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Abstract  

Robot-assisted surgeries have been integrated and leading to a paradigm shift in surgical 

fields. With the emergence of Minimally Invasive Surgery (MIS), especially Natural Orifice 

Transluminal Endoscopic Surgery (NOTES), there are various benefits such as a 

minimization of side effects, enhancement of precise surgical procedures, and faster recovery 

after the surgery that patients can take from. However, in order to effectively employ and 

exploit surgical robots, numerous technical challenges need to be addressed. Among these, 

actuators play a vital role. To provide deeper understanding on current actuators-driven 

surgical robot, this study will comprehensively review on four main types of transmission 

systems namely cable-driven mechanism, flexible fluidic actuators, smart material actuators, 

and magnetic actuators, in terms of conceptual designs, modelling, and control as well as 

their advantages and disadvantages. Profound discussions and recommendations for the 

future of actuators-driven surgical robots will be also pointed out to give the roadmap in the 

surgical field.  

Key Terms: Minimally Invasive Surgery (MIS), NOTES system, surgical robots, cable-

driven robots, flexible fluidic actuators, smart material actuators, magnetic actuators. 

I. Introduction 

Robots have been revolutionizing our life in the different ways for a long time. Apart from 

extensively being used in industrial areas, the advanced robots are now also creeping into 

other various sectors such as education, aerospace, and agriculture. In addition, over the 

course of the last few decades, robots have been integrated into clinical rooms to replace the 

conventional surgical procedure (open surgery) by minimally invasive surgery (MIS) 

procedure which provides numerous benefits like shortened hospital time, minimized post-

surgery effects, better cosmetics, and reduced patient’s discomforts [1]. In general, MIS 

procedure can be categorized into several types such as extraluminal, intraluminal, 

transluminal, and hybrid approaches. An overview of the development for MIS is 

summarized in Fig. 1.  

With the support of modern technology and science advancements such as medical imaging, 

computer assistance and design, MIS has gained significant success and popularity. However, 

there are many inherent obstacles that need to be dealt with. In the body’s confined space, it 

is challenging to precisely accomplish the surgical tasks without using instruments that are 

adequate manoeuvrability, triangulation, and flexibility. In addition, the lack of position and 

haptic feedback is much more challenging. Natural Orifice Transluminal Endoscopic Surgery 

(NOTES) is a new paradigm that makes use of natural orifices to access the peritoneum for 
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surgery without leaving visible scars. Current technologies for NOTES system limit it to 

transoral, transvaginal, and transanal avenues of access, but with miniaturization even more 

may be possible.  

 

Fig. 1. Some major milestones in surgical robotic development with illustrated systems 

In order to provide motion and force for devices to manipulate the tissues or pass through 

gastrointestinal (GI) tract to examine the organs, the conventional design concept usually 

embeds ferromagnetic actuator to actuate the end effector. However, this approach is 

inapplicable for surgical cases due to bulkiness, heaviness, and large size. For surgical robots, 

the power supplies and actuators are usually installed far away from the end effector and 

surgical sites, leading to simplicity, miniature, and light weight for the instruments once they 

are inside the human body (see Fig. 2). 

For NOTES procedures, the surgical arms must be small and flexible in order to adapt with 

natural human orifices and complex GI tract. Compared to embedded ferromagnetic approach 

where the actuators are directly installed at joints, the remote transmission system like cable 

actuator will reduce the induced force that plays an important role in surgery. So, the 

requirement of small, flexible, and high payload for actuators-driven surgical robots needs to 

be met. Up to date, several actuators have been used as the main mode of motion and force 

transmission in surgical robots such as cable system (tendon, wire), fluidic actuators, and 

magnetic actuator. Smart materials like shape memory alloy (SMA) or piezoelectricity are 



also preferred. However, a critical review on these modes of transmission is still lacking in 

the literature. In this paper, different actuators-driven surgical robots will be comprehensively 

reviewed in terms of design concept, application, modelling, and control. In addition, the 

analysis of their advantages and disadvantages as well as the discussions and 

recommendations for possible future research directions will be also given.  

 

Fig. 2. Different configurations for actuator-driven surgical robots with (a) Actuators is 

directly installed at the end effector and (b) Actuator is put far away from the end effector 

The rest of this review paper will be organized as follow. In the section 2, some typical 

surgical robotic systems will be described. Section 3 analyses the four main kinds of 

actuators, namely cable, flexible fluidic, smart material and magnetic actuators followed by 

the discussions, suggestions, and comparisons. Finally, the conclusions with discussions on 

the future direction of actuator-driven surgical robot will be drawn in the section 4. 

II. Typical surgical robotic systems 

Based on the applied tools, surgical robotic systems can be divided into two main groups: 

laparoscopy and flexible endoscopy [2]. Take laparoscopic surgery into consideration, the 

instruments are usually rigid and long shaft with cameras integrated for visual display, which 

all enter the human body via incisions in the abdominal walls. In contrast, flexible endoscopy 

utilizes flexible endoscope with integrated camera and tool channels to allow flexible arms to 

access the human body via natural orifices or small incision. In the most common 

embodiment, instruments emerge from the tip of the endoscope into the camera’s field of 

vision. These instruments are similar to those used in laparoscopic surgery, such as tissue 

graspers, electrocautery devices, and wire loops. Some typical laparoscopic systems have 

been commercialized such as Da Vinci surgical system [3], RAVEN and MiroSurge robot [1, 

4], FreeHand and Telelap ALF-X teleoperated surgical system [1], NeroArm and MrBot 

robot [1]. For illustration, Da Vinci surgical system which is the most famous platform will 

be introduced.  

Da Vinci surgical system which is shown in Fig. 3 from Intuitive Surgical Inc. is the only 

surgical robot with a thousand systems installed all over the world. It consists of surgeon 

console where the surgeon can sit and remotely control the surgical tools, patient-side cart 

which contains the robotic arms to hold and exchange the tools easily, vision system for 

observation enhancement during operation period, and EndoWrist instruments which are 



driven by cable pulley system and can provide up to 7 degrees of freedom (DOFs) with 900 of 

articulation. Initially, Da Vinci Surgical System was cleared for laparoscopy and is now 

cleared by FDA for other different procedures [5, 6]. Although Da Vinci surgical system have 

been gaining the huge success since initialized, it still presents some limitations like high-

associated cost, the heaviness and bulkiness, lack of position and force feedbacks for surgeon 

and sometimes inefficiency in flexibility because of rigid articulated tools, which is addressed 

by flexible endoscopy. 

 

Fig. 3. Da Vinci Surgical System (Intuitive Surgical, Inc., Sunnyvale, CA) 

(a) Surgical Console; (b) Patient Side-Cart; (c) 3-D vision; (d) EndoWrist instruments 

To limit the port-site complications, reduce the discomforts, and eliminate the scars from 

laparoscopy, Natural Orifice Transluminal Endoscopic Surgery (NOTES) has been proposed. 

With NOTES, robotic arms are implemented in flexible endoscope to increase their 

effectiveness and safety, as well as to augment their therapeutic capabilities. NOTES 

approach allows flexible tools to access the human body via natural orifices such as mouth, 

anus, vagina, and then follow the bending, tiny tract to do certain surgical tasks. The devices 

intended for NOTES are often flexible tubes integrated with instruments and visual systems 

inside. There is a diversity of surgical systems for NOTES. For example, Master and Slave 

Transluminal Endoscopic Robot MASTER system [7], Medrobotics Flex System [8], Viacath 

[9], USGI Cobra and R-Scope [10], Scorpion shaped robot [11], IREP [12]. In this section, 

MASTER system will be presented as a typical example of NOTES.      

The MASTER system has been developed at Nanyang Technological University and 

commercialized under the company EndoMaster Pte Ltd for NOTES and Endoscopic 

Submucosal Dissection (EDS) applications (See Fig. 4). It utilizes tendon-sheath 

mechanisms-driven flexible robotic manipulator to actuate multi DOFs of the robotic arms 

integrated at the tip of a flexible endoscope. To operate the robot during operation, an 

endoscopist and a robotic operator are required. The MASTER robot consists of a master 

console, a microprocessor and actuator housing, and a slave manipulator. The slave 

manipulator contains a camera to provide vision feedback to the surgeon and two flexible 

robotic arms including a grasper with the size of about 3.7mm and a cauterizing hook with 

the size around 2.8mm to perform surgical procedures. The master console maps the natural 

DOFs for rotation and translation motion of the human’s arms to the slave manipulator via a 



motor housing. By attaching suitable sensors, this console can sense the movement from 

surgeon and produce a rough haptic feedback to the surgeon. The microprocessor, which is 

connected to the motion controller, can interpret the signals from encoders and loadcells 

located at the proximal end. The actuator housing, which contains tendon-sheath 

mechanisms, rotating drums, loadcells, and motors, is an intermediate interface between the 

actuator and the slave manipulator. The actuator housing receives the signals from the master 

console and directly drives the slave manipulator to carry out the necessary treatments for 

patients such as cutting and suturing. Clinical demonstrations have been performed, such as 

NOTES liver resection and endoscopic submucosal dissection (ESD).  

 

 

Fig. 4. MASTER system including actuator housing, microprocessor, master console, and 

slave manipulator 

III. Review on different actuators-driven surgical robots 

In this section, an overview for current development of various transmission modes used in 

surgical applications will be given in order to fill in small gaps in the literature. We provide a 

brief perspective on the actuator technologies that are shaping the future research of both 

rigid and flexible surgical robots. 

A. Cable actuator 



Thanks to the development of flexible transmission systems, it is able to place the joints and 

application points far away from the actuator sites. Cable-driven actuation is capable of 

conveying position/force from external actuators to remote sites via flexible tubes or pulleys. 

