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Biomimicry studies have attracted significant attention in research and practice, leading to effective engineering solutions to develop new types of structures inspired by natural systems. The objective of this study is to employ natural structures' inherent adaptivity under changing loading conditions. Three new types of compound elements are proposed that are able to improve the structure load-bearing capacity through passive inherent adaptivity. A self-centering system, inspired by the human spine, which comprises a column pre-stressed through cables, is employed as a kinematic isolator. A similar self-centering system is applied to increase the load-bearing capacity of unreinforced masonry columns. An axially loaded element, inspired by the bamboo stem, which comprises a steel core reinforced by a series of cylindrical plates that are encased in a steel tube, is employed to control the onset of instability in long-span truss structures. Application to typical frame, masonry, and truss structures is investigated through finite element analysis. Results show that the proposed compound elements are effective to increase the structure load-bearing capacity and to reduce the response under seismic excitation owning to their inherent adaptive features.
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INTRODUCTION

Structures capable of adapting by changing their properties or behavior in response to environmental stimuli are called adaptive structures (Wagg et al., 2008). “Structural response control” is an established field that is dedicated to the development of design methods and control systems with the objective to mitigate the structure response under external loading. Various investigations have been conducted on the application of structural control systems. Most of these systems are employed as additional components to influence the structure response. Structural control systems have been categorized as passive, semiactive, active, and hybrid. These systems can be defined as follows:

1. Passive systems reduce the structure response through employing either isolation devices (e.g., elastomeric bearings) or energy-dissipation devices (e.g., tuned mass dampers). The shared feature of these passive systems is that they do not require input energy.

2. Semiactive control systems (Symans and Constantinou, 1999, Gkatzogias and Kappos, 2016, Wang et al., 2020) employ adjustable energy-dissipation devices (e.g., magneto-rheological dampers). Sensors mounted on the structure measure acceleration and/or displacements at different locations, and based on a suitable control strategy, the semiactive device is adjusted to dissipate vibrational motion. A small amount of energy is required by the system to carry out the adjustment. Even if the adjustment mechanism fails, semiactive control systems can still function passively.

3. Active control systems (Reinhorn et al., 1993) (e.g., active mass drive or active bracing control) are capable of considerably mitigating structural vibrations using active control devices (e.g., electro-hydraulic actuators). These actuators, which are installed in the structure, provide control forces that directly reduce the structure response.

4. A hybrid control system is a combination of active and passive control strategies.

The control strategies described above are rank-ordered based on their dynamic mitigation capabilities. The reader is referred to Saaed et al. (2015), Eshaghi et al. (2016), Thieblemont et al. (2017), Yang and Yang (2018) for additional information on structural control strategies. While more effective in mitigating the effect of disturbances, active control systems are more complex and might require a large input energy. However, recent studies have shown that, through integrated structure-control design, it is possible to obtain adaptive structures that require minimum energy throughout service (Senatore et al., 2019, Senatore and Reksowardojo, 2020). Numerical simulations and experimental testing show that that, compared with a passive solution, significant (up to 50%) mass and total energy savings (embodied in the material plus operational energy for control) could be achieved through the proposed adaptive solution (Wang and Senatore, 2020).

Although significant advances have been made in the design and control of adaptive structures, reliability issues related to the structure-control system, instability, and maintenance costs might be perceived as barriers for a wide application of such active systems. For this reason, it is worth investigating new passive structural control strategies and devices. This paper investigates the use of passive control devices with inherent adaptive features that allow mitigation of the structure response with no energy input. In natural structures, adaptation is often inherently built in. “Inherent,” in its literal sense, refers to something that is “stuck” in something else so firmly that the two cannot be separated. There are many instances of inherent adaptivity in the natural world. Lindner et al. (2010) investigate the notion of inherent adaptivity in a study on trees and state that “the inherent adaptive capacity encompasses the evolutionary mechanisms and processes that permit tree species to adjust to new environmental conditions.”

