setup

The experiments were conducted in the flow tank
of Tallinn University of Technology. The size of the
tank is (4x1.5x1.5)m3, with working section volume
(0.5%0.5x1.5)m> and cross sectional area (0.5x0.5)m?. The
tank is aerated and powered with an electric motor to
generate a laminar water flow. The tank is equipped with
a Doppler sonar velocity log system to measure the laminar
flow speed.

We tested all 6 prototypes (Figure 4) and one rainbow trout
(Oncorhynchus mykiss), immediately after death. Test objects
were oriented with their main axis along X and up along Z
— with gravity lying in —Z. Objects were supported using a
vertical rod along Z and a rotational joint. A waterproof DC-
motor was used to actuate the body in the transverse direction
(xy-plane). The applied torque was a sinusoidal signal with
fixed amplitude (1Nm). Each object was tested in three flow
conditions: static water and two laminar flows, with speeds
0.25ms~" and 0.5ms™!. The static water regimen serves as
a reference condition, as the corresponding equations have
already been analyzed [11], whereas the highest laminar flow
speed is close to the cruising speed of rainbow trouts.

For each flow condition, each prototype was tested un-
der applied torques of different frequencies (1-5 Hz). This
corresponds to 105 experiments in total. In all cases, we
tracked the kinematics of the models for approximately 30
seconds. Movement was captured by an overhead camera
recording the test object against a lighted background. The
camera images were logged with frame rate 60 Hz; images
were postprocessed to obtain point-wise lateral displace-
ment, bending curvature, phase velocity and bending moment
distribution for each test object. Figure 5 shows two sets
of sample images (a trout and the hybrid prototype P6),
recorded in static water with operating frequency 1 Hz.

In order to generate a good design for our biomimetic
device, we investigate if tuning elasticity distribution and
geometry can bring the prototype closer in behaviour to
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TABLE III
AVERAGE SPEARMAN RANK CORRELATION AND AVERAGE DIFFERENCE
IN LATERAL DISPLACEMENT. LEFT: ACROSS ALL TEST SCENARIOS;
RIGHT: AVERAGED FOR FREQUENCIES IN THE 1-4 HZ RANGE. 5 HZ 1S
NOT IN THE BIOLOGICAL RANGE OF ACTUATION.

All tests Reduced range (1-4 Hz)
Spr. Lmd. Spr. Lmd
P1 | 0.294+0.06 9.11+£0.35 0.33+£0.06 9.15+0.38
P2 | 0.36+0.05 | 13.76+£0.60 | 0.36+0.06 | 13.83+0.66
P3 | 0.224+0.07 | 13.41+£0.74 | 0.29+£0.06 | 13.62+0.84
P4 | 0.631+0.05 5.97+0.46 0.68 +£0.04 6.10+0.56
P5 | 0.65+0.06 3.994+0.12 0.73+£0.04 3.98+0.15
P6 | 0.71+0.06 3.944+0.18 0.77+£0.05 3.95+0.22

our biological reference. Better adherence to the passive
kinematics of the trout is considered better performance.
Correlation between the prototypes and the reference spec-
imen with respect to kinematic characteristics can verify if
our myometry-based design method is a useful tool. We use
Spearman rank correlation coefficients to relate the bending
performance of prototypes to fish (curvature distribution); we
also measure the difference in lateral displacement between
prototypes and fish and evaluate the mean absolute lateral
motion difference.

=

2 3

Fig. 5. Two sets of images captured by overhead camera (xy-plane) during
experiments in static water at 1Hz. First row: rainbow trout; second row:
hybrid prototype (P6). The time interval between consecutive snapshots in
the set is 100ms.

B. Results

a) Complex interplay between geometry and elasticity:
Figure 6 presents Spearman rank correlation coefficients
and mean position difference. In Table III we summarize
performance results across the 15 test conditions. In all
test scenarios, prototypes with fish-like geometry (P4, P5
and P6) perform significantly better than the rest. However,
contrary to our expectation, cone-shaped prototypes did not
perform better than the cylinder; the cylinder outscores both
P2 and P3 consistently on error and P3 also on correlation.
Thus, geometry is an important factor in achieving fish-
like swimming, although by itself it cannot predict relative
performance. The principle that, as geometry gets closer
to the geometry of fish, performance does too, does not
necessarily hold even if elasticity is not allowed to vary.

We also observe that the hybrid prototype (P6) performed
slightly better than P4 and P5. P6 has the highest number of
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Experimental results. Row 1: Spearman rank correlation (similarity in bending behaviour), all correlation coefficients presented in graphs are

statistically significant (p < 5%). Row 2: lateral motion difference (dissimilarity in amplitude behaviour).

best performances for both similarity criteria (8 w.r.t curva-
ture and 10 w.r.t amplitude). Non-negligible improvement
(6-8% across all tests and 4-9% in the reduced 1-4 Hz
range) arises even from a crude 2-value approximation to
the experimentally determined elasticity distribution. This
confirms that designing compliant prototypes with varying
elasticity is a key technology for biomimesis of fish.

