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Abstract. A design of peel-speed sensitive flexible fastener was proposed based on a novel 
modified polyurethane. Taking the microtrichia of the head-arrester system of lestes barbarous as 
the bionic prototype, the structure of the micro protuberance was designed as self-mating type 
with hemispherical caps. Considering the nonlinearities of contact behavior and of the material 
property, a micromechanical model of typical interlocking element is established. Adopting the 
explicit dynamics finite element method, the mechanical responses of fastener in peeling are 
analyzed. The detachment of interlocking element is predicated by taking the total strain energy 
as an indicator. The influences of peel speed and friction coefficient on the mechanical 
performances are parametrically studied. The results show that the maximum peel force and the 
strength increased with respect to the enhancing peel speed because of the intrinsic nonlinearity 
in the constitutive relation of novel modified polyurethane the investigation adopted. With larger 
friction coefficient, the maximum peel force, the total strain energy and the corresponding 
de-adhesion displacements are respectively enhanced. 
Keywords: flexible fastener, explicit dynamics analysis, detachment force, peel speed. 

1. Introduction 

The composite thin-walled deployable booms (CTDB) adopted to support the deployable 
membrane structures has been successfully realized its orbit application recently [1]. Flexible 
probabilistic fastener is the key component to control the deployment of the CTDB driven by the 
inflatable driving devices or by itself stored strain energy. Although the application of flexible 
fastener is extremely widespread, the available literatures on the mechanical research of flexible 
probabilistic fastener are quite few. 

Applying the experimental and numerical method, Salama et al. [2] studied the mechanical 
behaviors of three types of fastener under the states of pure unlatching tensile stress and peeling 
loads. Wei et al. [3] studied the deployment responses of inflatable boom controlled by flexible 
fastener tapes that simulated by two-node rope element. Considering the influences of friction, 
Pugno [4] presented a nonlinear model to calculate the maximum attachment force, the nominal 
strength, and the toughness of flexible fasteners. Taking the driving velocity, applied normal load 
and hook numbers as control parameters, Mariani et al. [5] experimentally studied the frictional 
dynamics of the hook-and-loop system of Velcro® from the tribological point of view. Employing 
the micro-mechanical model, the deformation of the hooks and loops in the processes of 
engagement and detachment of flexible fasteners were analyzed in the research by Perezde [6]. 
To improve the adhesive properties and durability of mechanical interlocker, Jiao et al. [7] 
proposed an optimization design which has a pestle type micro protuberance. Sharma et al. [8] 
developed a soft probabilistic fastener which perceptibly reduced the damage of the protuberances 
or the mating fabric. 

As can be seen, the research concentrated on the mechanical analyses of flexible fasteners is 
extremely insufficient compared to its widespread application. For the orbital deployable 
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membrane structures, the characteristic of mechanical property of flexible fastener is quite crucial 
for controlling the in-orbit deployment of CTDB. According to the experimental result and daily 
usage experience, the loops of the most widely used hook and loop fastener would fracture or be 
pulled from the substrate after several attachment and detachment operations. It resulted in a 
reduction in the peel strength of fastener. Such instability of mechanical property is detrimental to 
the deployment stability of CTDB. Taking advantage of the elastic recovery behavior of CTDB, 
the self-deployment driven only by itself stowed strain energy can be realized by the appropriate 
design of mechanical characteristics of flexible fastener tapes. Considering the state of the art and 
the self-deployment control requirements of CTDB, a novel peel-speed sensitive flexible fastener 
is proposed and the mechanical properties are numerically analyzed.  

2. Design and modeling 

The neck of the adult dragonfly is very slender compared to the huge head. Although the 
strength of its head-neck joint is weak, its head can still flexibly rotate, pitch and yaw. The head 
can be firmly fixed and thus a stable field of view can be maintained even in tandem flight, aerial 
predation and grasping and biting prey. The biological investigations [9]-[11] show that plenty of 
microtrichia with different configurations (e.g., hook-shaped, cone-shaped and spindle-shaped) 
are distributed on the microtrichia field on back of head (mf) and the post-cervical sclerite (spc) 
of adult dragonflies. These microtrichia constitute the head-arrester system of adult dragonfly. 
During the high-intensity maneuvers, the microtrichia on the back surface of head will insert into 
the gaps between the microtrichia of the post-cervical sclerite. Attributed to the surface friction 
and mechanical restraint between these microtrichia, the temporary head fixation and an increased 
head stability can be ensured for the dragonflies which with the absence of antagonistic muscles.  