An example of a biological system that has provided inspiration for this study is the human spine. The spine comprises a series of vertebrae that are held together by muscles and ligaments. The intervertebral disc, a fibro-cartilaginous joint, lies between two adjacent vertebrae to stabilize the vertebral column, and it also provides shock absorption capability. The central part of the intervertebral disc, the nucleus pulposus, has the capacity to distribute pressure evenly across the disc, preventing force concentrations (McCann et al., 2012). The ligaments are located in different parts of the spine. Anterior, posterior, and interspinous ligaments extend, respectively, along the front, behind, and between the spinous processes (Palastanga and Soames, 2011). In conjunction with the lumbar muscles, they are effective to bear loads. Figures 1A,B shows the vertebral ligaments and the components of a section of the vertebral column, respectively.


[image: Figure 1]
FIGURE 1. Components of the human spine. (A) Vertebral ligaments, (B) components of a section of the vertebral column.


Natural structures are complex systems that are made of many parts (i.e., compound) whose properties have been fine-tuned through evolution to provide inherent adaptivity to changing external actions. In most civil structures, single-function elements, such as beams and columns, are used. The development of a new element with inherent adaptivity involves the use of more complex parts. In a compound element, it is the interaction between its parts that provides adaptive load-bearing capabilities in response to external loading. Generally, compound elements can be categorized as follows:

1- Compound connection element;

2- Compound beam element;

3- Compound column element;

4- Compound beam–column element;

5- Compound wall element;

6- Compound truss element.

Examples of existing compound elements are given in Table 1. The first element is a steel accordion force limiting device (AFLD), which has been designed based on buckling restrained bracing (Poursharifi et al., 2017, Poursharifi et al., 2020). This device can be used in place of critical compressive members in spatial structures. By controlling the instability onset of critical compressive members, AFLDs increase spatial structures' load-bearing capacity.


Table 1. Examples of compound elements.

[image: Table 1]

The second element is a new concept named buckling-controlled member (BCM) (Chenaghlou et al., 2020). Compared to conventional truss members, the BCM offers a controlled post-buckling behavior that increases ductility and load-bearing capacity of the structure. One way to control buckling modes of compressive members is to add lateral constraints. In a BCM, this is achieved via a series of cylindrical plates (nuts) and an outer casing. Together, these components force the element to buckle through higher modes, ultimately increasing its load-carrying capacity.

In this paper, three passive compound elements with adaptive load-bearing capability are presented:

1. Compound column element inspired by the human spine;

2. Compound column element (masonry and cables) inspired by the human spine;

3. Compound truss element inspired by the bamboo stem.

Element 1 is a self-centering system inspired by the human spine, which comprises a column pre-stressed through cables. Element 1 is employed as a kinematic isolator. Element 2 is a similar self-centering system, which is applied to increase the load-bearing capacity of unreinforced masonry columns. Element 3 is an axially loaded element, inspired by the bamboo stem, which comprises a steel core reinforced by a series of cylindrical plates that are encased in a steel tube. Element 3 is employed to control the onset of instability in long-span truss structures. Application to typical frame, masonry, and truss structures is investigated through finite element analysis.



COMPOUND COLUMN ELEMENT INSPIRED BY THE HUMAN SPINE


System Description

The compound column element is inspired by the human spine. It is a type of kinematic isolator, which was first proposed by Calafell et al. (2010). The compound column element is a self-centering system that comprises 4 main parts (see Figure 2): a vertical rod with rolling surfaces at both ends (similar to a lumbar vertebra), top and bottom capitals (similar to a half lumbar vertebra), circumferential cables (similar to vertebral ligaments and muscles), and top and bottom interface rubber-like material (similar to an intervertebral disc). The central rod can roll on the top and bottom surfaces of the capitals, and slippage can occur between the rolling surfaces. When the compound column is subjected to lateral loading, the tail-ends of the rolling surfaces of the central rod might come in contact with the movement restrainers of the top and bottom capitals, which function as kinematic constraints.


[image: Figure 2]
FIGURE 2. (A) Components of the compound column element. (B) The psoas muscle (Susan, 2015).


In the proposed column, interface rubber-like material is employed to bridge the gap between the tail-ends of the rolling surfaces with the capitals to prevent sudden impacts and also to reduce shock impact transfer to the superstructure. By pre-stressing the circumferential cables, which is similar to the contraction of the muscle surrounding the spine, the column's self-centering capability is obtained. The similarities of the proposed element to the human spine are listed in Table 2.


Table 2. The components of proposed compound element in comparison with human spine.

