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Abstract

:

In engineering, cracks are typically regarded as defects due to enormous stress amplification at tip of the crack. Conversely, scorpion ingeniously utilizes the “risky” near-tip stress field of a crack-shaped slit to accurately detect weak vibration signal without causing catastrophic crack propagation from the slit tip. The present paper focuses on the balance strategy between structural safety and sensing accuracy of slit-based mechanical sensilla. We performed a detailed structural and mechanical property study of tissue around the slit wake utilizing a complementary combination of various experimental methods. The results indicate that there is a special thin surface membrane covering the slit wake and the elastic moduli of the membrane and exoskeleton are 0.562 GPa and 5.829 GPa, respectively. In addition, the ratio of bending stiffness between exoskeleton and membrane tissue is about 8 × 104. The theoretical and simulation analysis show that the surface membrane—with appropriate elastic modulus and bending stiffness—can achieve different forms of deformation with the change of slit width for protecting the mechanosensory structure without sacrificing the sensing accuracy. This finding offers a crucial theoretical basis for the further design of bionic mechanical sensors based on the near-tip stress field of artificial cracks.
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1. Introduction


Bionic engineering provides a promising alternative method in expediting the development of artificial systems [1,2,3]. Recently, researchers have been revealing many ingenious sensing strategies of animals and plants, thereby providing ample inspiration for the next-generation artificial sensors [4,5,6,7]. In various types of signals, the perception of mechanical signals, such as vibration, sound, air/water flow and tactile, is crucial for the survival of animals with highly degraded visual systems [8,9,10]. The corresponding mechanical sensilla, composed of mechanosensory microstructure, special materials and sensory neurons, have provided broad biologically inspired strategies for designing mechanical sensors with high performance [11,12,13,14,15]. In nature, mechanical signals can only be sensed by organisms after inducing the deformation of specialized mechanosensory structure, which requires that the excellent sensing ability must be based on the outstanding resistance to catastrophic fatigue failure of sensory materials [16,17,18]. Therefore, revealing the structural stability mechanism of mechanical sensilla is one of particularly importance in developing bionic mechanical sensors.



In various kinds of mechanical sensilla, the slit-based vibrational sensilla of arachnids (spiders, scorpions, etc.), which are composed of crack-shaped slits with different lengths that can detect very weak vibration signals from several decimeters or even meters away, are worth noticing [19,20]. As a mechanosensory structure, a slit is embedded in each walking leg, and the wake of the slit opens and closes alternately under cyclic loads caused by walking and the substrate vibration signal [21]. The scorpion is an arachnid, whose Basitarsal Compound Slit Sensilla (BCSS) composed of slit arrays has been investigated extensively with respect to its morphology and functional mechanism [20,22]. In particular, research on the excellent sensing mechanism of the slit unit indicates that to maximize the sensitivity of BCSS, the scorpion has evolved an ingenious strategy to make a “risky” nanoscale near-tip stress field, and the receptive field of mechanosensory neurons overlap at a crack-shaped slit tip [9]. The near-tip stress field is responsible for the highly efficient collection of dispersed mechanical signals which are converted into electrical signals through sensory neurons. Nevertheless, large stress amplification at a crack tip usually leads to crack propagation which creates enormous risks for engineered structures [23,24]. Obviously, the generation of a crack from its flaw-like tip will make a slit completely lose the function of mechanical signal detection. Hence, the crack-shaped slit as a sensory structure should not only generate sufficiently large stress amplification for excellent perceptive function but will also have superior crack resistance for avoiding catastrophic fractures from the slit tip. However, while the outstanding sensing mechanism of slit-based mechanical sensilla has been revealed recently, there is still a poor understanding of how excellent fracture toughness is achieved without sacrificing high accuracy.



Herein, the structural mechanism and perceptual ability of the BCSS was comprehensively investigated through experimental and modeling approaches, including scanning electron microscopy, semi-thin sectioning, nanoindentation testing and finite element modeling. As a result, this work provides a crucial biomimetic design strategy for the further development of mechanical sensors utilizing the near-tip stress field.