As shown in Fig. 1, the microtrichia on the back of head and on the post-cervical sclerite are 
of the same configuration for lestes barbarus which belongs to the Lestidae family of Odonate 
Order. The head-arrester system of lestes barbarous has a high connection strength in the shear 
direction. Whereas the effect of motion constraint in the normal direction which provided by the 
surface friction forces is fairly weak. Taking the microtrichia of the head-arrester system of lestes 
barbarous as the bionic prototype, the fastener can be designed as self-mating type with ellipsoidal 
and spherical caps. Because of the similar mechanical mode, the connection strength in the normal 
direction of such fasteners are weak either. 

a) Lestes barbarous 
 
 

 
b) Head-neck 

scheme 
 

c) Electron 
microscope 

image 

 
d) Schematic representation 

 

Fig. 1. Schemes of microhook in adult dragonfly head-arrester system [9]-[11] 

To enhance the ability of kinematic constraint and connection capabilities of interlocking 
elements, the structure of protuberances of flexible fastener are designed as self-mating type with 
hemispherical caps as shown in Fig. 2. Different from the hook-loop fastener, the pullout 
phenomenon of micro loop will not happen ever for such flexible fastener. Thus, it is of more 
stable mechanical properties and is more suitable for the deployment control of CTDB. In the 
subsequent sections, it will be taken as the object of mechanical property analysis. 

The protuberance is quite small that its size is of the sub-millimeter level. Dozens of micro 
protuberances arranged on per square centimeter of fastener tape. Thus, the element sizes are very 
small when adopting the finite element (FE) method to characterize the mechanical properties of 
a flexible probabilistic fastener. Besides, the behavior of the contact between the interlocking 
elements is highly nonlinear. As a result, the cost of the computation will be extremely expensive 
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if the full-scale sized FE model of fastener is adopted. The research by Cambridge University [12] 
shown that maximum peel force of a fastener with many micro protuberances can be approximated 
by the maximum peel force of a pair of interlocking elements multiplied by the number of 
protuberances. Therefore, a pair of interlocking elements will be taken as the representative 
mechanical cell to study the mechanical properties of a flexible fastener in the study. 

A micromechanical model aiming to simulate the dynamic process of peeling was developed 
as shown in Fig. 3. All the freedoms of the outward surface of substrate of one fastener tape were 
constrained in peeling. The displacement load was applied to the outward surface of substrate of 
the mating fastener tape. The geometrical parameters of the flexible probabilistic mechanical 
fastener of the baseline group are detailed in Table 1. The experimental obtained constitutive 
relationship of novel modified polyurethane [13, 14] adopted in the research is plotted in Fig. 4. 

 
Fig. 2. Three-dimensional image of flexible fastener with hemispherical caps 

 
Fig. 3. FE model of representative mechanical cell of 

the flexible fastener with hemispherical cap 

 
Fig. 4. Mechanical response of a novel modified 

polyurethane 

Table 1. Structure parameters of mechanical interlocked fixing element with hemispherical cap 
Parameter Value 

Diameter of the stem of micro protuberance 𝐷௦ (mm) 0.3 
Hight of the stem of micro protuberance ℎ௦ (mm) 1.05 
Distance between the stems of adjacent micro protuberances 𝐿௦ (mm) 0.64 
Diameter of the hemispherical cap 𝐷௖ (mm) 0.5 
Thickness of the substrate 𝑡௕௟ (mm) 0.2 

3. Numerical simulations and result discussion 

With the adoption of explicit dynamical method, the process of peeling was analyzed. The 
circular planes of hemispherical caps of two mating micro protuberances get into contact first in 
peeling. Since the second moment of area of the hemispherical cap along the peeling direction 
was larger than that of the stem, most of the external input energy was converted into the bending 
strain energy of the stem. Thus, the deformation at the contact position was very small, and the 
circular plane of the hemispherical cap was basically perpendicular to the axis of the stem. As 
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observed in the load-displacement curves plotted in Fig. 5(a), the peel force reached a peak value 
of 4.36 mN when the displacement increased to 0.0176 mm. Multiple extremum peaks occurred 
in the subsequent process of increasing peeling displacement. With further increase of 
displacement to 0.0647 mm, the maximum lateral deformation of the hemispherical cap of the 
upper protuberance occurred. 

Integrating the load–displacement curve of the peeling process, the de-adhesion energy 𝐸ௗ௘௧ 
can be obtained mathematically. It can be seen from Fig. 5(b) that the de-adhesion energy 𝐸ௗ௘௧ 
rose to a peak value with increase in peeling displacement to 0.0658 mm. Adopting the locally 
weighted regression algorithm, the load-displacement curve was smoothed Fig. 5(a)). It can be 
observed that the peel force gradually decreased to 0 N as the loading displacement increased to 
0.0658 mm. The values of peeling displacement were quite close when the maximum values of 
de-adhesion energy and maximum lateral deformation of the hemispherical cap reached. 
Nevertheless, considering the varying characteristics of the force-displacement curve, it is more 
reasonable to take the maximum de-adhesion energy as an indicator for predicting the detachment 
of flexible fastener. 

 
a) Peel force versus displacement  

for 𝑉௣ = 30 mm/s 

 
b) Strain energy versus displacement  

for 𝑉௣ = 30 mm/s 
Fig. 5. Peel force and strain energy versus displacement for peel speed 𝑉௣ = 30 mm/s 

