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Abstract:



Due to their inherent compliance, soft actuated joints are becoming increasingly important for robotic applications, especially when human-robot-interactions are expected. Several of these flexible actuators are inspired by biological models. One perfect showpiece for biomimetic robots is the spider leg, because it combines lightweight design and graceful movements with powerful and dynamic actuation. Building on this motivation, the review article focuses on compliant robotic joints inspired by the function principle of the spider leg. The mechanism is introduced by an overview of existing biological and biomechanical research. Thereupon a classification of robots that are bio-inspired by spider joints is presented. Based on this, the biomimetic robot applications referring to the spider principle are identified and discussed.
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1. Introduction


Human-Robot-Interaction (HRI) is indispensable in assembly and handling tasks in industrial manufacturing, as well as in medical and rehabilitation applications. Direct collaboration between the machine and humans enhances the flexibility and productivity in industrial tasks [1] and it enables direct assistance for infirm or disabled people in medical applications [2,3]. Despite significant advantages, direct contact and “hand-in-hand” cooperation with robots is often avoided. As collisions with powerful and rigid robot arms can cause serious injuries and bruising through impact, compliance of robotic actuators has to be ensured in instances of contact with humans. And consequently, there are safety-related issues and strict restrictions for the machines [4].



First generation assistance robots are already in use in industrial applications and enable direct HRI. Since these robots use electrical drives, they have to be set up with expensive and complex sensory equipment to avoid hard collisions with humans [5,6,7]. However, when considering the recent developments of robotic actuators for HRI, a turnaround can be seen, away from rigid drives with artificial flexibility to the intelligent use of soft materials with intrinsic compliance and structural integration [8]. Moreover, a look at the fauna shows that the extremities of most animals are flexible as well because biological motion systems have an intrinsic aim to avoid damage. Therefore, the elastic yielding of actuation elements—muscles, tendons, etc.—enables the continuous damping of impacts and collisions [9].



Biomimetic or “soft robotic” actuators are based on the same principle and make use of their inherent compliance to fulfill safety requirements. Elastic compliance of flexible structure elements is used to avoid injuries in case of a collision with a human. This type of actuation has attributed all kinds of robotic applications and machine designs [10]. Therefore, intensive research on biomimetic robotics has been carried out in the last decade to find novel actuation systems [11,12]. Mammals and most arthropods, such as stick insects, generate their movements by a muscular system, typically in antagonistic arrangement [13]. Contrary to that, a special class of arthropods—the arachnids—use a hydraulic system to straighten the legs [14]. The characteristics of spider legs are multi-fold: On the one hand, they are highly sensitive, move gracefully and have a lightweight design, which is apparent, since some spiders are able to walk on the surface of water [15]. On the other hand, for hunting and climbing tasks, an impressive dynamic and powerful actuation can be observed [16,17]. Thus, the spider leg system combines flexible and lightweight movements with powerful actuation; it is a biological showpiece for biomimetic applications and perfectly corresponds to major requirements for modern robotic applications.



This correspondence and the characteristics of the system motivated an investigation of the biological research done on this principle and its technical adaptation as biomimetic robotic actuators is carried out in this work.




2. Biological Research


It is well established that the principle of spider leg’s function is contrary to the muscular antagonism, which can be found in extremities of other animals and humans. The spider leg consists of seven distinct, tubular segments that build an exoskeleton, which surrounds and protects all of the inner entities. From a functional point of view, the seven links of each leg can be reduced to three main acting joints used for walking [18,19]: the complex, muscle-actuated hip joint assembly with two degrees of freedom for stance and pan as well as the two main leg joints, the femur-patella and the tibia-metatarsus joints. Both of them show one rotational degree of freedom [20]. Biomechanical investigations show that the one degree of freedom connection between these two joints can mechanically be considered classical pivot joints, which are located near the peripheral point on the dorsal side of the leg cross section [21].



