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Abstract 
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Research on key technologies of snake arm maintainers in extreme environments 
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84 pages 
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Diss. Lappeenranta-Lahti University of Technology LUT 

ISBN 978-952-335-908-6, ISBN 978-952-335-909-3 (PDF), ISSN 1456-4491 (Print), 
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The China Fusion Engineering Test Reactor (CFETR) is a major international scientific 

project to solve the problem of providing the ultimate energy source for mankind. The 

safe and stable operation of the test reactor relies on regular monitoring and maintenance 

via the remote handling (RH) system. Traditional industrial robots are unable to meet the 

requirements of the narrow, obstacle-ridden and highly radioactive vacuum chamber. 

Additionally, maintenance efficiency is low, which seriously affects the process of 

promoting efficient automated maintenance equipment for the future commercial 

operation of nuclear fusion power plants. The hyper-redundant snake arm maintainers 

(SAM) with their excellent environmental adaptability and obstacle avoidance 

capabilities have attracted a lot of attention from researchers. Therefore, SAM is a highly 

significant and practical application in the monitoring and maintenance of large and 

complex equipment and confined spaces. SAM is a multi-jointed, hyper-redundant robot 

whose design is inspired by vertebrate and invertebrate animals in nature, such as snakes, 

elephant trunks, octopus tentacles and animal tails. A distinctive feature of the SAM is 

that the drive unit (motor, etc.) is placed outside the robot’s working space, which 

simplifies the overall structure of the robot and allows for a more complete streamlined 

posture. This externally driven “bionic tendon” makes the entire length of the arm free of 

excessive electronics and ideal for working in high-risk, radioactive, confined areas such 

as nuclear power plants. 

The objective of this project was to develop SAM as one of the key subsystems of the 

CFETR remote handling maintenance system for tasks such as visual inspection and dust 

removal in the complex pipeline areas of the upper window and the bottom of the divertor 

in the vacuum chamber. By analyzing the skeleton characteristics of the snake and its 

geometric form of sinuous movement, an under-actuated SAM design method is proposed. 

Mounting it on the quick-change interface at the end of the CFETR multipurpose overload 

robot (CMOR) enables many types of maintenance operations in complex and confined 

spaces inside the vacuum chamber. The main research content of this dissertation includes 

(1) A SAM structure design method. In this work, a layered drive principle was adopted

to design a rigid under-actuated SAM with a highly integrated composite capstan drive

system to meet the design objectives for miniaturised and lightweight components in

narrow vacuum chambers. (2) A SAM dynamics decoupling algorithm. Based on the

SAM structure and drive characteristics, a non-linear decoupling algorithm for the cable

traction force of each joint was investigated. The cable traction force was decoupled using



Lagrange’s equation, force balance, torque balance and equivalent transformation. The 

strong coupling between the cable traction force and the joints, the end-effector and the 

servo motor and the cable forces in different positions are analysed. A closed-loop control 

strategy based on the SAM decoupled dynamics model was designed. The simulation 

results show that the stability and position accuracy of the motion was significantly 

improved. (3) A SAM adaptive trajectory control algorithm. Based on the tractrix 

principle, an improved trajectory tracking algorithm and minimum joint displacement 

principle, an adaptive trajectory control algorithm was designed and integrated for the 

whole working process of the SAM. This mainly includes trajectory tracking for the 

process of entering the narrow space at the initial position, trajectory planning for the 

process of completing the task and trajectory tracking for the process of exiting the narrow 

space at any position. (4) A SAM rigid-flexible coupling deformation position error 

compensation algorithm. By using a SAM rigid-flexible coupling dynamics model, the 

position error of the SAM end-effector under variable loads was obtained. Based on the 

Levenberg-Marquardt (LM) non-linear damped least squares algorithm, various 

parametric errors of the SAM are identified. It was also combined with gridded workspace 

and linearised variable load principles to achieve variable parameter compensation for 

different loads and positions. Finally, SAM prototypes were developed and validated with 

cable traction tests, trajectory control tests, load capacity and accuracy tests. The results 

of the research will be used to meet the practical maintenance requirements of the CFETR 

vacuum chamber in the divertor and upper window complex pipeline area. 

The SAM designed in the project has a compact structure while offering high spatial 

curvature, positional accuracy and load capacity. In addition, the drive system, control 

system and kinematic model have been simplified to achieve bionic motion control of the 

robot. It can be mounted at the end of the CMOR for monitoring, maintenance, flaw 

detection and dust removal in the complex environment of the CFETR vacuum chamber. 

This is important for the stable operation, rapid inspection and automated maintenance of 

nuclear fusion reactors, which can accelerate the process of commercial operation of 

fusion reactors and realise the dream of an ultimate energy source for mankind. 

Expanding the scope of applications of the SAM designed in this project is of great 

significance in the aerospace, manufacturing, rescue and medical sectors. 

Keywords: China fusion engineering test reactor, remote handling system, snake arm 

maintainer, adaptive trajectory control, error compensation 
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Nomenclature 

Latin alphabet 

Di simultaneous transformation matrix – 

Pi position vector m 

d diameter m 

F force vector N 

g acceleration due to gravity m/s2 

L characteristic length m 

G gravity vector N 

l length m 

T torque Nm 

m mass kg 

N number of particles – 

I unit normal vector – 

p pressure Pa 

r radius m 

t time s 

V volume m3 

v velocity vector m/s 

x x-coordinate (width) m 

y y-coordinate (depth) m 

z z-coordinate (height) m 

X-axis X-coordinate axis – 

Y-axis Y-coordinate axis – 

Z-axis Z-coordinate axis – 

s sine – 

c cosine – 

Greek alphabet 

α (alfa) 

β (beta) 

γ (gamma) 

Δ (capital delta) usually used for change without slanting: Δ 

δ (delta) notice the difference to 𝜕 (partial differential) symbol in equations 

ε (epsilon)  

η (eta) 

θ (theta) 

λ (lambda) 

μ (mu) 

ν (nu) this is similar to the Latin v (vee), avoid using 

π (pi) usually reserved for the mathematical value π = 3.14159... 

ρ (rho) 
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σ (sigma) 

τ (tau) 

Φ (capital phi) 

φ (phi) 

ψ (psi) 

ω (omega) 

Subscripts 

p position coordinates 

max maximum 

min minimum 

Abbreviations 

CFETR China Fusion Engineering Test Reactor 

CMOR CFETR multipurpose overload robot 

RH Remote Handling 

SAM Snake Arm Maintainer 

LUT Lappeenranta-Lahti University of Technology 

ASIPP Chinese Academy of Science, Institute of Plasma Physics 

NUAA Nanjing University of Aeronautics and Astronautics 

AGV Automated Guided Vehicle 

CASK CASK component transfer vehicle 

DOF Degree of freedom 

Tr Translational transformation 

R Rotational transformation 

VV Vacuum Vessel 

DH Denavit-Hartenberg 

3D Three Dimensional 

2D Two Dimensional 

LM Levenberg-Marquardt 

RSMC Robust Sliding Mode Controller 

ME Maximum absolute position error 
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1 Introduction 

This chapter firstly introduces the scientific problem of interest for the research, which is 

the application technologies of the Snake Arm Maintainer (SAM) for the remote handling 

system of a nuclear fusion reactor, and the research objectives are developed. Then, some 

basic principles of the Tokamak fusion reactor and the technical features of the remote 

handling and maintenance system are summarised according to the research objectives. 

By analysing the inadequacies of the CFETR multipurpose overload robot (CMOR), the 

design concept is presented of a combination maintenance system with the SAM as an 

end-effector, and the current state of research on SAMs is overviewed. Thirdly, the 

application potential and technical difficulties of the SAM are summarised and the 

corresponding solutions are proposed according to the technical difficulties. A workflow 

diagram for the research and development of the SAM is developed. The research 

objectives, the contribution of the dissertation and the scientific significance are clarified. 

Finally, the organisation of the full text is outlined. 

1.1 Research problem and objective 

Fusion reactors are an international scientific project aiming to solve the ultimate energy 

problem for humanity. The safe and stable operation of fusion reactors is dependent on 

the remote handling system (RH) for regular monitoring and maintenance operations 

(Buckingham and Loving, 2016; Song et al., 2014; Bogue., 2011). Conventional 

industrial robots cannot meet the maintenance requirements of the narrow, multi-obstacle, 

strong radiation vacuum chamber, which seriously affects the stable operation of future 

commercial nuclear fusion power plants. The snake arm maintainers (SAM) designed 

based on bionic principles have excellent environmental adaptability and obstacle 

avoidance capabilities and can work in unstructured environments and multi-device 

environments with non-cooperative targets, which has attracted a lot of attention from 

researchers (Armada et al., 2005; Buckingham et al., 2012; Liu et al., 2021). Therefore, 

SAMs have great significance and there is an urgent need for practical applications for 

the monitoring and maintenance of large and complex equipment and confined spaces. 

This study aims to address the application of SAMs in the complex environment of fusion 

reactors and to improve the problems of existing SAMs, such as lower accuracy, smaller 

loads, excessive volume and deadweight, complex control and trajectory planning 

problems. This dissertation will carry out the research work on SAM based on the 

practical requirements of the CFETR maintenance system in narrow environments. 

This dissertation aims to develop a SAM as one of the key subsystems of the China Fusion 

Engineering Test Reactor (CFETR) remote handling system for tasks such as visual 

inspection, flaw detection, dust removal in areas such as the bottom of the divertor and 

the upper window in the vacuum chamber (Song et al., 2014; Chang-Hwan et al., 2015; 

Zhang et al., 2017). As shown in Figure 1.1, the SAM is mounted on the quick-change 

interface at the end of the CMOR to achieve access to the CFETR reactor to complete 

work tasks. With a sufficiently large operating space and adaptability to strong radiation 
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environments, it is more flexible than classic rigid linkage robots and can work in 

complex environments with multiple obstacles utilising encircling methods. SAM can 

remove a large amount of dust left by the operation of the test reactor, obtaining high-

quality plasma and improving operational stability. 

  

Figure 1.1: The SAM is mounted on the quick-change interface at the end of the CMOR and 

enters the vacuum chamber to finish the tasks: (on the left) a divertor surface inspection, (on the 

right) a divertor bottom inspection. (ASIPP, 2020) 

 

This project will investigate the structural, driving and control system design of the SAM 

to improve its position accuracy and load capacity, based on the deficiencies of the 

existing SAM. Adaptive control will be achieved through the design and development of 

control methods such as SAM trajectory tracking, trajectory planning and joint control. 

