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It is highly desirable to improve the anti-slipping stability of the crimping structure for a reliable connection. This study
innovatively presents a biomimetic strategy for designing a high-performance crimping structure for industrial hose assembly
based on evidence that the special infundibulum dentis structure on the occlusal surface of ruminant molars has the potential
of anti-slippage and can also reduce the risk of stress concentration. Utilizing reverse engineering technology, the three-
dimensional (3D) digital model of the bovine molar was built as a representative prototype, and then corresponding
characteristics of the infundibulum dentis were extracted with a fitting method for the bionic design of the crimping structure.
Numerical simulations and experimental results both indicate that the bionic crimping structure has high resistance to slippage
of hose body compared with the traditional type, and further, the formation mechanism of bionic anti-slipping performance
was discussed.

1. Introduction

The hose assembly is formed by crimping a hose body and a
connecting joint for transporting fluid with a certain pres-
sure and flow rate. It is an important pipeline component
in the fluid transmission and control system, widely used
in processing equipment, construction machinery, transpor-
tation machinery, mining machinery, etc. [1–3]. However,
in actual use, it is often exposed that the hose assembly
bursts and leaks at the crimping end, and even the hose slips
off from the crimp due to the unreasonable crimping struc-
ture, causing serious security threats [4–6]. As shown in
Figure 1, the crimping structure referring to the shape and
size of the inner teeth of the sleeve and the outer teeth of
the core rod directly determines the crimping strength and
sealing performance of the hose after crimping. The tradi-
tional design of the crimping structure often depends on
engineering experience; the tribological design theory is lag-
ging, and the collaborative design mechanism is not clear,

resulting in poor crimping performance as mentioned
above. Therefore, it is necessary to improve the crimping
structure and performance for increasing the reliability of
the hose assembly.

Learning from nature seems to be a perfect solution.
Natural selection, as everyone knows, created various near-
perfect geometries and functional mechanisms in teeth evo-
lution, to adapt to different conditions of service. In general,
they function efficiently in terms of penetrating or cutting
the feed with less energy based on corresponding morpho-
logical characteristics as cusps and crests, respectively [7,
8]. Natural teeth have become an important biospecimen,
and the research progress in bionics of teeth structure has
been reported successively, with the development of bionic
tribology. Recently, a biomimetic blade for corn harvester
designed by Tian et al. (2017) based on the cutting tooth
profile curve of the B. horsfieldi palate was found to have
strong cutting ability and good cutting quality, and it was
proved that the average maximum cutting force and cutting
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energy consumption can be reduced obviously [9]. Zhang
et al. developed a bionic imprinting toothed wheel inspired
by the foreleg end-tooth of soil-burrowing dung beetle,
eventually reducing the forward resistance and expanding
the volume of imprinted microbasin [10]. To improve the
crushing performance in powder processing, bionic grinding
heads based on natural friction pairs of bovine teeth were
presented by Wang et al., enabling a higher reduction ratio
and lower working temperature effectively [11, 12]. The
above typical bionic structures have achieved good applica-
tion effects in either cutting or grinding tools, whereas trans-
ferring geometric characteristics of natural teeth to crimping
structures is rare.

It is noteworthy that the infundibulum dentis, a funnel-
shaped depression structure on the surface of ruminant
molars (see Figure 2), is of particular importance in holding
feed: ruminants feed more on crude fiber and need more
chewing activities; then the presence of infundibulum dentis
by convergent evolution enhances the anti-sliding stability of
the tooth structure; thus, the feed can be fully ground
between its powerful molars when trapped in it [13–16].
Vollmerhaus et al. once studied the various geometries of
the infundibulum dentis during the life cycle of horses and
inferred that this construction results in a good grip of the
occlusal surface and the efficiency of ingestion [17]. Wang
et al. further showed its holding function in the chewing
simulation of bovine molars and developed biomimetic
high-performance grinding heads, which has been demon-
strated experimentally [11, 12]. Also, Weimer et al. indicated
the potential for biomimetic application of ruminant infun-
dibulum dentis to holding design in a bioreactor [18]. Those
all provide clues for the bionic anti-slipping design of the
crimping structure. On the other hand, the most stable
occlusal mode for both human and animal teeth is known
as the intercuspid position (ICP), as illustrated in Figure 3
[19]. This occlusal contact occurs between the cusp and
the fossa and is another manifestation of convergent evolu-
tion. It contributes to transmitting the occlusal load during
clenching in all directions perpendicular to the inclined
plane of the tooth cusp, thereby avoiding the concentration
of local occlusal force caused by two-point contact, as well
as damage to the tooth and periodontal tissue during occlu-
sion [19–21]. From here we can see that the vertical occlu-
sion of teeth is highly similar to the crimping process of
industrial hose; hence, developing a bionic crimping struc-
ture inspired by the surface topography and functional prin-

ciple of typical teeth may be an effective way to achieve high-
reliability crimping.