The legs are connected to the prosoma—the central body of the spider—and are almost completely filled by muscles. Due to the open blood circulatory system, all of the space between the muscles and the exoskeleton—called lacunae—is filled with hemolymph [22,23]. To illustrate, Figure 1a shows a sectional sketch of a tibial segment; the muscles are situated longitudinally inside the exoskeleton and are connected to the subsequent part of the exoskeleton [24]. A contraction of the muscles initiates a retraction of the subsequent segment. In the cross sections from A–A to D–D, the muscles are illustrated with black areas, whereas the white areas between muscles and exoskeleton show the lacunae [20].


Figure 1. Cross section view of a tibial segment of a spider leg. Sketches according to [24].
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The axis of rotation is on the peripheral point on the dorsal side of the exoskeleton segments. The muscles can only create tension forces by contraction. Consequently, these two most important leg joints cannot be extended by muscular actuation. Therefore, a flexible membrane is situated on the ventral side of these pivot joints. The membranes are inflated by an increase in the hemolymph pressure inside the leg, which initiates the extension [16].



2.1. Hydraulic Leg Extension


First findings on hydraulic leg extension are from Pretrunkevitch [25] and Brown [26] who determined that there are no muscles to generate an extension of the femur-patella or the tibia-metatarsus joints. Thereupon Ellis [27] disproved previous assumptions [25] that the extension is solely generated by the membrane’s elasticity and provided the experimental evidence for a relationship between the internal fluidic pressure in the spider leg and the joint extension. Parry and Brown [28] then experimentally determined values and roughly calculated relations for pressure, torque, and fluidic volumes. Investigations by Wilson [29] show that the main fluidic pressure difference during leg extension is generated by a contraction of the prosoma. This was confirmed by Stewart and Martin [30], as well as Anderson and Prestwich [31] through their investigations of time-dependent pressure levels during leg movement. Thereupon profound research was done by Blickhan and Barth [22] measuring the strains in the exoskeleton by placing strain gauges on the surface of the exoskeleton cuticle.



Experimental results were used to draw conclusions on the resulting torque and how the biomechanical inflation of the membrane works in detail: One significant aspect concerning the articular membrane is the bellow-like folding of the flexible structure. Figure 2 is used to clarify this point by an approach done by Blickhan and Barth [22]. An increase of the internal hemolymph pressure (⇧) leads to an expansion of the joint section, which causes stresses in the membrane cuticle. The direction of the highest stress vectors is illustrated with (⬆). A pressurized isotropic structure (right) of the cuticle causes maximum tension between the distal metatarsus and the proximal tibia segment. This tension stress is contrary to the joint movement and diminishes the extension torque. In opposition, an accordion-like structure of the membrane is inflating instead of being stretched in axially to the leg. Consequently less axial stress obstructing the extension torque between the exoskeleton parts is occurring at the same joint angle. However, the reduction of the axial load components results in an increase of the radially occurring stress components (⬆), which are resolved at the dorsal side of the tibia segment.


Figure 2. Mechanical membrane design of a tibia-metatarsus joint [22]. Sketches according to [24] (a) Membrane inflation with bellow-like design; (b) Membrane stretching with isotropic structure.
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Microscope images of a pressurized membrane during leg movement (Figure 3a) show that the radial structure of the membrane is reinforced by a tendon-like design (emphasized with black arrows). This clearly supports the statement that the main load is occurring in the radial direction and the resolution of the tension stress can be attributed to the reinforcement.


Figure 3. Images showing spider joint membranes: (a) Microscope images (Microscope recordings in cooperation with Dr. Helmuth Mägdefrau, Tiergarten Nuremberg and Hendrik Bargel, University of Bayreuth, BioMat—Institute of Biomaterials) structure of a Grammostola Rosea; (b) SEM images of a Lasidora Parahybana; (c) Reverse-engineered microcomputed tomography (Micro CT scans and reverse engineering in cooperation with Jens Runge and Dr. Christian Wirkner, University of Rostock, Institute of Biosciences, Department of Zoology) of a Cupiennius Salei.
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Examinations of femur-patella and tibia-metatarsus joints with unpressurized membranes were carried out to examine the fold design of spider’s joint membranes more closely. This provided insight to the design with a view to building technical prototypes. Therefore, Figure 3b shows scanning electron microscope (SEM) images of a Lasidora Parahybana’s tibia-metatarsus joint membrane and Figure 3c illustrates micro CT scans of a femur-patella joint (Cupiennius Salei). Analyzing the SEM images and the micro CT-based three-dimensional model, we estimate that for technical interpretations, three folds adequately meet the requirements to reflect the bellow-like structure.