2. Experimental


	
Specimens






The scorpions Heterometrus petersii, collected from the Hainan province of China, were kept in a laboratory which simulated the natural environment. All scorpion treatments complied with Chinese law regarding the protection of animals.




	
The Characterization of Morphology and Microstructure








The morphology of the tissue around mechanical sensilla was obtained by stereoscopic microscopy (VHX-5000, KEYENCE, Osaka Prefecture, Japan). The internal structural characteristics of fixed tissue were obtained through a field emission SEM (JSM-6700F, JEOL, Akishima City, Tokyo, Japan).




	
Nano-Indentation








Nano-indentation characterizations of biological tissue around a slit wake were conducted utilizing a nanoindentation system (Nanoindenter G200, Agilent Technologies Inc., Santa Clara, CA, USA) with indentation depths of 2000 nm. The elastic modulus of tissue was calculated based on the load-displacement curves and the standard Oliver-Pharr and Suresh methods [25]. For sample preparation, a liquid cyanoacrylate thin film (about 1000 nm), which can cure quickly after contacting with vapor, was first spun coated on a glass substrate. Next, the prepared tissue was quickly placed on the cyanoacrylate thin film before thorough curing of the cyanoacrylate. In the whole process, a light microscope which was used to confirm the outer surface of biological tissue was oriented parallel to the object stage and was not polluted by cyanoacrylate.




	
Atomic Force Microscopy Imaging (AFM)








Determinations of surface morphology and elastic modulus were performed using a Dimension Icon AFM system (Bruker Nano, Santa Barbara, CA, USA). The scanning mode based on Quantitative Nanomechanical Mapping (QNM) and Peak Force QNM was used in this experiment. The probe with a spring constant of 0.7 N/m was utilized. The process of sample preparation was the same as that for nano-indentation.




3. Results and Discussion


The scorpion H. petersii has a slit-based mechanical sensilla which is located at the basitarsus of each walking leg and consists of 12 curved slits (Figure 1a–c). The length of slits decreases from about 320 μm to 50 μm. Transversal cross-section of the BCSS was imaged through histological section and toluidine blue staining. The results indicate that each slit connected with the dendrite of sensory neurons through a coupling cylinder at the slit tip (Figure 1d). Longitudinal cross-sections through the slit were imaged by semithin section and SEM, which revealed that both sides of the slit wake were almost completely disconnected in the direction of exoskeleton thickness (Figure 1e). In addition, magnified views of the longitudinal cross-section further show that there is special surface membrane tissue covering the wake of the slit (Figure 1f). Figure 1f clearly indicates that there is obvious bending deformation of the surface membrane. The periodic closure and opening of the microscale slit under cyclic loads caused by walking and vibration signals was discovered in a previous study [9]. Hence, the surface membrane covering the slit wake may fold periodically under alternating loads. The deformation mode as well as the function of the surface membrane will be further discussed in detail in the following theoretical and simulation analysis. The statistical data of detailed structural parameters indicates that the initial width ( w 0) of the slit is about 8 μm, the thickness (te) of hard exoskeleton is about 50 μm, the thickness (tm) of the membrane is about 2.5 μm, and the interval (d0) between adjacent slits increases from 24 μm to 120 μm. The symbols for sensilla geometrical dimensions are shown in Figure 2a. In summary, the above study on structural characterization clearly indicates that mechanosensory slits are local micro-cracks embedded in the hard exoskeleton, and the wake of the slit is covered by a special surface membrane. From the perspective of engineering, the slits are risky cracks embedded in the stress body.



The unique mechanical behavior of biological materials is an important factor for revealing the role of the surface membrane in balancing perception accuracy and structural safety of slit-based mechanosensory structure. Hence, we further analyzed the elastic modulus of fresh biological tissue around the slit wake through the AFM and nano-indenter. Figure 3a illustrates that, under fresh conditions, the elastic modulus of the surface membrane is strikingly lower than the exoskeleton. In contrast, the difference on the elastic modulus between them is not obvious in a dehydrated state (Figure 3b). In fact, this difference on tissue elastic modulus for different physiological states is mainly caused by water, which has also been reported for other biological materials [26]. The difference on the elastic modulus of membrane and exoskeleton further indicates that the flexible membrane with relatively low stiffness is more prone to deformation than the hard exoskeleton with the opening and closure of a slit. For additional measurements of an accurate value of elastic modulus on these two kinds of tissue, the nano-indentation experiment was carried out (Figure 3c). The result indicates that the elastic modulus of surface membrane (Em) and exoskeleton (Es) were 0.562 GPa and 5.829 GPa, respectively (Figure 3d).



