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Sea urchin spines are of interest for biomaterials and functional materials development
due to their mechanical properties, which depend on their elemental composition.
However, no previous study has examined the structural distinctions between the spines in
the ambulacral and interambulacral areas. This study addresses that gap by investigating
the structural and mechanical diûerences in the spines of Strongylocentrotus nudus, with a
focus on these two areas. We used cantilever bending tests, Fourier-transform infrared (FT-
IR) spectroscopy, X-ray diûraction (XRD), and inductively coupled plasma atomic emission
spectroscopy (ICP-AES) to analyze the composition, elasticity, and microstructure of the
spines. The bending modulus of elasticity was higher in the ambulacral area (52.067 GPa)
compared to the interambulacral area (10.133 GPa), hardness and deformation. ICP-AES
analysis revealed that ambulacral shaft had a slightly higher concentration of magnesium
(Mg) (0.9844 wt%) compared to the interambulacral shaft (0.9804 wt%), while the calcium
(Ca) concentration was lower in the ambulacral shaft (39.6578 wt%) compared to the
interambulacral shaft (42.1076 wt%). Furthermore, a variation in Mg concentration was
observed between the base and shaft parts of the spine. XRD showed a narrower (104)
lattice spacing in the ambulacral spine (3.0264 + ) compared to the interambulacral spine
(3.0275 + ), correlating with higher Mg concentration. These compositional and structural
diûerences suggested that S. nudus modulates Mg concentration in calcite to achieve
functional specialization of spines for locomotion and defense. Our ûndings may be useful
for the development of novel functional materials.
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21 Abstract

22 Sea urchin spines are of interest for biomaterials and functional materials development due to 

23 their mechanical properties, which depend on their elemental composition. However, no previous 

24 study has examined the structural distinctions between the spines in the ambulacral and 

25 interambulacral areas. This study addresses that gap by investigating the structural and 

26 mechanical differences in the spines of Strongylocentrotus nudus, with a focus on these two 

27 areas. We used cantilever bending tests, Fourier-transform infrared (FT-IR) spectroscopy, X-ray 

28 diffraction (XRD), and inductively coupled plasma atomic emission spectroscopy (ICP-AES) to 

29 analyze the composition, elasticity, and microstructure of the spines. The bending modulus of 

30 elasticity was higher in the ambulacral area (52.067 GPa) compared to the interambulacral area 

31 (10.133 GPa), hardness and deformation. ICP-AES analysis revealed that ambulacral shaft had a 

32 slightly higher concentration of magnesium (Mg) (0.9844 wt%) compared to the interambulacral 

33 shaft (0.9804 wt%), while the calcium (Ca) concentration was lower in the ambulacral shaft 

34 (39.6578 wt%) compared to the interambulacral shaft (42.1076 wt%). Furthermore, a variation in 

35 Mg concentration was observed between the base and shaft parts of the spine. XRD showed a 

36 narrower (104) lattice spacing in the ambulacral spine (3.0264 Å) compared to the 

37 interambulacral spine (3.0275 Å), correlating with higher Mg concentration. These 

38 compositional and structural differences suggested that S. nudus modulates Mg concentration in 
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39 calcite to achieve functional specialization of spines for locomotion and defense. Our findings 

40 may be useful for the development of novel functional materials.

41

42 Introduction

43 Sea urchins are marine echinoderms with spherical or elliptical shapes and numerous spines on 

44 their tests (Johnson et al., 2020). Sea urchin shells and spines are composed of a magnesium 

45 (Mg) and calcium (Ca) carbonate structure (Vecchio et al., 2007; Moureaux et al., 2010; Albéric 

46 et al., 2019). The spines of Strongylocentrotus nudus are composed of stereom structure, a 

47 porous, mesh-like microstructure characterized by numerous internal cavities, which make them 

48 both lightweight and strong (Moureaux et al., 2010; Gorzelak et al., 2011; Albéric et al., 2019). 

49 The mechanical properties of spines depend partly on their constituent elements, such as 

50 strength, hardness, and elasticity (Tsafnat et al., 2012; Lauer et al., 2020; Cölfen et al., 2022). 

51 These spine structures are expected to be useful in biomaterials and functional materials 

52 development because they are optimal for locomotion and defense (Voulgaris et al., 2021; 

53 Emerson et al., 2017). Sea urchin tests are distinguished into ambulacral and interambulacral 

54 areas (Gao et al., 2015).

