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Abstract

:

Traditional rigid robot application in the medical field is limited due to the limited degrees of freedom caused by their material and structure. Inspired by trunk, tentacles, and snakes, continuum robot (CR) could traverse confined space, manipulate objects in complex environment, and conform to curvilinear paths in space. The continuum robot has broad prospect in surgery due to its high dexterity, which can reach circuitous areas of the body and perform precision surgery. Recently, many efforts have been done by researchers to improve the design and actuation methods of continuum robots. Several continuum robots have been applied in clinic surgical interventions and demonstrated superiorities to conventional rigid-link robots. In this paper, we provide an overview of the current development of continuum robots, including the design principles, actuation methods, application prospect, limitations, and challenge. And we also provide perspective for the future development. We hope that with the development of material science, Engineering ethics, and manufacture technology, new methods can be applied to manufacture continuum robots for specific surgical procedures.






Keywords:


continuum robots; design principles; actuation methods; future challenges












1. Introduction


1.1. Background


With the maturity of robot technology, the application of robots is gradually penetrating from the manufacturing industry to all aspects [1,2]. Traditional rigid robots have shown broad prospect in service industry, real estate industry, agriculture and other aspects. In recent years, robots have gradually shown their potential in the medical industry [3]. Medical robots have brought a new breakthrough for the realization of surgery. However, traditional rigid robots cannot meet the requirements of more precise surgical accuracy due to the limitation of flexibility due to their rigid structure [4]. Especially when performing the operation of the internal position of the human body, the disadvantages of the rigid robot are particularly obvious. The rigid robot cannot match the flexibility of the human organs, and it is difficult to access the circuitous parts of the human body. The emergence of flexible robots provides a solution of this problem. Flexible robots can be segmented into two categories, including finite-degree-of-freedom robots that are linked by a limited number of discrete joints and infinite-degree-of-freedom robots without joint links showed as elastic members [5]. The infinite-degree-freedom (infinite-DOF) robots is also called continuum robots (CRs). It was first proposed in the 1960s [6,7]. Because of its flexibility in movement brought by the infinite degrees of freedom, researchers have paid increasing attention to it. Many ideas of bio-inspired CRs have been proposed, and the review of continuum robots applied in the medical field has also appeared [7,8].




1.2. Outline


Research on CRs usually involves four aspects—design, actuation, modeling, and control. Inspiration and design are the basis for the development of a robot. CRs are a new kind of robot. Many design principles are essentially different from existing robots [9,10]. Traditional robots emphasize accuracy. Due to their inherent rigid structure, their flexibility is poor which limits their application in many occasions. As a kind of flexible robot, the CRs focus on the human body and other occasions, and pays more attention to the interaction between the robot and the human. So its design principles emphasize flexibility and bionics. The actuation of the robot is the basis for realizing all the functions of the robot. This paper reviews the design and actuation of CRs based on the latest research results of CRs. Section 2 describes the design principles, structural features and methods of variable stiffness of the CRs. Section 3 introduces the actuation methods of the CRs. Section 4 introduces the application of CRs and the challenges in research.





2. Continuum Robots Inspiration and Design


Traditional rigid robots are generally used in a variety of fields. But because of the lack of flexibility, they are not suitable for working in environment with many constraints and very complex terrain, which requires high degree of freedom, especially in the medical field. We thus introduce a new type of bio-inspired robot with high flexibility, which is called CR. Compared with traditional rigid robots, CRs mimic this unique invertebrate of biological organs such as elephant trunk and octopus tentacles [11]. The structure, with higher security and flexibility, can flexibly change its shape to suit different environment, and has its unique advantages in this highly demanding work.



In this section, the bioinspired principles of CRs will be described. Then, the structural design and characteristics of CR will be discussed. Finally, the latest variable-stiffness methods of CRs will be listed.



2.1. Bio-Inspired Principles


Bionics is both an ancient and a young subject. People study the principle of the structure and function of living organisms, and based on their principles to invent new equipment, tools and technology to bring welfare for mankind. CR is a novel type of bio-inspired robot, which imitates the motion mechanism of animal organs such as elephant trunk and octopus arm in nature. It does not have motion joints, but could realize movement and grasping operations by continuous flexible deformation. It is the biological structure which has an enormous capacity for extending quickly and bend in various kinds of direction, and can change its own stiffness according to needs, which is convenient for operation. Smith et al. first published articles on the movement mechanism of elephant trunk [12]. Rice University started to research and develop elephant-like robot, and many research institutions and scholars later joined in this field [13]. Margheri L et al. [14,15] analyzed the octopus arm from the perspective of biomorphology and obtained relevant data for the design of soft octopus robot [16]. As is shown in Figure 1, the muscular structure of the octopus arm is made up of transverse, longitudinal and oblique muscles. L, T, O and N are transverse muscles, longitudinal muscles, oblique muscles and nerve. Transverse muscle contractions cause octopus arms to elongate. Longitudinal muscle contraction leads to thickening of octopus arms. Simultaneous contraction of lateral and partial longitudinal muscles will lead to flexion of octopus arms. The distortion of the arm is caused by contraction of the oblique muscle [17]. CRs have applications (Bio-Inspired) in all walks of life, for example, medical, industry, rescue, hazardous place, space, underwater and military. This paper mainly focuses on medical examples.




2.2. Structural Design and Characteristics


According to the actuation mode, there are three typical bio-inspired design schemes for continuum robots [19]: (1) Intrinsic Actuation, (2) Extrinsic Actuation, (3) Hybrid Actuation. Burgner-Kahrs et al. [20] pointed out that CRs can be classified not only on the basis of their structural design but also actuation strategy. They divided CRs with elastic structure into intrinsic actuation, which include concentric tube, tendon/cable and multi-backbone, and extrinsic actuation, which include pneumatic, hydraulic and shape memory. CR has the following advantages [21]: (1) It can bend freely and its bending radius is small; (2) Its external size can be small and it can move in narrow workspace such as pipelines; (3) Its adaptability to non-structural environment with multiple obstacles is strong; (4) In addition to the end can be installed with an actuator to complete the operation, the whole robot body can also serve as an actuator to grasp the target. The disadvantages of continuums robot are as follows: (1) It is difficult to control multi-degree-of-freedom bending; (2) Most CR’s control accuracy is not high; (3) Due to the limitation of robot structure, its load capacity is not high. Srikanth et al. [22] divided the continuum models into the following categories: Single segment [23,24,25], Multisegment [26,27,28], Single segment-multidisc [29,30,31], Multi segment-multidisc [32,33,34] and Continuous structure [35,36,37]. Among them, the body of single segment continuum robots consists of a single backbone-like structure with limited constant curvature freedom of motion. They have the advantage of being simple in structure and are often used for cleaning. Their driving systems are diverse, including pneumatic, magnetic actuation, and so forth. The body of multi-segment continuum robots consists of multiple segments, each with the freedom to move as a single element structure, but independent of other elements. Its advantage is connection control, often used for Inspection. Their driving systems are diverse, including pneumatic, tendon-cable driven, and so forth.