[image: Table 2]



Finite Element Modeling

ABAQUS 6.12 has been employed to simulate the mechanical behavior of the compound column element. The components of the system, namely the top and bottom capitals, the central circular steel column, and the top and bottom interface rubber rings, have been modeled using the C3D8R element, an eight-node brick element with reduced integration. This element makes use of reduced integration algorithms to deal with shear locking issues (Simulia, 2012). Also, the T3D2 element, a three-dimensional, 2-node linear truss element, has been employed to model the circumferential cables. The mechanical properties of the top and bottom capitals and the central circular column are given in Table 3.


Table 3. Compound column element mechanical properties.

[image: Table 3]

The Arruda and Boyce constitutive law (Arruda and Boyce, 1993) has been employed to model the behavior of the rubber rings. The material constant of the rubber material has been estimated based on guidelines recommended by the AASHTO 2000 standard (Pratt et al., 2000). The shear and bulk moduli of the rubber material with a hardness of 50 IHRD1 have been set to 620 and 15×105 kN/m2, respectively. All three translational degrees of freedom (ux, uy, uz) of all the nodes at the bottom surface have been fixed (see Figure 3). The pre-stressed cables have been selected based on specifications by ASTM Grade 270 steel strand (ASTM A 416/A 416M). The diameter of the cables and their modulus of elasticity have been set to 9.53 mm and 200 GPa, respectively. The cables are anchored between top and bottom capitals. The cables have been pre-stressed using an initial tensile force of 10 kN. The interactions of the rolling surface of the central steel column with the top and bottom capitals have been accounted for using hard contact elements. Moreover, the interaction between the surfaces of the capitals and the column has been taken into account using kinematic contact elements. Also, the friction coefficient between the rolling surfaces and the capitals has been considered sufficiently high in order to avoid sliding. The other surfaces have been modeled with frictionless elements.


[image: Figure 3]
FIGURE 3. (A) Components of the compound column element, (B) deformed shape and Von Mises stress contours.




Numerical Simulation

Figure 3A shows the components of the compound column element. Two models are set up to investigate

- The behavior of a single compound column element

- Application of the compound column element as a kinematic isolator in a moment resisting frame.

Gravity load has been applied to the top surface of the column. A target displacement of ±0.25 m has been defined. The force-displacement responses of the model have been determined in the following four cases:

1. With no pre-stressed cables as well as no top and bottom interface rubber rings.

2. Adding pre-stressed cables.

3. Adding top and bottom interface rubber rings.

4. Adding both pre-stressed cables as well as top and bottom interface rubber rings.

With the addition of the cables and the interface rubber rings, the capacity of the column progressively increases as seen from Figure 4A. The inclusion of these elements has improved the performance of the column and eliminated residual displacements. The deformed shape and von Mises stress contours for case 4 are shown in Figures 3B–D.


[image: Figure 4]
FIGURE 4. (A) Force-displacement response of the compound column element, (B) One- and two-story steel frames equipped with compound column element (kinematic isolator); Base shear response for 1-story (C) and 2-story (D) steel frame subjected to Montebello Northridge, 1994 ground motion.


Application of the compound column element to mitigate the structure response under seismic excitation has been studied. The compound element is employed as a kinematic isolator applied to the base of the columns of a moment resisting frame.

The behavior of the moment resisting frame is analyzed with/without the compound element. Two steel moment resisting frames (a one- and a two-story frame) are considered. Each of the two frames has four bays. As shown in Figure 4B, the span of the bays and the height of the stories are 5 and 3.2 m, respectively. The magnitudes of the dead and live loads have been set to 650 and 200 kg/m2, respectively. The seismic mass of the frame consists of the dead load in addition to 20% of the live load. Plastic hinges have been used to model the non-linear behavior of the structure. Plastic hinges have been used in the beams and columns based on guidelines by the ASCE 41-13 (ASCE, 2013) standard. For columns, the standard recommends the use of plastic hinges that are based on the interaction between axial forces and bending moments. The standard also recommends using bending moment-based plastic hinges for the beams. Non-linear time history analysis has been performed under 1994 Northridge ground motion. In the analysis, the Wilson-θ time integration method has been employed, whose stability and accuracy are determined by the parameter θ. This parameter and the damping ratio have been set to 1.4% and 5%, respectively. SAP2000 (Sap, 2016) has been used to carry out the non-linear time-history analysis. After evaluating the behavior of the steel frames, the compound element has been incorporated as a kinematic isolator placed at the base of the frame columns. Link elements have been used to model the column. The results of the analyses are shown in Figures 4C,D. The total base shear of the structure equipped with the compound element is significantly reduced (up to 87.26 and 95.86%, respectively) with respect to the original structure. This shows that the compound column element is an effective kinematic isolator, which is able to reduce the seismic response of frame structures subjected to seismic excitation.




