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Abstract. Sea urchins are small globular animals that build spines of different 
shapes, sizes and functions. Some species build thick and blunt spines made from 
Mg-bearing calcium carbonate which they use to attach themselves to the reef. 
These spines show graceful failure behaviour under compressive strength, although 
they are highly porous (up to 60 %). The failure behaviour is caused by the 
hierarchical internal structure of the spines. The combination of high porosity and 
graceful failure behaviour in ceramic material is attractive to various medical and 
industrial applications. The insights from the investigation of sea urchin spines will 
lead to new and improved ceramic materials.  
 Tests were applied to segments of two types of sea urchin spines 
(Heterocentrotus mammillatus and Phyllacanthus imperialis) to characterize the 
failure behaviour and link it to the internal structure under compressive load. These 
tests were among other measurements supported by an acoustic emission analysis. 
Acoustic emissions are excited by micro-cracks occurring within the spines during 
the compressive strength test before cracks are visible from outside. These acoustic 
emissions are recorded and correlated to the other measurements. The damage 
development appears in the number and distribution of acoustic emissions and 
correlates well with other measurements. Further investigation of the acoustic 
emission signals will help to identify different failure modes during the compressive 
strength test. 

Introduction  

Sea urchins are small globular animals of the class echinoidea that can be found in all 
oceans around the world. There are about 950 species of echinoids, which all have being 
globular and spiny in common. Sea urchins have, depending on the species, spines ranging 
from several millimetres to 30 centimetres in length and up to 1 cm in diameter. Some 
species of sea urchins, the cidaroida, develop thick and blunt spines that possess a desirable 
combination of light weight and graceful failure behaviour. The spines are built of 
magnesium calcite with varying magnesium content. Their microstructural architecture 
prevents them from catastrophic failure that is typical for conventional ceramics. This 
feature would be advantageous for different applications in industry and medicine. It 
requires a deep understanding of the chemical composition, the microscopic structure, and 
the macroscopic failure behaviour to rebuild similar microstructures in artificial ceramics. 
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Different studies on these topics already exist. Even attempts to build artificial ceramics 
with comparable failure behaviour were made [3].  

In this study, acoustic emission analysis was used to monitor compression tests of 
spines of the sea urchin species of Heterocentrotus mammillatus (HM) and Phyllacanthus 
imperialis (PI). During the compression tests, micro-cracks and cracks occur which 
produce acoustic emissions. The main goal is to investigate if acoustic emission testing is 
feasible and will provide additional knowledge on failure propagation in the sea urchin 
spines with regard to model building for numerical simulation. 

The study was carried out in the framework of a collaborative research centre 
(CRC) TRR 141 Biological Design and Integrative Structures to understand, numerically 
model and rebuild biological materials with appealing mechanical properties [4]. Within the 
CRC the material will be studied using destructive and nondestructive testing and 
simulation techniques.  

1. Sea urchin spines  

1.1. Material and Appearance  

This study focusses on sea urchin spines of Heterocentrotus mammillatus (HM, pencil sea 
urchin) and Phyllacanthus imperialis (PI, lance sea urchin) which belong to the order of 
cidaroida. They have spines with about 1 cm in diameter and up to 12 cm in length. They 
use their spines to attach themselves to the reef against the high tidal currents and as 
protection against predators. 

 

     
Figure 1: left: Heterocentrotus mammillatus[5]; right: Phyllacanthus imperialis[6]. 

These sea urchins use Mg-calcite as building material for their spines. The spines 
are highly porous (pore volumes up to 60 %), however they are strong against 
compressional forces. The porosity is needed to keep the spines lightweight and allows 
fluid transport for regeneration and growth of the spines. The Mg-Calcite builds a fenestral 
network called stereom to reach these high porosities. Different types of stereom are 
described in [2].  
The spines of HM and PI show different microstructures. In spines of the species HM dense 
layers and stereom layers alternate. The axial centre (Medulla) shows a higher porosity in 
both layers, the layer sequence is not uniform. PI spines consist of a highly porous inner 
area enclosed by a less porous stereom and a highly dense outer core (cortex). The main 
microstructure types of the stereom also differ in HM and PI. At the spine base, where it is 
attached to the sea urchin, porosity is low (10 % volume) and reaches up to 60 % in the rest 
of the stereom.  
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1.2.Failure behaviour  

Presser et al describe the failure behaviour of sea urchin spines under bulk compression [1]. 
Under compressive load the spines of HM and PI show a so-called “graceful failure”: a 
mechanical behaviour, meaning a stepwise failure without sudden catastrophic mechanical 
malfunction (Figure 2). According to [1], in the first phase of compression of a HM spine 
segment, horizontal cracks occur at the surface around the whole spine. These cracks act as 
initiation for cracks that run upwards to the head of the spine and stop cracks that run from 
the head to the base. In this phase, the cracks are limited to the top part of the sea urchin 
spine. Under further compression, the upper part crushes completely, while the lower part 
of the sea urchin spine remains nearly undamaged. After the top part is crushed, the next 
section is crushed in the same way.  