In this subsection, the recent common structures are selected for discussion.



2.2.1. Concentric Tube Continuum Robots


The concentric-tube robots are made up of a number of pre-curved elastic tubes, which are nested within each other. The shape of the robot structure can be controlled by the axial translation and rotation of the base of each tube. The reason why each tube can be processed into the desired shape by heat treatment prior to assembly is that these tubes are generally made from the shape memory alloy NiTi at the superelastic stage [20]. As is shown in Figure 2, because of its light weight and slender features, the concentric tube robots can come true the curve of complex shape only by rotating and translating the concentric tubes relatively [38]. As a surgical device for minimally invasive surgery, concentric robot is considered to have a great prospect because the tip position and direction of the concentric robot can be guided and controlled directly along the specified paths.



For example, to meet the constraints of anatomy, surgical tasks, and leader-following deployment, Xing Yang et al. [39] proposed a design and optimization method for a patient-specific concentric tube robot, which is abbreviated CTR. CTR is a kind of tentacle-like CR that can operate in a closed complex biological cavity and has the ability to track complex three-dimensional trajectories. To accommodate the surgical tools, the structure consists of a pre-curved superplastic tubes and some hollow cavities.




2.2.2. Tendon/Cable Continuum Robots


Tendon/Cable-driven CRs are to arrange the cables along the axis direction of the mechanical arm. By pulling the cables, the mechanical arm is driven to bend or twist. Zhou et al. [40] proposed a new configuration of a 6-DOF tendon-driven CR for single-port surgery. The deformable skeleton of the robot is made from the super-elastic nickel-titanium materials and manufactured by integrated processing technology, and has a series of elastic joints with cross-cut notches. As is shown in Figure 3a, the overall structure of the manipulator arm designed for single-hole surgery is largely made up of basic structures such as the proximal supporting straight rod segment, 2-segment continuum structure segment, rotating wrist joint and front-end actuator. To favourably achieve the customized constant/nonconstant curvature, Anzhu et al. [41] proposed a contact-aided laser-profiled CR with series interlocking joints. The Figure 3b shows one part of the cable-driven CR with contact-aided compliant mechanisms. This structure minimizes collisions with the bronchi.



Aiming at low positioning accuracy and difficulty in entering the natural cavity or minimally invasive incision of traditional surgical instruments, Zhao et al. [42] designed a line-driven continuum surgical robot system. The composition of the system include UR robot arm, Stewart parallel platform, the continuum end effector and force feedback handle. Gao et al. [43] presented wire-driven multi-segment robot based on push-pull wires. This robot has been tested to attain follow-the-leader (FTL) motion, placing surgical instruments through narrow passages while minimizing the trauma to tissues. Figure 3c shows three-dimensional computer-aided design model of this kind of CR. Wang et al. [44] proposed a new notch continuum manipulator (CM) for laryngeal surgery, consisting of guide-wire discs and a Nitinol skeleton. The Figure 3d shows the model of the CM. The tendon/cable actuation is easy to realize and relatively simple to control [45]. It can transfer the driving force over a long distance to ensure a small moment of inertia of the mechanical arm.



However, there are some problems: tendon/cable actuation generally requires an electric motor and a transmission mechanism, so the system is relatively bulky [17]. In the next chapter of this paper, tendon/cable driven will be discussed in detail.




2.2.3. Origami Continuum Robots


Origami is a traditional art, but in recent years, researchers have gained a lot of new inspiration from origami. The process of origami is very similar to that of a continuum robot. At the same time, the telescopic details of the robot can be designed based on the layout of the creases. Common creases are Miura pattern, water bomb pattern, Yoshimura pattern and diagonal pattern. Junius Santoso et al. [46] designed a continuum robot based on the origami structure (shown in Figure 4), which can achieve 73 times the torque output and 1.25 times the length change of the same-body robot. Its substrate material is PET sheet, due to the high strength-to-weight ratio and ready availability. Each origami continuum robot consists of two modules. Each module consist of a compliant plastic body, an acrylic end plate, and a custom-made PCB for embedded control. The driving force of the motor consists of 4 wires passing through the origami space. The wires of the cavity are transferred to the origami structure, and the origami force is provided by the inherent bending stiffness of the origami structure. Compared with other continuous robots, the origami robot does not have a rigid or flexible skeleton, and only the origami crease can provide restoring force. This makes it possible to design the system to be lighter because it eliminates equipment such as springs and magnets. In addition, the modular nature of the proposed origami structure allows the entire system to be scaled if necessary.




2.2.4. Magnetic Continuum Robots


Since the magnetic CR consists of uniform soft polymer matrix and uniformly dispersed magnetic particles, the robot can not only be miniaturized in diameter, but its hydrogel skin can also reduce friction. Lloyd et al. [47] presented a elongated, soft, magnetic-driven, tentacle-shaped robot and proposed a new design method derived from Neural Network (NN) trained using Finite Element Simulations (FES). They demonstrated how their design method produces static and homogeneous-driven 2D tentacle contour under the deformations derived from predefinition and expectation. Yoonho Kim et al. [48] proposed a soft CR that is not only submillimeter in size but also self-lubricating. The abbreviation of this robot is SFSCR, it means submillimeter-scale ferromagnetic soft continuum robot. By programming the ferromagnetic domains on soft body while the hydrogel skin grows on its surface, SFSCR has a strong magnetic-driven omnidirectional steering and navigation ability. Figure 5a shows the magnetic response of SFSCR. The magnetic polarity of SFSCR is generated by the hard-magnetic particles embedded in the robot with soft polymer matrix. The hydrogel shell acts as self-lubrication on the surface of SFSCR, and the silica shell embedded around the magnetic particles acts as anti-corrosion. As is shown in Figure 5b, SFSCR is able to navigate in highly limited environments, for example, narrow and tortuous vasculature systems. Its hard magnetic particles are evenly distributed, hence SFSCR can be easily manufactured to the submillimeter level by printing or injection molding. The Figure 5c shows the capabilities of steering actively as well as navigating through complex and constrained environments. Compared with other types of CRs, magnetic CRs have greater potential in surgical applications due to their smaller size and high flexibility, which enables them to navigate through complex and constrained environments [48]. However, the magnetic CRs still have the following disadvantages [49]: (1) The body of CRs can be made of hard magnetic material or soft magnetic material, and it needs to be coated with micro/nanomaterial additives or coatings inside or outside. These materials are not easy to achieve biocompatibility. (2) In most cases, the fabrication of magnetic CRs may require additional post-fabrication magnetization, thin-film coating or assembly. (3) The control of magnetic steering and navigation of the magnetic CRs is based on visual feedback, visual observation by the operator. It thus is difficult to achieve navigation deep in the body. (4) Magnetic CRs always need external magnetic field control and cannot be autonomous. In other words, they cannot have self-regulated autonomous behaviors according to the stimulation of the environment.