55 The bending behavior of the cantilever is crucial for locomotion as it serves as an indicator of the 

56 strength and flexibility of the sea urchin spine. Herein, we examined the relationship between 

57 mechanical properties and microstructure using a cantilever bending test and other exact 

58 analyses, which indicated that sea urchins control the Mg concentrations to acquire these 

59 functions.

60 In S. nudus, spines in the ambulacral area tend to be shorter and thicker. In contrast, those in the 

61 interambulacral area are generally longer and thinner, reflecting their distinct roles in locomotion 

62 and defense. Tube feet located in the ambulacral area facilitate locomotion across the substrate. 

63 During locomotion, the spines support the body by providing mechanical stability and balance. 

64 The longer interambulacral spines can radiate outward in response to stimuli, forming a physical 

65 barrier that helps deter predators. While the spines respond defensively to touch, locomotion is 

66 controlled by the tube feet (Yu et al., 2019; Voulgaris et al., 2021; Thompson et al., 2021; Hebert 

67 et al., 2024). Currently, no study has elucidated the structural distinctions between the spines in 

68 the ambulacral and interambulacral areas, which are involved in locomotion and defense in sea 

69 urchins. Additionally, these spines may have functions other than locomotion and defense. We 

70 hypothesized that the two spine types have different functional characteristics. We thus collected 

71 the spines of the sea urchin, S. nudus and examined them from the ambulacral and 

72 interambulacral areas based on their bending properties, crystalline structure, and Mg 

73 concentrations. In addition, the structural details were investigated using Fourier-transform 

74 infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), and inductively coupled plasma atomic 

75 emission spectroscopy (ICP-AES). These structural analyses were performed to determine the 

76 relationship between the mechanical properties and constituent elements (Mg and Ca).

77

78 Materials & Methods
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79 Sample preparation

80 Spines of adult sea urchins (S. nudus) were procured along with shells from Rishiri Island, 

81 Hokkaido Prefecture, Japan. The shells were thoroughly washed, and the organic tissue was 

82 removed before being dehydrated at room temperature (25°C). The sea urchin spines were then 

83 extracted from the shell by dividing them into ambulacral and interambulacral areas (Figs. 1 and 

84 2) and stored in desiccators at 10-2 Pa. Table 1 shows the average spine dimensions, including 

85 total length, base length, shaft length, and diameter of the spines.

86

87 Cantilever bending test

88 For the cantilever bending tests, the base of the sea urchin spine was embedded in an aluminum 

89 pipe using ultraviolet-hardening acrylate resin. The sea urchin spine in the ambulacral and 

90 interambulacral areas was adjusted to an indenter position 1 mm from the spine tip and fixed 

91 using a jig for each test (Fig. 3). The loading force and displacement were recorded using an 

92 autograph (MX2-500N, ZTA-20N, Imada, Aichi, Japan). In the bending test, 10 spines were 

93 used per area. The indenter of a load capability of 20 kN was applied at a 10 mm/min speed. 

94 Dimensions such as the total length, base and shaft length, and load point diameter of the sea 

95 urchin spines were measured pre- and post-testing. Fractured samples of 10 spines were observed 

96 using a digital microscope (VHX-5000; Keyence, Osaka, Japan). The transverse section area of 

97 the sea urchin spines, after subtracting the stereom structure, was measured for accurate 

98 calculations. The average percentage of the transverse sectional area was 80%. In addition, the 

99 bending modulus of elasticity (E), bending strength (ÃB), and maximum bending stress (Ãmax) 

100 were determined using the following equations:

101

102  (1)ý= ÿý = ý/ý&ÿ/ÿ
103

104  (2)ÿý= ý(ÿ 2 ý)ý
105

106  (3)ÿÿÿý= ýÿÿýý
107

108 where, F is the maximum force, A is the transverse section area, �L is the displacement, L is the 

109 sea urchin spine length, x is the spine position, Mmax is the maximum bending moment and Z is 

110 the section modulus (Moureaux et al., 2010).

111

112 Analysis using FT-IR

113 The spines were split into base and shaft parts and crushed for compound analysis. The size of 

114 the powdered spine fragments was between 40 and 100 ¿m (Fig. 4). For analysis, the powdered 

115 samples of each part of the spine were prepared by placing approximately 1 to 5 mg on the plate. 

116 Calcite, dolomite, and magnesite in each section were analyzed using an FT-IR spectrometer 

117 (FT/IR 500, JASCO, Tokyo, Japan). FT-IR spectra were collected in an infrared reflection area 
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118 of 30 × 30 µm2 with a cumulative number of 1,024 times. The wavenumbers ranged from 800 to 

119 1,500 cm-1.