This type of actuation can across confined space and manipulate objects in complex 

environments. According to the applications, the cables are made of different materials from 

stainless steel [3, 13-15], polyethylene [16], to super-elastic materials (NiTi) [17, 18]. The 

robot’s size is also diversified ranging from 2.4mm [19] to 23mm [20]. Due to their 

lightweight, simplicity, bio-compatibility, safety, and flexibility cable systems have been 

used for various surgical robotic systems such as Da Vinci surgical system [3, 13, 14], 

endoscopes [14, 21], Medrobotics Flex System [8, 22, 23], MASTER system [24, 25], and 

Viacath system [9]. The following contents will analyse the conceptual designs, modelling, 

control problems, advantages, and disadvantages of cable actuation-driven surgical robots.   

Conceptual design 

In general, there are two main types of cable (tendon, wire) actuator configurations namely 

tendon-routed sheath and cable-routed pulley as shown in Fig. 5. Normally, one side of cable 

is attached to the actuator and the other side is connected to the actuated joint. Once the cable 

is pulled at one side, it will slide inside the sheath or over the pulleys and transmit the 

position/force to the other side. 

 

Fig. 5. Tendon-routed pulley (upper panel) and tendon-routed sheath (lower panel) [26] 

Tendon-sheath mechanism (TSM) basically includes a hollow coil wire as a sheath and an 

inside cable as a tendon. The TSM not only operates in small working areas but also passes 

through long narrow and tortuous paths, and allows for simpler mechanical design as well as 

less spatial constraints on the operation environment. In addition, it does not require high 

electrical power or actuator to operate the joints. The need of flexible actuation with low 

bulkiness, simple design, high maneuverability, small size, and light weight has made the 

TSM a very potential candidate for the power transmission in surgical systems [26]. Thanks 

to many advantages, it has been widely used in many robotic applications and flexible 

surgical devices [9, 24, 27-29]. However, high friction force and backlash hysteresis are still 

the underlying problems in the use of TSM. 



On the other hand, tendon-routed pulley uses pulleys to support the tendon and transmit the 

force/motion to the remote joint. The main advantages of this design compared to the TSM 

are that it can provide higher force due to minimized friction effects and more predictable 

control.  Although tendon-routed pulley offers advantages over the TSM [30-33], its rigidity 

and bulkiness result in the heavy systems and complexity. Hence, the use of tendon-routed 

pulley is limited in some surgical applications, especially in NOTES systems. 

For the tendon-driven mechanisms, there are three different modes for controlling one DOF. 

They can be categorized into n, n+1, 2n configurations where n is the number of DOFs. Fig. 

6(a) and 6(b) represent for the case n actuators drives n DOFs while Fig. 6(c) denotes 2n 

actuators regulates n DOFs [34-36].  

 

Fig. 6. Actuation methods for tendon driven mechanisms [34] 

It is commonly seen in many surgical applications for the case of n actuators drives n DOFs 

thanks to the ease of implementation [37-39]. In this configuration, both ends of the tendons 

are tied into two opposite sides of the motors. Whenever the motors move either clockwise or 

anti-clockwise, the manipulators will rotate with the same direction.  

 

Fig. 7. No and high pretension in tendon actuation [26] 



The main inherent drawback is a need for the tendon’s high pretension to reduce backlash 

and hysteresis. If the tendons are not taut, when it changes the rotation direction, there is a 

redundant move of the actuator needed to compensate the slack before the joint can start 

moving (see Fig. 7). As a result, this design is not suitable for high speed or quick response 

applications. Furthermore, with the presence of high pretension, the pulling force must be 

excessive to overcome the contraction force followed by high friction force and degraded 

systems.  

 

Fig. 8. Two actuators for 1 DOF actuation [26] 

By contrast, using 2n actuators to drive n DOFs can minimize both the slack and the 

contraction force by adding one more motor while the other is pulling the tendon (see Fig. 8).  

Although this mode can enhance the system’s performances, the actuator’s housing will 

become bulkier that leads to the extra cost and large size of the surgical system.  

Cable-driven laparoscopic devices  

The laparoscopic instruments found in the literature are only cable driven like EndoWirst 

[14], MICA versatile instruments [40, 41], and SPRINT [42] or tendon-sheath actuated such 

as system in [43], or using both of them as hybrid instrument [44]. 

The Da Vinci is one of the most well-known commercialized surgical robotic systems, 

approved by the US Food and Drug Administration (FDA) in 2000. It consists of surgeon 

console, patient-side cart, EndoWrist  Instruments, and vison system [45]. The Da Vinci slave 

manipulator has up to 7 DOFs (3 for orientations, 3 for translations, and one for grip) [3]. In 

its design, a majority of disks or vertebrae is stacked together to build the wrist mechanism. 

The multiple cables that can extend from the proximal vertebra to the intermediate or to distal 

vertebra are used for actuation. The holes or grooves with small or large radius can be seen as 

actuator mechanism (see Fig. 9). 



 

Fig. 9. The cable paths and bending mechanism [13] 

In basic designs, instrument’s tip is controlled by looped cables and pulley systems, 

providing 2 rotational DOFs in two perpendicular planes as shown in Fig. 10. There will be 

no backlash seen when the cables are fully tensioned and the EndoWrist can be considered as 

a stiff system since the steel cables and rigid links are highly stiff.  

 

Fig. 10. The view of EndoWrist with cables and pulleys [14] 

MIRS system which is a 3-DOF versatile instrument driven by cable including 2-DOF wrist 

and 1-DOF functional end is introduced in [40, 41]. The articulated joint, as depicted in Fig. 

11, is mostly similar to universal joint with interacting axes. The driven cables are always 

tangent to the joint’s pulleys keeping their lengths unchanged. While one middle point of 

cable is attached to the distal end of the joint, the proximal ends are connected to the motors.   

 



Fig. 11. The prototype and cable layout [41] 

A prototype with the total length of 548mm, the diameter of 6.5mm, and 7-DOF force/torque 

sensor integrated was built and tested. Although the current motor model limits the end 

effector articulation to 17.40, but the gripping force can be obtained at 10N which is efficient 

for surgery. 

Kim et al. [44] presented a hybrid instrument for laparoscopic surgery using tendon-gear 

mechanism for end-effector’s dexterous movements and flexible tendon-sheath transmission 

to compensate the tendon elongation during the surgical operation. Tendon-gear mechanisms 

(see Fig. 12 (a)) provide two more DOFs (pitch and yaw) for the end-effector that is higher 

than conventional instruments [46]. Each joint in articulated instrument has two interlocking 

gears with four tunnel-like tendon sheaths in total. When the handle is angled, the proximal 

end will rotate, thanks to a pair of interlocking gears, one side of tendon will flex, while the 

other side will slacken.   

 

Fig. 12. Mechanical structure of hand-held instrument (a) Systematic view of the hybrid tool 

with tendon-gear and tendon-sheath mechanism, (b) Detail presentation of end-effector [46]  

Since the tendon cannot strengthen without applying external force, so the torque generated 

from proximal joint’s angulation is transferred to the distal joint making it rotates in the same 

direction. In terms of operation theory, the hybrid instrument is similar with the traditional 

articulated tools. However, the distinct point is that, in conventional method, the output loss 

will be compensated by surgeon, while the two servomotors and tendon-sheath mechanism 

are responsible for this duty in hybrid handheld.  



Cable-driven flexible endoscopic devices 

Tendon-pulley system and tendon-sheath mechanism are massively exploited in flexible 

endoscopic devices. Some notable systems such as Endo-Periscope using stainless steel 

cables [21], Medrobotics Flex System using polyethylene cable [8, 22, 23], ViaCath using 

TSM, MASTER using TSM, Scorpion shaped endoscopic robot using TSM, STRAS system 

using TSM [9, 11, 24, 47], robotic arm of Imperial College using NiTi cable [48], and CUHK 

robotic arm using combination of tendon-sheath mechanism and stainless steel cable [49] are 

available in the literature. 

Paul Breedveld et al. [21] introduced four generations of a new endoscope namely Endo-

Periscope which has 2 bending DOFs and it is inspired by the tentacles of squid. For the two 

first versions, they made use of compression spring in lieu of spine mechanism. In order to 

fix the cables in their positions, the ring-spring was designed with the combination of high 

torsion stiffness and low asymmetric bending stiffness (see Figs. 13 and 14). The bending can 

be accomplished by controlling the cable length. Regarding the two next generations, for the 

ease of cost and commercialization, the ring-spring was replaced by standard coil spring. 

Otherwise, the cable-mechanism was used and the principle of spatial parallelogram-

mechanism was applied for the control of steerable tip (see Fig. 15).  

 

Fig. 13. Steerable tip and ring-spring version I with diameter of 15 mm [21] 

 

Fig. 14. Steerable tip and ring-spring version II with the diameter of 12 mm [21] 



 

Fig. 15. Detailed design of Endo-Periscope III (a) Cross section of the tip Endo-Periscope III 

and (b) Parallelogram-mechanism in cross section view [21] 

One of other robotized systems intended for NOTES is ViaCath robot that includes the two 7-

DOF slave manipulators with the interchangeable tool tips. If the rotation and translation 

DOFs outside are taken into account, the total number of DOFs is nine in which the DOFs 

from three to nine are driven by pull-pull cable-conduit pairs (see Fig. 16). The major 

challenge to the articulated joint section is to prevent the cables from changing paths while 

actuation. If the cables are not constrained, they will find the shortest way to go causing the 

‘snap-through’. In order to overcome this problem, the Accura 25 resin cable guides are 

designed to manage the cables in predetermined fashion (see Fig. 17).  

 

Fig. 16. The slave manipulator of ViaCath [9] 



 

Fig. 17. Cable guides for controlling the paths [9] 

A highly articulated robotic probe (HARP) with novel steering mechanism was proposed in 

[16]. The HARP comprises of two rigid cylindrical concentric tubes articulated by four cables 

in total and connected by spherical joint with ability to rotate ±15o in range. The inner snake 

is strung together by one centre cable and that of the outer snake is three cables as shown in 

Fig. 18. By the combination of rigid and slim modes between the inner and outer snakes, 

thanks to embedded cables, the robotic system can advance and steer in any direction. A 

prototype with dimension of 12mm in diameter and 300mm in length was made and tested in 

porcine model. The results indicated that the HARP system was able to follow a three-

dimensional curve and hold its previous configuration.  