2.2.5. Dual Continuum Mechanism


Dual continuum mechanism (DCM) is a purely mechanical structure (Figure 6) which has the advantage of being easy to disinfect when removed from the actuated structure. By changing the number and ordering of backbones, the mechanical properties of DCM are able to be changed allodially according to different procedures. DCM’s actuation modularity leads to the invariance of its actuation [5]. Xu et al. [50,51,52] proposed the robotic systems of the SJTU Unfoldable Robotic System (SURS) robot for Single Port Laparoscopy (SPL) and endoscopic robotic testbed for Natural Orifice Transluminal Endoscopic Surgery (NOTES), which used the DCMs to take shape their manipulation.




2.2.6. Comparison of the Structures of Continuum Robots


Some common structural types of CRS and their characteristics are introduced. Table 1 summarizes their structure and advantages.





2.3. Variable Stiffness Methods


Stiffness modulation is a way in which artificial and natural soft structures are able to effectively interact with the environment. For the past few years, many variable stiffness methods for CMs have been researched and thus can be divided into three categories: mechanism-based, materials-based and acoustic-based methods. Because most of the materials used to make the CR have low stiffness and are prone to deformation under the influence of external forces, their stiffness cannot meet the requirement of stable and controllable body size. The realization of variable stiffness not only enables the robot to have high flexibility and flexible movement ability, but also can realize stable and controllable body shape and certain output torque.



2.3.1. Mechanism-Based Variable Stiffness Methods


Mechanism-based variable stiffness methods (MVSMs) have been used in many previous works, including antagonistic actuation, rack-locking mechanism, drive-rod-locking mechanism, central-cable-tensioning mechanism, layer jamming and granular jamming [53]. The principle of antagonistic actuation is to add the internal stress by applying a couple of forces in opposite directions. Kim et al. [54] presented a CM for minimally invasive surgery that is able to modulate its stiffness by simultaneously tensioning all the cables on the CM, whereas high tension can lead to structural buckling. Stilli et al. [55] employed tendon-driven and pneumatic mechanisms so as to modulate CMs’ stiffness. The percentage change in stiffness reaches 156%. Yagi et al. [56] presented a rack-locking mechanism for a flexible endoscope manipulator, which can augment rigidity by meshing the racks embedded in adjacent segments. Sun et al. [57] presented a hybrid CR derived from pneumatic muscles, with an elastic rod built in, which can be locked on the base of the CR to increase stiffness. Degani et al. [58] proposed a central-cable-tensioning mechanism for the continuum endoscope, the stiffness of which can be enhanced by the tension of the built-in cable through the robot’s center axis. Chen Y et al. [59] designed a analogous mechanism for use in tension stiffening continuum tube made of various spherical joints connected end-to-end. All of these mechanisms are feasible, but it is still very difficult to distribute the tension in the built-in cable along the arm direction, which means that the stiffness of each joint varies. This is especially obvious when the arm is bent. In addition, these kinds of mechanisms would take up the central passage of CMs, making the path of the tube to the end-effector difficult.



Yang et al. [53] proposed a MVSM based on SMA-spring for a novel rod-driven CR. The friction along the drive rods is then adjusted by electric current applied to the SMA springs, so that the desired robot configuration can be maintained. The structure of CR is stabilized by changing the friction on the drive rod by applying electricity to the SMA springs. Figure 7a shows the leverage mechanism for stiffness modulation. Zhang et al. in Reference [60] proposed a new type of permanent magnet variable stiffness component, which can increase the adjustment range of stiffness without increasing the driving torque of motor. Figure 7b shows the sectional view of variable stiffness device.



Due to the poor performance of the traditional parallel mechanism, Li et al. [61] proposed a compact adjustable tube variable stiffness mechanism into the flexible parallel mechanism according to clinical needs. The three prismatic-universal (3-PU) mechanism based on the superelastic NiTi rod was adopted to realize the 3-DOF flexible motion. In this way, it largely improves the safety and controllability of the operation.



Many researchers have also focused on the phenomenon of particle or granule jamming. Figure 8a shows the principle of particle jamming [62]. When air is pumped out of the capsule, atmospheric pressure is applied to the particle system, leading to augmented interparticle forces and system stiffness.



The jamming-based mechanism can improve the stiffness of the robot without changing the shape and position. In References [63,64], the jamming-based mechanism is applied to the CRs. The percentage change in stiffness reaches 925% [63] and 300% [64]. Both the minimally invasive surgical arm proposed by Cianchetti M et al. [64,65,66] and the “FP7 STIFF-FLOP” surgical robot [67] achieve variable stiffness in this way. However, the methods mentioned above is very likely to result in less compact CRs. In addition to particle jamming, layered structure can also generate jamming phenomenon, which is called layer jamming [68]. In References [68,69,70], the authors proposed layer jamming mechanisms covering the surface of the snake-like and tail-like manipulators. The percentage change in stiffness reaches 190% [68] and 156% [69]. The thin layers can keep the internal passage free of obstruction but a vacuum pump was still required as an extra power source. For layer jamming elements as shown in Figure 8b, when vacuum pressure is applied, the overlapping surfaces between the layers provide considerable friction, thus increasing the pressure on the manipulator. In the application process, the manipulator can not only achieve flexible movement (without vacuum), but also achieve large carrying capacity (with vacuum) [10]. The thin layer keeps the internal channels unimpeded, but still requires a vacuum pump as an additional power source [62].




2.3.2. Materials-Based Variable Stiffness Methods


Variable stiffness is an essential capability of CRs and soft material-based devices. The existing material forms [71] mainly include Electro-rheological fluid (ERF), Magneto-rheological fluid (MRF) [72,73,74], Low Melting Point Alloy (LMPA) [75,76], Shape Memory Polymer (SMP) [77,78], Electro-active Polymer (EAP) [79], Thermoplastic Polymer (TP) [80,81], and so forth. Many researchers use these materials through the control of magnetic field, electric field, temperature and other certain conditions to make it in the liquid phase and solid phase mutual conversion, so as to control the stiffness of the CRs and soft material-based devices.




Glass/Phase Transition-Based Variable Stiffness Methods


In the variable stiffness methods of CRs, many researchers generally used the variable stiffness methods based on glass transition or phase transition. The mechanical properties of thermoplastics change with the thermal transformation of thermoplastics (glass transition (Tg) and melting transition (Tm)). As is shown in Figure 9, elastic modulus of material occurs variation dramatically. When heat it up to a temperature near the Tg value. This also happens when SMPs are heated [82]. When the temperature is lower than Tg, SMP is in the glass state with high elastic modulus. But when the temperature exceeds Tg, SMP transforms into rubber state, and SMP easily deforms.