Turning attention to the role of average elasticity, we now
consider prototypes with the same shape. The soft fish (P5)
performs better than the hard fish (P4), but the hard cone
(P2) performs better than the soft cone (P3). This contradicts
the expectation that a change in average elasticity affects
all shapes in the same manner. Also, the principle that,
as average elasticity gets closer to the elasticity of fish,
performance does too, does not necessarily hold even if
shape is not allowed to vary. All these observations suggest
a complex relationship between geometry and elasticity.

b) Fish torso is overdamped beyond 3Hz in static water:
In static water, the similarity between prototypes and real fish
decreases with increasing input frequency. The phenomenon
is more evident after 3Hz. The kinematic behaviour of fish
changes distinctly after 3Hz; the anterior part of the body
hardly bends and bending amplitude increases very slowly
towards the tail. Figure 7 illustrates the bending motions of
the fish body at two different frequencies (1Hz and 4Hz).
The results are coherent with previous research reporting
that the fish body is overdamped at high frequencies ([10]).
Although the natural frequency of the prototypes is in the
range of the fish’s natural frequency, no such overdamping
is observed for prototypes. At higher frequency, the overall
type of motion does not change for prototypes aside from the
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obvious reduction in amplitude. This observation suggests
that fish are mechanically engineered to operate at lower
frequencies and this feature does not rest solely on geometry
but requires tuning elasticity and viscosity distribution along
the body. Overdamping of this sort can be observed also for
experiments in laminar regimen, although the trend is far less
clear than in still water.

Lateral Motion

h(x,t)
0.154

s

Fig. 7. Lateral motion h(x,t) of a trout body at 1Hz (blue) and at 4Hz
(red). Note that at 4Hz the body torso hardly bends.

c) Observations on Passive Bending Moments: We now
examine the distribution of the elastic bending moment Mg
in fish and fish shaped prototypes (P4, P5 and P6). Mg is
obtained as Mg = EI azg)(;,z) and is shown in Figure 8 for
one cycle in static water at 1Hz. Mg decreases gradually
and approaches zero at two thirds of the body length. This
trend is consistent with the reduction in passive visco-elastic
bending moments predicted in [10], except for position of
the peak amplitude for Mg. In free swimming fish, the peak
amplitude is just before the mid-part of the body, whereas




in our case Mg is highest at the origin. This is due to the
actuation style: in our experiment the fish body is subject to
sinusoidal torque input at one extremity. In other words the
boundary conditions are not the same: M(0) # 0. This shows
that favorable effects arise in the hydrodynamic moment even
when actuation is localized. Moreover, in prototypes there
is a lateral asymmetry in the distribution of elastic bending
moments, which is completely absent in the biological refer-
ence. Asymmetry seems to stem from the actuated extremity,
so it might be possible that the phenomenon is at least partly
originated by the fact that prototypes lack a head.

Prototype 6

Fish

X 1 X 1

Prototype 5 Prototype 4

Fig. 8. The elasticity bending moment distribution (Mg (x)) along the body
(x) of fish and fish-shaped prototypes (P4, P5 and P6). The experiments were
conducted in static water at 1Hz.

V. CONCLUSIONS

In this paper, we conduct comparative experiments to
investigate the relevance of factors such as geometry and
elasticity, in a visco-elastic body’s ability to imitate the
kinematics of real fish. We also test the viability of myometry
in orienting the design of biomimetic devices. The outcomes
of our experiments are listed below:

Myometry is an interesting tool and can be used to obtain
more information about the biomimetic reference that we are
trying to mimic. In particular, we demonstrate this fact by
estimating the elasticity distribution of biological fish.

There is a complex relationship between geometry and
stiffness. Tuning one of them independently from the other
does not always guarantee an improvement in performance.
This limits the application of heuristic design methods —
based on trial and error processes — and suggests that formal
design methodologies, such as using myometry, are needed
to optimize our biomimetic devices.

The torso in fish is overdampened after 3 Hz. This
indicates that the viscosity distribution plays an important
role in regulating bending moments along the fish body. It
also suggests that the structure itself generates stability for
swimming. Therefore, if the task is to replicate efficient fish
swimming, a noticeable component of stabilization derives
from the embodiment itself. We expect that the task of con-
trol shall not be entirely in charge of guaranteeing stability.
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The hybrid prototype performed better than other fish-
shaped prototypes. We believe that it is the increasing
elasticity that grants P6 an edge.

Future Work: To approximate the elasticity distribution
of fish we manufactured the body of the hybrid prototype
(P6) in two sections using two different materials. This is a
crude 2-value approximation and the performance is affected
by the discontinuity. We are, therefore, investigating ways
of designing prototypes with continuously-varying elasticity.
We are also examining the following question: “how can
myometry readings be used to improve and/or simplify the
analytical models?”. We are looking for ways of employing
myometry with live fish and working on developing a simple
method to estimate the viscosity distribution from myometry
experiments.
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