 

Fig. 18. The HARP prototype and cross section view [16] 

Deriving from this design, the researchers in [8, 22, 23] introduce a device intended for 

transoral surgery namely Medrobotics Flex System. It is made from 50 discrete linkages with 

the leading one being controlled by the surgeon. Then, the remaining linkages follow the 

pathway of the leading linkage by the “follow-the-leader” strategy.  



 

Fig. 19. The distal end of flexible tip [8] 

A high-resolution camera, light-emitting diodes, and two flexible instruments are attached to 

the most distal linkage of the endoscope. The flexible instruments like grasper or cauterizing 

device are inserted and manually controlled by the surgeon. This surgical robotic system was 

already used for transoral robotic surgery in human body with positive results [50]. 

 

Fig. 20. The master and slave transluminal endoscopic robot (MASTER) system [25] 

 

Fig. 21. Pulley hinge design for gripper [26] 



The MASTER robot which is given in previous section utilizes TSM as the main mode of 

transmission. A recent prototype which is commercialized at EndoMaster is shown in Fig. 20. 

The slave manipulator includes two separate arms; one is an electrocautery hook for cutting 

and the other (the right arm in Fig. 20) is a grasper for manipulating the flesh of the patient 

(Fig. 20). The two robotic arms with nine DOFs in total are fixed to the distal end of the 

endoscope (GIF-2T160, Olympus Medical Systems Corporation, Japan) and driven by 

tendon-sheath mechanism. At the distal end, the rotational joint is created by attaching the 

tendons to a pulley (Fig. 21). The MASTER system has been used for endoscopic 

submucosal dissection (ESD) [51]. The clinical study was conducted on 5 patients with 

gastric or antrum lesions showing that the median dissention time was 16 min. Apart from 

some initial success, this systems still need further developments like improving the inserted 

force, enhancing the haptic feedbacks, and ability for instrument exchange.   

Scorpion shaped endoscopic robot (Kyushu University, Japan) consists of two symmetric 

robotic arms controlled by external traction cables via sheaths and an integrated camera (see 

Fig. 22). Each robotic arm is capable of moving up, down, right, left, and opening/closing of 

the tip by five wires totally. The tip of the forceps is 10mm long, 2mm wide and can grab a 

6mm-object with the force of more than 3N. 

 

Fig. 22. Overview of Scorpion shaped robotic system (a) The actuator housing, (b) Scorpion 

shaped robot [11] 

Stepping motors are positioned in a cone shape with the robot’s base at the centre to pull all 

the contraction cables (see Fig. 22). In order to do surgical procedures, two operators are 

required; one controls the endoscope and one regulates the arms. Although this system seems 

to be simpler and lighter than MASTER system, no pre-clinical test is carried so far.  

The STRAS system (see Fig. 23) is a robotized version of the Anubiscope [52] which was 

designed by Karl Storz for transluminal operations. The main endoscope (18mm in diameter) 

provides two flexible instrument channels with the diameter of 4.2mm. It has a 35cm long 

passive flexible shaft with the distal section being controlled in two orthogonal directions by 

two pairs of antagonistic cables-routed sheaths. The instruments are designed with the same 

architecture as the endoscope. They contain a passive flexible shaft of diameter 3.6mm and 

an articulated distal section. The pair of defection cables is driven by a set of helicoidal, spur 



gears, and Harmonic Drive servo-actuator. In addition, the closing mechanism of instruments 

is actuated by another Harmonic Drive servo-actuator through pinion-rack and push-pull 

cables. With the initial prototype, the robot can be teleoperated by one surgeon. However, the 

authors have shown that the most difficult part is control problem since the instrument 

deflection is unpredictable. 

 

Fig. 23. Master interface and STRAS system [47] 

Modelling and control 

Modelling and control are much more challenging for the use of cable-driven surgical robots. 

There are two main approaches for the modelling of the cable-driven surgical robots 

including discrete and continuous methods. Modelling relates to the characterization of 

position/force transmission in the cable-driven surgical system. The most famous kinematic 

framework for conventional rigid-link manipulator is discrete approach, in which the entire 

robot including of a series of joints and links is described by the homogeneous 

transformations derived from Denavit-Hartenberg (D-H) parameters.  Some of cable-driven 

surgical robots employ this method to form the kinematic framework [33, 53]. In contrast, 

constant curvature kinematic framework is the most well-known for continuum robots. In this 

framework, the curvature, length, and angle form a set of coordinate parameters to represent 

any position and orientation of operation points in the robot [54, 55]. Apart from these two 

prominent approaches, there are other methods based on the mechanics frameworks as 

lumped parameter, energy methods, and elasticity theories [56]. For example, the dynamic 

governing equation of a model of coupled tendon-driven system is derived from Kim et al. 

[57] that is then used to estimate the operating force at the end-effector. The authors in [58] 

used the Lagrangian method to derive the dynamic model of a class of tendon-driven 

manipulators with the viscoelastic properties of the tendons, the inertias of the pulleys, and 

the transmission kinematics. Chiang et al. [59] and Phee et al. [60] used analytical method to 

mathematically model the tendon-sheath and predict the end force and elongation without 

using the attached sensors. Similar approaches also carried out in the works of Agrawal et al. 



and Palli et al. [61-64]. However, these approaches require an exact measurement of the cable 

configurations in terms of curve angles during the operation. This requirement is impossible 

for the real surgical system due to the complex procedures to provide the curve angles. In a 

different approach, Do and his colleagues [65-81] presented a novel dynamic friction model 

for flexible tendon-sheath that incorporates both the velocity and the acceleration 

information. To characterize the tendon motion transmission, novel developments of backlash 

hysteresis models also proposed in these studies. Unlike existing studies on the tendon-sheath 

mechanism, the new friction model structures consider the whole TSMs as one element 

instead of using the discontinuous lumped-mass models that are quite complex in real 

applications with the requirement of multiple sensors and calculations. The new models 

exactly describe the separate hysteresis curves and the friction lags using new sets of velocity 

and acceleration dependent functions.  In addition, they are able to provide continuous force 

information with respect to time for both small displacements (the pre-sliding regime) and 

large displacements (the sliding regime) regardless of the use of configuration information for 

the model approach as long as the configuration remains constant. With the continuous model 

approach, only the position/force information at the two ends is required for the identification 

process that avoids the complex measurement of the cable configurations during the 

operation. 

We can approach the control problems for the cable systems using two separate methods 

namely feedback and feedforward control. That former one is commonly used in many 

researches [33, 53, 81-84]. The main advantages of this approach are high accuracy and noise 

reduction ability. In addition, the disturbances and uncertainties like the change of cable 

configuration and external force from operation environment are completely eliminated using 

nonlinear and adaptive control schemes [73, 75-77, 79, 80, 85, 86]. However, it is still 

complex in terms of construction, calculation, and needs feedback information like position 

and force that are challenging in surgical robots. From this point of view, the latter one is also 

applicable. Based on the cable configuration, Do and his co-workers [81] proposed a 

feedforward control scheme which does not need any complex inverse models and necessary 

feedbacks. This property is very important for surgical application because of size constraint 

and sterilization problem that physical sensors cannot be mounted into robotic arms. The 

experiments showed good tracking performance not only with periodic motions but also with 

non-harmonic sequence of motion. It is beneficial in surgery since most of surgeon’s motions 

are non-harmonic.  

Advantages and disadvantages 

Compared with tendon-routed sheath, the main advantage of tendon-routed pulley is the 

ability of producing the high force at the distal end. However, taking the design of EndoWirst 

as an example, the complexity, steel cable fatigue, sterilization issues, and high associated 

cost are still the challenging problems. Regarding the mechanical perspective, the main 

limitation is the fatigue resistance of steel cables because of small repeated bending radius 

over the pulleys, which limits the lifespan of EndoWrist to only ten procedures. According to 

the engineering standard, the range of pulley-to-cable (Dpulley/dcable) ratio should be from 18 to 

42. However, this range is only from 6 to 8 for EndoWrist system. Therefore, with the 



repeatedly small bending radius, the steel cable failure will appear and result in expensive 

replacement costs [87]. Apart from many undeniable benefits of tendon-sheath 

abovementioned, there are still some underlying drawbacks as its nonlinear friction, backlash 

hysteresis, and poor force delivery resulting in the difficulties in modelling as well as control 

problems [88]. In addition, stiffness enhancements for the surgical tools are also main issues. 

According to recent literature review, compared to other kinds of actuators, cable is most 

prominent candidate in surgical robots (refer to Table 1 for more details). In addition to 

lightweight, miniature, and flexibility, cable is very safe when being applied to the human 

body. On the one hand, it can be made from bio-material like stainless steel. On the other 

hand, in the worst case of failure as broken cable, the safety still can be guaranteed. In 

contrast, fluidic flexible actuators which will be given in the next section are operated with 

high pressure or smart material actuators that need high temperature or voltage. These types 

of actuators make them still challenges in surgical applications. 

 

B. Fluidic actuator 

Hold the same properties as cable actuators, flexible fluidic actuators also can provide high 

flexibility with the power supply being installed away from the joints. Otherwise, owing to 

high compliance and bio-compatibility with non-energized parts, they are excellent 

candidates for various medical applications such as miniaturized surgical manipulators [89-

93], catheters [94, 95], graspers [96], positioning system [97], tissue removal tool [98], 

fluidic actuator for neurosurgical instrument [99], and hydraulic hood for ESD [100]. Based 

on the review of applications, the dimension of fluidic actuators is also various, ranging from 

0.9mm (Catheter [95]) to 35mm (TIFF-FLOP [92]) (see the table 2 for more details). The 

design concepts, modelling, and control issues as well as their advantages and disadvantages 

will be reviewed in the subsequent contents.   