120

121 Evaluation of lattice spacing by XRD

122 To evaluate the lattice spacing by the standard silicon peak at 2» = 28.4º (Wang et al., 2022), 

123 powdered spine samples (0.2 g each) were prepared with 10% silicon powder for each part of the 

124 spine. The exact 2» of the calcite (104) and (006) planes in the spine was measured using an X-

125 ray diffractometer (Rigaku Ultima IV, Tokyo, Japan). The diffractometer was operated at 40 kV 

126 and 40 mA at a 2» range of 27�33° with a step size of 0.01° (Cu-K³ radiation: » = 1.5418 Å). 

127 Then, the peaks (104) and (006) planes were determined by Lorentzian fitting software 

128 (OriginPro, Northampton, Massachusetts). The lattice spacing (d) of the spine was calculated 

129 using Bragg�s law, as follows:

130

131  (4)ý= ÿ
2ýÿÿ ÿ

132

133 where » is the wavelength of X-ray radiation, and » is the diffraction angle.

134

135 Trace element analysis by ICP-AES

136 First, each powdered spine sample (0.1 g) was placed in an airtight container with 2 mL of Nitric 

137 acid (HNO3), and dissolved by heating at 100# for 40 min. Second, the dissolved samples were 

138 cooled to room temperature (20�25°C), and pure water was added to make up a volume of 50 

139 mL. The mixed samples were diluted 2,000-fold with pure water to the weight of Ca and 100-

140 fold to the weight of Mg. For calibration, the standard solutions of Ca and Mg were diluted from 

141 1,000 ppm to 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05, 0.025, and 0.01 ppm. Finally, the trace elements were 

142 analyzed using ICP-AES (SPS3100HV UV, SII, Japan). The samples of each part were measured 

143 using ICP-AES under conditions of high-frequency power (1.2 kW), and a cumulative number of 

144 5 times. The concentrations of Ca and Mg in each part were measured, and the corresponding 

145 quantity (wt%) was calculated as follows:

146

147  (5)ýý%= (
ýÿ × ý × ÿ × ÿÿý ) × 100

148

149 Where, MC is the mass of the concentration, V is the volume to be increased, D is the dilution 

150 ratio, SC is the standard solution concentration, and M is the mass of the sample.

151

152 Results

153 Cantilever bending test

154 Fig. 5 shows the force-displacement diagram of one representative spine per area for the 

155 cantilever bending test. The mechanical behavior of the fracture was linear, and the average 

156 maximum force and displacement were determined from this relationship. Fractures occurred in 

PeerJ Mat. Sci. reviewing PDF | (MATSCI-2024:11:110526:1:0:NEW 12 May 2025)

Manuscript to be reviewedChemistry Journals
Analytical, Inorganic, Organic, Physical, Materials Science

akroh
Hervorheben
? - I do not understand this

akroh
Hervorheben
unclear; do you mean that each measurement had five replicates?



157 the middle of three spines, in the tip of seven spines for the ambulacral area, and in the tip of 10 

158 spines for the interambulacral areas. The average maximum force in the ambulacral spine was 

159 1.2350 N, while in the interambulacral spine it was 0.9180 N. The average displacement in the 

160 ambulacral spine was 1.3265 mm, and in the interambulacral spine, it was 4.7523 mm. Table 2 

161 lists the mechanical properties of spines in the ambulacral and interambulacral areas. The 

162 average bending modulus of spine elasticity in the ambulacral and interambulacral areas was 

163 52.067 GPa and 10.133 GPa, respectively. The average bending strength of the spine in the 

164 ambulacral area was 631.75 MPa and 300.71 MPa in the interambulacral area. The average 

165 maximum stress of the spine in the ambulacral area was 1,822.77 MPa and 1,554.89 MPa in the 

166 interambulacral area.

167

168 FT-IR analysis

169 Fig. 6 shows the FT-IR spectra of the (a) base and (b) shaft of sea urchin spines. Fig. 6(a) shows 

170 that in the base of the spine in the ambulacral and interambulacral areas, calcite peaks appeared 

171 at 1,419 and 1,410 cm-1, while magnesite peaks appeared at 855 and 861 cm-1. Fig. 6(b) shows 

172 the magnesite peak in the shaft part appeared at 860 and 855 cm-1, while the calcite peak 

173 appeared at 1,418 and 1,420 cm-1 (Vecchio et al., 2007; Tanaka et al., 2019). The dolomite peak 

174 occurred at 888 cm-1 for both base and shaft part in both areas (Bruckman and Wriessnig, 2013).