Also important for a biomimetic transfer into a robotic actuator are biomechanical calculations of the hydraulic extension. Zentner [32,33,34] mathematically described the rotational extension of the spider leg joint by using a rigid body modelling, schematically illustrated in Figure 4.


Figure 4. Schematic model for mathematical modelling of the leg joint extension [35]. Sketches according to [32].
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It can be assumed that the extension of the leg is solely generated by an increase of the pressure p affecting three estimated lacunae with an area a, and an effective lever r from the pivot point to the center of the area. The center of gravity is located at a distance l to the pivot point. Muscles inside the legs are accounted for by a rotational spring stiffness c resulting in a retracting torque and damping coefficient d [35]:


[image: there is no content]



(1)







An experimental setup [35] was used to determine the parameters of this theoretical approach and to verify the model. For this, a separated spider leg was fixed on a test rig for pumping fluid into the exoskeleton while measuring pressure, angle, and time. After a positive evaluation, the model was extended to a three-degrees-of-freedom, multibody model [35].




2.2. Muscular Flexion and Its Biomechanical Aspects


Although a lot of research is focused on the hydraulic extension, the muscles also play an important role and need to be considered. The lack of extension muscles in the main joints leads to the important fact that almost the whole space inside the exoskeletal tubes can be filled with flexion muscles [36,37]. As mentioned, the contraction of the longitudinal muscles generates retraction forces and initiates a powerful flexion. This is necessary because the muscular flexion is the main actor for gripping prey as well as for climbing or rappelling. Some researchers even assume that the lack of extension musculature is a result of maximizing the flexion force [31].



The flexors are not directly connected to the distal segment of the exoskeleton but to an intermediate sclerite with a flexible connection. At the femur-patella joint this is a chitin ring (patella sclerite) and at the tibia-metatarsus joint the sclerite is a flexible lamella that acts as the transition to the proximal border of the metatarsal segment, which protrudes into the joint section. This biomechanical constellation is assumed to enable the maximum flexing torque for every joint angle due to an ideal lever of the retracting force [20,37].



Subsequent biomechanical studies by Siebert et al. [38] simplified the flexors inside the tibia to one representative contractor and experimentally investigated the force-length relationship and the force-velocity relationship of the metatarsus flexors. Therefore, a parabolic flexing torque-angle relationship and a nearly linear relationship between contraction length and joint angle was determined [38]. To illustrate this biomechanical principle, a three-dimensional model of the femur-patella joint was derived from micro CT scans of a Cupiennius Salei [39]. Based on this data, a simplified and scaled multibody model to verify geometrical dependencies was created using reverse engineering techniques. The model is shown in Figure 5 and demonstrates the joint angle movement of the patella (grey) due to a contraction of the representative muscle (red) whose endpoint is connected to the patella sclerite (brown). The transparent elements show the flexed positions.


Figure 5. Multibody model to simulate the joint angle movement due to muscular displacement.
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2.3. Interaction of Hydraulic Extension and Muscular Flexion


Generally, the biomechanical spider leg mechanism is an antagonistic counterplay of hydraulically initiated extension and muscular flexion, so spiders are semi-hydraulic machines [40]. It has been shown that the contraction of the prosoma generates an increase of hemolymph pressure in all legs simultaneously [41] and the pressure rise takes place 10 ms before the start of movements [38]. This, in turn, means the muscles have to be tensed at this point in time to prevent a synchronous extension of all legs [20]. Consequently, the antagonistic flexors can allow the pressure-driven extension of individual joints by relaxing. Thus, it is assumed that the muscular flexors are the controlling units of the tibia-metatarsus and femur-patella joints. During movements, the antagonistic system of constantly increased pressure to provide extension torque and active retracting muscles can be thought of as an “inverted marionette”. However, we are still far from knowing exactly which muscles produce the pressure coming from the central body [41]. Additionally, due to this antagonistic counterplay, complex fluid mechanic reactions are taking place during the leg movements. As mentioned, the intermediate spaces between muscles and exoskeleton define the channels for hemolymph transport. While a joint is being flexed, the muscles are contracting and swelling radially, which consequently narrows these lacunae. At the same time, hemolymph is displaced from the folding joint section and has to pass these channels. But the narrowed intermediate spaces restrict the hemolymph flow. This leads to local increases in pressure [22]. Kropf [41] compared different measurements [28,30,31,42] of hemolymph pressure over time; he registered 0.01–0.15 bar during rest and an increase to levels from 0.1 to 0.64 bar during movements. Pressure peaks of 0.7 bar and higher where measured during struggling [22]. Sensenig [43] did first studies on these high pressures peaks during fast movements and determined an energy storage due the elasticity of the cuticle.