Based on the microstructural characteristics and mechanical performance of tissue around the slit wake, we further analyzed the balancing strategy of sensing accuracy and structural safety. Fracture mechanics studies have proven that the pre-existing crack will further propagate from the near-tip stress field with the excessive opening and closure of crack. Longitudinal cross-section image indicates that the tissue around slit wake can be regarded as a multi-phase laminated tissue (Figure 1e). The composite elastic modulus can effectively represent the ability of multi-phase laminated tissue to resist tensile and compressive deformation. Hence, we theoretically analyzed the composite elastic modulus (Ec) of tissue around a slit wake, which can easily predict the ability of the surface membrane to control the opening displacement (i.e., the width) of the slit and then further avoid new crack nucleation from the slit tip. Firstly, the multi-phase laminated structural model approximating the longitudinal section morphology is given in Figure 2a, which clearly indicates that the membrane is sandwiched between the exoskeleton. In tensile and compressive deformation of surface membranes, this structural model can be further simplified to equal the thickness model in Figure 2b, because the vertical height of the effective stress surface is equal to the thickness of the membrane. The composite elastic modulus (Ec) for this typical tessellated structural model in Figure 2b is calculated through an isostress description of composite behavior and given by [27]:


   E c  =    [     f m     E m    +    (  1 −  f m   )     E s     ]    − 1   =    E s    1 +  (     E s     E m    − 1  )   f m     



(1)




where fm is the volume fraction of membrane tissue in the tessellated structural model (Figure 2b). The fm would be changed when there is stress acting on the sensilla. Hence, the fm can be further given by:


   f m  =    l m     (   l m  +  l d   )     



(2)




here, lm and ld are represent the width of membrane tissue and exoskeleton, respectively.



The strain, εm, of the membrane tissue located at the slit wake can be given by:


   ε m  =   ∫    l  m 0      l m      d l  l  = ln  (     l m     l  m 0      )   



(3)




here, lm0 is the initial width of the membrane tissue. With the mechanical signal acting on the BCSS, the membrane tissue would experience three types of stress (i.e., tensile stress, bending stress and compressive stress), successively. At initial stage of tension, lm0 can be represented by the original width,  w 0, of a crack-shaped slit. At the initial stage of compression, lm0 is two times the thickness, tm, of the membrane tissue, because of the folding deformation at the bending stage (Figure 2b). In summary, the initial width, lm0, of membrane tissue can be given:


   l  m 0   =  {       w 0  ,                       tension       2  t m  ,         compression        



(4)







At the stage of bending deformation, the εm of membrane tissue can be approximately regarded as zero, because the stress acting on the membrane is extremely small. Hence, the εm of membrane tissue can be further given by:


   ε m  =  {      l n  (     l m     w 0     )  ,                         tension                       0 ,               bending       l n  (     l m    2  t m     )  ,       compression        



(5)







In addition, with the change of slit width, the strain, εm, of membrane tissue can be further given by:


   ε m  =  {      l n  (   w   l  m 0      )  ,       w  <  2  t m    or   w  >   w 0          0 ,       2  t m  ≤ w ≤  w 0         



(6)




here,  w  represents the width of the slit. Similarly, in the tensile or compressive stage, the strain, εd, of the exoskeleton is given by:


   ε  d =   ln  (     l d     l  d 0      )   



(7)




where ld and d0 represent the final and initial slit widths, respectively. Based on the above analysis, Equation (2) can be given by:


   f m  =    l  m 0   exp  (   ε m   )     l  m 0   exp  (   ε m   )  +  l  d 0   exp  (   ε d   )    =    [  1 + γ exp  (     σ  s i g      E s    −    σ  s i g      E m     )   ]    − 1    