Telleria et al. [83] and Cheng et al. [84] used the variable stiffness capability of solder to build robots with heat-activated joints, but such materials have low safety due to their high melting point and human body safety temperature. Wang et al. [85] proposed a single-hole robot manipulator with phase transition-based variable stiffness method. They adopt the integrated design of structural materials, which can integrate the variable stiffness material into the flexible joint and make it a part of the flexible joint. The variable stiffness wrist can realize the rigid-flexible conversion during the operation.




Viscosity-Based Variable Stiffness Methods


MRF and ERF is also significant group of functional materials used for stiffness modulation in the development of CRs or soft robots. The stiffness adjustment of MRF and ERF is based on the principle that the viscosity and yield stress of fluid vary with the change of applied magnetic field or electric field. Figure 10a shows that the microstructure of MRF without and with magnetic fields. Under the application of magnetic field, the magnetized particles in the carrier oil form chains along the direction of magnetic flux, and the viscosity and shear modulus of the fluid transform accordingly. This also occurs in ERF, which contains electrically active particles, while MRF uses magnetizable particles. As shown in Figure 10b, ERF changes from a high viscosity gel state to a low viscosity liquid state (with or without applied electric field) [86]. Taniguchi H et al. [72] proposed a mobile robot with variable stiffness. The driving leg was made of rubber sleeve wrapped with MRF, and the deformation and variable stiffness of the driving leg could be controlled by external strengthening of magnetic field. This method can realize the conversion between solid state and liquid state, and the response speed is fast, but it needs a strong magnetic field to drive, and the safety performance is a factor that needs to be considered.




Comparison of Materials-Based Variable Stiffness Methods


According to the materials-based variable stiffness methods, we can divide it into three categories: glass transition-based, phase transition-based and viscosity-based variable stiffness methods. Table 2. simply lists the comparison of materials-based variable stiffness methods.




2.3.3. Acoustic-Based Variable Stiffness Method


In addition to the above two categories of variable stiffness methods, Yang et al. [10] proposed acoustic-based method as a potential variable stiffness method. Acoustic waves can change the arrangement of particles to produce different effects (unjamming or jamming). Therefore, acoustic-based method can be used to change the arrangement of particles to change the stiffness of particle packets. As is shown in Figure 11, by changing the sound field distribution through transducer array, the particle system state changes from unjammed state to jammed state, and the interval between particles becomes smaller, thus increasing the stiffness of system. This acoustic-based variable stiffness method requires careful selection of particle materials and membrane materials, further study of transducer array and reflector structure and improvement of power density of acoustic manipulation.




2.3.4. Comparison of Variable Stiffness Methods


At present, the variable stiffness methods commonly used in CRs mainly include the above mentioned methods. The methods based on antagonistic actuation is relatively simple and does not require other additional media. But compared with the material-based method, the variable stiffness effect is poor and can be applied in light load situations such as human-computer interaction. The layer jamming mode increases the friction and antagonism between the lamellar materials through negative pressure, so as to improve the structural stiffness. However, the layer structure will have a certain effect on the flexibility of the soft manipulator. Viscosity-based and glass/phase transition-based methods achieve variable stiffness by imposing physical field and making the material change phase. The variable stiffness effect is good, but it has difficulty in realizing arbitrary variation of the mechanism’s stiffness. Compared with other variable stiffness methods, mechanism-based variable stiffness methods usually have complex mechanism design, which may complicate the fabrication and control of these mechanisms. Table 3. summarizes common variable-stiffness methods and compares them [10]. Stiffness range represents the percentage change in stiffness in the Table 3.






3. Actuation Methods for Continuum Robot


We define the actuation of the robot as the process of converting other forms of energy into the power to make the robot realize certain movements [20]. Due to its own flexible structural characteristics and infinite DOF, it is significantly different from traditional rigid robots in actuation. The traditional rigid robot mainly relies on the built-in motor and gear system to drive. Such driving method will affect the flexibility CRs. The principle of CR’s actuation should guarantee the stiffness requirements and compliance with the application environment such as the organ tissue while the robot applied to the Surgery or the magnetic fields while Cooperated with MRI under the premise of satisfy the actuation requirements. Common actuation methods for CRs include concentric tube transmission, tendon/cable driven, pneumatic/hydraulic driven, smart material driven and Magnetic actuation.



3.1. Concentric Tube Transmission


Concentric tube robots are typically composed of nested pre-curved tubes and each independent concentric tube has 2-DOF [88,89]. Concentric tube robots realize bending and twisting relying on the combined action caused by the relatively independent motion of each tube. Through the mutual movement and rotation of multiple tubes, the overall shape of the robot could be changed to change the spatial posture. When applied in minimally invasive surgery, the semi-rigid structure of the concentric tube robot not only makes it flexible, but also ensures that the motion of the concentric tube in the organ tissue can resist the interference of external forces appropriately [90,91]. The great potential of concentric tube robots in medical field has been widely appreciated in recent years. The actuation of the concentric tube robot also depends on the concentric tube structure. The energy source for its movement can be input from external energy equipment such as motor. Of course, it can be driven manually. The most remarkable feature of concentric tube robots’ actuation system is cascaded. A cascaded actuation system can be matched with the concentric tube structure of the robot to realize the hierarchical transmission of the concentric tube robot. It also makes the robots actuation system more compact and miniature [92,93]. Morimot [94] and his colleagues at Stanford University used 3D printing to create a three-tube concentric robot with modules separated from each other for surgical operations (Figure 12b). A drive system composing of a roller gear with teeth in both the axial and radial directions and two spur gears that are perpendicular to each other is integrated in each module. Through the independent coupling motion between the gears in each drive system, the rotation and translation of each module can be realized to meet the demands of different operations.



Farooq Muhammad Umai et al. [95] from Chonnam Natl Univ also designed a nested concentric tube robot based on cascaded actuation modules. They propose a novel actuation system (shown in Figure 12c) using motors for CTR actuation. The characteristic of the motor compose of a hollow shaft.The tubes’ proximal end will be gripped and the rest of tube pass through the hollow shaft. In this way, the different part of CTR will stay in line to avoid buckling and torsional windup. This nested conical tube robot contains a Stylet module and a Cannula module. This drive system using a total of four motor, of which 2 are used for translation and 2 for rotation. Four motors are used to drive the Stylet Module and the Cannula Module, each with two degrees of freedom.