The spider leg mechanism has been extensively researched with regard to the biomechanical principles involved. These principles have been translated into biomimetic applications; those that are specifically inspired by spider leg joints are reviewed in the following section.





3. Technical Applications


The technical part of this review first classifies the rubric of robotics, where biomimetic spider actuators can be found. Second, the actuation and structural design principles of these bio-inspired, fluidic joint actuators are introduced. Based on this, an overview of bio-inspired actuators directly related to the spider leg principle is presented.



3.1. Classification of Biomimetic Spider Leg Actuators


Compliant robotic actuators can be differentiated into two rubrics, illustrated in Figure 6. On the one hand, conventional robots which are equipped with excessive control and sensory to actively generate compliance [5,6,7]. One the other hand, robots with inherent, passive compliance due to the use of flexible materials or soft actuation [8,44]. Many of them are inspired by biological principles. But not all robots with inherent compliance are biomimetic. There are three critical points which have to be fulfilled to name a device biomimetic or bio-inspired [45]. Biomimetic devices must have:

	
A biological model,



	
An abstraction of the biological model,



	
An implementation into a technical application, at least as a prototype.







Figure 6. Classification of fluidic joint actuators with soft capabilities.
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As said, this study is focused on biomimetic actuators inspired by spider leg joints. Therefore, robotic devices like joints with conventional electric motors or classical piston-cylinder hydraulics/pneumatics are not taken into account and the focus is on biomimetic developments.



Furthermore, the bio-inspired robots with inherent compliance can be distinguished into two main types [44]. “True” soft robotics, which means the robot consists solely from deformable material [46,47,48,49], and hard robot structures, which are soft actuated or have soft capabilities [50,51]. Biological spider leg joints are clearly defined by a pivot joint and a stiff exoskeletal structure, which is actuated by compliant muscles and a flexible membrane. Therefore they match the class of robots with soft actuation. In the following, an examination of this class is carried out in more detail to clearly assign the area of biomimetic spider joints.



3.1.1. Bio-Inspired Robots with Soft Capabilities


The evaluation of the soft actuated robots shows that there are structural designs and actuation principles that are typical for these kind of robotic devices.



The bearing structure usually consists of segments connected by pivot, hinge, or spherical links [21], which form an endoskeleton [52,53] or exoskeleton [54,55]. Compliant actuators are situated upon the bearing structure. Usually, the location of the soft actuators is bio-inspired in agonist-antagonist arrangement [46]. Naturally soft materials and actuation elements typically show a highly nonlinear dynamic behavior, which makes accurate control a challenging task. But nevertheless, the interest in these actuators is gaining. Significant research is being done on inherent compliant actuation principles and therefore several fields have formed. Some sub-fields are defined around shape changing materials, like smart material alloys (SMAs [56,57,58]), electroactive polymers (EAPs [59,60]) or integrated series of electrically adjustable springs (SEAs [50,61]). But still most naturally compliant robots are actuated fluidically [46]. Therefore flexible materials are pressurized pneumatically [52,62,63,64] or hydraulically [65] to generate a shape deformation in order to operate the robotic joints.




3.1.2. Flexible Fluidic Actuators


As detailed in Section 2.3, the biological spider uses fluidic expansion of inflatable joint membranes to extend the legs. Thus, this review focuses on the sub-field of fluidically actuated robotic devices, see Figure 6. To name some reasons for the common use of flexible fluidic actuation principles, we can list:

	
The availability of mediums (air/water),



	
Standardized periphery components like valves, pressure regulators and connections,



	
Natural compressibility of air,



	
New rapid prototyping methods to manufacture flexible materials [66,67],



	
No or low additional energy consumption for position holding with stop valves,



	
High energy efficiency [68],



	
Large deformation of the pressurized materials.