175

176 Evaluation of lattice space using XRD

177 Fig. 7 shows the XRD patterns of powdered sea urchin spine samples from each part of both 

178 areas. The peaks of the (104) plane appeared as follows (Borz�cka-Prokop et al., 2007): the base 

179 parts in the ambulacral and interambulacral areas were at 29.512° and 28.498°, respectively. The 

180 shaft angles in the ambulacral and interambulacral areas were 29.479 °and 29.475°, respectively. 

181 The (006) peaks appeared as follows: the bases in the ambulacral and interambulacral areas were 

182 31.581° and 31.563°, respectively. The shaft angles in the ambulacral and interambulacral areas 

183 were 31.529° and 31.544°, respectively. Fig. 8 shows the lattice spacing of the sea urchin spines 

184 from each part in both areas. The lattice spacing increased from the base to the shaft in both 

185 areas. In the base part of the (104) plane, the lattice spacing in the ambulacral area was narrower 

186 than that in the interambulacral area. The average lattice spacing of the (104) plane of the base 

187 part in the ambulacral and interambulacral areas were 3.0231 and 3.0238 Å, respectively. The 

188 average lattice spacing of the shaft part in the ambulacral and interambulacral areas were 3.0264 

189 and 3.0275 Å, respectively.

190

191 Trace element analysis

192 Fig. 9 show the average concentrations (wt%) of Ca and Mg contained in each part of the spine 

193 from the ambulacral and interambulacral areas. In both areas, the Ca concentration in the base 

194 was lower than that of the shaft, while the Mg concentration was higher in the base compared to 

195 the shaft. In the base part of the spine, Ca concentration in the ambulacral area (35.4173%) was 

196 higher compared to the interambulacral area (31.6537%). The Mg concentration in the 
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197 ambulacral area (1.1532%) was lower compared to that in the interambulacral area (1.2091%). In 

198 the shaft part of the spine, Ca concentration in the ambulacral area (39.6578%) was lower 

199 compared to that in the interambulacral area (42.1076%) while the Mg concentration was slightly 

200 higher in the ambulacral area (0.9866%) compared to that in the interambulacral area (0.9804%).

201

202 Discussion

203 In this study, we investigated the relationship between the mechanical properties and constituent 

204 elements in the ambulacral and interambulacral areas of S. nudus spines, focusing on their roles 

205 in locomotion and defense. Our analyses revealed differences in both the structural and 

206 compositional characteristics of the spines in the ambulacral and interambulacral areas. The 

207 spines in the ambulacral area demonstrated increased hardness and decreased elasticity, 

208 contributing to increased locomotory support by the tube feet. In contrast, the spines in the 

209 interambulacral area showed higher bending capacity and elasticity, a structure more suitable for 

210 defense through rapid outward extension in response to external stimuli (Moureaux et al., 2010; 

211 Tsafnat et al., 2012).

212 ICP and XRD analyses showed that the base of the spine generally contained more Mg than the 

213 shaft, suggesting that base strengthening is related to modifications in the crystalline lattice 

214 spacing in the (104) cleavage plane (Deng et al., 2022). The lattice spacing in the ambulacral 

215 area was narrower than that in the interambulacral area, and the Mg concentration in the base of 

216 ambulacral spines was lower than in the interambulacral spines. However, the Mg concentration 

217 was higher in the shaft of the ambulacral area. The Mg distribution suggests functional 

218 specialization in the ambulacral area. The mechanical strength of the base, attributed to increased 

219 hardness from its crystalline structure, is crucial for protecting the organism (Magdans and Gies, 

220 2004).

221 Damage to the base of the spine is often fatal, highlighting the importance of vital protection in 

222 this region (Moureaux et al., 2010; Gorzelak et al., 2011; Albéric et al., 2019). The increasing 

223 Mg concentration in the shaft is identified with narrower lattice spacing, referring to solid-

224 solution strengthening where Mg displaces Ca, transforming calcium carbonate into magnesium 

225 carbonate and dolomite (Lauer et al., 2020; Deng et al., 2022). This results in increased 

226 maximum bending stress, which may enhance performance during locomotion.

227 Our results support the hypothesis that echinoid spines are structurally and functionally 

228 specialized based on the ambulacral and interambulacral areas, and in the base and shaft parts. 

229 Previous studies have detailed stereom structure and mineral composition (Moureaux et al., 

230 2010; Cölfen et al., 2022), but our study is among the first to correlate microstructural 

231 differences with mechanical function between spine types. The observed variation in Mg 

232 concentration is consistent with previous findings, which links higher Mg levels to increased 

233 hardness in calcite (Albéric et al., 2019).