The failure behaviour of PI spines is graceful as well. Due to the different 
microstructure, the damage propagation proceeds differently. The outer shell has a density 
(2.7 g/cm3) in the range of bulk calcite and flakes off from the inner spine. 

 Force-compression-diagrams obtained during bulk compression tests reveal the 
graceful failure behaviour. Figure 2 shows a force-compression-diagram for a HM spine 
sample under compressive load. The spine sample with the original length of some 30 
millimetres undergoes a compression of more than 6 mm before complete failure. 
Comparable porous ceramics used for industrial applications generally endure 
compressions of less than 1 millimetre [1]. 

 

 
Figure 2: Force-Compression-Diagram of compression test at a HM spine segment 

The described graceful failure behaviour prevents the spines from catastrophic 
failure, which is typical for industrial ceramic materials. This feature would be 
advantageous for different industrial or medical applications.  

2. Measurements  

In this study, the compressive load was applied to different segments of spines from HM 
and PI. Two broad-band acoustic emission sensors were attached to the base plate of the sea 
urchin to record the acoustic emissions excited by cracks within the spines. Silicon grease 
was used as couplant and the sensors were secured by cable ties. The sensor mounting was 
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verified by pencil lead breaks before each test. The data recording was done using a 
transient recorder with 1 MHz sampling frequency.  

 

 
Figure 3: Measurement setup with acoustic emission sensors and a sea urchin spine segment. 

During the test, a compressive load was put on 5 segments of sea urchin spines until 
complete failure. The 5 segments were taken from different sea urchin spines, 4 of the type 
HM and one of type PI. The feasibility of the acoustic emission testing should be evaluated 
during these tests. In addition to the acoustic emission data, force and compression data 
were recorded.  

3. Results   

This study investigates the failure under compressive load of five segments of sea urchin 
spines. Table 1 lists the maximum observed loads and the test durations for each sea urchin 
spine segment.  

The maximum forces vary for the different segments due to the different 
microstructures of the used sea urchin spines. Sea urchin spines are naturally grown and 
vary in length and thickness. Furthermore, the segments are taken out at different positions 
of the spines. As mentioned before, porosity and microstructure vary along the spines and 
the internal structure of each segment is unique.   

Table 1: Compression tests 

Test 
Number 

Sea 
urchin 

type and 
name 

Maximum 
Load [N] 

Compression 
[mm] 

Duration 
of test 
[min] 

Number of 
acoustic 

events [Hits] 
Hits/Minute 

1 HM2 5700 5.1 50.3 1870 37 

2 PI3 2200 2.8 19.7 1218 62 

3 HM4 2700 1.2 14.9 1322 89 

4 HM5 5400 1.3 20.6 2832 137 

5 HM6 3600 6.5 20.7 3125 150 

 
Table 1 shows no apparent correlation between the measured data. The number of 

recorded acoustic events varies between 1322 and 3125. The highest number of acoustic 
events is neither linked to high maximum loads nor to high compression. Due to the small 
database of these feasibility tests, the two sea urchin species cannot be distinguished.  

The compressed sea urchin spine segments all show different failure behaviour due 
to their different microstructure. Therefore they all show different acoustic emission 
activity and intensity over time. In the following, this paper focusses primarily on the 
results of the tests at HM2 and PI3.  
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3.1. Heterocentrotus mammillatus HM2 

The HM2 spine follows the failure sequence described in Section 1.2. The damage starts in 
the upper part of the spine and the layers are spalled one after the other (Figure 4 left). 
Before the complete failure of the spine segment, a main part is sheared off (Figure 4 right). 

 

    
Figure 4: HM2 under compressive load at an early state (left) and near the final stage (right) [7] 

Now we take a look at the hit rates of the acoustic emission data (blue dots in Figure 
5). For HM2 the hit rates follow a stepwise progression. The force-time-diagram of this 
spine segment (green line in Figure 5) follows the same stepwise progression. The 
correlation between both data sets is clearly visible; the majority of drops in force are 
correlated to rises in hits.  

As the force increases, micro cracks and cracks occur within the spine as described 
in Section 1.2. First a major force drop is seen, and then the first layer of the spine spalls 
off. After this, the force applied to the spine increases again until the next layer crushes. 
However, the peak force value is not reached again. Nevertheless, the spine segment is 
withstanding the force further for more than 40 minutes until a main part is sheared of 
(Figure 4) and the spine segment is destroyed completely. For later times and lower forces, 
there are periods of several minutes without acoustic emissions.  

 
Figure 5: Hit rates of acoustic emission data and force data recorded during compression tests at HM2. 

Looking at the energies per hit (Figure 6) one can seethat rather small force drops 
can be related to high acoustic energy release, e.g. at 10:10 or at 10:23. This emphasized 
that crack growth, which is the main source for acoustic emission, and spallation, which is 
the cause for the force drops, are not happening simultaneously. This effect is even stronger 
at the PI3 and will be described in the next section.  