3.2. Tendon/Cable Driven


The tendon/cable drive was inspired by biology. The robot body is driven by the contraction and stretching of the tendon or cable driven by the motor [43]. In recent years, the breakthrough in the way of tendon driving is to realize the classification of robot driving. The tendon-driven CRs is usually divided into distal and proximal parts. The distal and proximal control do not affect each other, which can improve the accuracy of robot motion control. Today’s CRs based on tendon driven are typically constructed with tendons embedded in the robot body and a flexible skeleton (usually a spring) at the center. Li, Minhan et al. [96] proposed a tendon driven, including the manipulator part and actuation part. The movement of the robot will be realized through the cooperation of these two modules. The actuation part composes of a distal module and a proximal module (Figure 13). Every module composes of two springs, connecting plates and four tendons. The tendons are wound around the eight pulley wheels driven by the independent stepping motors. The pulley wheels and motors are placed in the actuation part. The rotation of the motor will be transformed into the linear motion of the tendon through the pulley wheels. The connecting plates are used to connect the springs and guide the tendons. Because the four tendons in the distal module will pass through the proximal module, eight guide holes in the connector plate are designed to guide the tendons. Used as the center backbone of the robot, springs are able to achieve a linear change in length following the linear force. At the same time, it is possible to use springs to achieve variable stiffness along the robot length o different spring constants. For example, the distal module employs a spring with the lower spring constant (3 N/mm) than the proximal one (5 N/mm). This is the most significant advantage of this drive system, consistent with the design principles of variable stiffness for continuous robots [63].




3.3. Pneumatic/Hydraulic


Fluid driven is the most common and mature type of actuation for CRs. The traditional fluid driven is to achieve deformation and movement by piping in the fluid such as gas and liquid by making the inner cavity of the CRs contract or expand [97]. Therefore, an external gas/liquid pump and some fluid pipe are necessary for a fluid driven CRs. Such equipment always possess a large volume, which brings difficulties to the integration of the CRs. At the same time, conventional robots require complex electronic components to achieve control functions, which limits their application areas to a certain extent, such as in flammable environments with high-temperature gases. Conventional gas/liquid actuation have been well developed and there is a lot of paper on them. This part mainly narrate some CRs based on new fluid actuation method that overcomes the defect of traditional gas actuation method.



Pneumatic actuation is widely used in CRs. It can be divided into positive pressure actuation and negative pressure actuation. The positive pressure actuation is to make the cavity expand with the movement and deformation of the flexible actuator by filling the compressed gas into the cavity. Negative pressure actuation refers to the extraction of air from the cavity, which causes the cavity to contract and drives the movement and deformation of the software actuator [17]. Besides, pneumatic soft systems can require high power-to-weight ratios. A major disadvantage of soft pneumatic robots is that their stiffness cannot vary independently of the position of their end-effector in space. Xiang et al. [98] presented the novel robot arm successfully decouples its end-effector positioning from its stiffness. The arm combines the high payload to weight ratio, light weight and pneumatic robustness with versatility and adaptability of stiffness modulation. Robertson et al. [99] presented a single 3-DOF module to set up the baseline performance and characterized attributes of a completely comprehensive hybrid robotic system combining the design methods of pneumatics and origami mechanism as shown in Figure 14a. Joseph D. Greer [100] et al. proposed a soft continuum robot based on Series Pneumatic Artificial Muscles (sPAMs) (shown in Figure 15). The robot contains 3 axially distributed sPAMs and a tubular pneumatic backbone. SPAMs act as actuator. A sPAM is made from many thin rectangular sheets of polyethylene tubes. The original state is deflated. When inflated, the SPAMs are tightened, exerting a tension force on the robot’s pneumatic backbone, causing bending to work. Tani Kosuke [101] of the Tokyo Institute of Technology proposed a CRs consists of six bellows connected externally with a miniature air pump. The bellows bend based on mechanical reactive system and do not require any electronic equipment. The driving principle is shown in Figure 16. The change in the length of the bellows under air pressure causes the robot to bend and grasp the objects. This electronicless actuation methods expands the range of applications for robots.



The CRs using pneumatic actuation has the advantages of fast reaction speed, fast deformation, light weight, but at the same time there are also some shortcomings: (a) To obtain high seal, it is difficult to achieve the miniaturization of the drive equipment, the need for external gas pipe, air compressor and other complex structure; (b) The air cavity in the inflatable expansion will burst and so on if you do not add the limit layer. Therefore, the pneumatic actuator still needs to be optimized and innovated.




3.4. Smart Materials Driven


The common actuation way of CRs usually requires external motor to provide energy Which is connected to the body of CRs by circuit and will undoubtedly affect the flexibility of CRs. Smart material actuation has emerged in recent 30 years [38]. The commonly intelligent materials including SMA, EAP, DEA, and so forth [103,104,105]. Because the intelligent material can be used as a CRs ontology or embedded in the robot body without rigid motor, and the energy source can be natural energy such as light, temperature or humidity. Smart materials actuation can achieve the integration of CRs and driven system as well as the flexibility. DEA, EAP, IPMC and other actuation material need external electric field to complete driving due to their own properties, which limits the application scope of CRs based on smart material driven to some extent. So in recent years, scientists have been looking for new CRs actuation materials.



Shape Memory Alloy (SMA) is a kind of material composed of more than two kinds of metal elements. Its mass is small, and easy to realize the miniaturization automation and noise-free working of the actuator. The driving principle of SMA is to change the high temperature austenite into the low temperature martensite under the high temperature, and its original shape is damaged and deformed, which drives the robot to move. The driving energy of SMA need not completely rely on electric field, but also change the temperature of the robot body with the help of light energy [106]. At the same time, the electrothermal effect of SMA has the defect as low drive frequency, which limits the movement of CRs. Kim et al. in Reference [107] have proposed a method that relies on the optical effect of SMA, which is still based on optothermal and optical trapping effects of laser to cause temperature change, but higher sensitivity compared to the traditional thermo effects. The micro-robot is controlled by a laser that provides wireless space and time selection. During the actuation process, the robot exhibits crawling movements, including those triggered by the SMA, to remove the surface adhesion, photothermal, and propulsion caused by the optical trap effect. Optical driving does not require wires and pipes, as electric drives do, nor do magnetic driving require many external devices, making robotic systems more autonomous and lightweight. As an unfettered stimulus, light can be more flexible to drive the robot. In addition to driving based on thermal effect, optical driving can also be actuated directly through optical effect with the help of photosensitive materials. Alcaide et al. [102] used SMA springs and silica gel to make a three-stage worm-like robot. The robot was composed of three identical parts, each with three SMA springs at 120 degrees and made of silicone skin, as shown in Figure 14b. For the purpose of enhancing the operational capability of CRs in finite space, Tian et al. [108] proposed a new central support structure with the spiral cutting mode. By analyzing the different cutting modes of thin-wall tube of superelastic NiTi SMA, the spiral hollow scheme was chose. The spiral hollow scheme was selected through analysing different cutting patterns of the thin-walled superelastic NiTi SMA tube. For the sake of providing a reference for the design and modelling methods, they systematically introduced from design method to manufacturing process of the central support structure using superelastic NiTi SMA material. Due to the advantages of SMA spring with high power density, compact structure and MRI-compatibility, Shao et al. [104] proposed SMA spring-based actuation module and integrated it with quick-connect module and steerable end-effcetor into a highly compact and adaptable MRI-condition system, thus simplifying the surgical procedure of MRI room. Each drive cable is connected to the SMA spring through the end helically-threaded fixture so that the cable ends with the aluminum cap fixed in the clamp and the SMA spring is tightened on the clamp (as shown in Figure 17). In conclusion, SMA actuation structure is light in weight and can be miniaturized, but the temperature is difficult to control and the drive frequency is low.