Bovine is a typical representative of ruminants, and the
infundibulum dentis on their molars shows a high degree
of structural and functional similarity to the crimping struc-
ture. Moreover, the properties of the materials processed by
occluding and crimping are similar to a certain extent.
Accordingly, this article focuses on the prototype of bovine
molars, and the geometric characteristics and functional
principles existing in this natural friction pair were
abstracted and imitated from the perspective of convergent
evolution. Then, a bioinspired crimping structure with good
anti-slipping performance was developed for industrial hose
assembly and demonstrated by numerical simulations and
experiments compared to the traditional one.

2. Materials and Methods

2.1. Sample Collection, Handling, and Modeling. The bovine
mandibular first molar as the selected component was sepa-
rated from adult cattle in a local abattoir and then sterilized
with 75% alcohol, washed with distilled water, and sprayed
with a white developer on its surface. For morphology mea-
surement, the point cloud data of the bovine molar was
acquired using the 3D laser scanner, and then the CAD
model of bovine molar was reconstructed assisted with Geo-
magic Studio, a reverse engineering software, after data
reduction, noise reduction, and other preprocessing, as well
as package processing, polygon editing, and NURBS surface
construction, sequentially for the point cloud as shown in
Figure 4 [22–24]. It provides a digital foundation for the geo-
metric extraction of the bionic coupling element.

2.2. Extraction of Biological Coupling Elements. In this sec-
tion, the infundibulum dentis was selected as the biological
coupling element for designing bioinspired crimping struc-
tures based on the functional and structural similarities, and
then its feature was extracted by fitting method with CAD
software. Figure 2 presents the extracted sectional contour of
the infundibulum dentis. In the coronal plane through the
infundibulum cusp, the infundibulum dentis was character-
ized by using straights to match the profile of the infundibu-
lum groove, forming an included angle α and a positive rake
angle β to describe the biological coupling element.

2.3. Design and Performance Simulation of Bioinspired
Crimping Structure. According to ICP, the most stable occlu-
sal mode for natural teeth, we proposed a cusp-to-fossa
crimping form and developed a crimping surface structure
coupled with the characteristics of the infundibulum dentis
of the bovine molar extracted in Section 2.2.

To examine its crimping performance, comparative
finite element analyses were conducted with the traditional
cusp-to-cusp structure. In the simulation, the hose body
was assumed as an anisotropic and elastic hollow cylinder
with rubber properties, and its elastic modulus and Poisson’s
ratio were set to 6.11N/m2 and 0.49, respectively. Due to the
circular symmetry of the crimping structure in action, the
inner teeth of the sleeve and the outer teeth of the core rod

Hose body Sleeve Core rod

Inner teeth
Outer teeth

Figure 1: Schema of crimping structure.
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Figure 2: Extraction of biological coupling elements of bovine molar.
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Figure 3: Typical occlusal mode of natural teeth: (a) human teeth; (b) bovine molars; (c) wolf teeth.
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Figure 4: CAD model reconstruction of bovine molar based on reverse engineering technology.
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Figure 5: FEA simulation for crimping process: (a) meshing; (b) result data collection.
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were considered as a pair of rigid toothed racks with Q235
steel properties. The corresponding elastic modulus and
Poisson’s ratio were 210GPa and 0.27, respectively. Further-
more, simulations only focus on a shaft section through X-Y
to simplify the analysis seen in Figure 5, and the coefficient
of friction between them is set to 0.7. The geometrically non-
linear simulation process of the crimping structure is as fol-
lows: the hose body was fixed, and 2-mm displacement

constraint along the ±X direction was first introduced to
the inner/outer teeth, respectively, to simulate the crimping
process; then 2-mm displacement constraint in the -Y direc-
tion was simultaneously applied to them to simulate the
working process. For the statistics of the analysis results,
the Mises stress and maximum principal strain were both
selected as indicators of the crimping performance (see
Figures 6 and 7).
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Figure 6: Resulting Mises stress in the crimping process for (a) bionic and (b) traditional crimping structures.
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2.4. Crimping Performance Test. To evaluate the anti-slip
performance of the crimping structure, the control variable
method was applied in the comparative tensile tests for
crimped materials based on the electronic universal testing
machine. Figure 8 shows the tensile test platform. The alu-
minum bionic and traditional crimping parts seen in
Figure 9 were first manufactured with CNC milling technol-
ogy. The crimped material, the rubber band was made with

the size of 3ðTHKÞ × 30ðWÞ × 400ðLÞ mm, and one end
was attached by clamps and can move with the transverse
beam, and the other end was fastened with a pair of alumi-
num crimping parts. Meanwhile, the test was loaded by dis-
placement control, with the moving velocity of the beam at
10mm/min. By comparing the tensile stress-displacement
curves of the crimped material during stretching under the
action of different crimping parts with the same loading

Leading (rake) surface

+5.773e–01
LE, Max. Principal

+5.292e–01

+4.811e–01

+4.330e–01

+3.849e–01

+3.368e–01

+2.887e–01

+2.405e–01

+1.924e–01

+1.443e–01

+9.622e–02

+4.811e–02

–1.490e–07

z x

y

(a)

Leading (rake) surface

+5.873e–01
LE, Max. Principal

+5.384e–01

+4.894e–01

+4.405e–01

+3.915e–01

+3.426e–01

+2.937e–01

+2.447e–01

+1.958e–01

+1.468e–01

+9.788e–02

+4.894e–02

–1.043e–07
z x

y

(b)

Figure 7: Resulting maximum principal strain in the working process for (a) bionic and (b) traditional crimping structures.
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conditions and crimping amount, the advantages of the
bionic crimping structure in terms of anti-slip performance
would be highlighted (see Figure 10).