By decoupling the dynamics of cable-driven SAMs and establishing an optimised motion 

control strategy, the dynamic and force characteristics will be optimised. A position error 

compensation algorithm will be established using a rigid-flexible coupling deformation 

analysis and through the testing of a SAM large slenderness ratio model to achieve precise 

positioning of the end-effector. 

The findings will be used to meet various maintenance needs such as visual inspection 

and flaw detection in the complex pipeline areas of the CFETR vacuum chamber. It is 

extremely significant for the stable operation, fast maintenance and automated 

maintenance of fusion reactors, which can accelerate the process of commercial operation 

of fusion reactors and realise the dream of an ultimate source of energy for mankind. 

1.2 Research background 

Nuclear fusion, also known as thermonuclear fusion, is a reaction in which atoms with 

small masses polymerise with each other under certain conditions (e.g. ultra-high 

temperature and pressure). During thermonuclear reactions, large numbers of electrons 

and neutrons are released, and this is reflected in a huge release of energy. Fusion material 

can come from seawater and some light atoms, so there is no limit to the amount of fusion 

material available. Humans have achieved uncontrolled thermonuclear reactions, such as 
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the explosion of a hydrogen bomb, which can generate large amounts of heat energy in 

an instant but cannot be harnessed. Therefore scientists are currently working on a 

controlled fusion device, Tokamak, which is a circular vessel that uses magnetic 

confinement to achieve controlled fusion as shown in Figure 1.2, enabling controlled 

fusion reactions (Furth, 1975; Fisch, 2008). At the centre of the Tokamak is a circular 

vacuum chamber with cable coils wound around the outside. In its energised state, the 

inside of the Tokamak generates a huge spiral magnetic field which heats the plasma in 

it to very high temperatures for fusion purposes (Patel et al., 2021; Gliss et al., 2022). In 

the future, if fusion reactors are commercialised, they could provide humanity with the 

cleanest and most inexhaustible source of energy. 

  

Figure 1.2: Nuclear fusion principles and devices. (left) Magnetic fusion reactors contain super-

hot plasma in a circular vessel called a tokamak (Heaven, 2022), (right) CFETR conceptual design 

model. (ASIPP, 2020) 

 

During the operation of future fusion reactors, a large amount of radioactive beryllium 

dust and carbon dust will be generated inside the vacuum chamber, which will easily 

cause the first wall to overheat over a long period, seriously affecting the first wall heat 

exchange performance and causing local explosions. Therefore, the vacuum chamber 

needs to be cleaned regularly. On the other hand, the remote handling system requires the 

vacuum chamber to be opened when performing maintenance on internal components, 

which can cause radioactive dust to leak out and seriously compromise the safety of the 

device and staff. Therefore, preliminary cleaning of the dust inside the vacuum chamber 

is required (Qin et al., 2020). In addition, the large amount of heat, radiation energy, 

electromagnetic fields and the accompanying neutron flow generated during the operation 

of the fusion reactor can have a significant impact on the performance of the internal 

components of the vacuum chamber, especially the parts facing the first wall of the 

plasma and vulnerable components such as welded joints. Cracks, ablation, deformation, 

etc. may occur and periodic inspections of the internal components of the vacuum 

chamber are required. Based on the above requirements all countries are actively 

exploring different types of remote handling systems to meet their maintenance needs in 
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various environments and operating conditions while developing their fusion reactors 

(Han et al., 2015). 

1.2.1 CMOR Remote Handling System 

CMOR is a heavy-duty robotic system for the maintenance of internal components in 

CFETR vacuum chambers (Manuelraj et al., 2016; Pan et al., 2017). Similar to the NASA 

space machine maintenance model, various methods such as master-slave control and 

automatic control are used. Figure 1.3 shows the CMOR system operating in a vacuum 

chamber and the range of tasks that need to be carried out, including handling, cutting, 

bolt removal, welding, visual inspection, polishing, dust collection and rescue recovery 

of other remote handling equipment. To achieve these functions, the CMOR must carry 

the appropriate end-effectors or tools from the maintenance window into the vacuum 

chamber to carry out the corresponding maintenance actions. 

  

Figure 1.3: CMOR working process and main functions: (on the left) CMOR operating in a 

vacuum chamber, (on the right) the range of tasks to be performed by CMOR. (ASIPP, 2020) 

 

CMOR mainly refers to the heavy-duty robotic arm and the associated components that 

assist CMOR in maintenance operations. The main components include the CASK 

components transfer vehicle used to retrieve the arm (Gutiérrez et al., 2020; Valente et 

al., 2011), the robotic arm body, the end-effectors and other supporting systems as shown 

in Figure 1.4. The working process can be carried out with single or double-arm 

collaboration as shown in Figure 1.5. The CMOR enables remote maintenance operations 

using mounted end-effectors (industrial manipulators / SAMs etc.). The bottom of the 

CMOR can be connected to the interface reserved in the CASK to transport the CMOR 

with the mobile platform to the middle maintenance window of the vacuum chamber. The 

CMOR and the end-effector are pushed together by the mobile platform into the 

designated maintenance area of the vacuum chamber. The CMOR is responsible for 

transporting the various end-effectors to the area where the maintenance work is to be 

carried out and for their initial positioning. Then, depending on the task, the different end-

effectors in the toolbox are used to carry out the task. 

Handling Cutting Disassembly Welding

Inspection Polishing Dust removal Rescue
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Figure 1.4: Diagram of the CMOR maintenance system. (ASIPP., 2020) 

 

 

Figure 1.5: The CMOR completes its work in the vacuum chamber: (left) CMOR replaces the 

first wall cladding; (right) CMOR takes the end-effector from the toolbox. (Qin et al., 2021; 

ASIPP., 2020) 

 

The conceptual design of the CMOR heavy-duty arm and the DH coordinate system is 

shown in Figure 1.6. The CMOR consists of 9 components from 𝐵1 to 𝐵9 and 8 rotation 

joints from 𝐽1 to 𝐽8 with a total of 8 degrees of freedom, with different forms of joint 

actuators between the joints, according to requirements. CMOR’s 𝐽1 and 𝐽2 are horizontal 

yaw motions, 𝐽3, 𝐽5 and 𝐽7 are axial rotational motions, and 𝐽4, 𝐽6 and 𝐽8 are vertical pitch 

motions (Qin et al., 2021). The structural and performance parameters of the CMOR are 

shown in Table. 1.1−Table. 1.2. The end of the CMOR can be equipped with end-effectors, 

toolboxes, etc. for operational tasks. To save storage space for access to narrow vacuum 

chambers, the CMOR can be folded by adjusting joint 𝐽4 and stored inside the CASK 

component transfer vehicle for transport. 

Tool box

AGV and CASK

Heavy-load arm and 

end-effector

Deployment trolleyDeployment trolley

(a) (b)
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Figure 1.6: Diagram of a CMOR heavy-duty robotic arm (left) and coordinate system (right). 

(ASIPP, 2020; Qin et al., 2021) 

Table 1.1: CMOR Heavy Duty Arm Parameter Specification. 

Item Value 3 

Maximum load at the end 6 DOF: 2500 kg; 8 DOF: 1050 kg 

Repeat positioning accuracy ± 10 mm 

Maximum operating speed Less than 100 mm/s 

Accessible space in the vacuum chamber ± 45 ° 

Table 1.2: CMOR heavy-duty arm DH Parameter. 

Rod (i) 
Variable 

(𝜃𝑖) 
Rotation Angle (°) Distance (m) Range (°) 

1 θ1 (0, 0, 0) (0, 0, 0) −90~+90 ° 

2 θ2 (0, 0, 0) (1.76, 0, 0) −90~+90 ° 

3 θ3 (0, 90°, 0) (0, 0, 1.33) −180~+180 ° 

4 θ4 (90°, 0, 90°) (-0.375, 0.91, 0) 0~+180 ° 

5 θ5 (−90°, 0, 0) (0.375, 0, 0.94) −180~+180 ° 

6 θ6 (90°, 90°, 0) (0, 1.3, 0) −90~+90 ° 

7 θ7 (−90°, −90°,0) (0, 1.19,0) −100~+100 ° 

8 θ8 (90°, 0, 0) (0, 0, 0.46) −90~+90 ° 

 

The CFETR vacuum chamber is a rotating body with a maximum diameter of 25.52 𝑚 

in the equatorial plane and a minimum diameter of 7.24 𝑚 similar to the letter “𝐷”, as 

shown in Figure 1.7 (Zhang, 2020). Depending on the maintenance work, there are two 

main types of CMOR workspaces: (1) space consisting of the high field side blanket, the 

low field side blanket and the divertor; (2) space consisting of the inner wall of the 

vacuum chamber after the internal blanket and the divertor have all been removed from 

the chamber (Lei et al., 2019; Zhuang et al., 2019). When maintenance work is required, 
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the CASK component transfer vehicle transports the CMOR via rails into the vacuum 

chamber through the middle maintenance window. The middle window has a rectangular 

cross-section and is 2740 𝑚𝑚 high and 2330 𝑚𝑚 wide. Once the CMOR enters the pre-

set position of the middle maintenance window, it can be fixed relative to the vacuum 

chamber using a bottom track. Then, the CMOR changes from the folded to the unfolded 

state inside the vacuum chamber using trajectory planning.  

 

  

  

Figure 1.7: Scope of CMOR maintenance in the vacuum chamber. (ASIPP, 2020) 

 

The CMOR can cover ± 45° in the working space along the circumference of the vacuum 

chamber. The end of the CMOR in the vacuum chamber must be kept at a distance of 

150 𝑚𝑚 or more from the blanket, the divertor and other devices in the vacuum chamber. 

However, in practical maintenance tasks, CMORs are required to move in narrow spaces, 

such as the visual inspection of the first wall of the divertor and its pipeline areas and the 

dust removal from the entire lower surface of the vacuum chamber. Conventional end-

effectors are difficult to use due to structural and flexibility constraints. The SAM is a 

hyper-redundant, extremely flexible bionic system with excellent maneuverability in 

complex and narrow areas. Therefore, it is proposed to develop a SAM that will enable 

full coverage inspection of the vacuum chamber and internal components when mounted 

at the end of the transport arm of the CMOR system. Alternatively, visual inspection of 

the complex pipeline area at the top of the blanket can be carried out by mounting the 

SAM on the upper window linear motion mechanism. 
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1.2.2 Snake arm maintainer 

The Snake Arm Maintainer (SAM) is a multi-joint, hyper-redundant robot inspired by 

natural vertebrates and non-vertebrates (Chirikjian and Burdick, 1991; Runciman et al., 

2019; Liao and Zang, 2020), such as snakes, elephant trunks, octopus tentacles and animal 

tails. The distinctive feature of the SAM is that the drive units (motors, etc.) are placed 

outside the robot’s working space (Palmer et al., 2014), which simplifies the overall 

structure of the robot and allows for a more complete streamlined structure of the motion 

posture (Nemitz et al., 2016). This externally driven “bionic tendon” design, with the 

drive system concentrated at the tail, allows the entire arm’s length to be free of excessive 

electronics, making it ideal for work in high-risk, radioactive, narrow areas such as 

nuclear power. The SAM motion and control methods mainly include trajectory planning, 

joint space control and end trajectory following control, which can meet the control needs 

of various environments. Therefore, the SAM has great application potential in 

monitoring and maintenance of large and complex equipment as well as in narrow spaces 

(Huang et al., 2018). 