(8)




here, the applied stress    σ  s i g     acting on the membrane and the epicuticle is given by:    σ  s i g   =  E m   ε m  =  E s   ε d   , and   γ =  d 0  /  l  m 0    . In addition,    f m    can be represented by:


   f m  =    l  m 0   exp  (   ε m   )     l  m 0   exp  (   ε m   )  +  l  d 0   exp  (   ε d   )    =    {  1 + γ e x p  [   ε m   (     E m     E s    − 1  )   ]   }    − 1    



(9)







Substituting Equation (9) into Equation (1), the composite elastic modulus, Ec, is then given by:


   E c  =    E s    1 +  (     E s     E m    − 1  )     {  1 + γ e x p  [   ε m   (     E m     E s    − 1  )   ]   }    − 1      



(10)







Based on Equation (10), the Ec as a function of    ε m   , as well as for different values of Em, is plotted in Figure 2c. The result indicates that there is a close relationship between Ec and Em. Specifically, under the same membrane strain, Ec decreases significantly for a decrease in Em value 562 MPa to 5.62 MPa. In addition, the strain,    ε c   , of composite tissue as a function of applied stress,    σ  s i g    , can be given by    ε c  =  σ  s i g   /  E c   . Figure 2d shows that, under the same    σ  s i g    , the absolute value of    ε c    is the smallest when Em is equal to the measured value. The above comparative results clearly show that the composite tissue around the slit wake can efficiently absorb strain energy through small strain,     ε c   , for the reasonable configuration of Em. The membrane strain    ε m    as a function of composite    ε c    is [28]:


   ε m  =  ε c   (   l 0  +  l  d 0    )  /  l 0   



(11)




where,    l 0    is    w 0    and 2   t m   , respectively, at the initial stage of tension and compression. The    ε m    as a function of slit width,  w , can be given by:     ε m  =  (  ω −  l 0   )  /  l 0   . Therefore, the width of the slit can be further expressed as:


  w =  l 0  +  ε c   (   l 0  +  l  d 0    )   



(12)







Combining Equation (12) and relationship between    ε c    and Em, it is clear that the change of slit width mainly depends on the mechanical property of the membrane. Specifically, in tensile or compressive stage, the surface membrane can reasonably control slit width through absorbing strain energy with small deformation. The crack-shaped slit will propagate from the slit tip with the excessive opening and closure of the slit wake because of the high stress intensity at the slit tip [29,30]. Therefore, the surface membrane must protect the pre-existing mechanosensory slit through controlling the slit width within a safe threshold.



While the above studies only reveal the protective mechanism of the surface membrane, there is still no reasonable interpretation of how the membrane avoids negative effects on sensing accuracy when a weak vibration signal acts on the BCSS. Hence, we further determined the functional relationship between Ec and slit width w based on Equations (10)–(12):


   E c  =  {         E s    1 +  (     E s     E m    − 1  )     [  1 + γ    (   w  2  t m     )     (     E m     E s    − 1  )     ]    − 1     ,                               w < 2  t m                 E s    1 +  (     E s     E m    − 1  )     [  1 + γ    (   w  w 0    )     (     E m     E s    − 1  )     ]    − 1     ,                                     w >  w 0               



(13)







The Ec as a function of w based on Equation (13) is plotted in Figure 2e. The result indicates that, consistent with the finding in Figure 1f, there is bending deformation occurring in the membrane tissue during the signal detection process (i.e.,   5    μ m  < ω < 8    μ m   ). The bending stiffness, which can effectively represent the ability of material to resist bending deformation, is given by


  E I = E b  t 3   



(14)




where EI, E, b, t are the bending stiffness, elastic modulus, width and thickness of the component, respectively. Figure 2a shows that the width (b) of the exoskeleton and surface membrane are equal in the structural model. Therefore, the ratio (H) of exoskeleton bending stiffness (   E s   I s   ) and membrane bending stiffness (   E m   I m   ) can be presented as   H =  E s   t e 3  /  E m   t m 3   . The calculation result indicates that   H ≈ 8 ×   10  4   , which futher clearly shows that the membrane tissue is more prone to bending deformation than the exoskeleton if the width of the slit is in the range of   5    μ m  < ω < 8    μ m   . Furthermore, Figure 2f shows that the three-dimensional morphology of the slit wake is typically concave which is easily subjected to a bending moment. Under the action of the bending moment, the surface membrane, with extremely small bending stiffness, undergoes bending deformation in the process of signal detection, which does not influence the sensing performance of the slit unit.