Jiaxin Shi of Peking University prepared GO (GO)/rGO (reduced GO) Janus films with a thickness of 15 um using laser direct writing technology. This film can respond to change in environmental humidity, and the reaction effect is best at a thickness of 15 um. A leaf grabber was prepared by using this actuator to grasp leaves in humid environment. This overcomes the problem that traditional intelligent material is difficult to arrange electric field in humid environment. Marina et al. developed a light driven robot with liquid crystal network (LCN) as the raw material. The robot uses an external LED as the power source. When driven by specific wavelength light, the robot legs made of liquid crystal network will be deformed as shown in Figure 18 to push the robot forward. In addition to the simplicity of the driving system, light driving has a higher driving efficiency than electric driving [109].




3.5. Magnetic Actuation


Magnetic driven is a remote controlled way to control and navigate the robot motion. Because magnetic fields can transmit energy wirelessly, the robot’s driven system is very light. At present, the magnetic drive of robot depends on the arrangement of magnetic field on one hand and the application of magnetic material on the other hand [110,111]. Joyee et al. [112] proposed a soft robot based on magnetic drive, which is inspired by inchworm in nature. This robot imitates the shape and movement mechanism of inchworm and is manufactured by 3D printing. The driving of the robot depends on the cooperation of magnetic field and hysteresis friction. Through the reasonable arrangement of magnets, the friction between the robot’s leg and the substrate can be controlled, and the crawling movement of the robot can be realized.



Xiang et al. in Reference [113] also used three-dimensional Helmholtz coil to construct a uniform magnetic field in any direction of space and controlled various motion states of the micro-CRs based on magneto-elastic composite materials by using the uniform magnetic field. The structure of the crawling robot is shown in Figure 19d. Its head and tail are made of two magnetic materials with the same size and opposite magnetization direction. The middle part is made of elastic material, which is referred to as joint later. If there is no magnetic field, the robot is in a natural flat state. When the external magnetic field intensity is not zero, the robot is subjected to magnetic torque, gravity, supporting force, friction and other external forces, and its body is bent into arch. And when the external force reaches a certain degree, the robot can make various actions.



The magnetic actuation can produce high-speed motion output and force output, but the traditional magnetic drive is equipped with a magnetic field generator outside, which will make the robot structure less compact. At the same time, the biggest disadvantage of the magnetic drive is that the robot’s motion range will be limited to the magnetic field working area, which brings great restrictions to the robot’s motion. At present, the main research center of magnetic actuation is the combination of imaging technology and the search for biodegradable magnetic materials to improve the application of magnetic driven robots in medical surgery. In addition, finding a magnetic field generator with a wider coverage is also the direction of future efforts. As a driving method that can realize remote control, magnetic actuation has great potential in the medical field. At the same time, magnetic actuation is more accurate than other driving methods. When this kind of robot develops to a certain extent, it can be used to avoid the pain and damage to the human body caused by surgical wounds.




3.6. Comparison of the Actuation of Continuum Robots


To sum up, we have introduced the common types of actuation of CRs in recent years. Table 4. summarizes the actuation methods and their advantages.





4. Future Research Challenges and Conclusions


4.1. Robot Ethics


Artificial intelligence has always been a topic full of controversy. Many applications of artificial intelligence in the medical field are embodied in the form of robots. The ethical issues of medical robots should receive corresponding attention as technology advances. Here, the ethical issues of medical robots are described from three aspects: safety issues, liability laws, and doctor-patient relationship [114,115,116].



The investment in continuum robots in the medical field is to achieve safer and more efficient completion of medical work, so the research and development of medical robots should take safety as the primary goal. Whether the mechanical structure and control strategy of the robot, today’s research is quite mature. However, accidents involving robots injuring people still occur occasionally. If surgical robots have inaccurate recognition or movement deviations during their work, the harm to patients could be immeasurable. The second is the legal liability of medical robots. If a medical accident occurs during the process of assisted treatment or even independent treatment, who should bear the legal responsibility for the accident. The investigation of legal responsibility has always been one of the ethics that robot researchers care about. Finally, the treatment of the doctor-patient relationship should be valued. In recent years, the tension between doctors and patients has become a factor hindering people’s livelihood and health. Even the surgical robot is powerful enough to complete medical tasks independently, the robot’s cold personality may not be able to complete the communication with the patient. And the psychological problems of the patient during the treatment process may be ignored, which will cause the patient to resist the robot doctor. This will undoubtedly make the doctor-patient relationship more tense.




4.2. Miniaturization and Modularity


Narrow spaces such as earthquake ruins and internal organs are important application scenarios for CRs. This requires robots to have good flexibility and a small enough volume to fit into the narrow space. Therefore, miniaturization is an important means to promote large-scale applications of CRs in the future. One of the important means to achieve miniaturization is modular design. The cascade design of the concentric tube robot is a manifestation of modularity. In recent years, the application of foldable structures such as paper folding mechanisms has also been applied in CRs, which also reflect the modularity. The modular design can make the volume of the CRs contractible, which is of great significance for the motion and control of the CRs in a complex and narrow space.




4.3. Variable Stiffness and Self-Adaptive


The flexibility of the CRs makes it have good environmental adaptability, but it also brings the disadvantage of low structural rigidity [117]. Therefore, when the robot receives a large external load or outputs a large force, it is prone to large deformation. This has a great impact on the robot’s motion accuracy and control accuracy. Therefore, the realization of the variable stiffness of the robot is of great significance. When outputting a large force or the end effector bearing a large load, if the robot can have a large rigidity, it can meet the needs of the user. At the same time, the realization of the robot/s variable stiffness often means that the robot has better adaptive capabilities. The landing of a CRs needs to consider application scenarios. Different application scenarios require different stiffness of the CRs. Therefore, variable stiffness is an important means to improve the robot’s adaptive ability to the environment.




4.4. Biocompatible Design


Biocompatibility is very important in CRs, especially those that operate deep in the human body [118]. The medical application of CRs shows an attractive prospect. Therefore, compared with other robots, CRs require good biocompatibility. To achieve this performance, both materials and structure should be paid attention to References [119,120,121]. For example, the use of smoother material to construct the robot body, such as hydrogel, on the one hand can reduce the damage to human tissues when moving in the human body, on the other hand, a smoother surface can also reduce friction with the human agile action and fast motion. It realizes the use of non-toxic materials that can be automatically degraded in the body to construct the robot body, which is used to enter the human body for targeted drug treatment or wound repair. This is also a means of “implanted medical”. Using animal cells to construct a living robot can realize automatic healing after surgery (such as tumor removal), and even promote the growth of human cells. The use of living cells to construct robots is of great significance to “regenerative medicine”. As for structure, we could design the robot’s torso and skeleton according to the position of human organs to avoid damage to human organs. At the same time, a more flexible body could flexibly change its position and shape in the human body with the operation of the doctor, so as to better complete the task.