 

Figure 1.8: The Snake Arm Maintainer as a CMOR end-effector for dust cleaning at the bottom 

of divertors. (Zhang T., 2020; Qin et al., 2021) 

 

As shown in Figure 1.8, the SAM is mounted on a quick-change interface at the end of 

the CMOR for repair, maintenance, flaw detection, dust removal, monitoring and 

observation in the CFETR vacuum chamber environment (Peng et al., 2015). The small 

and long space at the bottom of the divertor and in the upper window pipeline area makes 

it impossible to use conventional industrial robots for maintenance. The SAM has a 

sufficiently large and flexible working space and can be adapted to strong radiation 

environments. The high temperature plasma bombardment of the first wall during reactor 

operation generates large amounts of dust. The snake arm robot can enter the confined 

space of the vacuum chamber to quickly clean up the radioactive dust. Thus, a high quality 

plasma is obtained and reactor working stability is improved (Liu et al., 2017). We know 

that snakes move in a “𝑆” shape mainly using a combination of the backbone, associated 

muscles and ventral scales. When the body is in a straight line or on a smooth surface the 
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snake cannot move forward. The SAMs developed based on the motion morphology of 

the snake consist of two main types. One is the snake mobile robot, which was first 

studied in 1946 when Gray designed a snake mobile robot inspired by the geometric form 

of the snake (Gary, 1946), showing adaptability in narrow and constrained environments 

(Pettersen, 2017; Liljebäck et al., 2012; Liljebäck, 2013; Virgala et al., 2021). The other 

type is the drive system rear-mounted SAM with a self-supporting arm, which is flexible 

like a snake and has a transfer mechanism that can be controlled on a computer. It can be 

mounted like an industrial robot on ground platforms, mobile vehicles, linear slides or 

other robots for collaborative work (OC robotics, 2022). 

 

Figure 1.9: Classification of rigid robots, and hyper-redundant robots. (Wang et al., 2020) 

 

A structural classification of SAMs is shown in Figure 1.9. A SAM has three main 

structures: continuum, under-actuated and hyper-redundant. The continuum robot is a 

new type of robot developed from rigid linkage robots and discrete hyper-redundant 

robots (Robinson and Davies, 1999). Continuum robots belong to a branch of hyper-

redundant robots as shown in Figure 1.9, which illustrates the development of rigid robots, 

hyper-redundant robots and classification methods. Structural analysis shows that an 

under-actuated robot is a continuum robot when the number of joints increases wirelessly, 

so both under-actuated and flexible robots fall into the category of continuum robots. 

SAMs are mainly redundant robotic arms with a large number of DOF and a robotic form 

similar to that of an octopus tentacle or snake. It is a continuous development from rigid 

linkage robots and discrete hyper-redundant robots that can exhibit a large number of 

degrees of freedom of movement similar to a flexible robot, but not all of the degrees of 

freedom can be directly controlled and driven (Robinson and Davies, 1999). The 

definition of SAM comes primarily from the ability to navigate and avoid obstacles in 

complex environments, such as nuclear power plants or complex terrain rescue after 

disasters. It is usually a structure consisting of multiple rotating joints, flexible rods, 

springs, gas chambers or a series of discrete universal joints connected in series (Li et al., 

2002; Lum et al., 2011; Tsukagoshi et al., 2001). There are also various types of drive 
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controls for SAMs including cable traction, pneumatic and hydraulic drives, electroactive 

materials and shape memory alloys (Ivanescu and Badea, 2003). 

As shown in Figure 1.10 a SAM usually consists of four parts: the feeding platform, the 

end drive box, the multi-joint snake arm and the end-effector (Palmer et al., 2014). The 

snake arm usually consists of several joint units connected in series by universal joints, 

each with two degrees of freedom. The choice of end-effector depends on the 

environment in which it is used and can be optionally installed such as visualisation tools, 

clamping jaws, cutting and welding equipment, etc. The drive box is concentrated at the 

rear to reduce the mass of the snake arm and the power is transmitted by cable, pneumatic 

or hydraulic means. The bottom slide is used to drive the feed motion of the snake arm 

and can also be mounted on industrial robots to extend the working space of the SAM 

using industrial robots. 

 

Figure 1.10: Components of the Snake arm maintainer. (Palmer et al., 2014) 
 

 

Figure 1.11: Series II, X125 System snake arm robots from OC Robotics. (Buckingham R, 2002) 

(OC robotics, 2022) 

Table 1.3: Snake arm robot from OC Robotics, performance parameters. 

Item Value Item Value 

Total arm length 1 − 3.1 𝑚 Rigid Extension Length 0 − 5 𝑚 

Number of joints 12 Degrees of freedom 24 + 1 

Maximum bending angle 225° Linear motion stroke 1 − 3.1 𝑚 

Single bending angle 27.5° Bending radius 160 − 950 𝑚𝑚 

Load > 10 𝑘𝑔 Maximum feed speed 100 𝑚𝑚/𝑠 

 

(a) (b)
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Work paths
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Existing SAMs can be broadly categorised into three types based on the drive and degree 

of freedom: the first type is the most common hyper-redundant SAM. The structure 

design shown in Figure 1.11 is an SAM (Series II, X125 System) from OC Robotics in 

the UK (Nagase et al., 2012), which uses bionic principles inspired by the movement of 

snakes and the principles of hyper-redundant structures and cable traction. The specific 

parameters of the robot are shown in Table 1.3. The key characteristics are the ability to 

change the arm shape quickly and the precise kinematics that can be modelled for motion 

control. The end drive box is fitted with multiple servo motors driving a screw module to 

pull the wire cable for motion control. The design has high positional accuracy good 

control flexibility and can be used for visual inspection tasks through complex multi-

obstacle areas using end traction and joint following. It is different from the snake-like 

mobile robot in that the drive unit (motor, etc.) is placed outside the robot’s working space, 

which simplifies the overall structure of the robot and allows for a more complete 

streamlined posture. The end drive box can be optionally mounted on moving tools such 

as mobile slides and trucks to achieve the SAM’s feed motion for a variety of complex 

environments, which makes it ideal for high risk, narrow space operations such as vacuum 

chamber for fusion reactors (Xu et al., 2017; Armada et al., 2005). 

 

Figure 1.12: Snake arm robot from SIASUN Robotics. (SIASUN, 2022) 

Table 1.4: Snake arm robot from SIASUN Robotics, performance parameters. 

Item Value Item Value 

Total arm length 2269 𝑚𝑚 Diameter 125 𝑚𝑚 

Number of joints 12 Degrees of freedom 24 + 1 

Maximum bending angle 180° Linear motion stroke 2300 𝑚𝑚 

Single bending angle 22° Bending radius 591 − 639 𝑚𝑚 

Load 5 𝑘𝑔 Maximum feed speed 100 𝑚𝑚/𝑠 

Self-weight 1400 𝑘𝑔 Length, width and 

height 
3800 × 800 

× 1550 

Repeatable positioning 

accuracy 
± 1 𝑚𝑚 Power supply Single phase AC 

220 𝑉 

 

Similarly, SIASUN Robotics in China used a snake bionic design and end-following 

control method to design the SAM shown in Figure 1.12 with the performance parameters 

shown in Table 1.4 (SIASUN, 2022). With a total of 12 joints and 24 + 1 degrees of 

(a) (c)(b)
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freedom, this product can avoid obstacles smoothly and flexibly. It also supports remote 

control of the robot, which greatly enhances the robot’s flexibility and adaptability for 

work in extremely harsh environments. The different tools installed at the end are capable 

of carrying out a variety of complex tasks, such as drilling in the narrow environment of 

the aircraft wing, inspecting the cooling lines of nuclear power plant reactors, detecting 

military targets over the obstacle of vision, search and rescue of people trapped at the 

scene of an earthquake, etc. 

 

Figure 1.13: Multi-joint continuum robots. (Mcmahan et al., 2006) 

 

 

Figure 1.14: Octopus tentacle robot. (Xie et al., 2020) 

 

The second type is the continuum SAM consisting of a flexible material as the central 

backbone. Traditional hyper-redundant SAMs are typically defined as having more 

kinematic actuatable degrees of freedom than the robot’s workspace (e.g. the OC 

Robotics II-X125 robot with 12 joints and 36 drive motors), with complex control and 

large end drive boxes (OC robotics, 2022). However, continuum robots do not need to 

satisfy this definition. A continuum robot can exhibit a large number of degrees of 

freedom of movement, but not all of them are directly driven. Therefore, it is possible to 

have a continuum of robots rather than a technically hyper-redundant robot (Hannan and 

Walker, 2003). Figs. 1.13−1.14 show two types of continuum robots. These can bend 

continuously along their length, like an elephant’s trunk, a snake or an octopus tentacle. 

They are usually composed of soft and flexible materials that can exhibit a large number 

of degrees of freedom of movement similar to a flexible robot, However, not all of the 

degrees of freedom can be directly controlled and driven. The drive system mainly 

(a) (b) (c)

(b)(a) (c)
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consists of the stretching and deformation of traction cables, tendons and pneumatic 

muscles to achieve bending and rotational movements of the continuum. 

 

Figure 1.15: Sub-millimetre self-lubricating continuum robots. (Kim et al., 2019) 
 

For extremely narrow sub-millimetre scale applications such as in the human vasculature, 

a continuum SAM can also be applied, as shown in Figure 1.15, where Y Kim et al. 

propose a self-lubricating soft continuum robot design method (Kim et al., 2019). Unlike 

conventional hyper-redundant robotic drive systems, it has an all-around steering and 

navigation capability based on a magnetic drive. This is achieved by programming 

ferromagnetic domains in its soft body and growing a hydrogel skin on its surface. The 

robot’s body consists of a soft polymer of uniformly dispersed ferromagnetic particles 

that can be reduced to less than a few hundred microns in diameter, and the skin made of 

hydrogel reduces frictional resistance by a multiple of 10 or more. The prototype tested 

in Figure 1.15 demonstrates the ability to navigate in complex and restricted 

environments, such as navigation and movement in tortuous brain vessels with multiple 

aneurysms. Because of its compact, independent drive and intuitive operation, the 

ferromagnetic soft continuum robot can reach narrow areas for surgical treatment, and 

the same technology can meet the challenges and requirements of different industrial 

applications. 