3.1. Influences of the peel speed 

In the deployment of the CTDB which coiled on hub, the value of forward moving speed of 
hub along the boom axis does not remain constant. Thus, the peel speed of the flexible fasteners 
used to control the deployment of coiled boom also varies accordingly. 10 groups of detachment 
analyses at different peel speed are conducted in this section. As observed in Fig. 6(a), the 
mechanical behaviors were greatly influenced by the peel speed. The maximum peel force 𝐹௣୫ୟ୶ 
increased 81.9 % from 4.14 mN to 7.53 mN when the peel speed enhanced from 10 mm/s to 
100 mm/s. The de-adhesion displacement 𝐿ி୫ୟ୶ when 𝐹௣୫ୟ୶ reached varied a lot in the process of 
speed growing. Furthermore, the slope of the force-displacement curve before the maximum peel 
force reached, i.e. the stiffness, were increased from 210 N/m to 668 N/m (Fig. 7). However, the 
total strain energy 𝐸௧௢௧௔௟ represented by the area under the load–displacement curve remains 
steady at about 1.05×10-4 mJ even the peel speed has increased 9 times (Fig. 6(b)). Meanwhile, 
the values of de-adhesion displacement 𝐿ா ௧  when the maximum de-adhesion energy 𝐸௧௢௧௔௟ reached 
keep almost constant at 0.066 mm with small fluctuation. 

It can be concluded that the mechanical property of the flexible fastener made by a novel 
modified polyurethane is very sensitive to the peel speed. Such speed sensitivity is mainly 
attributed to the strong nonlinearity of mechanical characteristics of the novel modified 
polyurethane the research adopted. With the aid of sensitive positive-correlation between the peel 
speed and peel force of fastener, the self-deployment of CTBM, driven only by the strain energy 
stored in boom and controlled by flexible fasteners, can be remained at a certain steady speed. 
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a) Maximum peel force 𝐹௣୫ୟ୶  

and corresponding displacement 𝐿ி୫ୟ୶ 

 
b) Maximum peel force 𝐸௧௢௧௔௟  

and corresponding displacement 𝐿ி௧  
Fig. 6. The influences of peeling velocity on mechanical properties of fastener 

 
Fig. 7. The influences of peel speed on stiffness 

3.2. Influences of the friction coefficient 

In this section, 11 groups of dynamic analyses of detachment at different friction coefficient 
of mating caps are conducted. As the friction coefficient slightly increased to 𝜇 = 0.02, the 
maximum peel force and total strain energy were relatively small with the value of 4.09 mN and 
8.57×10-5 mJ, respectively (Fig. 8).  

 
a) Maximum peel force 𝐹௣୫ୟ୶  

and corresponding displacement 𝐿ி୫ୟ୶ 

 
b) Maximum peel force 𝐸௧௢௧௔௟  

and corresponding displacement 𝐿ி௧  
Fig. 8. The influences of friction coefficient on mechanical properties of fastener 

With the increase in friction coefficient, the frictional force between the hemispherical surfaces 
of two interlocking protuberance caps gradually increased. As a result, the external load required 
to release the fastener was increased. At the same time, the deformation of the stems in the peeling 
direction increased, and consequently also the strain energy and the friction dissipation. From the 
load-friction coefficient curve illustrated in Fig. 8, it can be observed that the maximum peel force 
and total strain energy increased with the increase of the friction coefficient 𝜇 in general. For a 
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larger friction coefficient with the value of 0.2, the maximum peel force 𝐹௣୫ୟ୶ and the total strain 
energy 𝐸௧௢௧௔௟ were, respectively, increased to 5.55mN and 1.38×10-4 mJ with 36.7 % and 64.8 % 
increase when compared with those for the small friction coefficient 𝜇 = 0. In addition, the 
displacements 𝐿ி୫ୟ୶ and 𝐿ா ௧  corresponding to 𝐹௣୫ୟ୶ and 𝐸௧௢௧௔௟ also increased by 39.6 % and 77.4 %, 
respectively. However, the slope of the force-displacement curve before the maximum peel force 
reached, i.e. the stiffness, were almost remain steady at 265 N/m (Fig. 9). Overall, the mechanical 
properties of the flexible fastener were significantly varied under the impact of the change of 
surface roughness of micro-protuberances. 

 
Fig. 9. The influences of friction coefficient on stiffness 

4. Conclusions 

The maximum peel force and stiffness of the flexible fastener made by a novel modified 
polyurethane are sensitive to the peel speed. While the total strain energy and the corresponding 
de-adhesion displacement remain steady with the increasing peel speed. The mechanical 
properties of the flexible fastener are significantly influenced by the change of surface roughness 
of micro-protuberances. The maximum peel force, the total strain energy and the corresponding 
de-adhesion displacements increase with friction coefficient. The stiffness remains steady in the 
enhancing process of friction coefficient. 
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