4.5. Electric Drive


The existing actuation methods of CRs have different disadvantages. The muscles of natural organisms are directly driven by motor neuron firing. This driving method has the advantages of precise control, variable shape and rigidity of muscle groups. This driving method also has significant advantages for CRs. Researching out a new driving method relying on electric energy is the development trend of CRs driving in the future [122]. Electric actuation is easily restricted by the environment. For example, the interference of electric ions in humid and magnetic environments will affect the accuracy and reliability of the actuation. Therefore, how to overcome these limitations while taking advantage of the electric drive is a challenge for the future.



The CRs has unlimited potential in medical applications for its compliance and accessibility, especially minimally invasive surgery. In the future, the development of CRs and medical development will promote each other, which will also accelerate the commercial application of CRs technology and better benefit mankind.




4.6. Living Cell Actuation


CRs driven by living cells are also a trend of robot-actuation in the future. Embedding living cells such as cardiomyocytes and skeletal muscle cells into the body of the robots, and using other flexible materials as the structural matrix to construct the body of the robot, CRs can exhibit the realized movement and work ability while possessing Better biocompatibility. At present, driving methods that rely on living cells usually require external stimulation such as light, electricity, and magnetism. Under external stimulation, the elongation and contraction of living cells will cause the shape change of the structural matrix, which will cause the robot to move. This kind of robots are called ’biohybrid robot’ [123]. At present, the bottleneck restricting the development of biological hybrid robots is the scarcity of cell sources on the one hand, and the choice of matrix materials for the robot structure on the other hand. In response to the first question, relying on the differentiation of stem cells is currently a more mainstream method, but it is still in the immature stage. For the matrix material, it needs to meet the requirements of biocompatibility, flexibility, stability and so on, which not only depends on the search for new materials, but also on synthesis.




4.7. Conclusions


This paper summarizes the design and actuation principles and structural characteristics of the continuum robots in recent years. It focuses on the medical application of continuum robots. At the end of the article, the ethics of medical robot and future development as well as challenge of continuum robots have been discussed.



The continuum robot has unlimited potential in medical applications for its compliance and accessibility, especially minimally invasive surgery. In the future, the development of continuum robots and medical development will promote each other, which will also accelerate the commercial application of continuum robot technology and better benefit mankind.
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Figure 1. Muscle structure of octopus arm [18]. 
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Figure 2. Concentric tube robot consisting of four tubes [38]. 
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Figure 3. (a) The demonstration of structure and degree-of-freedom (DOF) [40]; (b) A segment of the cable-driven continuum robot (CR) with contact-aided compliant mechanisms [41]; (c) 3D model of the wire-driven CR [43]; (d) One segment of the CM [44]. 






Figure 3. (a) The demonstration of structure and degree-of-freedom (DOF) [40]; (b) A segment of the cable-driven continuum robot (CR) with contact-aided compliant mechanisms [41]; (c) 3D model of the wire-driven CR [43]; (d) One segment of the CM [44].



[image: Actuators 09 00142 g003]







[image: Actuators 09 00142 g004 550] 





Figure 4. (a,b) Origami body; (c) Schematic diagram of the origami robot [46]. 
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Figure 5. (a) The magnetic response of submillimeter-scale ferromagnetic soft continuum robot; (b) A demonstration of the active maneuverability of SFSCR navigation in complex vascular systems; (c) Manifestation of active steering and navigating capabilities of SFSCR [48]. 
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Figure 6. (a–c) The dual continuum mechanism with the proximal and distal segments; (d,e) The dual continuum mechanism assembled into an actuation structure [5]. 
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Figure 7. (a) One segment of the structure of CR with Shape Memory Alloy (SMA) [53]; (b) 1—Crown block; 2—Fall block; 3—Slide rail; 4—Fixed ring permanent magnet; 5—Moving ring permanent magnet [60]. 
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Figure 8. (a) Principle of particle jamming [62]; (b) Diagram of layer jamming element [68]. 
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Figure 9. The change of Shape Memory Polymer’s (SMP) elastic modulus with temperature variation [78]. 
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Figure 10. Fragments of stiffness modulation methods. (a) Viscosity-based stiffness modulation methods [87]; (b) ER fluid sat different states [86]. 
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Figure 11. The principle of acoustic-based variable stiffness method [10]. (i) Loose particle alignment results in low stiffness of the system; (ii) The acoustic field makes particles compact and leads to high stiffness of the system. 
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Figure 12. (a,b) Three-tube concentric robot [94]; (c) Schematic diagram of the driving system of the concentric tube robot; (d) Top view of the drive system [95]. 
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Figure 13. (a) The four parts of the tenon-driven CR are divided into distal and proximal modules; (b) The tendon is embedded in the body of the robot and is separated from the motor [96]. 
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Figure 14. (a) Soft pneumatic origami-inspired robot [99]. (b) Internal and external structure of the robot [102]. 
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Figure 15. (a) Schematic diagram of Series Pneumatic Artificial Muscles (sPAMs) continuum robot; (b) Two different states of pneumatic muscles, the left is the deflated state, the right is the inflated state [100]. 
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Figure 16. (a) The pneumatic CR consists of six identical bellows; (b) Diagram of value [101]. 
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Figure 17. (a) Prototype of the SMA-actuated neurosurgical robot composed of three modules; (b) Detailed composition of the actuation module [104]. 
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Figure 18. The transformation of a robot under light [109]. 
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Figure 19. (a) The model of the 3D printed robot; (b,c) The state of a robot at rest and bent; (d,e) A full one-step crawl consists of a continuous contraction and stretch [112,113]. 
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Table 1. Table of comparison of the structures of CRs.
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	Structure
	Description
	Advantage
	References (Example)





	Concentric Tube
	Robot body consists of many pre-curved elastic tubes nested together. Its shape can be controlled by the axial translation and rotation of each tube seat.
	Lightweight and slender.
	[38,39]



	Tendon/Cable
	Robot body consists of tendons/cables arranged along the axis of the manipulator. The movement of CR is achieved by pulling the tendon/cable.
	Relatively easy to realize and control.
	[40,41,42,43,44,45]



	Origami
	The robot can be made into different origami shapes. Through the crease layout, the robot’s telescopic details are designed.
	Lightweight and easy to manufacture.
	[46]



	Magnetic CR
	Robot body consists of uniform soft polymer matrix and uniformly dispersed magnetic particles. The operator controls the external magnetic field through visual feedback to realize the motion of CR.
	Smaller size and high flexibility.
	[5,48]



	Dual continuum mechanism
	DCM consists of 2 distal segments, 2 proximal segment and some rigid guiding cannulae. Bending and length variations in the distal portion cause the opposite change in the proximal portion.
	Easy to disassemble and disinfect; Mechanical properties can also be adjusted freely for different procedures.
	[50,51,52]
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Table 2. Table of comparison of materials-based variable stiffness methods.
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	Methods
	Transition Time
	Young’s Modulus
	Deformation