The third type are under-actuated SAMs consisting of an under-actuated mechanism. 

Under-actuated robots are classified as continuum robots but are very different from 

traditional flexible continuum robots. As shown in Figure 1.16, Liu Y et al. introduced a 

novel under-actuated elephant trunk robot with an under-actuated geometry, consisting 

of a series of novel under-actuated linkage mechanisms (Liu et al., 2019; Guo et al., 2022). 

The robot is very simply driven by a single motor and is capable of grasping objects of 

different shapes and sizes. The robot simplifies the complexity of the operating system 

and control system and can adaptively change its shape for unknown objects to complete 

the grasp. The robot can be used as an end-effector to perform grasping tasks in all types 

of dangerous and unknown environments. The effectiveness of the proposed robot design 

(b)(a)
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has been verified through comprehensive experiments with prototype robots bending, 

extending and grasping. 

 

Figure 1.16: Under-actuated bionic elephant trunk robot. (Liu et al., 2019) 

1.3 Scientific and societal contribution of the work 

Continuum robots can bend continuously along their length, like the trunk of an elephant, 

a snake or an octopus arm. They are usually made of soft and flexible materials and are 

highly adaptable to the environment (Wang et al., 2020; Zheng et al., 2016; Rone and 

Ben-Tzvi, 2014; Zheng et al., 2017). At present, continuum robots are still a relatively 

new field and aim to meet the requirements in dangerous unknown environments such as 

radioactive waste disposal, search and rescue and minimally invasive surgery (Gao et al., 

2020; Walker, 2014; Burgner-Kahrs et al., 2015; Cianchetti et al., 2018).  

Therefore, this dissertation will investigate a snake arm maintainer for the internal 

operation of CFETR vacuum chambers based on the characteristics of a continuum robot. 

The problems with existing continuum SAMs are mainly: (1) their poor load capacity and 

accuracy. SAMs that use soft materials as a support backbone make it possible for small 

changes in the end load to cause large position errors in the end-effector. (2) The drive 

and control system is complex, so if using the rigid hyper-redundant degree of the 

freedom design method, the SAM will need a large number of drive motors, the drive 

system becomes complex, and the trajectory planning and accuracy control will be 

difficult. The design requirements for miniaturisation and the light weight of the end drive 

box make the length of the snake arm short. Therefore, it is urgent to explore and innovate 

the structural, drive and control systems of SAMs. 

Based on the actual needs of the CFETR remote handling system and the shortcomings 

of the existing continuum SAM in terms of load, accuracy and control, this dissertation 

develops a research plan and technology roadmap as shown in Figure 1.17. It focuses on 

solving the technical difficulties in the following areas. 
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Figure 1.17: SAM Development Technology Roadmap. 

Research on key technologies of snake arm maintainer in extreme environments

Movement 
4. SAM and CMOR co-operate

3. SAM Individual Operations

2. Unfolded state in VV

1. Folded state in CASK

Key scientific problems

Problem 1:
SAM integrated design for light weight, 

miniaturisation, high accuracy and large loads

Problem 2:
SAM's high-precision adaptive motion control 

algorithm under different operating conditions.

Key technologies

Key Tech 1:
SAM structural 

integration design 

technology

Key Tech 2:
SAM adaptive 

trajectory control 

technology

Key Tech 3:
Complex dynamics 

decoupling and 

dynamic control

Key Tech 4:
Error compensation 

techniques for 

variable loads

Expectations

Theoretical innovations:
• Proposed highly flexible integrated design method for a continuum of snake arm maintainer.

• Proposed adaptive trajectory control algorithm for snake arm maintainers in and out of narrow spaces.

• Proposed an equivalent dynamically decoupled control method and controller for the snake arm 

maintainer.

• Proposed an error compensation algorithm for the variable load and variable parameters of the snake arm 

maintainer.

Technological advantages:

• Complete the under-driven principle snake arm maintainer design, development and drive control.

• Completed adaptive trajectory control based on the Tractrix principle and improved trajectory tracking 

algorithm.

• Completed an end-effector error compensation algorithm based on the spatial grid algorithm and the 

Levenberg Marquardt algorithm.

• Completed the development of a collaborative motion control algorithm for the snake arm maintainer 

and CMOR.
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1. Solving the problem of miniaturised and lightweight design of the whole SAM 

including load capacity, position accuracy and large slenderness ratio. 

Conventional hyper-redundant SAMs with boom lengths of over 2000 𝑚𝑚  are 

extremely heavy and bulky (over 1000 𝑘𝑔). The control system and drive system are so 

complex that they cannot be installed directly in the CMOR for operational tasks. 

Therefore, it is a major challenge to simplify the entire design of the SAM structure, drive 

and control system, and to achieve a lightweight and miniaturisation of the entire machine, 

while ensuring a certain arm’s length, position accuracy and ensuring load requirements 

can be met. 

Solution: By analysing the skeletal structure and movement geometry of the snake, a 

layered-driven design method is proposed. By reducing the overall weight of the SAM 

through a rigid under-actuated structure, a miniaturised and lightweight design was 

achieved. The design based on a composite capstan drive system meets the control 

requirements of the under-actuated mechanism and further reduces the size and weight of 

the drive box. 

2. Solving the problem of strong coupling of SAM drive cable traction and multi-level 

mapping of the components. 

Due to the multi-stage cable drive, there are highly coupled features between the end-

effectors, universal joints, joint units, and drive motors of the SAM, and the relationships 

between them cannot be obtained directly. This makes it impossible to build accurate 

dynamics models to obtain real-time drive forces for each cable, especially when the 

degrees of freedom are increased. In addition, the lack of precise dynamics equations 

directly affects the design of the motion controller, and ultimately the lack of optimal 

control theory for the SAM affects the working performance of the whole machine. 

Solution: The key is a decoupling calculation of the cable forces for each joint based on 

the equivalent transformation law of force balance, torque balance and the Lagrangian 

dynamics algorithm. The coupling relationships between the SAM end-effectors, joints 

and drive motors are grouped and solved in turn based on the homogeneous 

transformation matrix and the DH method to obtain an accurate multi-level mapping 

relationship. Based on the equivalent model the dynamic control strategies can be 

developed to meet the control requirements of the SAM. 

3. Solving the problem of trajectory planning and remote handling control under the co-

movement of the SAM and CMOR heavy load arm. 

The SAM is a hyper-redundant degree of freedom robot. The traditional generalised 

inverse matrix methods are not suitable for the inverse kinematics and will result in very 

large computations and poor real-time performance (Seraji, 1989). In addition, the SAM 

is mounted on a quick-change interface at the end of the CMOR as an end-effector to 

perform tasks in the confined space. The CMOR has 9 degrees of freedom with an arm 
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length of over 10 m and the SAM has more than 10 degrees of freedom of motion, which 

further increases the difficulty of solving the inverse kinematics by requiring co-

movement and trajectory planning. It is a challenge to plan the trajectory, and design for 

obstacle avoidance and the adaptive design of the entire SAM system is problematic while 

ensuring a high level of positional accuracy. 

Solution: Through the bionic principle, a trajectory tracking control algorithm based on 

end-traction control can be designed to achieve accurate trajectory control at the end of 

the SAM. Based on the discrete path method, an improved trajectory tracking algorithm 

can be designed to accurately track the target trajectory of the entire SAM arm. Based on 

the iterative tractrix method, the SAM adaptive trajectory control algorithm can be 

designed, including trajectory tracking in and out of narrow spaces and trajectory 

planning during the working process to obtain the inverse solution of the whole moving 

process. Based on master-slave remote handling and step-by-step trajectory control 

methods, SAM and CMOR collaborative trajectory control requirements can be realised. 

4. Solving the problem of a rigid-flexible coupling deformation analysis and error 

compensation algorithm for SAM under large load conditions with a long cantilever. 

For SAMs with long cantilevers, large and variable loads, as well as the flexible 

deformation of the joint units and cables can lead to large end position errors, in addition 

to problems such as overloading and heating of the drive motor. How to compensate for 

the end position error of a rigid-flexible SAM and how to optimise the design of the entire 

machine structure and drive is a major challenge. 

Solution: The envisaged solution utilise a modeling and error analysis of the SAM flexible 

deformation characteristics, based on finite element softwares such as Ansys and 

dynamics software, etc. to obtain error data sets. Then, based on the Levenberg-

Marquardt non-linear damping least squares algorithm, a gridded workspace, and the 

principle of variable load and variable parameter error compensation to identify the 

unknown parameters of the data set, the error parameter set of SAM under different spatial 

locations and different loads can be obtained. When the SAM next performs a 

maintenance task, the SAM’s trajectory can be precisely controlled by compensating for 

real-time parameter errors. 

1.4 The structure of the dissertation 

The main structure of the dissertation is divided into five chapters. The first chapter begins 

with an introduction to the background and objectives of the research. The design concept 

of the snake maintenance system was developed to meet the practical requirements of the 

CFETR remote handling system for narrow space maintenance operations. Then, the 

development history and research status of CMOR heavy-duty robot and snake arm 

maintainer are introduced respectively. Finally, the key problems and solutions of the 

dissertation research are summarised.  
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Chapter 2 focuses on the bionic design approach of the SAM. The feasibility of the 

vacuum chamber maintenance operation is verified based on SAM system simulations. 

Finally, the kinematic model of the SAM is developed according to the DH parameter 

method and the workspace and cable drive signals are calculated separately.  

Chapter 3 focuses on the key technologies addressed during the SAM research phases. 

These include dynamic characteristics, adaptive trajectory control and error compensation. 

Simulations are also carried out for each of the key technologies.  

Chapter 4 focuses on the experiments on the SAM prototype. The rationality of the 

structural design is demonstrated by tests on the position accuracy, load capacity and 

operability of the SAM. The practicality of the algorithms is demonstrated through 

performance tests of the trajectory control algorithm, the dynamics decoupling algorithm 

and the error compensation algorithm of the SAM. 