Table 1: Tendon-driven robots for laparoscopic surgery and NOTES systems 

System Diameter 

(mm) 

Lengt

h 

(mm) 

DOF

s 

Actuated 

by 

Bending 

angle 

(deg) 

Force  

(N)  

Torque 

(N.mm) 

Application 



 

Conceptual design 

Flexible fluidic actuators usually consist of flexible structures which can be deformed under 

the applied pressure from fluidic (i.e. pneumatic or hydraulic) actuation. Fluidic actuators can 

Endowrist 

[3] 

8 _ 2 cable 90 _ _ Laparoscopy 

Endo-

Periscope 

III [21] 

5 _ 2 cable 110 _ _ Laparoscopy 

Micro-

manipulator 

[19] 

2.4  2 cable 90  _ Foetal surgery 

DLR MICA 

instrument 

[101] 

10 20 2 cable 40 10 600 Laparoscopy 

Laprotek 

[102] 

10 _ 5 cable 180 13 _ Laparoscopy 

Dexterous 

manipulator 

[103] 

10 _ 4 cable 180 2  Laparoscopy 

Robotic 

Forceps 

[104] 

10 _ 2 cable 90 _  Laparoscopy 

Multi-disk 

Wrist [13] 

5 30 2 cable 90 _ 250 Laparoscopy 

Articulated 

robotic 

medical 

probe [105] 

12 12 2 cable 10 _ _ Laparoscopy 

(Cardiac 

surgery) 

Over-tube 

[20] 

23 120 3 cable 90 15 _ NOTES 

STRAS 

[47] 

18 350 10 Cable-

conduit 

145 8 _ Endoluminal 

,Transluminal 

surgery 

HVSPS 

[106] 

10 125 21 cable 180 2.1 170 Single-port, 

NOTES 

Scorpion 

shaped 

robot [11]  

_ _ 4 Cable-

conduit 

_ 3 _ NOTES 

MASTER 

[7] [24] 

7 41.7 9 Cable-

conduit 

90 3 _ NOTES 

ViaCath [9] 4.75 900 6 Cable-

conduit 

_ 0.5 _ NOTES 

USGI 

Cobra [10] 

18 1100 _ cable _ _ _ NOTES 

R-Scope 

[10] 

14.3 1030 _ cable _ _ _ NOTES 



be divided into three main types namely elastic fluidic, piston-cylinder fluidic, and drag-

based fluidic actuator. Being most popular compared to the remaining two fields like MEMS 

and flexible medical instruments, elastic actuators comprise membranes or elastic 

components that can elastically expand under applied pressure [89, 90]. Therefore, in this 

study, only kind of this actuator will be discussed. Based on studies in [90], flexible fluidic 

actuators are categorised into two major groups that are bending due to internal chambers 

differently pressurized and anisotropic rigidity. Most of devices in the former group contain 

an elongated shape closed at one end and hindered radial deformation. When a chamber is 

pressured, its length increase while that of others is unchanged, making the whole device 

bending. In contrast, the tools in the latter category provide an elongated shape closed at one 

end and a rigid area that is stiffer than that of the rest. After being pressured, the length of 

stiffer area grows less than the rest, leading the desired bending motion. The details of design 

and working principle will be presented in the next sections. Fluidic actuators have been used 

in many applications. However, this review only focuses on the use of fluidic actuators in 

surgical applications. Detailed descriptions will be given in next sections. 

Surgical devices with bending due to different pressure from internal chambers  

An electro-pneumatically or electro-hydraulically driven flexible micro-actuator (FMA) is 

introduced in [107, 108]. This actuator has total three DOFs (pitch, yaw, and stretch) with the 

diameter ranging from 1mm to 20mm. It is made of fibre-reinforced rubber and shaped in 

cylinder with three internal chambers (see Fig. 24). The pressures inside internal chambers 

are independently controlled by external pressurized sources via flexible tubes and valves. 

The fibres are embedded inside the rubber in the circular direction with a purpose of 

preventing the actuator from deformation in the radial direction. The actuators will be bended 

in desired directions due to different or unequal pressures in the three chambers. For example, 

if the chamber 1 is pressurized, the actuator will bend in the y direction (see Fig. 25). 

 

Fig. 24. FMA’s structure [107] 



 
Fig. 25. Bending and stretching based on the supplied pressure [107] 

One of the major disadvantages of FMA is the fabrication process due to embedded fibres. In 

order to improve the FMA performances, some fibres-less designs were proposed. Suzumori 

et al. [109] added two restraint beams in each chamber to create anisotropic elasticity and 

make it compatible with stereo-lithography using an unique material  while the authors in 

[110] take advantage of finite-element-method (FEM) to minimize the radial deformation 

with suitable shape. In different approaches, McKibben actuators were invented in the 1950s 

by J.L. McKibben and Gaylord [111]. Thanks to the presence of large stroke, high force, and 

compliance, it has been used throughout in humanoid robotics, human-machine interfaces, 

prostheses, and medical instruments [91]. The basic structure of McKibben actuators includes 

a woven reinforced elastic tube as shown in Fig. 26(a). The working principle is briefly 

described in Fig. 26(b). Due to the constraint of woven, the length of actuator is shortened 

after being pressured. 

  

Fig. 26. Miniature McKibben actuators (a) Structure of McKibben actuators, (b) The working 

principle of actuators [91] 

These well-known actuators are scaled down to a diameter of 1.5mm and a length of 22mm 

and they still provide the high force densities [91]. To incorporate these dedicated fluidic 

actuators, Moers and his colleges [112] presented a surgical instrument with three fluidic 



actuators, spacer disks,  and an elastic tube (see Fig. 27). To control this system, the high 

pressure hydraulic valves are miniaturized and incorporated with the actuators in its module. 

The experimental result shows that the actuator can bend up to 550 at the pressure of 10 bars.   

 
Fig. 27. Surgical instrument with miniature McKibben actuators [112] 

To increase the dexterity and reachability of neuro-endoscopic instruments in performing 

complex intraventricular procedures, Eastwood et al. [99] used miniaturized McKibben 

actuators made from high purity silicone rubber tubing (0.94 mm in outer diameter) and 

silver plated braid mesh to create ten contractile actuators with outer diameter of 1.52 ± 

0.029mm (see Fig. 28(a)). The three McKibben actuators are combined to form a bending 

segment with a diameter of 5.28mm and a length of 45mm (see Fig. 28(b)). Initial tests 

showed that ten individual McKibben actuators can provide contractile force of 4.83 ± 0.38N 

and the bending angle of segment meets the required range of motion for neurosurgery up to 

700. The authors also proposed some modifications to scale the individual actuator to 1mm in 

outer diameter but able to maintain the bending ability. However, no experiments are carried 

out so far. 

 

Fig.28. Neuro-endoscopic instruments (a) Single actuator (b) Assembled McKibben bending 

segment [99]. 

Based on the same principle of being pressurized unequally, the researchers in [92, 113] 

developed a bio-inspired surgical manipulator namely STIFF-FLOP which is capable of 

omnidirectional bending, elongating, and changing the arm stiffness. In the STIFF-PLOP 

design, an elastic cylinder is made of silicon that is soft and suited for three internally 

embedded chambers as given in Fig. 29. 



 

Fig. 29. Cross section design of STIFF-FLOP [92] 

The three chambers in STIFF-FLOP system are arranged equally in radial direction and act as 

fluidic actuators that are characterized in the previous sections. There is one central channel 

as granular jamming material container. The stiffness of this manipulator can be adjusted by 

controlling the applied vacuum. In order to minimize the inflation in radial direction while 

maximizing the bending angle, a braided structure is used outside the module. Two modules 

are fabricated and connected for validation as discussed in [113]. The results demonstrate that 

the designed manipulator can bend up to 2600, elongate up to 62%, and able to change the 

stiffness with more than 66%.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

A pair of flexible fluidic actuators for medical catheter are presented in [96]. Each of them 

has a fixed base made of rubber and two long and narrow tubes that are maintained to be 

parallel by a core (see Fig. 30(a)). There are pump units setting on the partition wall, which 

will transfer fluid between the two channels to achieve bending movement (see Fig. 30(b)). 

Some other patterns and systems which possess similar design concepts are also introduced in 

[114-116]. 

 

Fig. 30. Flexible fluidic actuators for medical catheter (a) The mechanism of actuator, (b) 

Bending movement [96] 



Those above determined actuators reply on the difference of applied pressure. Apart from it, 

there is another method to activate flexible fluidic actuators called anisotropic rigidity. 

Fundamentally, the devices are constructed from expandable materials that possess higher 

rigidity compared to the other areas in the body. Due to the applied pressure, the length of 

lower rigid areas will be enlarged more than that of higher areas followed by the bending.  

Surgical devices with bending due to anisotropic rigidity 

A pneumatic balloon actuator (PBA) was developed in [117]. Being shaped like a cantilever, 

it consists of two thin and flexible films, upper silicon rubber membrane and lower polyimide 

film glued together (see Fig. 31(a)).   

 

Fig. 31. Cantilever-shaped PBA (a) Structure and (b) Working principle of PBA [117]. 

Internal cavity is formed by surrounding sealed edge with silicone rubber glue. Thanks to 

difference in the rigidity between the two layers, the structure is able to have both out-of-

plane in the z direction and horizontal displacements (see Fig. 31(b)). The internal chamber is 

swollen by the pressure and the upper membrane significantly inflates without using any 

bending support. Due to the moment of tensile force from the inflated membrane, the lower 

film is also bended and leads to the bending achievement.  There is a series of rubber ribs 

glued in the film to prevent unwanted swelling of the film and undesirable corner of folding 

[117]. 

Chang et al. [118] utilized the same theory to come up with the design of a millimetre-scale 

actuator that composes a deformable silicone material with sub-millimetre scale parallel 

channels and bonded with a thinner and stiffer material (Fig. 32).   

 



Fig.32. Overview and bending shape of actuator [118] 

The introduction of inside parallel channels will hinder the expansion in thickness direction 

and enable bending at low working pressure. In [119], the authors integrated three of these 

bending actuators to create a spatial bending actuator (see Fig. 33). The experiments were 

carried out to demonstrate that the actuator can provide 3600 bending and a torque of 26.39 

mNm. Similar approach was also applied to surgical systems as studies in [120-123]. 