	Glass transition-based
	Change with the environment
	General
	Mainly bending



	Phase transition-based
	>15 s
	Relatively large
	Mainly tensile deformation



	Viscosity-based
	-
	Relatively small
	Bending
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Table 3. Table of comparison of variable stiffness methods.
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	Variable Stiffness Methods
	Type of Control
	Principle
	Stiffness Range





	Antagonistic actuation
	Driving force
	Antagonism
	Small



	Jamming-based
	Pressure
	Interparticle fiction
	Wide



	Layer jamming-based
	Pressure
	Interlayer friction
	Small



	Glass/phase transition-based
	Thermal energy
	Glass transition, phase transition
	Do not adjust



	Viscosity-based
	Electric/magnetic field
	Viscosity change
	Do not adjust



	Acoustic-based
	Frequency
	Acoustic field variation
	Be further studied
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Table 4. Table of comparison of actuation methods of CRs.
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Actuation Method

	
Description

	
Advantage






	
Concentric tube transmission [88,89,90,91,92,93,94,95]

	
Concentric tube robots are typically composed of nested precurved tubes and each independent concentric tube has 2-DOF. Concentric tube robots realize bending and twisting relying on the combined action caused by the relatively independent motion of each tube. The actuation system of Concentric tube robots is always modular and cascaded.

	
1. Because of the independent motion and mutual cooperate of each tube, the robot motion has high dexterity and high DOF.




	
2. High accessibility to narrow space(such as human body).




	
3. The modular and cascaded design is beneficial for the compactness and miniaturization of the robot.




	
Tendon/cable driven [43,63,96]

	
Tendon-driven robots usually have an elastic and compliant backbone. The robot body is driven by the contraction and stretching of the tendon or cable driven by the motor.

	
1.The elastic backbone is easily to realizing interaction with constrained environment.




	
2. Robot has more compact size which, provide more position accuracy and more, operation precision in constrained space.




	
Pneumatic [97,98,99,100,101]

	
The principle of pneumatic is to cause the movement of the robot body with the help of the contraction and expansion of air cavity caused by inflation and deflation .

	
1. Fast reaction speed and fast deformation.




	
2. The weight of robot body is light and the structure is simple.




	
Smart materials driven [102,103,104,105,106,107,108,109]

	
Smart materials are usually used as raw materials for robots and play a role in the movement of robots. Under external stimuli, the robot will perform expected actions due to the properties of the material.

	
1. High simplicity of the actuation system.




	
2. High energy efficiency.




	
Magnetic actuation [110,111,112,113]

	
The robot realize expected motion under the magnetic field with the help of the arrangement of magnetic field and the application of magnetic material.

	
1. The magnetic actuation can produce high-speed motion output and force output.




	
2. Easily to realize remote wirelessly control.

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
()

(@





media/file4.png





media/file30.png





media/file18.png
Elastic Modulus of SMP

Glass transition region

Glass state

Rubber state

P ——

Temperature

v





media/file35.jpg
e
e

Light off





media/file21.jpg





media/file26.png
Distal
_~" module

Driving

Actuation part < tendons

Proximal
module

Pulley
wheels

Tensioners

(a) (b)





media/file27.jpg
35'
20 mm
Combined Bending cmlra:llon
@
Robot Interior
My /

Complete Biomimetic Robot

\———WF_A\

(b)





media/file3.jpg





media/file22.png
)
)
)

Transducer array

Particle system
(unjammed)

Stiffening

Destiffening

)
))
)

Particle system
(jammed)





media/file19.jpg
Carrier oil

Magnetizable
‘ -
8

Particle chains

(@

ERF

®)





media/file7.jpg
Acryiic top plate

Cable

Power cable
receptacie

Communication
cable receptacle

Screw to secure
‘connection between
modules

()





media/file28.png
| 75 mm |

B5 mm
.
20 mm
!
*
Combined Bending Contraction Extension
(a)
Robot Interior

g,

AL L L L L L L.
_______________

R

Air Tubes

: Complete Biomimetic Robot

(b)





media/file10.png
Magnetic actuation

[/ '

pnurin_m& }il

Applied magnetic field B

Hard-magnetic particles
embedded in soft matrix
IPDIMS, TPLL etc)





media/file33.jpg
Actuation  Quick-connect Steerable
module module end effector}






media/file32.png
Hellows

Contact Pad

(a)
I
I Extension
I
Contact Pad Bellows |
I
I
I
I
| d .
| [
| <
I i
[
I ol
I
Mechanieal I P us h
Port Valve I
Pneumatic Tank |
Initial Condition ! Working Condition

(b)





media/file14.png
Locking lewer Constraint disk

(a) (b)





media/file11.jpg
HiE—

A4






media/file6.png
(a)

self-contact

)Br

lg

(b)

Elastic skeleton






media/file36.png
VR

Light on

Light off






media/file15.jpg
W i gligy Oisturbing force
| tocking force
gk -

LT o Fricion
Amespheri pressre

(a) (®)





media/file37.jpg





nav.xhtml


  actuators-09-00142


  
    		
      actuators-09-00142
    


  




  





media/file16.png
i Air outlet
Disturbing force

Rk e E A A s

1 1 T =~ Friction

Armaospheric pressure

(a)






media/file2.png
ll“ ot “
| elj‘ Wik
\ & _u‘ 1”" 1}1':3,-1 “! .

muscles





media/file20.png
Magnetizable
particles

Carrier oil

Particle chains

ERF

(b)





media/file23.jpg
®

®
g bty 2
Ttigoiy S
Lot s 5

@

= =

Stylet module Cannula module

@





media/file5.jpg
P

Y






media/file24.png
Arm ko rmount
driving robot

concenbhic
tube robaot

(a) {b)

___—— Translating body 2

Translating body |

L
Lead screws a

\ Translation Translation /

Stylet module Cannula module

{d)





media/file29.jpg





media/file1.jpg





media/file31.jpg





media/file25.jpg





media/file12.png
— j——

| Guiding cannulae |

e - ——

AS-1

T

PS-2






media/file9.jpg





media/file0.png





media/file38.png
™

Anterior
Leg

.

0.2

Magnet 2

y,

(a)

(d)






media/file8.png
Acrylic top plate

Cable

Power cable
receptacle

Communication
cable receptacle

Screw to secure
connection between
modules

(c)





media/file34.png
Actuation
module

Quick-connect Steerable

module

end effector

..1.1 I .

.. xmm plate

I'ulh r|~.1|1||.
Y
T e Aluminum rod
Pulley *

1\ umimum cap

Cable —
"-u"o.'l A Springs
End helix £
fixtures s‘

b 10 Quick-connect modula
and robotic and affector

sMma —F

*_-.urmg
AN~

(b)





media/file17.jpg
Glass transition region

Glass state

Rubber state

Elastic Modulus of SMP

Temperature