Chapter 5 outlines the main contributions of the dissertation and the implications for 

social development. Additionally, it provides an outlook on future research directions 

based on the technical problems that are still unsolved in SAM. 
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2 Bionic design and modelling of the snake arm 

maintainer 

One remarkable feature of the SAM system is that the drive unit (motor, etc.) is placed 

outside the robot’s working space, making it ideal for work in high-risk, radioactive, and 

narrow areas such as nuclear power plants. For conventional continuum SAMs, each 

section of the continuum is made of a soft, flexible material that provides slave 

deformation when affected by external forces such as drive forces and gravity to achieve 

motion control. However, the amount of deformation and deformation position of each 

continuum is easily influenced by the outside environment and cannot be precisely 

controlled and modelled with accurate kinematics, resulting in poor positional accuracy 

of the end-effector. In addition, the load capacity of the joints in flexible materials is very 

limited and small changes in the load can lead to large changes in the deformation of the 

continuum which affects the position accuracy. For the maintenance requirements of the 

narrow environment of the CFETR, this chapter develops a new under-actuated SAM. 

2.1 Bionic structural design 

2.1.1 Bionic under-actuated structure principle 

The snake is a reptile with a skeletal structure as shown in Figure 2.1 (a), consisting 

mainly of the backbone, ribs and skull. The sinuous movement of the snake’s body is 

mainly accomplished by a combination of the skeletal structure of the body, the ventral 

scales and the muscles associated with them. On the horizontal plane, the snake’s body 

takes the shape of multiple “𝑆” curves from side to side during its sinuous movements. 

The rear part of the snake’s body exerts backward pressure on the rough ground, which 

propels the snake forward through the reaction force of the rough ground. Thus, there are 

three main types of movement for SAMs designed through bionic principles: sinuous 

propulsion, tracked propulsion and telescopic propulsion, of which sinuous propulsion is 

the most common. An analysis of the snake’s skeleton and geometry shows that each 

segment of the spine can be bent in any direction. In practice, snakes crawl mostly in a 

continuous multiple “𝑆” shape, with adjacent spinal joints in most cases relying on muscle 

traction to bend in the same direction. Thus a section of the snake’s skeleton that is bent 

into a “𝑆” shape can be seen as two segments of a continuum of joints with the same 

curvature bending in opposite directions. The whole snake bending motion in the 

horizontal plane can be seen as a bionic SAM motion process consisting of multiple 

segments of the continuum joint group in series. 

Through the analysis of the snake skeleton structure and the bionic design method of the 

muscle traction drive principle, we have designed a new continuum SAM as shown in 

Figure 2.1 (b). The new structure has several rigid joint units, which are connected by 

rigid universal joints. The entire snake arm is grouped into a multi-sectional continuum 

based on the principle of the layered drive, with the individual continuum containing 
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several rigid joint units. The composite capstan drive systems are used to drive and control 

each joint group separately. Multiple rigid body joint units within a single continuum are 

driven using composite capstans of different diameters as shown in Figure 2.1 (c) to 

achieve simultaneous angular movement in space. 

 

Figure 2.1: The bionic design inspiration of a SAM. (Qin et al., 2021) 

2.1.2 Prototype design 

Based on the practical needs of the small working space of the CFETR vacuum chamber, 

we have designed a layered drive SAM, as shown in Figure 2.2. The SAM is mounted at 

the end of the CMOR heavy-duty arm for CFETR reactor maintenance, repair, flaw 

detection and dust removal, monitoring and observation in a vacuum chamber 

environment. The distinguishing features of the SAM are the large operating space and 

the adaptability to the radiation environment. During reactor operation, it can remove the 

large amount of dust generated by the high temperature plasma during the operation of 

the fusion reactor, obtaining a high quality plasma, which is essential for the smooth 

operation of the reactor. 

The SAM full-scale prototype, shown in Figure 2.3, consists of a snake arm, an end drive 

box and a mobile platform. The entire snake arm is 2300 mm long, 80 mm in diameter 

and contains 10 rotatable joint units. Different maintenance tasks are performed by 

installing different end-effectors at the end of the SAM. With a comprehensive balance 

of degrees of freedom and load requirements, the entire snake arm is divided into 4 joint 

groups in the ratio of 3: 3: 2: 2 for layered driven control. The SAM arm length freedom 

can be freely matched with the specific models and performance shown in Table 2.1. 
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Figure 2.2: SAM application environments. (ASIPP, 2020) 

 

 

Figure 2.3: 3D model of the entire SAM. (Qin et al., 2021) 

 

Table 2.1: SAM optional models and performance parameters. 

Item Value Item Value 

Arm length 2300 mm Diameter 80 mm 

Number of joints 10 Degrees of freedom 8 

Bending angle 300 ° Number of motors 12 

Maximum feed 

speed 
50 mm/s 

Length, width and 

height  
2600·400·500 mm 

Load 0-5 kg Self-weight < 200 kg 

Movement 

models 

Joint control /track 

control /master-slave. 

Repeatable 

positioning accuracy  
± 10 mm 

Power supply AC 220V Control modes Remote control 
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In Table 2.1, the number of joint groups 𝑁 can be taken as 1,2,3,…; the number of layered 

drive layers 𝑀 can be taken as 1,2,3, … This project is based on the actual use of CFETR 

narrow space requirements selected: the number of segments of the continuum joints 

𝑁 =  4; the number of layered drive layers set: the first two segments of the continuum 

joints 𝑀 =  3, the last two segments of the continuum joints 𝑀 =  2. In summary, the 

total length of the moveable snake arm is: 200 × 2 × 2 + 200 × 3 × 2 + 300 =
2300 𝑚𝑚. 

The specific design details of the SAM are shown in Figures 2.4–2.6. The entire SAM 

consists mainly of several joint units connected in series (Figure 2.4) and a drive box 

(Figure 2.5). Each joint unit consists of a round end cap at each end and a plurality of 

support plates in the middle. The support plates are inserted inside the round end caps and 

are connected by interference fit. The round end caps have 15 rows evenly distributed 

along the central axis with 3 wire cable holes in each row, which are used to insert the 

cables to complete the drive control. The drive box is equipped with several servo motors 

and a composite capstan as shown in Figure 2.5 (left). When the cable passes through a 

non-driven joint set, using the wire cable tube in Figure 2.5 (right), the drive cable can be 

controlled in a 1:2:3 ratio, while friction can be reduced. The movement of the joint unit 

is controlled by the servo motors driving the composite capstan to pull the cables. The 

composite capstan diameter decreases from top to bottom to drive multiple cables in 

proportional motion to achieve motion control of a single continuum joint group. The 

layered drive SAM contains up to three rigid joint units per continuum in series as shown 

in Figure 2.6. The three rigid joint units in the joint group are driven by three rows of 

cables with an angle difference of 120° evenly distributed along the circumference. The 

proportional movement of the cables enables the control of equal angular movements in 

space of the three rigid joint units in each joint group. 

 

Figure 2.4: SAM joint unit and connection: (a) joint unit construction, (b) universal joint in series 

with the joint unit. (Qin et al., 2021) 

 

(a) (b)
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Figure 2.5: SAM drive box and composite capstan (left) and steel wire cable tubes (right). (Qin 

et al., 2021) 

 

 

Figure 2.6: Layered-driven design principle: (a) synchronous movement of the joint angles in a 

single joint group (including 3 rigid joints), (b) joint cable through-hole position. (Qin et al., 2021) 

 

 

Figure 2.7: Structure diagram of the SAM: (a) model of the whole machine; (b) single continuum 

joint containing three rigid joint units, connected in series with each other by universal joints; (c) 
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third rigid joint unit pulled by three blue cables with an angle difference of 120 °; (d) second rigid 

joint unit pulled by three red cables with an angle difference of 120 °; (e) first rigid joint unit 

pulled by three green cables with an angle difference of 120 °; (e) the first rigid joint unit is towed 

by three green cables with a 120° difference in angle; (f) the green, red and blue holes in the cross-

section of the rigid joint unit are the first, second and third rigid joint through-holes; (g) the 

servomotor is driven composite capstan drives the cables of the 1st, 2nd and 3rd rigid joints in 

turn from top to bottom. (Qin et al., 2021) 

 

The layered drive principle: The location of each drive cable threading for the SAM is 

shown in Figure 2.7. The 2nd joint group of the SAM is used as an example to illustrate 

the cable distribution principle. The second joint group of the SAM contains three rigid 

joints with a 120 ° difference in angle along the circumference. The cable is fixed to the 

1st, 2nd and 3rd rigid joints in layers from the outside to the inside as shown in Figure 

2.7 (f). Servo motors mounted in the drive box drive the composite capstan allowing 

angular synchronous movement of each rigid joint as shown in Figure 2.7 (b). As shown 

in Figure 2.7 (g), each continuum joint unit is driven by a composite capstan on three 

servo motors. The capstans are arranged in the axial direction with three integrally 

designed winding slots of different diameters. The winding slots drive the green, red and 

blue cables from top to bottom. The cables pass through a continuum joint unit and fix 

the green, red and blue cables from bottom to top to three rigid joint units in series within 

the continuum joint unit to synchronise the angles in the space of the three joint units. 

The advantages of the layer-driven SAM design approach are as follows: (1) It allows for 

miniaturisation and lightweight design of the robot. (2) It simplifies the complexity of the 

drive and control system. (3) It has similar characteristics of a rigid robot with higher 

positional accuracy and load capacity. (4) Its drive system is centralised at the rear, further 

reducing the complexity of the entire snake arm and facilitating radiation protection. 

  

Figure 2.8: SAM composite Screw Module Drive Box (left) and single composite screw module 

and side drive screw module (right). 
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Figure 2.9: SAM robotic arm modular design. (a) The SAM robot arm cable is in its connected 

state. (b) Cable connection method. (c) The SAM robot arm cable disconnected. 

 

In addition, we have designed a composite screw module drive box, as shown in Figure 

2.8. A single screw module can drive three screws in a 1: 2: 3 ratio to drive the cable. A 

side drive screw is mounted on the side of the composite screw module, which enables 

precise motion control of the SAM using coordinated movements. At the same time, the 

side drive screw modules, which can control the movement of each composite screw 

module individually, enable the free adjustment of the SAM arm length using the modular 

design method of the SAM robot arm as shown in Figure 2.9. 

2.2 SAM Maintenance Operations Feasibility Analysis 

2.2.1 Folding mechanism design 

The design of the SAM folding system is shown in Figure 2.10, which is based on the 

actual working requirements of entering and leaving the narrow vacuum chamber and the 

structural characteristics of the CMOR heavy-duty arm. The main idea is to fold the snake 

arm backwards using a worm gear mechanism to bring it closer to the CMOR heavy-duty 

arm. The space required for the SAM is reduced so that it can be used to enter and exit 

the narrow vacuum chamber. By verifying the relationship between the folded dimensions 

and the dimensions of the vacuum chamber maintenance window through simulation, it 

can be seen that the SAM reverse folding mechanism can be designed to meet the practical 

requirements of the entire snake maintenance system in all aspects of installation, transfer 

and access to the vacuum chamber operations. 