MASONRY COLUMN INSPIRED BY THE HUMAN SPINE


System Description

A similar self-centering system to that described in section Compound Truss Element is applied to improve load-bearing capability of masonry columns. In this compound element, cables can be thought of as the ligaments, the masonry column as the vertebral column, and top and bottom concrete capitals as the vertebrae of the human spine (see Figure 5). The behavior of this element has been analyzed through finite element modeling in ABAQUS 6.12 (Simulia, 2012). The results have been compared to the original masonry pier that is not equipped with pre-stressed cables. To model unreinforced masonry structures, different numerical approaches are employed. The following section gives details of the modeling procedure.


[image: Figure 5]
FIGURE 5. (A) Compound column element (masonry and cables), (B) human spine (Susan, 2015).




Modeling of Masonry Structure

Masonry is one of the oldest materials used in construction. New methods of analyzing masonry structures have been the focus of recent studies (Lotfi and Shing, 1991, Lourenço and Rots, 1997, Shing et al., 1992, Berto et al., 2004, Milani, 2008, Milani, 2011a, Milani, 2011b, Stavridis and Shing, 2010, Minaie, 2010). The finite element method (FEM) is a robust and powerful numerical method for the modeling of masonry structures (Bolhassani et al., 2015). FEM approaches for modeling masonry structures are classified into two categories: heterogeneous and homogeneous. In the heterogeneous approach, although collectively assumed as a single material, the mortar and the masonry units are considered as separate entities. Although the heterogonous method of modeling masonry materials is generally more accurate compared to the homogenous approach, it is far more time-consuming. Therefore, modeling masonry structures using either method depends on the level of desired accuracy.

Some of the procedures that may be adopted to model masonry structures are given in the flowchart of Figure 6. Among the most commonly used modeling procedures are

• The macro-modeling procedure, in which masonry units, mortar, and unit–mortar interfaces are merged in a homogeneous continuum.

• The detailed micro-modeling procedure, in which the masonry units and mortar joints—i.e., the mortar-filled intervals separating the bricks—are modeled using continuum elements. However, discontinuous elements are used for modeling unit–mortar interfaces.

• The simplified micro-modeling procedure, in which expanded units are represented by continuum elements, whereas the behavior of the mortar joints and unit–mortar interface is lumped in discontinuous elements (Laurenco et al., 1995).


[image: Figure 6]
FIGURE 6. Modeling strategies for masonry structures (Bolhassani et al., 2015).


According to the abovementioned methods, in this study, the simplified micro-modeling method has been adopted.



Numerical Simulation

The following models have been studied:

1- A masonry pier;

2- A masonry pier equipped with pre-stressed cables.

Non-linear static analysis has been performed on each model. The dimensions of the pier are 30× 30× 100 cm. The brick sizes are 20× 10× 5 cm and 10× 10× 5 cm. The cables have a diameter of 10 mm. Material properties of the bricks, concrete capitals, and cables are given in Table 4. As mentioned before, the simplified micro-modeling technique has been used for the model. Also, concrete damage plasticity (CDP) has been employed to model the non-linear behavior of the masonry. Although this criterion is primarily used for isotropic brittle materials like concrete, it has also been extensively used for anisotropic materials such as masonry. The CDP model can take into account compressive and tensile strength with different damage parameters. In this model, tension and compression stress states are defined by the tensile damage index (dt) and compressive damage index (dc), respectively.


Table 4. Material properties of bricks, concrete capitals, and cables.