In order to further verify the functional mechanism of the surface membrane, we performed finite element simulations based on ANSYS software. The 3D finite element model of a substrate and film is shown in Figure 4a. The crack was modeled at the edge of the substrate. The wake of crack is covered by a layer of polyester film. Similar to the biological material around the slit wake, the elastic modulus ratio of the film and the substrate in this model is about 0.1. In the finite element analysis, constraints are imposed on the left end of the substrate, and a tensile or compressive load is applied on the other end for analyzing the change of stress intensity at the film surface and the tip of the crack. The stress concentration coefficient [31], as a parameter reflecting the degree of local stress increase, was used to characterize the influence of surface membrane on the stress intensity at the slit tip. Figure 4b shows that the surface membrane is compressed, bended and stretched, respectively, with the change of slit width, which is in good agreement with the results of the present experiments and theoretical analysis. Meanwhile, the stress concentration coefficient decreases significantly at the stages of tension and compression, but remains constant in the bending stage. In the absence of the membrane, the stress concentration coefficient keeps constant with the change of slit width (Figure 4b), which is consistent with the bending deformation stage of the membrane. The above results further indicate that the stress intensity at the crack tip is only restrained by the surface membrane under compression and tension. In addition, the influence of Em on the stress intensity at the crack tip was analyzed. Figure 4c shows that the membrane with large elastic modulus has better performance in restraining the stress intensity at a near-tip stress field in the stages of tension and compression. Conversely, the stress concentration coefficient under different membrane moduli does not change significantly in the bending stage, because, as shown in Equation (14), the bending stiffness is mainly determined by the membrane thickness. Hence, the present simulation results are in good agreement with the theoretical analysis, which shows that the surface membrane can achieve an effective balance between sensing accuracy and structural safety through adjusting the type of deformation with the change of signal intensity.




4. Conclusions


The mechanism of scorpions utilizing the “risky” near-tip stress field of a slit for sensing was revealed through experimental measurement, theoretical analysis and numerical simulation. The results indicate that, on the one hand, the surface membrane covering the slit wake can absorb strain energy through small deformations that keep the stress intensity at the slit tip within a safe threshold. On the other hand, the bending deformation of the membrane tissue is extremely effective in the process of signal detection for avoiding a negative impact on sensing accuracy. Further work should verify the biological strategy of bionic sensors. Our study provides important new insights for manufacturing an artificial mechanical sensor with a stable structure based on a near-tip slit stress field.
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Figure 1. (a) The adult scorpion H. petersii collected from Hainan Province, China; (b) the distribution of the BCSS on eight walking legs; (c) the morphology of Basitarsal Compound Slit Sensilla (BCSS) with slits arranged in fan shape; (d) transversal cross-section with toluidine blue staining; (e) longitudinal cross-section image; (f) local enlarged image taken from (e). 
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Figure 2. (a) Structural model of tissue around a slit wake; (b) simplified structural model based on (a) for analyzing the process of tension and compression; (c) the composite elastic modulus as a function of membrane strain under different values of Em; (d) the relationship between the strain of composite tissue and applied stress under different values of Em; (e) the deformation type of surface membrane in different range of slit width; (f) three-dimensional surface morphology of tissue around a slit wake. 
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Figure 3. (a) Elastic modulus map of tissue around a slit wake under fresh conditions; (b) elastic modulus map of tissue in dehydrated state; (c) nano-indentation load displacement curves of membrane tissue and exoskeleton, respectively; (d) the elastic modulus of exoskeleton and membrane tissue calculated based on the curves in (c). 
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Figure 4. (a) Finite element model mesh; (b) the curve of stress concentration coefficient as a function of crack width; (c) the variation curve of stress concentration coefficient with crack width for different membrane elastic moduli. 
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