(a) (b)

(c)
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Figure 2.10: The SAM folding system. (a) The SAM and CMOR are in the unfolded state; (b) 

the SAM and CMOR folding process; (c) SAM and CMOR folding detail. 

 

 

Figure 2.11: SAM maintenance system workflow 

 

The snake maintenance system consists of the SAM and CMOR, mainly consisting of the 

CASK component transfer vehicle, CMOR heavy-duty robot arm and SAM. The 

workflow is shown in Figure 2.11. First, the SAM is mounted in a folded position at the 

end of the CMOR heavy-duty arm on the mobile platform of the CASK component 
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transfer vehicle. Then, the SAM is transported together with the CMOR heavy-duty arm 

via the CASK component transfer vehicle to the maintenance window of the fusion 

reactor vacuum chamber. The CMOR heavy-duty arm enters the vacuum chamber using 

trajectory planning and the SAM unfolds using a worm gear rotation mechanism into the 

narrow space for maintenance tasks. Co-movement algorithms for the CMOR heavy-duty 

arm and SAM include trajectory planning, trajectory tracking, master-slave remote 

operation and other control methods. The SAM is folded close to the CMOR heavy-duty 

arm using a worm gear mechanism in reverse, and the entire operation is completed by 

exiting the vacuum chamber maintenance window via the CASK component transfer 

vehicle. 

2.2.2 Maintenance process performance verification 

The feasibility of the design is verified by simulating the operation of the SAM into and 

out of the vacuum chamber as shown in Figure 2.12. First, the SAM is mounted at the 

end of the CMOR heavy-duty arm and transported by the CASK component transfer 

vehicle to the vacuum chamber maintenance window as shown in Figure 2.12 (a). At this 

point, the SAM is folded and close to the CMOR heavy-duty arm waiting to enter the 

vacuum chamber. The SAM and CMOR are then transported together through the CASK 

transport platform into the vacuum chamber as shown in Figure 2.12 (c-d). Thirdly, the 

SAM enters the vacuum chamber through a series of movements and is in the unfolded 

state for maintenance work as shown in Figure 2.12 (e). Finally, the end-effector of the 

SAM is fed into a narrow operating space such as the bottom of the divertor using the 

CMOR and SAM cooperative control to complete the tasks of visual inspection, dust 

removal and flaw detection as shown in Figure 2.12 (f). Simulation of the cooperative 

movement of the SAM and the CMOR shows that the SAM can successfully enter the 

confined space of the vacuum chamber to accomplish the maintenance tasks. 

 

Figure 2.12: Simulation of the SAM vacuum chamber maintenance process: (a) the vacuum 

chamber and CASK component transfer vehicle; (b) the SAM mounted at the end of the CMOR 

in a folded position and stored in the CASK component transfer vehicle; (c-d) the SAM fed into 
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the vacuum chamber using a moving platform in the CASK component transfer vehicle and 

CMOR trajectory planning; (e-f) the SAM assisted by CMOR to perform tasks such as weld seam 

inspection in the pipeline area inside the divertor. (Qin et al., 2022) 

2.3 SAM Kinematic Modelling and Analysis 

2.3.1 Forward kinematic modelling 

Conventional SAMs made of flexible materials cannot be accurately modelled for 

kinematics because the deformation volume and deformation position of the flexible 

material cannot be quantitatively described. In contrast, the continuum SAM designed in 

this project uses the principle of layered-driven, and each continuum joint unit uses 

multiple rigid joint units to form a continuum with a simultaneous angular rotation in 

space so that an accurate kinematic model can be established. To fully express the 

advantages of the layered drive structure, the kinematic model of the SAM is built in two 

ways: one is to model the coordinate system for the start and end points of each joint 

group as shown in Figure 2.13 (a). Set 𝛼𝑖 for the rotation of the continuum joint unit 

around the 𝑦𝑖 axis and 3𝛽𝑖 for the rotation of the continuum joint unit around the 𝑥𝑖 axis. 

The other is to solve the kinematic equations as shown in Figure 2.13 (b) by creating a 

coordinate system on each rigid joint unit. Set 𝛿𝑖 to the rotation of each joint unit about 

the 𝑧𝑖 axis and 𝛾𝑖 to the rotation of each joint unit about the 𝑥𝑖 axis. 

 

Figure 2.13: SAM coordinate system establishment method: (a) a single joint group establishes 

the coordinate system; (b) each universal joint within a single joint group establishes the 

coordinate system. (Qin et al., 2021) 

 

The SAM kinematic equations describe the relative motion of each joint, linkage, 

universal joint, cable, etc. The SAM designed for this dissertation consists of several 

gimbals connected in series, the kinematic model is relatively simple. The Denavit-

Hartenberg (D-H) parametric method was used to model the positive motion according 
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to the coordinate system shown in Figure 2.13 (a), and the translational and rotational 

transformation matrices for each joint group were as follows. 

 𝑻𝒓𝒂𝒏𝒔(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) = [

1 0  0  𝑎𝑖

0 1  0  𝑏𝑖

0
0

0
0

  
1  𝑐𝑖

0 1

] (2.1) 

 𝑹(𝑥, 3𝛽𝑖) = [

1 0    0        0
0 𝑐3𝛽𝑖 −𝑠3𝛽𝑖  0

0
0

𝑠3𝛽𝑖

0
  
𝑐3𝛽𝑖   0
0   1

] (2.2) 

 𝑹(𝑦, 𝛼𝑖) = [

𝑐𝛼𝑖 0 𝑠𝛼𝑖 0

0 1   0   0
−𝑠𝛼𝑖

0
0
0

𝑐𝛼𝑖 0
0 1

] (2.3) 

where 𝑻𝒓𝒂𝒏𝒔() denotes the translational transformation, 𝑹(𝑥, 3𝛽𝑖) and 𝑹(𝑦, 𝛼𝑖) denote 

the rotational transformation, c denotes 𝑐𝑜𝑠 and s denotes 𝑠𝑖𝑛. 

Transform the coordinate system from the (𝑖 + 1)-th joint group to the 𝑖-th joint with the 

following transformation rule 

 

𝑫𝒊 = 𝑻𝒓𝒂𝒏𝒔(𝑎𝑖, 𝑏𝑖, 𝑐𝑖) ∙ 𝑹𝒐𝒕(𝑦, 𝛼𝑖) ∙ 𝑹𝒐𝒕(𝑥, 3𝛽𝑖)

     = [

   𝑐𝛼𝑖    𝑠𝑎𝑖𝑠3𝛽𝑖        𝑠𝑎𝑖𝑐3𝛽𝑖    𝑎𝑖 
    0         𝑐3𝛽𝑖            − 𝑠3𝛽𝑖     𝑏𝑖 
−𝑠𝛼𝑖     𝑐𝛼𝑖𝑠3𝛽𝑖       𝑐𝛼𝑖𝑐3𝛽𝑖    𝑐𝑖 
    0            0                     0          1 

]
 (2.4) 

 𝑷𝑖(𝑥𝑖, 𝑦𝑖 , 𝑧𝑖, 1) = 𝑫𝒊 ∙ [

𝑥𝑖+1

𝑦𝑖+1
𝑧𝑖+1

1

] (2.5) 

Eq. (2.4) shows the mapping relationships between adjacent joint units. The position of 

the SAM end-effector can be obtained by a homogeneous transformation 

 𝑷1(𝑥1, 𝑦1, 𝑧1, 1) = 𝑫𝟏 ∙ 𝑫𝟐 ∙ ⋯𝑫𝒊 ∙ [

𝑥𝑖+1

𝑦𝑖+1
𝑧𝑖+1

1

] (2.6) 

By using the given joint angles [𝛼𝑖, 𝛽𝑖] of each continuum joint group, the corresponding 

SAM end coordinate positions [𝑥𝑖, 𝑦𝑖 , 𝑧𝑖] can be calculated. 
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Figure 2.14: The SAM coordinate system for each linkage. (Qin et al., 2021) 

 

Another method of forwarding kinematic modelling is by creating a coordinate system 

on each joint unit according to Figure 2.13 (b). This method can still be matrix 

transformed using the Denavit-Hartenberg (D-H) parametric method. Based on the 

designed 10-joint SAM prototype model, a coordinate system for each joint unit was 

established, as shown in Figure 2.14, to describe the relationship between the motion of 

the joints. The D-H parameters based on the structural dimensions of the SAM are shown 

in Table 2.2. 

Table 2.2: SAM coordinate transformation DH parameter table (Qin et al., 2021). 

Rod (i) 
Variable 

(𝜃𝑖) 
Rotation Angle (°) Distance (m) Range (°) 

1 𝑦1(𝑢) (0, 0, 0) (0, 300, 0) −30~+30° 

2 𝑧1(𝛼1) (0, 90°, 0) (0, 0, 0) −30~+30° 

3 𝑧2(𝛽1) (0, −90°, 0) (0, 200, 0) −30~+30° 

4 𝑧3(𝛼1) (0, 90°, 0) (0, 0, 0) −30~+30° 

5 𝑧4(𝛽1) (0, −90°, 0) (0, 200, 0) −30~+30° 

6 𝑧5(𝛼1) (0, 90°, 0) (0, 0, 0) −30~+30° 

7 𝑧6(𝛽1) (0, −90°, 0) (0, 200, 0) −30~+30° 

⁝ ⁝ ⁝ ⁝ ⁝ 

20 𝑧20(𝛼4) (0, 90°, 0) (0, 0, 0) −30~+30° 

21 𝑧21(𝛽4) (0, −90°, 0) (0, 200, 0) −30~+30° 

 

2.3.2 Workspace Solutions 

The workspace is an important kinematic indicator of a robot’s working ability. The main 

methods for calculating the kinematic space of a robot are: geometric, analytical and 

numerical. The geometric method solves the workspace by drawing the boundaries of the 

robot workspace based on the geometry of the robot (Wang et al., 2016). The resolution 

method is generally only applicable to robots with a small number of joints solving the 
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workspace by multiple envelopes (Wang et al., 2001). There are also hybrid algorithms 

for solving workspaces (Cao et al., 2012). This project uses a combination of geometric 

and numerical methods (Monte Carlo method) to analyse the SAM workspace. This is 

because the projection of the SAM workspace along the Y-axis is identical. This means 

that the SAM workspace is identical in any plane across the Y-axis. Therefore, it is 

possible to convert the 3D workspace solution problem to 2D for calculation purposes. 