[image: Table 4]

Material behavior in tension is linear up to the yield stress σt0. Above this value, cracks propagate, which is represented by a sudden drop of the stress–strain curve. The decay rate in the stress–strain curve is controlled by dt (see Figure 7A). In compression, the behavior is linear until the yield stress σc0. Then, hardening occurs before compressive crushing initiates. Above the peak stress σcu, the stress–strain curve drops due to softening. The rate of decay in the compressive stress–strain curve is controlled by dc (see Figure 7B).


[image: Figure 7]
FIGURE 7. Tension and compression behavior of masonry material modeled using the CDP model (Simulia, 2012). (A) Tensile behavior, (B) Compression behavior.


The damage parameters in tension (dt) and compression (dc) are defined by the following relationships:

[image: image]
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wherein σt and σc are the tensile and compressive stresses; E0 is the initial elastic modulus; εt and εc are, respectively, the total strain in tension and compression; and [image: image] and [image: image] are, respectively, the plastic strains in tension and compression. A summary of concrete damage parameters used in the non-linear analysis is given in Table 5.


Table 5. Concrete damage plasticity parameters for masonry units and concrete.

[image: Table 5]

The interaction between two brick units has been modeled by taking into account cohesion and friction. A sensitivity analysis has been carried out to achieve appropriate mesh sizing. Mortar material properties have been used in the simplified micro-modeling procedure. The model proposed by Mehrabi and Shing (1997) has been used to assign frictional, cohesive, and post-failure characteristics. A small non-zero value (≅ 0.001) has been used for the friction failure coefficient (Mehrabi and Shing, 1997). Also, the mortar tensile and shear stiffness have been determined using Equations (4) and (5), proposed by Furukawa et al. (2012):

[image: image]
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wherein [image: image] is the normal or tensile stiffness between the mortar layers, [image: image] is the shear stiffness between the mortar layers, lA and lB are the distances from the surface of the masonry unit to its center, and tM is the mortar layer thickness. EA, EB, and EM are the elastic moduli of upper and lower masonry units and the mortar, respectively. υA, υB, and υM are the Poisson ratios of upper and lower masonry units and the mortar, respectively. Table 6 gives cohesion and fiction material properties adopted in the model.


Table 6. Cohesive and frictional behavior of the numerical model.

[image: Table 6]

The base of the masonry columns is fully fixed. A vertical gravity load has been applied to the top of the column and kept constant throughout the displacement-control analysis. A horizontal displacement of 20 cm has been applied to the top of the column. Von Mises stress contours are shown in Figure 8A. The masonry pier collapses in the absence of cables, while adding the cables increases significantly the load-bearing capacity. Also, the action of cables prevents cracks from propagating into the pier. Comparing the base shear-displacement curves in the two states shows that the pre-stressed cables have significantly increased the capacity of pier (see Figure 8B).


[image: Figure 8]
FIGURE 8. (A) Von- Mises stress contours of the masonry pier. (B) Base shear-displacement curves of masonry pier (1) without cables, (2) with cables.





COMPOUND TRUSS ELEMENT


System Description

This compound element is inspired by the morphology of the bamboo stem. The proposed element comprises a steel core, adjustable cylindrical plates (nuts), and a steel casing. The similarity of the proposed element with the bamboo stems is illustrated in Figure 9. When the steel core alone is under the action of the compressive load P, it buckles easily. Addition of the cylindrical plates (i.e., nuts) between the core and the casing is effective to postpone the onset of buckling of the steel core (Chenaghlou et al., 2020). The cylindrical plates (nuts) are fixed to the steel core similar to how a nut is fixed to a screw. The cylindrical nuts and the steel core are placed inside the steel casing. Compressive load is first applied to the steel core, and after it buckles, the load is transferred to the steel casing. There is a 1-mm gap between the steel casing and the steel core. In other words, there is no contact between the steel core and the steel casing prior to buckling. The gap allows the steel core to go through different buckling modes before making contact with the casing. This way, the member reacts to compressive loads in two stages. In the first stage, the after the steel core reaches its maximum capacity, it buckles. In the second stage, the two components (i.e., the core and the casing) come into contact, and the casing is only responsible for controlling post-buckling effects.


[image: Figure 9]
FIGURE 9. The mechanism of the proposed compound element (Chenaghlou et al., 2020).