Today, fluidic, biomimetic, and compliant robotic actuators can be found in various areas of application: From micro-actuation systems for surgical tools and new industrial purposes [65] to medical and rehabilitation devices [2,3,69], or handling devices [66] and mobile robots [47,70].



Two types of flexible fluidic actuators can be distinguished according to the behavior of the actuator structure while pressurizing their inner volume:

	
Structural expansion to push the linked segments apart to generate a movement,



	
Structural contraction, which can be used to apply a retraction force between the linked segments.








Multiple individual and case-dependent designs can be found for the expansion structures. Typically, the expansion during pressurization shows inflatable deformations for bellow-like designs [52,63,67,71] or balloon-like deformations for bladder-like designs [72]. Contraction actuators are commonly known as pneumatic artificial muscles (PAMs) [73] or McKibben muscles [74,75]. Pressurizing these cylindrical structures leads to an expansion in radial dimension, but generates a contraction in the axial direction to transmit tension forces. The axial contraction can either be achieved through the combination of a rubber or silicon tube and an exterior meshed fiber braid to form a cylindrical shape [76,77] or through special pleating designs [78,79]. Pneumatic muscles are now commonly used to develop soft pneumatic devices for use in medical instruments [2] and rehabilitation devices [69,80,81], as well as for assistant robots [63,82]. Typical contraction rates are 20 percent of the free length and commercial pneumatic muscles are available from [83,84].





3.2. Bio-Inspired Actuators with Reference to the Spider Principle


In this study, the biomimetic actuators that are directly referred as being developed based on the spider leg joint mechanism are identified and discussed. Figure 7a–f gives an overview of these actuators. They are scattered in various fields of application, from micro-actuators to rehabilitation to mobile robot systems. But nevertheless, all of them clearly match the classification, shown in Figure 6.


Figure 7. Overview of bio-inspired actuators related to the spider leg principle. References: (a) [72]; (b) [85,86,87]; (c) [88]; (d) [53,89]; (e) [90,91]; (f) [92,93].
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First concept designs for biomimetic applications referring to the spider leg can be followed back to 1996 when Zentner (nee Bohmann) published the idea of a spider-inspired gripper [32]. In 1998, Schwörer et al. focused on miniaturizing the spider leg principle by developing a fluidic micro joint [72]—shown in Figure 7a—with a prototype of 1 mm diameter that reaches an angle of 41 degrees and a torque of 20 μNm at a pressure of 0.1 MPa. Possible applications for this micro technology are in surgery tools. Zentner et al. meanwhile continued their biomechanical research (see Figure 4 and [32]) and developed a pneumatic joint prototype for grasping tasks [85,86], which is shown in Figure 7b). The monolithic device is made from silicon rubber and can reach an angle of 90 degrees while pressurizing with up to 0.3 MPa. A pivot point is realized by an integral hinge due to the flattened backside. The retraction is passive, using the elasticity of the material. Conceivable applications are in medical and surgical tools or sensitive grasping tasks, due to size- and pressure-dependent torque.



The “smart stick” (Figure 7c) was developed by Menon and Lira [88,94] investigating various properties of the whole spider for their use in space applications. They focused on the principle of hydraulic extension and used a flexible tube (Ø 1 mm), which is placed perpendicular between spacing elements. Each joint element yields a deformation of up to 5 degrees while actuated with up to 1.2 MPa of hydraulic pressure. Several joints can be placed in a row to reach the desired rotational angle or end effector point. The closed fluid loop circuit illustrated in Figure 8 has not yet been fully described and therefore presents another research opportunity. Squeezing the body or one end of the tube leads to a volume shift and to a rotational movement of the joint, which is retracted by a passive mechanical spring [88].