Let 𝑋 =  0, limiting the SAM working space to the Y-Z plane. When the SAM end-

effector is in the horizontal forward extension, the joints turn at an angle 𝛽𝑖 = 0 and the 

SAM is at its maximum travel. In the Y-Z plane, the SAM first joint group end 

coordinates can be rewritten as 

 {
𝑦1 =

1

𝑛
𝑐(𝛽1) +

1

𝑛
𝑐(2𝛽1) +

1

𝑛
𝑐(3𝛽1)

𝑧1 =
1

𝑛
𝑠(𝛽1) +

1

𝑛
𝑠(2𝛽1) +

1

𝑛
𝑠(3𝛽1)

 (2.7) 

From this, the end-effector coordinates of the SAM (4 joint groups) are 

 {
𝑦𝑝 = 200(𝑐(𝛽1) + 𝑐(2𝛽1) + 𝑐(3𝛽1) + ⋯+ 𝑐(3𝛽1 + 3𝛽2 + 2𝛽3 + 2𝛽4))

𝑧𝑝 = 200(𝑠(𝛽1) + 𝑠(2𝛽1) + 𝑠(3𝛽1) + ⋯+ 𝑠(3𝛽1 + 3𝛽2 + 2𝛽3 + 2𝛽4))
 (2.8) 

Set the distance of the SAM end-effector to the base coordinate system to: 

 𝐿 = √(𝑦𝑝)2 + (𝑧𝑝)2 (2.9) 

The SAM working space defines the space that the end-effector can sweep over. Its range 

depends on the SAM’s degrees of freedom, joint limits, and linkage length. Let an element 

of the joint space by: 𝜷 = [𝛽1, 𝛽2, 𝛽3, 𝛽4] corresponding to an element in the task space: 

P= [𝑦𝑝, 𝑧𝑝]. 

 P= 𝑓(𝛽) (2.10) 

Considering the set of all reachable spaces in the joint limit, set the joint domain 𝛀 to 

 𝛀 = {𝛽| 𝛽𝑖𝑚𝑖𝑛 ≤ 𝛽𝑖 ≤ 𝛽𝑖𝑚𝑎𝑥},    where 𝑖 = 1,2⋯4 (2.11) 

According to the analysis of the geometric method, the farthest reachable operating space 

of the SAM is the point where the end-effector P is located at the initial position of 𝛽𝑖 =
0. Then each joint limit 𝛽𝑖 is swept in turn. 𝛽2 is swept when 𝛽1 is at its extreme value, 

and 𝛽3 is swept when 𝛽2 is at its extreme value, ......, thus obtaining the farthest reachable 

operating space. From the structural analysis of the SAM and the results of the limit value 

sweep for each joint, the workspace results can be obtained as shown in Figure 2.15. The 

different coloured curves represent the furthest working space for a different number of 

joint groups. 
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Figure 2.15: Analytic and Monte Carlo methods for solving workspaces. (left) SAM in the X-Y 

plane workspace, (right) SAM in the Y-Z plane workspace. (Qin et al., 2021) 

 

To verify the correctness of the workspace, we used the Monte Carlo method for 

comparison to calculate the SAM workspace. The calculation steps are: (1) build a robot 

model based on the SAM linkage parameters, (2) generate N sets of joint angles 
(𝛽1𝑖, 𝛽2𝑖, 𝛽3𝑖, 𝛽4𝑖) from random functions to solve the robot kinematic solutions, and (3) 

solve a certain number of robot kinematic models to generate point cloud maps of the 

end-effector workspace. In Figure 2.15, the Monte Carlo method workspace clouds in 3D 

space and the Y-Z plane space are shown respectively. The cloud map boundaries and the 

central part are relatively blurred. This problem can be solved by adjusting the probability 

of the random point distribution. 

The correctness of the workspace can be determined by comparing the SAM workspace 

of the Monte Carlo method and the geometric method. When enough random points are 

obtained, the results obtained by both methods will be identical. 

2.3.3 Decoupling of cable-driven signals 

The inverse kinematic solution [𝛾𝑖, 𝛿𝑖] for each universal joint of the SAM, solved by 

inverse kinematics, cannot be directly fed as a control signal to the servo motor in the 

drive box to control the motion of the robot. This must be converted into the angular 

displacement of the motor, which drives the cable through the rotation of the capstan for 

motion control. For a single continuum joint set, the position of the cable through-hole is 

shown in Figure 2.16 (a). The movement of the traction cable is driven by a composite 

capstan mounted on the servo motor. The three cables driven by a single composite 

capstan correspond to a row of cable through-holes and are fixed to each of the three rigid 

body joint units within the single continuum joint unit from the outside to the inside. For 

any universal joint the coordinate system is established as shown in Figure 2.16 (b). The 

rotation in any direction is restricted to the rotation δ around the Z-axis and the rotation γ 
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around X-axis. A coordinate system is established for each joint and cable contact point 

A to K. The drive signal of the cable is solved by matrix transformation and trigonometric 

functions. 

 

Figure 2.16: Coordinate system established for a SAM joint unit. (Qin et al., 2021) 

 

For the general case where neither 𝛿 nor 𝛾 is zero, the presence of torsion makes the 

cables 𝑙1, 𝑙2, 𝑙3  anisotropic line segments. Traditional methods of plane and space 

geometry make it difficult to determine real-time variation. Therefore, we establish the 

coordinate system as shown in Figure 2.16 (b) and use the matrix transformation to 

calculate it. Assume that the continuum joint unit shown in Figure 2.16 (a) is the first 

continuum joint unit close to the drive box. Next, solve for the first set of cable lengths  

𝑙1, 𝑙2, 𝑙3 in Figure 2.16 (b). 

(1) Determine the cable length 𝑙1. 

Let point A be the base coordinate system (𝑥0-𝑦0-𝑧0). The point H in the coordinate 

system of point C(𝑥3-𝑥3-𝑥3) can be transformed into the base coordinate system of point 

A (𝑥0-𝑦0-𝑧0) using a coordinate transformation. The law of transformation is as follows. 

 

𝑻𝐶
𝐴 = 𝑻(𝑦0, ℎ)𝐵

𝐴 𝑹(𝑧1, −𝛿)𝑹(𝑥2, −𝛾) 𝑻(𝑦2, ℎ)𝐶
𝐵

        = [

   𝑐𝛿        s𝛿𝑐𝛾      s𝛿𝑠𝛾       ℎs𝛿𝑐𝛾      
−s𝛿      c𝛿𝑐𝛾      c𝛿𝑠𝛾    ℎ + ℎc𝛿𝑐𝛾  

0       − 𝑠𝛾         𝑐𝛾        − ℎ𝑠𝛾   
    0            0              0              1           

]
. (2.12) 

where 𝑷𝐷
𝐴  in the base coordinate system A(𝑥0-𝑦0-𝑧0) and 𝑷𝐻

𝐶  in the coordinate system 

C(𝑥3-𝑥3-𝑥3) are 

 𝑷𝐷
𝐴 (𝑥𝐷

𝐴, 𝑦𝐷
𝐴, 𝑧𝐷

𝐴, 1) = 𝑷𝐻
𝐶 (𝑥𝐻

𝐶 , 𝑦𝐻
𝐶 , 𝑧𝐻

𝐶 , 1) = [𝑟 0 0 1]𝑇. (2.13) 
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where 𝑟 is the length of the SAM drive cable to the axis. Eq. (2.13) gives the point H in 

the base coordinate system A(𝑥0-𝑦0-𝑧0) as 

 𝑷𝐻
𝐴 (𝑥𝐻

𝐴, 𝑦𝐻
𝐴, 𝑧𝐻

𝐴, 1) = 𝑻𝐶
𝐴 𝑷𝐻

𝐶 = [

𝑟𝑐𝛿 + ℎs𝛿𝑐𝛾
−𝑟𝑠𝛿 + ℎ(1 + c𝛿𝑐𝛾)

−ℎ𝑠𝛾
1

]. (2.14) 

The length of 𝑙1 is given by the Pythagorean Theorem as 

 𝑙1 = √(𝑥𝐻
𝐴 − 𝑥𝐷

𝐴)2 + (𝑦𝐻
𝐴 − 𝑦𝐷

𝐴)2 + (𝑧𝐻
𝐴 − 𝑧𝐷

𝐴)2. (2.15) 

(2) Determine the cable length 𝑙2. 

Transform point 𝑰 in the coordinate system C(𝑥3-𝑥3-𝑥3) to the coordinate system A(𝑥0-

𝑦0-𝑧0). 

 𝑷𝐼
𝐴 (𝑥𝐼 , 𝑦𝐼 , 𝑧𝐼 , 1) = 𝑻𝐶

𝐴 𝑷𝐼
𝐶 . (2.16) 

where the coordinates of point 𝑷𝐸
𝐴  in the base coordinate system A(𝑥0-𝑦0-𝑧0) and point 

𝑷𝐼
𝐶  in the coordinate system C(𝑥3-𝑥3-𝑥3) are 

 𝑷𝐸
𝐴 (𝑥𝐸

𝐴, 𝑦𝐸
𝐴, 𝑧𝐸

𝐴, 1) = 𝑷𝐼
𝐶 (𝑥𝐼

𝐶 , 𝑦𝐼
𝐶 , 𝑧𝐼

𝐶 , 1) = [−
𝑟

2
 0 −

√3𝑟

2
 1]𝑇. (2.17) 

By calculating equation (2.17) the coordinates of point I in the base coordinate system 

A(𝑥0-𝑦0-𝑧0) can be obtained as 

 𝑷𝐾
𝐴 (𝑥𝐾

𝐴, 𝑦𝐾
𝐴, 𝑧𝐾

𝐴, 1) = 𝑻𝐶
𝐴 𝑷𝐾

𝐶 =

[
 
 
 
 
 −

𝑟

2
𝑐𝛿 −

√3𝑟

2
s𝛿𝑠𝛾 + ℎs𝛿𝑐𝛾

𝑟

2
s𝛿 −

√3𝑟

2
c𝛿𝑠𝛾 + ℎ(1 + c𝛿𝑐𝛾)

−
√3𝑟

2
𝑐𝛾 − ℎ𝑠𝛾

1 ]
 
 
 
 
 

. (2.18) 

The length of 𝑙2 is given by the Pythagorean Theorem as 

 𝑙2 = √(𝑥𝐼
𝐴 − 𝑥𝐸

𝐴)2 + (𝑦𝐼
𝐴 − 𝑦𝐸

𝐴)2 + (𝑧𝐼
𝐴 − 𝑧𝐸

𝐴)2. (2.19) 

(2) Determine the cable length 𝑙3. 

Transform point K in the coordinate system C(𝑥3-𝑥3-𝑥3) to the base coordinate system 

A(𝑥0-𝑦0-𝑧0). 