3. Results and Discussion

3.1. Effects of Bionic Crimping Structure on the Crimping
Process. Figure 6 shows the resulting Mises stress in the
crimping process for the bionic crimping structure and the
traditional crimping structure. Compared with the tradi-
tional cusp-to-cusp crimping structure in Figure 6(b), the
bionic cusp-to-fossa crimping structure in Figure 6(a) can
effectively reduce the mechanical stress and stress concentra-
tion of the hose body to protect its structural strength and
stability in the case of the same amount of crimping. This
can be attributed to changes in geometric contact area as
the sharpness of the crimping structure decreases [25]).

3.2. Effects of Bionic Crimping Structure on the Working
Process. Figure 7 presents the resulting maximum principal
strain in the working process for the bionic crimping struc-
ture in Figure 7(a) and the traditional crimping structure in

Figure 7(b). It can be found that the strain/deformation at
the cusp of the traditional structure is serious, causing the
crimped materials to be at the risk of damage and slippage.
When the crimped materials and the crimping parts have a
relative movement tendency in the Y direction, the crimping
parts will tend to be pushed in the direction perpendicular to
this leading surface. Therefore, the traditional crimping
parts with a negative rake structure in Figure 7(b) will be
pushed apart in the X direction, whereas the bionic crimping
parts with a positive rake angle in Figure 7(a) drive the body
close to it [7].

Through the above analysis, it can be found that the cusp
has an excellent penetrating capability, and the fossae func-
tions to withhold and contain. The advantages of the cusp-
fossae combination are obvious, which can not only reduce
the force and energy required, facilitate the smooth progress
for the crimping process, but also improve the anti-slipping
stability of the crimping structure.

3.3. Experimental Analysis of the Anti-Slipping Performance
of Bionic Crimping Structure. Figure 10 depicts the tensile
stress-displacement curves of the crimped material, in which

Crimping parts

Bionic type Traditional type

Crimped material

Electronic universal testing machine

Terminal computer

Drive
control unit

Figure 8: Tensile test platform for crimped material.

(a) (b)

Figure 9: Detail drawing of simplified (a) bionic and (b) traditional crimping parts.
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Figure 10: Continued.
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the end of the curve represents its slippage or fracture. As a
polymer material, rubber exhibits a strict proportional rela-
tionship between stress and displacement when it is just
stretched. If the elongation continues, the relationship
between stress and displacement is still positively correlated,
but no longer proportional and reaches a maximum at the
yield point d: In the case of a small crimping amount of
0.2mm (see Figure 10(a) and 10(b)), the stress of the experi-
mental strip decreases when the strain exceeds the yield point
until it slips out. However, the bionic structure significantly
delays slippage of the material being crimped, and the corre-
sponding tensile displacement extends from 75.317mm to
170.637mm, showing high resistance to slipping off com-
pared with the traditional one. In the case of a large crimping
amount of 1.0mm (see Figure 10(c) and 10(d)), the micro-
crystalline structure in the test strip material was severely
damaged, and its molecules did not have time to rearrange
in the direction of force, showing brittleness. It was further
found that the bionic structure has high crimping reliability
and less damage to the material. The tensile strain increased
by about 3.58%. The above results both suggest that the
bionic crimping structure has a good comprehensive perfor-
mance in terms of anti-slipping performance.

4. Conclusions

This work is dedicated to learning from the natural friction
pair of ruminant molars for enhancing the anti-slipping per-
formance of the crimping structure. Based on the similarity
analysis of structure and function, the special infundibulum
dentis structure was applied to the bionic design of the
crimping structure. This study recommends the use of this
novel designed bionic structure for the crimping process
according to the following evidence given by computer sim-
ulation or physical experiment:

(1) Taking the resulting Mises stress as an index of evalu-
ation, the bionic crimping structure can reduce the
mechanical stress and stress concentration of the hose

body to protect its structural strength and stability in
the simulation modeling of the crimping process.

(2) Taking the resulting maximum principal strain as an
index of evaluation, the material strain under the
action of traditional structure is serious, causing the
crimped materials to be at the risk of damage and
slippage in the simulation modeling of the working
process, whereas the bionic crimping structure clev-
erly improves this defect.

(3) Compared with the traditional crimping structure,
this bionic structure shows a higher level of resis-
tance to slippage and reliability in a tensile test for
the crimped material.

It contributes to an in-depth understanding of tooth
morphology and provides new ideas for the design of biomi-
metic functional surfaces. Within the limits of our current
research, the macrogeometry of ruminant molars was imi-
tated. However, it still needs continuous exploration from
effective bionics to high-performance bionics. Multicoupled
bionics is a possible area for future investigation considering
the excellent material properties of natural teeth.
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