 

Fig. 33. Assembled actuator and bending posture [119] 

Balloons are also widely used in flexible fluidic actuators [89, 90]. A hydraulically-driven 

flexible manipulator was developed for neurosurgery as discussed in [124].  

 

Fig. 34. The design of flexible manipulator [124] 

It can be seen from Fig. 34 that the main body of flexible manipulator is the articulated joints 

and links with flat surfaces for neurosurgery. The balloons which are put in both up and down 

sides of links are driven by the physiological saline flows via a hole of 0.5 mm diameter in 

the centre of the surface. One interesting feature of this manipulator is that instead of being 

bendable by itself it can be positioned inside the brain by unequally inflating the appropriate 

balloons, leading to the bend in opposite direction once the balloons touch the delicate brain 

tissues. Experiments were successfully conducted in anaesthetic pig to validate the movement 

and the measurement of applied pressure with un-harmful leakage thanks to physiological 

water.  

A system used to fix and orientate the catheter tip was also proposed in [97]. Three micro and 

inflatable balloons are mounted on the tip’s side and controlled by electro-thermo-pneumatic 

micro-valves. After being deflated, these balloons will press and exert forces on the vessel’s 



wall. As a result, the catheter tip will be deformed and its position and orientation can be 

easily obtained (see Fig. 35). 

 

Fig. 35. The catheter tip inside the blood vessel [97] 

In order to effectively carry out endoscopic submucosal dissection (ESD) for early stage 

cancer treatment in the digestive tract, Matsuo et al. [100] developed a hood with 

hydraulically variable tip diameter as shown in Fig. 36. The tips and the base are made of 

acrylic resin using 3D printing technology. The tip parts and the base are connected by joint 

sheet and traction sheet. There is one embedded silicone tube which plays a role as hydraulic 

actuator inside the base. When water is injected into this tube by medical syringe, it will 

inflate and makes the traction sheets deformed and the tip part opened. The prototype with 

the tip diameter of the hood ranged from 9.8mm to 17.8mm was fabricated and attached to 

the tip of a flexible endoscope. The ESD procedure was successfully carried out in a porcine 

stomach and the results demonstrated that the hood is able to generate enough force (1005 

mN) to lift up the lesion and expand the view of submucosa. 

 

Fig. 36. Design of hood with hydraulically driven variable tip [100] 

One of the state-of-the-art for surgical tools using fluidic actuation is the tissue removal 

device designed by Vasilyev et al. [98] from Harvard Medical School, USA. This tool is 

attached and intergraded to a steerable concentric tube robot that can be inserted into the 

beating heart via peripheral vessels. The tool design consists of two parts (a stator and rotor) 



with the sharp leading edges to grab and slice the tissue layers, which are bonded by an 

embedded bearing as shown in Fig. 37. The rotor is soldered to an inner rotating tube while 

the stator attaches to a fixed outer tube. The aspiration of cutting debris is produced by a 

vacuum pump. A prototype with the diameter of 2.1 mm is fabricated and successfully 

experimented in vivo and ex vivo with porcine models. 

 

Fig. 37. The tool design and illustration of fluid flow [98] 

Modelling and control 

The modelling and control problems of flexible fluidic actuators as well as soft robotics have 

been extensively reviewed in recent studies [125-127]. Those robots with entire flexible body 

and powered by fluids have been not fully understood in terms of modelling, dynamics, and 

control since the deformation of the actuator configuration is continuous, varyied, 

complicated, and highly compliant [125]. Piece-wise constant curvature (PCC) is one of the 

most well-known models to deal with these robots. With the assumption of PCC that each 

segment in multi-segment arm has constant deformation, the kinematics can be decomposed 

into two mappings namely robot-independent and robot-specific mappings [127]. The former 

is obtained from joint or actuator space (fluidic tubes or applied pressure) to configuration 

space that characterizes constant-curvature arcs. The latter is applied to map the space 

configuration into task space which describes the position and orientation along the backbone 

of the robotic arm. The mapping from actuator to configuration space is robot-dependent 

because various actuators will impact arc parameters in different ways. In contrast, the 

mapping from arc parameters to the pose along the backbone is simplified as kinematic 

mapping and robot-independent due to piecewise constant-curvature assumption. Regarding 

the robot-specific mapping, some typical methods have been applied. For example, Webster 

et al. [128] utilized Bernoulli-Euler beam mechanics to predict the deformation of flexible 

robots. Onal et al. [129] derived a static analytical model under some advanced conditions. In 

order to derive the transformation matrix between the configuration space and task space, 

authors in [127] also stated that many methods can be applied with the same results such as 

Denavit-Hartenburg approach, Frenet-Serret frames, and exponential coordinates. However, 

the main limitation in PCC assumption is the assumption of constant curvature of each 

segment. In practice, the curvatures are always varied from time to time during the robot 

operation. Mahl et al. [130] also developed a new model for non-constant deformation robots. 



Based on the constant curvature theory, the main idea of this method was to subdivide each 

single section into some virtual units and then applying constant curvature approach for each 

of these sections.  However, Andrew and his colleague [129] demonstrated that the PCC 

model is only applicable for soft fluidic elastomer manipulator.  

Most of fluid-powered flexible robots employ the model-free open-loop control approach. 

This means that the proposed methods only control the valve with the time duration of 

turning on or off depending on the different tasks rather than based on the dynamic model. 

This simple method has widely applied to diversified soft-robotic systems [125, 131]. 

However, the dynamics of flexible robots is absolutely vital for control problems followed by 

new robotic capabilities. In [131], researchers constructed a dynamic model for fluidic 

manipulator made of pure soft elastomers. They also applied new methods that can identify 

unknown parameters and planning optimization algorithm with the constraints of gravity, 

compliances, and actuation limitations. Dynamic models of hard or semi-soft robots [132, 

133] were also considered as a technique for flexible robots. An overview of current surgical 

applications using fluidic actuators is given in Table 2. 

Advantages and disadvantages 

The advantages and disadvantages of flexible fluidic actuators were partially discussed in the 

literature [90]. With respect to the human safety, fluidic actuators made of biocompatible 

materials have no energized parts that opposite to electricity related or Shape Memory Alloys 

and thermal actuators. They can handle the tissue without any impairment due to their 

compliant property. Compared to the traditional mechanisms, flexible fluidic actuators are 

easy to change its shapes since they are conducive to enter and retract from the human body 

as well as are able to operate in confined spaces of the human GI tract. In addition, flexible 

fluidic actuators possess abilities to provide high force at small size, especially at microscale.  

In a recent study, fluidic actuators deliver among the highest force and power densities 

compared to other type of actuators [89]. With these promising properties, ever the last few 

decades, numerous micro-hydraulic and micro-pneumatic actuators have been applied in 

some surgical applications. However, their main limitations are the bulky, complex, and high 

power supply requirements. Safety is also the main challenge. From the surgical points, these 

heavy systems can be installed outside the human body, which does not have negative effect 

on the surgical quality. The key challenge can be identified as the difficulties in model and 

control problems due to nonlinear friction and backlash hysteresis. Since the properties of 

flexible materials are considerably different from the conventional and rigid ones, most of 

current approaches are not able to provide accurate models and efficient controllers. This 

significantly degrades the system performances. Another drawback of fluidic actuators is the 

need of high pressure in the operation process. If this high pressure is not efficiently 

controlled, the human safety is put in danger.  

Table 2: Characteristics of flexible fluidic actuators-driven surgical systems 

System Diameter 

(mm) 

Length 

(mm) 

DOFs Actuated 

by 

Bending 

Angle 

(deg) 

Force 

(N) 

Torque 

(N.mm) 

Pressure 

(Bar)  

Applications 



FMA [107, 

134] 

4 12 3 Fluids 95 0.15 - 4 MIS 

Catheter [97] 5 4 2 Fluids 5 - - 0.1-0.2 MIS 

Catheter [94] 4.9 20 3 Fluids 35 - - 10 MIS 

TIFF-FLOP 

[92] 

35 50 3 Fluids 120 41.4 - 0.65 MIS 

miniature 

McKibben[91] 

1.5 22-62 3 Fluids - 6 - 10 MIS 

SBFA [119] 9.6 78.4 3 Fluids 125 - 26.39 1.3 MIS 

Bi-bellows 

[120] 

10 120 1 pneumatic 180 - - 1.25 MIS 

PBA [135] 6 - 1 pneumatic - 1.2 - 0.8 MIS 

Catheter [95] 0.9 5.5 1 Hydraulic 160 - - 0.8 MIS 

Hydraulic 

forceps [122] 

- - 1 Hydraulic - < 1 - - MIS 

Balloon 

actuator [117] 

16 16 2 pneumatic 90 - - 0.6 MIS 

Variable tip 

hood [100] 

9.8-17.8 - 1 Hydraulic - 1.005 - 3 ESD 

 

 

C. Smart Material Actuators 

Smart materials such as shape memory alloys (SMAs) and piezoelectric actuators will be 

investigated in this review in terms of property, design, modelling, and control. SMAs belong 

to the group of shape memory materials (SMMs) which can memorise and recover to their 

previous forms under the change of temperature or magnetic stimulus. This phenomenon is 

known as shape memory effect (SME). Because of high work density, large force and 

displacement, bio and magnetic compatibility, numerous surgical robotic systems have 

exploited SMAs as the main mode of actuation such as robotic catheter (Tohoky University 

and University of Hyogo-Japan [136, 137]), endoscopes (Tohoky University-Japan and 

Université Pierre et Marie Curie-France [138, 139]), surgical graspers (Sharif Univesity of 

Technology-Japan and BeiHang University-China [140, 141]), capsule endoscopes (Carnegie 

Mellon University-USA [142]), and Neurosurgical Robot and Steerable Cannula ( University 

of Maryland-USA [143-145]). By comparison, piezoelectric materials that are used to build 

ultrasonic actuators can induce the movement under certain voltage. As opposed to electronic 

actuators, ultrasonic actuators from smart materials offer higher power density, higher torque 

for lower speed, and precise motions. As a result, they are selected as the actuation means for 

surgical applications like surgical tools [146] and endoscopes [147, 148]. 