Figure 8. Closed fluidic loop joint extension based on the spider principle [88]. Sketch according to [94].
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Automatic hand prostheses [95] as well as an elbow orthosis [53,89] shown in (Figure 7d) were developed using the spider’s membrane inflation principle. Rotational bellows are placed on endoskeleton limbs. The reinforced bellows with sizes from 11 mm to 36 mm are operated with up to 1.0 MPa of air pressure. The retraction occurs by passive mechanical springs or by another bellow on the opposite side of the joint. Based on research in additive manufacturing processes, Becker developed a bellow actuator principle [90] made from selective laser sintered (SLS) materials which is shown in Figure 7e. A pneumatic spider robot using these bellow leg joints was built in 2011. In this application, the bellow actuators are designed with a diameter of 20 mm with five bellows in a row that are pressurized with up to 0.4 MPa; the retraction is passive due to the material stiffness. Figure 7f, shows an actuator developed by Landkammer et al. [92,96], in which the spider’s inflatable membrane extension principle is combined with active antagonistic muscular flexion as it is with biological spider legs. It is the only biomimetic actuator, which transfers the whole antagonistic biological function principle, including extension and flexion, into a technical application. Regarding the implementation, pneumatic muscles [83] are integrated inside pressurized exoskeletal parts connected by hinge joints. During movements, the exoskeleton with the inflatable asymmetric membrane is continuously pressurized with air up to 0.15 MPa to initialize the rotational extension. Furthermore, the pneumatic muscular flexors are supplied with air up to 0.8 MPa. The pressure difference to the exoskeleton environment effectively operates this contraction actuator. Thus, an antagonistic counterplay is produced. Regulating both pressure sources permits dynamic movements and the energy efficiency can be enhanced by a dynamic adjustment depending on external influences [97].



Due to nonlinear torque-angle characteristics and a lack of detailed torque data for some actuators and different available diameter sizes, it is hard to achieve a detailed torque comparison. Nevertheless, a chart for comparing the actuator torques and entire cross sections is illustrated in the bottom section of Figure 7.



Another point is the integrated sensory for detecting the angle position, which is essential for controlling the actuators movement while operating in robotic applications. Therefore, the “smart stick” (Figure 7c) uses a flexion sensor which not described in detail [88]. In comparison, the pneumatic bellow joint (Figure 7d) is equipped with a rotational hall encoder near the pivot point as depicted in Reference [12] and the biomimetic joint in Figure 7f uses a potentiometer which is connected between the two exoskeleton sections, as shown in Reference [97]. No description of position sensory concepts where found for the actuators (a), (b) and (e) in Figure 7.





4. Conclusions and Discussion


With spider leg joints, nature shows us an impressive example how lightweight design, powerful actuation, inherent compliance, and energy efficiency can go hand in hand. Therefore, it is a much-courted field of biological research. Many efforts have been made to gain biomechanical understanding of the principle, as its advantages are interesting for various technical applications. Nevertheless, we are far from completely understanding how the antagonistic biological principle inside the small legs works in detail. This is especially true for the dynamic behavior and the interactions between hemolymph extension and muscular flexion, as well as how they influence each other. Further research is necessary to draw conclusions on the energy efficiency of the system.



As stated above, the fundamental biological research has yielded the foundations for technical applications in various fields of robotic actuation. Especially the health sector and private or industrial assistant robotics provide a wide field of application for spider leg actuators, as is illustrated in Figure 7. This coincides with the trends of soft actuated robotics for safer human-robot-interaction through inherent compliance. Although much work has already taken place in the area of biomimetic robotics, this field of research promises enormous potential for future energy efficient and compliant actuators. By comparing the bio-inspired spider leg joints, it can be said that just a few of them are biomimetic developments and most of them have solely focused on the pneumatic or hydraulic extension. An exception to this can be seen in Figure 7f, where the combination of inflatable extension and active retraction is the goal. A more dynamic behavior is expected from this combination and furthermore a case-to-case adjustment of both pressure levels promises energy efficiency. The antagonistic system of the two nested principles also causes interaction effects due to the changing volumes of the muscle and the joint section, which makes it more complicated to control. Pressure variations similar to the biological pressure variations in actual spider legs can occur, if the actuation is hydraulic. Therefore, the technical application may also provide an opportunity to study the biological principle itself.
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