Application of this compound element has been investigated for long-span spatial structures, such as roof systems with a large cover. These structures tend to be brittle and go through progressive collapse when a number critical compressive members buckle (Schmidt et al., 1980, Schmidt et al., 1982). Several techniques have been developed to delay the onset of brittle collapse for these structures. One of these techniques is the application of a force limiting device (FLD) in the critical compressive members. The compound truss element presented in this section is a new FLD that can be employed to replace critical compressive members in spatial structures. This element is illustrated in Figure 10A. A double-layer flat roof is selected to investigate the efficacy of such compound element (see Figure 10B).


[image: Figure 10]
FIGURE 10. (A) Compound truss element, (B) Double-layer flat roof.




Numerical Simulation

The structure is designed to take dead and snow loads, which have been applied following the Iranian national code of buildings (Housing and Development, 2014). Non-linear analyses have been carried out using ABAQUS. Geometric and material non-linearity has been taken into account. Mechanical properties and cross-section properties of the structural elements are given in Tables 7, 8.


Table 7. Material mechanical properties.

[image: Table 7]


Table 8. Spatial structure element cross-section section properties.

[image: Table 8]

The compound element is first studied in isolation under compressive loading. A slenderness ratio of λ =85 and an initial geometrical imperfection of 0.001 L applied at midlength have been considered. The axial displacement response of the encasing element (without nuts) is shown in Figure 11A and that of the compound element is shown in Figure 11B.


[image: Figure 11]
FIGURE 11. Axial displacement response of (A) encasing member with a slenderness ratio of λ =85 and (B) compound truss element.


The obtained results show that, when the encasing reaches its critical capacity under compressive loading, it buckles and undergoes a sudden strength degradation. However, after the addition of the steel core, the brittle behavior of the casing changes to a ductile one, which persists until a strain of ~-0.1. At this point, the core and the casing come in contact, resulting in a sudden surge in strength of the member. After reaching a maximum stress of ~1,200 MPa, the member goes through failure

The effect of using such a compound element in spatial structures has been evaluated. The location of buckled members (see Figure 12A) and the collapse behavior of the structure have been determined using non-linear static analysis. Then, the proposed compound element has been used in place of the buckled members. Another non-linear static analysis has been carried out replacing the critical compressive elements with the proposed compound element. Figure 12B shows the force-displacement response of the spatial structure with and without compound elements. The effect of the compound elements has changed the structure behavior from brittle to ductile ultimately delaying significantly the onset of collapse. Simulation results indicate that application of the compound truss element improves energy absorption, ductility, stiffness, and capacity of the double-layer flat roof by up to 58, 64, 17, and 53%, respectively. Given that the proposed compound truss element is used in place of only a few critical members, the structure mass increases by 9.755%, which is not a significant penalty.


[image: Figure 12]
FIGURE 12. (A) Location of critical compressive elements, (B) Force-displacement response with and without compound truss elements.





CONCLUSIONS

This study has taken inspiration from natural structures inherent adaptive capabilities. Three compound elements that improve structures' load-bearing capacity through passive inherent adaptivity have been proposed in this paper. These elements are (1) a self-centering column inspired by the human spine, (2) a self-centering unreinforced masonry pier with cables also inspired by the human spine, and (3) an FLD (compound truss member) inspired by the bamboo stem.

The behavior of each compound element and its efficacy when employed as load-bearing member has been investigated through FEM. Based on the obtained results, the following conclusions can be drawn:

• Using the compound column element as a kinematic isolator is effective to mitigate the response of frame structures subjected to ground motion. Simulations on a one- and two-story moment resisting frames under seismic excitation have shown that the base shear decreases by 87.26 and 95.86%, respectively.

• The self-centering property of the compound masonry column element postpones collapse onset and prevents crack propagation. The effect of pre-stressed cables significantly increases the masonry column load-bearing capacity, which becomes twice as ductile compared to the masonry column that is not equipped with pre-stressed cables.

• Replacing critical compression members with the compound truss element is effective to increase ductility of long-span spatial structures as well as energy absorption, stiffness, and load-bearing capacity.
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AUTHOR'S NOTE

The main objective of this paper is to show how the inspiration from the nature has influenced the designing of structures and discusses how the nature-inspired idea could convert into a new language for the future structural design industry. Also, the new concept for inherent adaptive control of structures and compound element based on natural creatures inspired from nature is introduced and compound element.
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