Basically, SMAs exist in two phases namely martensite at low temperature and austenite at 

high temperature. By selecting suitable training, heating, and cooling methods, the 

transformation between the two phases can be achieved. For more details, further reading in 

some studies [149-151] is needed. In some applications, the most method of actuation is to 

use external force to deform the robotic structures and then force these structures to recover 

or contract to their original shapes using internal or external heating sources or magnetic 



field. Because of instability, impracticability, and poor thermal-mechanic performance of Fe-

Mn-Si, Cu-Zn-Al, and Cu-Al-Ni materials, Ni-Ti based SMAs is much popular for practical 

applications [149]. SMAs have been widely applied for numerous fields such as industrial 

applications, automotive, aerospace, MEMs devices, robotics, and medical devices [149, 152-

155]. 

Surgical devices 

Various surgical devices have been used smart materials as the main mode of transmission. 

For example, robotic catheters and endoscopes are actuated by the SMA cables that are fixed 

around the main structure and can pull in order to bend the instruments in different directions 

[136, 138, 139, 156, 157]. An active catheter as shown in Fig. 38 with bending, torsional, 

extending, and stiffness controlling abilities was introduced in [136]. The bending 

mechanism is depicted in Fig. 39. Three SMA coils are placed axially between the inner tube 

and stainless coil (See Fig. 39(a)). When being heated over the certain temperature, the SMA 

wires will contract making the joint bent. The electrical circuit with the common ground and 

the connections of lead wires, linear, and SMA coils are respectively shown in the Fig. 39(b) 

and Fig. 39(c).  

 

Fig. 38. The overall structure of active catheter [136] 



 

Fig. 39. The bending mechanism [136]  

 

Fig. 40. The torsional, extending and stiffness controlling mechanism [136] 

The torsional, extending, and stiffness for controlling this catheter is given in Fig. 40. To 

provide the torsional force, a twisted SMA coil is put inside the linear coil which plays a role 

as lead wire (see Fig. 40(a)).  The SMA coil and catheter will be twisted when a suitable 

current is applied to the system. Regarding extending mechanism, it is made of one linear coil 

and one compressed SMA coil and they are co-axially integrated inside the linear coil. If the 

SMA is heated over a certain temperature by the electrical current, it will extend and create 



desired elongation for the catheter accordingly.  To form the stiffness control mechanism, a 

SMA coil at natural state is inserted co-axially into the catheter with a linear coil (see Fig. 

40(c)). Normally, after a current is applied, SMA will return into initial state, creating 

translation or bending for the system. However, for this special mechanism, if the current is 

applied, the SMA coil will be harden rather than deformed. The catheter is fabricated using 

electroplating with the outer diameter of 1.4 mm where the wall thickness is around 0.1mm. 

The experiments show that under the current of 80 mA, the torsional angle will be 700.  

In another approach, the authors in [139, 158, 159] made use of plate springs (tubular SMA 

actuators) to actively control the bending of flexible endoscopes and catheters. For example, 

Sars et al. [139] employed a series of paired tubular NiTi-SMAs as local actuators to 

construct a bending mechanism with very complex 3D configuration (see Fig. 41). They also 

proposed three distinct methods to integrate plate springs into structure as illustrate in Fig. 42. 

To find the best parameters for actuator shape, a genetic algorithm-based method namely 

Steady Method is used. The experimental results indicated that the maximum rotational angle 

at the unloaded prototype is 10.50 and the torque is measured is 17 mNm. 

 

Fig. 41. The mechanical structure of endoscope [139]  

  

Fig. 42. The integration of plate springs [139]  



SMA actuators have been applied broadly to design the grippers for MIS instruments [141, 

153, 160-163]. SMA can be used as cable actuator where the contraction force is controlled 

by the temperature instead of using pulling force from DC actuators. To open and close the 

grippers, the translation motion of SMA cables are converted to rotation. Based on the layout 

of SMA wires on the grippers, Damien et al. [160] proposed some configurations for grippers 

such as parallel SMA gripper, gripper with twist, net SMA gripper, and spiral SMA gripper 

that can be seen in Figs. 43 (a), (b), (c), (d) respectively. 

 

Fig. 43. The different configurations for grippers [160] 

 

Fig. 44. The SMA driven global joint [141]  

A SMA-actuated single-port laparoscopic surgical robot was also developed [141]. To design 

the SMA actuator, the confrontational double wire configurations which can generate the 

force at both ends are utilized. The global joint is driven by three pairs of SMA wires that are 

distributed in the washer’s circumferential plane and go through it (see Fig. 44). By heating 



the SMA wires above a certain temperature, the joint is able to rotate about its axes. This 

approach was also applied to surgical forceps where another pair of SMA cables was used to 

generate the clamping force (see Fig. 45). In vivo experiment, the wrist can provide angular 

motion up to 600 and the closing force is 16 N where a voltage of 9.5V is applied.  

 

Fig. 45. The SMA driven forceps [141]  

Ayvali et al. [144, 145] from the University of Maryland, USA developed a discrete actuated 

steerable cannula for both diagnostic and therapeutic procedures. In this design, a SMA of 

0.53mm in diameter is annealed to get a desired angle at a specific location along the cannula 

under certain thermal actuation. For each DOF, two antagonistic SMA cables are used to 

generate the bending forces (see Fig. 46). The copper tube consists of three straight sections 

with an inner and outer diameter of 1.651mm and 3.175mm, respectively. For the electrical 

insulation of SMA cables, the high temperature enamel (Rust-Oleum, 260◦C) is coated 

outside the copper segment which is also covered with a non-conductive rubber for heating 

isolation. The current prototype can provide up to ±210 for bending angle and about 2N in 

terms of force. 

 

Fig.46. The design of discretely actuated cannula with SMA cable layout [144] 



In the same laboratory, the researchers also designed a minimally invasive neurosurgical 

intracranial robot (MINIR) using SMA wires as actuators [143]. The prototype of robot has 

nine revolute joints actuated by 0.5mm diameter SMA wires (see Fig. 47). The two adjacent 

joints are shown in Fig. 47(a). Larger holes are milled for the passage of the SMA wires 

while smaller holes are designed for the columns. The SMA actuators push against these 

columns and transmit the force to actuate the revolute joints. Fig. 47(b) shows the working 

principle of their proposed SMA actuators. Two antagonistic SMA wires are used for each 

joint so that each joint is able to move backward and forward directions. In stationary state, 

these two SMA wires play a role of keeping the links to be straight. To rotate the joint in 

clockwise direction, the left SMA wire will be actuated to reform to its original shape. One-

DOF link was fabricated and tested. The results indicated that the average maximum bending 

displacement was achieved up to ±300 and the maximum force at the distal end was 1.5N.       

 

Fig.47. Minimally invasive neurosurgical intracranial robot (a) The brass MINIR design, (b) 

The actuation mechanism 

The wireless capsule endoscopy which is a state-of-the-art technology can replace the 

traditional endoscopy. Capsule endoscopy is usually shaped in pill form with a camera, a coin 

battery, and a data transfer. Since the passive capsule has many disadvantages such as 

uncontrollability and the risk of retention, the development of actively controlled capsules 

with locomotion systems is needed [164]. SMA is prominently exploited to design actuators 

for these active locomotion mechanisms as well as biopsy application [142, 164-167]. A 

stopping mechanism actuated by SMA coil and the locomotion inspired by the inch-worm’s 

locomotion principles was designed for a capsule endoscopic robot [142]. The authors made 

use of dry and wet elastomer (PDMS) micro-patterned adhesives inspired by beetles to stick 

to GI tract after being pushed by SMA actuated mechanism (see Fig. 48).  



 

Fig. 48. The design of stopping mechanism, A: Adhesive Pad, B: Leg, C: SMA wire, D: 

Casing, E: PDMS Spring, F: Pulley [142].  

As described in Fig. 48, after being heated by the current, the SMA wire pulls the capsule 

legs and creates a suitable torque that causes the pulley to turn and rotate the legs. As a result, 

the rubber spring connected to the pulley is stretched and creates another torque in the other 

direction. When the torqued induced by the rubber spring is equivalent with the torque 

created by the SMA spring, the leg stops opening. The rubber spring will pull the leg back if 

the current is shut off. Regarding the locomotion structure, one more SMA wire is integrated 

to connect the two casings in the ends. With the pair of SMA and spring working in 

antagonist style, they can accomplish pulling and pushing tasks forming the locomotion 

mechanism like inch-worm (see Fig. 49). 

 

Fig. 49. The structure and the locomotion principle of capsule [142]  

Smart materials are also used in ultrasonic actuators. Takemura et al. [168] designed a 

frictionally driven multi-DOF ultrasonic actuator. It consists of a bar-shaped stator or vibrator 

and a stainless steel spherical rotor as illustrated in Fig. 50. The actuated joint can be rotated 

http://ieeexplore.ieee.org.ezlibproxy1.ntu.edu.sg/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takemura,%20K..QT.&newsearch=true


about three perpendicular axes by the combination of three different vibration modes (one 

longitudinal and two bending modes). The bar-shaped stator is constructed from head, rings, 

shaft, and stacked piezoelectric rings which are made of ceramic and used to excite both 

vibration modes of the bar-shaped stator. The geometrical dimensions, shape of stator, and 

the natural frequencies are calculated by applying the finite element method.    

Smart material (SMA and piezoelectric) actuators have been reviewed in terms of design 

concepts with varied shapes as cable, spring, plate, tube, and ring. For more details, Table 3 is 

strongly recommended to readers. In the next sections, the modelling, control, and 

characteristics for the smart actuators will be investigated and explored.  