 



6 

 
Figure 6: Energy/hit and force data recorded during compression tests at HM2. 

3.2. Phyllacanthus imperialis PI3 

As described in Section 1.2, PI3 follows a different failure progression. In the early stage of 
the compression test, a horizontal crack forms in the spine. This crack is grows until the 
outer core breaks apart (Figure 7). 

     
Figure 7: PI3 under compressive load at an early stage (left) and near the final stage (right) of failure [7]  

The force diagram of PI3 (green line in Figure 8) looks different than the diagram of 
HM2. It shows 3 major force drops and a rather continuous decline in force without distinct 
steps under continuous compression force. It is interesting to note that the first rise in 
acoustic hits is not correlated to the first major force drop at 11:10, but to the first bend in 
the first force peak at 11:09:37.  

 
Figure 8: Hit rates of acoustic emission data and force data recorded during compression tests at PI3. 
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Within 7 seconds more than 450 acoustic emission signals are recorded. 
Nevertheless he force drop at 11:10 is accompanied by about 80 acoustic emissions. In the 
following each increase of hits corresponds well to a drop in force (Figure 8). 

 
Figure 9: Energy/hit and force data recorded during compression tests at PI3 

In Figure 9, the energy of each acoustic emission and the force are plotted vs. the 
clock time. It is clearly visible, that the release of acoustic energy correlates with the force 
drops and that much energy is released at 11:09 before the first main force drop. This 
correlates with the crack formation and failure progression described above and 
documented in Figure 7. The first rise in acoustic emissions is related to the development 
and propagation of the horizontal crack. This crack weakens the structure, but does not lead 
to a remarkable force drop. The force drop follows when the spalling starts at 11:10. 

 
Figure 10: Amplitude spectra of each acoustic emission signal recorded at channel 1 during the compression tests at PI3. 

Events linked to crack growth are marked by the green box.  

Due to the clear time separation of cracking and spalling in the failure progression 
at PI3, we took a closer look at the frequency content of the signals. Different failure modes 
may lead to different frequency content in the signal. The frequency content was evaluated 
by a Fourier transformation of the acoustic emission signals. In Figure 10, the amplitude 
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spectra for each recorded hit are shown. The crack building at 11:09 takes place within 
about 7 seconds and includes the hits from about number 40 to 420. The frequency content 
of the signals changes during this crack cascade and forms certain structures in the 
frequency data in Figure 10. The events linked to the crack growth are marked by the green 
box in Figure 10. The structures end when the spalling starts around event 420. Around 
event 700 similar structures start to appear again. This corresponds to a small force drop in 
the second peak of the force-diagram at 11:11. Again there is crack growth before the 
spalling. The acoustic emission signals of the spalling contain frequencies of 160 kHz, 200 
kHz and 250 kHz. Structures like during the crack building are not visible during spalling. 
Therefore, it is possible to classify the failure modes by investigation if the frequency 
content. 

4. Discussion and Conclusions  

The failure behaviour of two types of sea urchin spines under compressive load was 
examined in this study. Acoustic emission measurements using two broadband acoustic 
emission sensors were applied during the compression tests. Five segments of HM spines 
and 1 segment of a PI spine were crushed in this test setup. The failure behaviour shows 
differences between the spine segments of the different types as well as or the spine 
segments of the same type. As the spines are naturally grown, they all possess individual 
structures which affect the failure behaviour. Further investigation will be needed to build a 
database and create statistics for each spine type.  

Nevertheless, it could be shown that the graceful failure behaviour of the sea urchin 
spines visible in force-compression-diagrams can be reproduced in the acoustic emission 
activity and intensity. The hit rates correlate with the force-diagrams and the number of hits 
increases for every force drop.   

The main sources of acoustic emission are crack initiation and crack growth. One 
main source for force decrease is spalling of the different shells of the spines. In many 
cases, crack growth and spalling is nearly simultaneous. However, it could be shown, that 
periods of high acoustic activity are linked to small force changes and high force drops 
sometimes are linked to little acoustic emission activity. The PI spine crushed in this study 
happened to provide a time shift between crack building and spalling. Therefore the signals 
of the different failure modes could be regarded separately. The data show differences in 
the frequency range. The crack building is characterised by a certain pattern of frequency 
shifts. During the spalling periods, these patterns disappear. A classification of the acoustic 
signals was therefore possible in this feasibility study. Further investigations at spines of 
type PI would be helpful for the verification of these results.   

Acoustic emission testing proofed to be a reasonable addition to standard techniques 
during compression tests. Crack formation may not always be visible from outside the 
specimens and is not always directly linked to force changes. Acoustic emission techniques 
are highly sensitive to crack building and even indicated the ability to classify failure 
modes. This can lead to deeper insight in failure mechanisms in sea urchin spines.  
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