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SUMMARY 

The seahorse tail is a most intriguing feature in nature’s 

design. The remarkable skeletal structure of the seahorse tail 

effectively combines radial stiffness with ventral bending 

flexibility. As this combination of mechanical characteristics 

is frequently encountered in design requirements, the thorough 

understanding of the biomechanics involved in seahorse tail 

bending could lead to improved design in biomedical 

applications. 

 

 

INTRODUCTION 

In recent years, more and more engineers are looking at  

nature for design inspiration. Billions of years of evolutionary 

pressure have forced organisms to produce efficient solutions 

to a whole range of real-world problems. This evolutionary 

adaptation to the environment is in many ways comparable to 

the design cycle used in engineering: gradual changes in 

functionality are tested on their fitness and thereafter either 

reinforced or rejected. As such, engineers can consider nature 

to be the single largest database of field-tested solutions. 

 

When it comes to adaptation to the environment, few animals 

are more specialized than the seahorse (genus Hippocampus). 

In contrast to most other fishes, seahorses swim in an upright 

position, relying mainly on a reduced caudal fin for 

propulsion. Consequently, the seahorse is unlikely to outswim 

predatory fish [1] and thus relies on its camouflage to avoid 

detection. The seahorse uses its tail to hang on to objects on 

the sea floor, while hiding along the edges of reefs or seagrass 

beds [2]. 

 

Besides camouflage, the seahorse is thought to rely on its 

armoured body to be more resilient to predatory bites [3]. The 

seahorse body is, unlike most other fish, covered in bony 

plates instead of scales. Despite this strong and stiff armour, 

the seahorse tail shows a remarkable flexibility, so much that 

it even acts as a prehensile organ. The secret seems to lie in 

the specialized way that the different skeletal elements move 

in relation to each other. Our research therefore focuses on the 

kinematics and the mechanical interactions of these skeletal 

elements. 

 

 

METHODS 

Several µ-CT scans were taken from a specimen of the 

longsnout seahorse (Hippocampus reidi), with the tail fixed in 

a curled, stretched and overstretched position (Figure 1). 

Scanning resolution ranged from 7 µm (for detailed scans of 

individual skeletal elements) to 50 µm (for general scans 

encompassing the entire seahorse tail). 

 

 
Figure 1:  CT-scans of the seahorse tail in overstretched (A), 

stretched (B) and curled (C) position. 

 

From these CT-scans it becomes evident that the seahorse tail 

consists of a sequence of uniformly shaped segments that 

linearly decrease in size towards the tail tip. Each of these 

segments is composed of five skeletal elements: one central 

vertebra surrounded by four dermal plates (Figure 2). 

 

 
Figure 2:  Skeletal elements of the seahorse tail 

 

As the shape of the skeletal elements is similar throughout the 

tail, not all elements were segmented. One segment was 

segmented from a high resolution µ-CT scan, that showed 

clear distinction of the elements near the joints. These 

elements were thereafter copied, scaled and skewed to 

resemble the other segments in the chain of the seahorse tail. 

For efficient kinematic modelling, the skeletal elements were 



replaced by simplified rigid bodies that inherited the contact 

points (of joints and muscles) and inertial properties of the 

scanned models. The open-source package pyFormex 

(www.pyformex.org) was used to automate this procedure. 

 

As the tail consists of twelve joints for each segment, using 

contact definitions to model the joints of an entire tail is 

computationally inefficient. The mechanical interactions of the 

joints were therefore simplified by using connectors acting as 

elastic springs (both in translation and rotation). The 

properties of these connector were determined using separate 

finite element analyses on deformable volumes of the skeletal 

elements with frictionless contact in the joint region. Joints 

between the dorsal and ventral dermal plates showed a nearly 

linear force-displacement curve, while joints between 

subsequent plates were clearly non-linear. These properties 

were thus applied to the appropriate connectors. Both the 

kinematic simulations and the finite element simulations were 

performed with Abaqus 6.10. 

 

 

RESULTS AND DISCUSSION 

Using the kinematic tail model, the ventral bending of the 

seahorse tail was studied. The skeletal elements were 

considered to be rigid, connected by the abovementioned 

connectors. The muscles were also modelled with these 

connectors, where muscle contraction was achieved by 

gradual shortening of the connectors. 

 

The muscles that are thought to be responsible for ventral tail 

bending are the median ventral muscles and the myomere 

muscles [3]. The position and attachment points of the 

muscles were determined from high resolution synchrotron 

scans, as the muscle tissue is hardly distinguishable on the µ-

CT scans. The median ventral muscles connect the hemal 

spines of consecutive vertebrae and cause a purely ventral 

bending upon contraction. On the other hand, the myosepta, 

which are interconnected by short myomere muscle fibres, 

connect the lateral spine of a vertebra with the medial surface 

of a distal ventral dermal plate, spanning up to seven 

segments. These myosepta run on both sides of the vertebrae 

and can thus cause both ventral bending (bilateral contraction) 

and combined ventral-lateral bending (unilateral contraction). 

 

The kinematic simulations start from an stretched tail position. 

The muscles are contracted 40% in a smooth step (as to avoid 

discontinuities in the acceleration). During the entire time 

step, the total kinetic energy (caused by the inertia of the 

skeletal elements) is kept negligible compared to the total 

potential energy (stored in the connectors). The final shape of 

the tail at the end of the simulation approaches the natural 

spiral shape of a seahorse tail (Figure 3), though further 

refining and detailed validation of the kinematic model is still 

in progress. 

 

 

Figure 3: Simulated tail bending. 

 

 

CONCLUSIONS 

A functioning kinematic model of the tail of the Hippocampus 

reidi was constructed. The remarkable combination of radial 

stiffness and bending flexibility of the seahorse tail appears to 

be achieved by the specialized skeletal structure. With the 

kinematic model of the seahorse tail we hope to achieve a 

profound insight in the biomechanics involved, so that the 

same principles can be applied to biomedical engineering 

applications that require combined stiffness and flexibility. 

One possible application lies in the development of a steerable 

catheter for stent delivery, where the bending could improve 

the accessibility of side branches of the aorta. 
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