 

Fig. 50. Structure of ultrasonic actuator [168] 

Modelling and Control 

The nonlinear hysteresis model of SMA actuators has been addressed in different research 

[169-171]. There are two distinct categories of models to capture the hysteretic characteristics 

namely differential-based models which use differential equations to characterize hysteresis 

and operator-based models which use operators to characterize hysteresis [169]. The former 

one is far from easy for using in control problems since the incomplete understanding of 

underlying physical basis of hysteresis characteristics, leading the much effort in identifying 

the accurate model parameters. Cheikh et al. [170] extensively presented various approaches 

such as micromechanics, statistical physics, particle dynamics, classical plasticity, and energy 

principles to construct the constitutive models of SMA. By contrast, the later one takes 

advantage of phenomenological nature and describes the phenomena with mathematical 

equations. The authors in [169] recently surveyed several most well-known operator-based 

models as Preisach, Krasnosel'skii–Pokrovskii (KP), Prandtl–Ishlinskii (PI), and Maxwell-

Slip. Although these models do not provide the insights of physical systems but they are 

capable of producing the same behaviours and produce the ease of control problems. Based 

on the different problems with various SMA actuator designs, researchers can select 

appropriate modelling methods for specific applications. 



The different control schemes and parameter tuning approaches for SMA actuators were also 

surveyed in [169, 171]. While the researchers in [171] divided the SMA control methods into 

4 main types which are linear, nonlinear, sensor-less, and PWM control, Vahid et al. [169] 

realized control problems as open-loop without using any feedbacks and close-loop control 

with available feedbacks during the system operation. Although linear controllers are easier 

and simpler in terms of construction and implementation, with the combination of tuning 

methods like Genetic Algorithm or Neural Network, the nonlinear controllers such as 

variable structure, segmented binary, sliding mode control, and back-stepping approach will 

yield far better results in both position and force tracking under the presence of high 

hysteresis and uncertainties in SMA actuators. 

Advantages and Disadvantages 

Thanks to many excellent technical properties like high corrosion resistance, bio-compatible, 

and non-magnetic [149], SMA actuators have been selected for numerous biomedical 

applications. Apart from this, research work has shown that SMA offers very high work 

density, high strength, significant displacement, and large force. For example, for SASI 

system [161], it can provide up to 30N with small size and is able to act in three-dimensional 

manners (extension, bending, and twisting). In addition, as given in aforementioned review, 

the diversity of actuator shapes (cable, spring, plate, tube, and ring) for SMA is another 

benefit. However, some limitations including relative small strain, low actuation frequency, 

and difficulty in accurate control problems are much more challenging in the use of SMA. 

For example, the applied current to create high temperature transformation is about 6000C. 

For safety, temperature and current isolation are required for the human use. The heating and 

cooling methods inducing the phase transformation also have a considerable effect on the 

system response. According to [172], heating process can be done in several ways like 

conducive heat transfer, radiative heat transfer with microwaves or infrared light, inductive 

heating, and direct Ohmic heating. It also reported in few studies that a very high-speed 

response SMA actuator can be achieved by using large electrical currents. As a result, the 

main obstacle of the narrow bandwidth of SMA actuators is lying in the long cooling time 

that depends upon the size, shape, and design mechanisms of actuators. With a number of 

available techniques such as water immersion, heat sinking, and fluidic medium, the cooling 

time can be cut down. However, the heating time may grow and leakage problems must be 

considered. In addition, the durability and reliability of SMA actuators after experiencing 

multiple transformations are other challenges. Researchers have shown that the thermal effect 

is linked to the fatigue-life of SMA actuators which is vital for surgical applications. An 

overview of current smart actuators is presented in Table 3. 

Table 3: Review of smart material actuated surgical devices 

System Diameter 

(mm) 

Length 

(mm) 

DOFs Actuated by Bending 

angle 

(deg) 

Force 

(N) 

Torque 

(N.m) 

Current Application 

SASI [161] 8 250 3 SMA 60 30 - - MIS 



Endoscope 

[138] 

5.5 45 3 SMA 90 - - - MIS 

Active 

catheter 

[136] 

1.4 - 4 SMA 60 - - 80 mA MIS 

Active 

endoscope 

[173] 

2 30 1 SMA 60 - 1 0.5 A MIS 

Active 

endoscope 

[157] 

13 215 10 SMA 300 - 34.5 1 A MIS 

Endovascular 

micro-tools 

[156] 

3 40 2 SMA 90 - - - MIS 

GI system 

[174] 

15 24 2 SMA 45 - 0.5 

N.mm 

1.2 A MIS 

Active 

endoscope 

[175] 

4 9 1 SMA 12.5 - 0.37 

N.mm 

0.6 A MIS 

Active 

catheter 

[137] 

3.5 60 1 SMA 3 - - 0.3 A MIS 

Active 

endoscope 

[139] 

7 16 2 SMA 10.5 - - - MIS 

Cannula 

[144] 

3.175 10.16 2 SMA 42 2 - - MIS 

Multi-DOF 

ultrasonic 

motor [168] 

10 31.8 3 Piezoelectric 180 - 7 - MIS 

Endoscope 

[147] 

10 250 10 Piezoelectric - - - 0.8 A MIS 

 

D. Magnetic Actuators 

Most of transmission systems for surgical applications such as cables, fluidic actuators, and 

shape memory materials require “link” from power supply to drive surgical tools. Magnetic 

actuation uses magnetic field without requiring “link” to actuate surgical tools/joints. This 

type of actuator completely removes the transmission means. In surgical application using 

magnetic actuator as the main mode of transmission, the use of moving external permanent 

magnet/electromagnet to drive the internal magnet [164, 176] or MRI gradients to induce 

motion to ferromagnetic components [177-179] is the basic working principles. In these 

systems, the power and torque are magnetically transmitted from the external units through 

the abdominal wall into the internal units as shown in Fig. 51, leading the fact that the on-

board electromagnetic motors, connection cables, and links are completely eliminated.  



Various surgical applications using magnetic actuator such as laparoscopic tissue retractor 

[176], surgical manipulator [180], MRI-powered actuator [177], capsules [181, 182], and 

magnetic air capsule for painless colonoscopy [183], will be introduced and discussed in this 

section. 

 

Fig. 51. The working principle of magnetically actuated surgical devices 

Surgical Devices 

Base on the local magnetic actuation (LMA), one single-DOF laparoscopic tissue retractor 

was introduced in [176]. As depicted in Fig. 52, the device consists of an anchoring unit and 

an actuation unit. As a supporter, the anchoring unit includes a pair of external and internal 

square-section permanent anchoring magnets (EAM and IAM) which stay in the abdominal 

wall to reinforce the stability of the system. By contrast, the actuation unit has an external 

driving and internal driven magnet (EDM and IDM). When a motor rotates the EDM, the 

IDM then also rotates, followed by the actuation of inside mechanism that is attached to 

IDM. The last component of this system is the offset crank mechanism that is used to produce 

the translational movement from the rotation of the IDM. The benchtop experiments have 

been conducted with the developed retractor 154mm in length, 12.5 mm in diameter, and 

39.16 g in weight. The results show that it is capable of lifting more than ten times of its own 

weight if the abdominal thickness is 2cm.  



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

Fig. 52. The schematic representation of laparoscopic tissue retractor [176] 

In a similar approach, Di Natali et al. [180] developed 4-DOFs surgical manipulator with the 

cable-driven spherical wrist. As shown in Fig. 53, the prototype has two modules namely 

actuation units and anchoring unit. The former comprises of three pairs of EDM and IDM to 

transmit the mechanical power from external motors to the embedded mechanisms. A set of 

planetary, spur gears, and antagonistic cables is utilized to actuate the 3 DOFs of articulated 

end effector. The latter consists of a pair of coupled permanent magnets with motorized linear 

side attached to the external anchoring magnets. Their main functions are to produce the 

supporting forces during the operation and provide the actuation the tilt angle DOF of LMA-

based device. This prototype was fabricated and tested with reported attraction forces from 

1N to 5 N, the torque ranged from 2 mNm to 8 mNm in a distance of 6cm between the 

external and internal magnets. 

 

Fig. 53. LMA-based design [180] 



In contrast with LMA, Vartholomeos et al. [177] presented a novel MRI-powered actuator for 

needle insertion in neuro-surgery.  

 

Fig. 54. MRI-powered actuator with needle design [177]. 

The power from the MRI machine will spin the spherical ferromagnetic particle placed in a 

cavity of a lever arm which is linked to a plastic gear train (Fig. 54). As a result, the rotary 

motion is converted into the linear motion to control the non-magnetic biopsy needle. In 

addition, one locking mechanism contains a bar with a pair of a ferrous steel sphere and a 

nonferrous steel sphere at the two ends. If the configuration is locked, the locking bar will 

forbid the lever from rotating. The experiments which were conducted with the prototype of 

10x10x6 cm in dimension made from Legos and 1.5 T MRI Scanner demonstrated that the 

operation force can be generated sufficiently to puncture swine heart and the function of 

locking mechanism is guaranteed. The idea of using MRI gradients to drive the ferromagnetic 

body was also studied in some researches [178, 179, 184, 185].  

External magnetic field (electromagnetic coils or permanent magnets) has been used in active 

locomotion systems of capsule endoscopes [164, 186, 187].  Sendoh and his co-workers [181] 

proposed a capsule-type magnetic actuator with fabrication and in vitro tests. The main 

structure of capsule consists of an inside permanent magnet and a spiral structure as shown in 

Fig. 55. By dint of rotating the external magnetic field, the capsule will spin and generate the 

propelling force due to the spiral shape to create the forward movement. A prototype with the 

diameter of 11mm and length 40 mm was developed and tested in-vitro with an operation 

speed of 1200 mm/min.  



 

Fig. 55. Conceptual design of capsule [181] 

A platform including the endoscopic device, a robotic unit, and a control box was introduced 

by Valdastri et al. [183]. The authors developed a magnetic air capsule (MAC) which is an 

endoscopic device and contains a frontal unit in the capsule shape and a multi-lumen tether. 

The frontal unit consists of a vision module, a permanent magnet, a magnetic sensor, and two 

channels for lens cleaning, and insufflation/suction/irrigation tool. To perform surgical tasks, 

the endoscopic tools must be placed into magnetic field generated by external magnetic 

actuator. Fig. 56 presents a picture of MAC with inserted biopsy forceps. The position and 

orientation of the robot inside the patient is controlled by the magnetic coupling in a tri-

dimensional manner. The external magnet is made of NdFeB material and placed in the end-

effector of a six-DOF anthropomorphic robotic arm. The validation of this design in ex-vivo 

and animal models gave promising results that guarantee safety requirement and function as a 

standard colonoscope. 