234 Controlling Mg concentration may function as a biological method to optimize mechanical 

235 properties by optimizing the hardness and elasticity. The orientation of crystalline domains in 

236 interambulacral spines may also contribute to their controlled elasticity under mechanical stress. 
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237 Understanding how Mg concentration and microstructure affect mechanical properties in sea 

238 urchin spines provides valuable insight into the design of bioinspired materials that combine 

239 transformability with strength (Magdans and Gies, 2004; Moureaux et al., 2010).

240 While our study is limited by analysis and may not fully capture living behavior, it nonetheless 

241 provides a foundational understanding of how microstructural and compositional factors, such as 

242 Mg concentration, affect echinoderm biomechanics. These findings offer a strong basis for future 

243 investigations. Future research should investigate environmental factors, such as seawater 

244 chemistry, control of Mg concentration, and examine the genetic regulation of the 

245 biomineralization mechanism. Moreover, investigating whether sea urchin spines are 

246 transformed in response to fracture or biological stress could reveal important transformative 

247 mechanisms. Comparative studies across different echinoid species may also provide valuable 

248 evolutionary insights into the functional specialization and morphological diversity of spines.

249

250 Conclusions

251 This study provides an extensive analysis of the mechanical properties and constituent elements 

252 of sea urchin (S. nudus) spines, exhibiting substantial Mg concentration in the different 

253 functional areas between ambulacral and interambulacral areas. The higher Mg concentration in 

254 ambulacral spines results in increased hardness and narrow lattice spacing to improve support 

255 during locomotion. In contrast, the lower Mg concentration in interambulacral spines confers 

256 elasticity to resist cleavage fractures, optimizing them for defensive functions. These 

257 observations reveal how solid-solution strengthening and microstructural variations contribute to 

258 the functionality of a single biological structure (Seto et al., 2012; Deng et al., 2022).

259 The specialized mechanical properties observed in sea urchin spines reveal important 

260 evolutionary adaptations and offer a compelling model for developing advanced biomaterials. 

261 Future research into atomic-level structure, compressive strength, and environmental influences 

262 on Mg concentration in sea urchin spine could further inform the design of bioinspired materials 

263 with tunable mechanical properties. These results have the potential to contribute to innovations 

264 in biomaterials and functional materials.

265
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Figure 1
Fig. 1. Sea urchin Strongylocentrotus nudus
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Figure 2
Fig. 2. Sea urchin spines in the a) ambulacral and b) interambulacral areas
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Figure 3
Fig. 3. Sea urchin spines ûxed using a jig for the bending test
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Figure 4
Fig. 4. Powder sample of sea urchin spine
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Figure 5
Fig. 5. Force-Displacement diagram of one representative spine from each area
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Figure 6
Fig. 6. Fourier-transform infrared (FT-IR) spectra of the (a) base and (b) shaft of sea
urchin spines in a wavenumber range of 80031500 cm -1
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Figure 7
Fig. 7. X-ray diûraction (XRD) patterns of the sea urchin spine from (a) base and (b)
shaft in the ambulacral and interambulacral areas
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Figure 8
Fig. 8. Lattice space of (104) plane from the base and shaft in the ambulacral and
interambulacral areas
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Figure 9
Fig. 9. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) wt% of (a)
calcium and (b) magnesium in the base and shaft in the ambulacral and interambulacral
areas
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Table 1(on next page)

Table 1: Dimensions of sea urchin spines on Strongylocentrotus nudus (n=10 per area)
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1 Table 1: Dimensions of sea urchin spines on Strongylocentrotus nudus (n=10 per area)

Total length (mm) Base length (mm) Shaft length (mm) Diameter (mm)

Ambulacral area 23.73 ± 2.45 2.08 ± 0.37 21.71 ± 2.15 0.52 ± 0.07

Interambulacral area 33.61 ± 3.97 2.88 ± 0.58 30.71 ± 3.40 0.59 ± 0.11

2
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Table 2(on next page)

Table 2: Mechanical properties of sea urchin spines

PeerJ Mat. Sci. reviewing PDF | (MATSCI-2024:11:110526:1:0:NEW 12 May 2025)

Manuscript to be reviewedChemistry Journals
Analytical, Inorganic, Organic, Physical, Materials Science



1 Table 2� M��������� properp��� of sea urchin spines

Ambulacral Interambulacral

Bending modulus (GPa), E 52.067 10.133

Bending strength (MPa), ÃB 631.75 300.71

Maximum stress (MPa), Ãmax 1822.77 1554.89

2
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