 

Fig. 56. The MAC with the integrated biopsy forceps [183] 



 

Fig. 57. The design concept of capsule-shaped camera [182] 

In another approach, Xiaolong et al. [182] developed a capsule larparoscopic endoscope 

which consists of two main parts: a capsule-shaped camera acting as a rotor and a coil 

winding functioning like a stator. The coils arranged at the semi-spherical dome create a 3D 

rotational magnetic field to actuate and anchor the capsule during the surgical operations (see 

Fig. 57). A number of designs were developed for simulation and real-time experiments. The 

proposed mechanism demonstrated that it is capable of providing efficient force and torque to 

move laparoscopic camera inside the abdomen.  

Modelling and Control 

In order to efficiently deploy magnetic field as a power supply for actuator, the modelling and 

control problems play a vital role. Wang et al. [188] presented a magnetic dipole modelling 

approach to compute the distribution of magnetic field around the marker. After that, the 

Levenberg-Marquardt optimization method was exploited to calculate the position and 

orientation parameters. The experiments exhibit that the method is accurate and applicable 

for real-time tracking. Three models namely Ampere molecular current hypothesis, Dipole 

theory, and BiotSavart’s law are employed to analytically estimate the interaction magnetic 

forces and torques. Then, they are used for shape optimization and velocity control problems. 

In contrast, based on the theories of steady currents, permanent magnets and magnetic 

circuits [189], the magnetic torques and forces are gauged with finite element analysis (FEA) 

[176]. The authors in [190] deal with a simple model for magnetic torque and force on axial 

symmetric bodies while Di Natali et al. [191] propose a dynamic model for an LAM 

actuation unit based on coaxial magnetic gears which is then applied for closed-loop control 

strategies. With the given dynamic model, the load torque error is below 7.5% and the load 

speed error is below 2% with proposed control schemes.  

Advantages and Disadvantages 



An overview of current magnetically actuated medical devices is given in Table 4. As other 

kinds of actuators, magnetic actuators also hold both advantages and disadvantages in the 

surgical robotic scenario. Taking advantages into account, with the magnetic power in terms 

of forces and torques being wirelessly transmitted via abdominal wall, the need of connection 

cables or linked mechanisms is completely eliminated, followed by simpler and more 

lightweight systems. Otherwise, the surgical tools with high speed, capacity, and dexterity 

can be achieved by large-power external driving magnets or MRI machines. However, some 

limitations still need to be solved. For instance, the magnetic field exposes the high 

hysteresis, nonlinearity, and uncertainty in the models. Furthermore, since a number of 

coupled magnets are required for multiple-DOF systems, as a consequence, there is a 

presence of their interactions force, which raises the challenge in optimizing the magnet’s 

position. Last but not least, the high-associated cost and high risk of tissue damages also need 

to be addressed.  

Table 4: Review of magnetically actuated medical devices 

System Diameter 

(mm) 

Length 

(mm) 

DOFs Actuated 

by 

Bending 

angle 

(deg) 

Force 

(N) 

Torque 

(N.m) 

Application 

Magnetic 

forceps [192] 

5 42 1 Magnetic 

field 

- - - Laparoscopic 

surgery 

Tissue 

Retractor 

[176] 

12.5 154 1 Permanent 

magnet 

- - - Laparoscopic 

surgery 

LMA-based 

device [180] 

15 - 4 Permanent 

magnet 

and cable 

- 5 8 mNm Laparoscopic 

surgery 

Laparoscopic 

camera [193] 

12.7 95 3 Permanent 

magnet 

75 - - Laparoscopic 

surgery 

Capsule 

endoscope 

[181]  

11 30 2 Permanent 

magnet 

- - 3.1mNm Laparoscopic 

surgery 

Magnetic air 

capsule 

[183] 

11 26 3 Permanent 

magnet 

- - - Laparoscopic 

surgery 

 

IV. Discussion and recommendations for future works 

In this review, we have outlined the development of diverse actuators for surgical 

applications. With the advancements of science and technology, MIS have been gradually 

replacing the traditional surgical procedures. With respect to actuator perspective, the 

difficulties related to engineering design, modelling and control, force, and position sensing 

still need to be addressed.  

Cable-driven actuator 



Taking into account of the previous limitations in the cable-routed sheath and pulley systems, 

there are some possible future research directions. Due to the bulkiness of the cable-pulley 

systems, the miniature for such systems is essential. Furthermore, the new designs to 

maximize the bending radius, payload, and stiffness are also significant to eliminate the 

fatigue problem occurred in the steel cables [87]. For the cable-conduit mechanism, the 

nonlinear friction force is the underlying drawbacks, leading to inefficient force applied at the 

distal end, backlash hysteresis and difficulty in control problem. Hence, the study of novel 

cable’s materials and designs with the exposure of non-hysteretic characteristics, high force 

transmission capacity, minimal size such as polymer fibres used for fishing line and sewing 

thread is promising [194]. Carbon nanotube is also a potential candidate [195-202]. In 

addition, it is the fact that the feedback of position and force information is inevitably vital 

for the surgeons to do precise surgical procedures. Yet, by reason of so tiny surgical tool that 

the sensor attachment is impractical, it is still a hard-to-answer question. Some may propose 

the approach to estimate the exerted force based on the governing equations [57, 203] or the 

elongation of cables [59, 60]. A MEMS sensor is also a potential candidate. But, it still needs 

to be considered as further study.   

Flexible fluidic actuator 

The presence of great features such as no energized parts, high compliance and adaptability 

to unconstrained environments makes flexible fluidic actuators an excellent prospect in 

medical field. Nevertheless, such these actuators are tough to model and control, especially 

with the need of retaining the desired configuration without external supports. Soft material 

properties are unlike that of rigid. As a consequence, it is far from easy to capture them in the 

models, making it an unsolved challenge for researchers. Furthermore, the emergence of new 

soft programmable materials like bio-integrated electronics [204] or hybrid of biocompatible 

soft materials and tissue-engineering cells will open new opportunities for novel actuators in 

surgical robots.  

Thanks to the extended manipulation capabilities compared to rigid robots, soft and flexible 

robots become an emerging trend. However, the ability to obtain higher stiffness is more 

challenging due to this property. Alternatively, hybrid actuator is the solution. For example, 

the researchers in [205] proposed a novel design concept of integrating tendon in an 

antagonistic way opposing the pneumatic actuation, resulting in 94% increase in stiffness. 

The other example was presented in [206]. In this research, the elastic modulus is greatly 

grown by dint of embedding polydimethylsiloxane (PDMS) with conductive propylene-based 

elastomer (cPBE) acting as active tendon under a certain temperature. 

As shown in many studies, the information of force and position is absolutely vital in order to 

assist surgeons in conducting accurate surgical procedures. But, the question is still 

incompletely answered yet. Efficient controller is also lacked. The appearance of bio-inspired 

materials, for example ionic polymer metal composite and electroactive polymer artificial 

muscles, offers a great potential of MIS because they can work as both actuator and sensor.  

Smart materials actuator 



In order to effectively apply SMA actuators for surgical robots, some future research 

directions should be put into further consideration. Although shape memory materials 

(SMMs) are excellent candidates for various applications, they still hold the complexity of 

mathematical models and strong hysteresis nonlinearities. Then, the advancement of simple, 

reliable but powerful computational material models can put the control problems at ease. 

The development of new materials that can be composites and hybrids SMMs will be also 

necessary for the new actuators with larger force and stroke. Heating and cooling process 

play a crucial role in precisely controlling without delay. Therefore, continuous study of new 

heating and cooling methods as well as new, hybrid, and powerful control algorithms are 

essential to fully develop and apply the SMA actuators for medical field. 

By combining the shape memory alloy and thermally responsive polymers, one can obtain the 

active variable stiffness fibres or composite actuator as shown in recent studies [207, 208]. 

Using flexible combination between glassy and rubbery state of polylactic acid (PLA) or 

acrylonitrile butandiene styrene (ABS) materials in the structure, the bending modulus of 

composite fibres is significantly changed. This opens a possibility to enhance the stiffness of 

surgical robots. 

Magnetic Actuator 

With the aforementioned drawbacks, we can propose some solutions for future research of 

magnetic actuator. For example, the developments of powerful control and model algorithms 

under the uncertainties, variable wall thickness, and hysteresis will result in the accurate 

position and orientation of the instruments. The study of novel designs with efficiency, 

simplicity, triangulation ability, dexterity, and low cost will open the new doors of magnetic 

actuator applications for surgery. 

In a recent review [209], Sliker and his colleagues recommended that the use of small 

permanent magnetic field is better than large permanent magnetic field due to its safety issues 

(e.g., inadvertent attraction of instruments, electrical interference, and generation of high-

strength field). For these constraints, the accurate magnetic models and closed-loop control 

strategies play a vital role for safe and stable interaction of magnetic field to the devices. In 

addition, the authors also shown that due to the limitation of working space, the localization 

of the device is important to precisely pose the external source. If the device location is 

determined correctly, the safety problem can be guaranteed to avoid accident high force 

contact with the patient organ.  

V. Conclusion 

This study serves as one of the most comprehensive review on the actuators-driven surgical 

robots in terms of design, modelling, control problems, and proposed potential future 

research directions. While there have been multiple developed categories such as cable, 

flexible fluidic, smart material, and magnetic actuators, every candidate still holds both 

disadvantages and advantages. To fully make use of robotics in surgical procedures, 

dedicated researches on actuators should be conducted essentially to address the current 

shortcomings. From authors’ point of view, the precise control schemes with high hysteresis, 



friction force are still challenges, while the promising future directions can be realized in new 

materials or hybrid actuators to make them small, dexterous, and multi-functional. This 

review also gives the roadmap to the interested scientists and researchers in the field. 
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