 𝑷𝐾
𝐴 (𝑥𝐾

𝐴, 𝑦𝐾
𝐴, 𝑧𝐾

𝐴, 1) = 𝑻𝐶
𝐴 𝑷𝐾

𝐶 . (2.20) 
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where  𝑷𝐹
𝐴  in the base coordinate system A(𝑥0-𝑦0-𝑧0) and 𝑷𝐾

𝐶  in the coordinate system 

C(𝑥3-𝑥3-𝑥3) are 

 𝑷𝐹
𝐴 (𝑥𝐹

𝐴, 𝑦𝐹
𝐴, 𝑧𝐹

𝐴, 1) = 𝑷𝐾
𝐶 (𝑥𝐾

𝐶 , 𝑦𝐾
𝐶 , 𝑧𝐾

𝐶 , 1) = [−
𝑟

2
 0 

√3𝑟

2
 1]𝑇. (2.21) 

By calculating equation (2.21) the coordinates of point K in the base coordinate system 

A(𝑥0-𝑦0-𝑧0)  

 𝑷𝐾
𝐴 (𝑥𝐾

𝐴, 𝑦𝐾
𝐴, 𝑧𝐾

𝐴, 1) = 𝑻𝐶
𝐴 𝑷𝐾

𝐶 =

[
 
 
 
 
 −

𝑟

2
𝑐𝛿 +

√3𝑟

2
s𝛿𝑠𝛾 + ℎs𝛿𝑐𝛾

𝑟

2
s𝛿 +

√3𝑟

2
c𝛿𝑠𝛾 + ℎ(1 + c𝛿𝑐𝛾)

√3𝑟

2
𝑐𝛾 − ℎ𝑠𝛾

1 ]
 
 
 
 
 

. (2.22) 

The length of 𝑙3 is given by the Pythagorean Theorem as 

 𝑙3 = √(𝑥𝐾
𝐴 − 𝑥𝐹

𝐴)2 + (𝑦𝐾
𝐴 − 𝑦𝐹

𝐴)2 + (𝑧𝐾
𝐴 − 𝑧𝐹

𝐴)2. (2.23) 

It is assumed that the joint group shown in Figure 2.16 (a) is the second continuum joint 

unit close to the drive box. The second set of drive cable displacements includes not only 

the displacement of the second continuum joint unit pulling the cables, but also the cable 

displacement caused by the first continuum joint unit. Assuming that the position of the 

second set of cable through-holes is rotated along the Y-axis close to the first set of cable 

through-holes, the difference in angle is 
2𝜋

15
. The displacement of the drive cables 𝑙1

´ , 𝑙2
´ , 𝑙3

´  

is determined as above. Only the coordinates of the cable in the base coordinate system 

A(𝑥0-𝑦0-𝑧0) and the coordinate system C(𝑥3 -𝑥3-𝑥3) need to be updated. The cable 

displacements in the first and second continuum joint unit can be calculated 

simultaneously and summed. By analogy with the coordinate transformation and cable 

displacement solution algorithm described above, the cable displacement can be 

determined for any position and any group of the continuum. 

This gives the motor drive signal for the joint in the above positional state as 

 ∆𝛷𝑖1 =
2𝜋(2ℎ−𝑙𝑖1)

𝑝
. (2.24) 

In the above equation, 𝑝 is the pitch and ∆Φ𝑖1 denotes the amount of change in motor 

rotation angle caused by the displacement of the 𝑖-th joint 𝑙𝑖1 cable. The drive signal Φ𝑖1 

of the corresponding motor is obtained by superimposing ∆Φ𝑖1 caused by the motion of 

each joint, and the drive signals of all motors are obtained by analogous transformation. 
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2.4 Chapter Summary 

This project is based on the analysis and bionic design of the structural characteristics and 

muscle traction drive characteristics of a snake skeleton to design a continuum based on 

bionic principles. A new layered-driven SAM is developed. This consists of several joint 

units connected in series by universal joints to maintain a high level of obstacle avoidance 

and a large enough dexterous operating space. A full-size prototype of the SAM with an 

arm length of 2300 𝑚𝑚 was designed for the actual maintenance requirements of the 

CFETR vacuum chamber in combination with the technical specifications of the CMOR 

heavy-duty robot and the CASK transfer vehicle. Each continuum joint units use a layered 

drive design with the characteristics of a continuum robot, while maintaining a high level 

of positional accuracy and load capacity to meet the demands of different working 

conditions. The folding mechanism has been designed for the SAM and CFETR vacuum 

chamber maintenance process. The working process of entering and exiting the vacuum 

chamber was verified by simulation. Finally, based on the SAM 3D model, positive 

kinematic equations were developed, the workspace was determined and the cable drive 

signals were calculated to obtain the kinematic parameters of the robot. The foundation 

is thus provided for subsequent chapters on dynamics analysis, trajectory control and 

error compensation of SAM. 

The SAM designed in this project can complete all kinds of maintenance operations such 

as visualisation and detection of the area covered by the vacuum chamber lower divertor 

and the upper window complex pipeline forest. It is very important for the stable operation 

of fusion reactors, for both rapid and automated maintenance. It can accelerate the rapid 

commercial operation of a CFETR and help realise the dream of the ultimate energy 

source for humanity.
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3 Key technology research on the snake arm maintainer 

3.1 SAM force analysis and dynamics control 

3.1.1 Static Cable Force 

To calculate the static force characteristics of each cable of the SAM, we can calculate 

the cable traction force by means of force balance, torque balance and equivalent 

transformation. The force analysis for the 𝑖-th joint is shown in Figure 3.1. The static 

force characteristics of the robot can be obtained by decoupling the cable traction forces. 

From the force analysis and torque analysis of 𝑭𝟏
𝒊 , 𝑭𝟐

𝒊 , 𝑭𝟑
𝒊 , it is obvious that the 𝑭𝟑

𝒊  

provides the reverse torque. To avoid 𝑭𝟑
𝒊  being negative, set 𝑭𝟑

𝒊 = 10 𝑁 . The torque 

balance analysis of SAM joint unit 𝑖 gives: 

 𝑭𝟏
𝒊 𝑟𝑖𝑠𝛼1

𝑖 + 𝑭𝟑
𝒊 𝑟𝑖𝑠𝛼3

𝑖 + 𝑭𝟐
𝒊 𝑟𝑖𝑠𝛼2

𝑖 = 0. (3.1) 

 𝑭𝟏
𝒊 𝑟𝑖𝑐𝛼1

𝑖 + 𝑭𝟐
𝒊 𝑟𝑖𝑐𝛼2

𝑖 + 𝑭𝟑
𝒊 𝑟𝑖𝑐𝛼3

𝑖 + 𝑙 (𝑮𝟐
𝒊 + 𝑭𝟒

𝒊+𝟏𝑠𝛽𝑖+1 +
𝑮𝟏

𝒊

2
) = 0. (3.2) 

where 𝑟𝑖 is the length of the SAM drive cable to the axis. 𝛼1
𝑖  is the rotation angle of the 

first cable around the joint axis, 𝛼2
𝑖 = 𝛼1

𝑖 +
2𝜋

3
, 𝛼3

𝑖 = 𝛼1
𝑖 −

2𝜋

3
. 𝛽𝑖  is the reaction force 

angle. Therefore: 

 𝑭𝟏
𝒊 =

𝐹3
𝑖𝑟𝑖(𝑠𝛼2

𝑖 𝑐𝛼3
𝑖 − 𝑐𝛼2

𝑖 𝑠𝛼3
𝑖 ) + (𝐺2

𝑖 + 𝐹4
𝑖+1𝑠𝛽𝑖+1 +

𝐺1
𝑖

2
) 𝑙𝑠𝛼2

𝑖

𝑟𝑖(𝑠𝛼2
𝑖 𝑐𝛼1

𝑖 − 𝑐𝛼2
𝑖 𝑠𝛼1

𝑖)

 (3.3) 

 𝑭𝟐
𝒊 =

𝐹3
𝑖𝑟𝑖(𝑠𝛼1

𝑖𝑐𝛼3
𝑖 − 𝑐𝛼1

𝑖𝑠𝛼3
𝑖 ) + (𝐺2

𝑖 + 𝐹4
𝑖+1𝑠𝛽𝑖+1 +

𝐺1
𝑖

2
) 𝑙𝑠𝛼1

𝑖

𝑟𝑖(𝑠𝛼2
𝑖 𝑐𝛼1

𝑖 − 𝑐𝛼2
𝑖 𝑠𝛼1

𝑖)

 (3.4) 

From the force balance relationship we could obtain the following: 

 𝑭𝟒
𝒊 = √(𝐹1

𝑖 + 𝐹2
𝑖 + 𝐹3

𝑖+𝐹4
𝑖+1𝑐𝛽𝑖+1)

2
+ (𝐺1

𝑖 + 𝐺2
𝑖+𝐹4

𝑖+1𝑠𝛽𝑖+1)
2 (3.5) 

 𝛽𝑖 = 𝑎𝑡𝑎𝑛
𝐺1

𝑖 + 𝐺2
𝑖+𝐹4

𝑖+1𝑠𝛽𝑖+1

𝐹1 + 𝐹2 + 𝐹3+𝐹4
𝑖+1𝑐𝛽𝑖+1

 (3.6) 

The initial positions of all joints of the SAM are set as shown in Figure 3.1 and the end 

load 𝑮 is 0 𝑁. The static forces on each joint are calculated by equivalent transformation 

and the results are shown in Figure 3.2. Static cable force analysis can help determine the 

type of key components of the SAM such as motors, cables, support plates etc. 
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Figure 3.1: Force analysis of SAM joint i in balance state. (Qin et al., 2022) 

 

 

Figure 3.2: Traction force distribution of each cable. (Qin et al., 2022) 

 

3.1.2 Equivalent Joint Dynamic 

The SAM is driven by the cable and the dynamic coupling characteristics of the SAM 

drive cables increase exponentially as the arm length increases. Conventional dynamic 

equations (Newtonian-Euler, Lagrangian methods, etc.) make it difficult to obtain the 

cable traction forces directly for each joint. Therefore we propose a modelling method for 

equivalent joint dynamics. The decoupling calculation is achieved by equivalently 

transforming the cable traction forces into joint torques.  
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The relationship between the cable traction force 𝑭𝟏
𝟏𝟎, 𝑭𝟐

𝟏𝟎,  𝑭𝟑
𝟏𝟎  and the joint torque 

𝑻𝟏
𝟏𝟎, 𝑻𝟐

𝟏𝟎 can be obtained from the force analysis and equivalent transformation shown in 

Figure 3.3. We first calculated the direction vectors of 𝑭𝟏
𝟏𝟎, 𝑭𝟐

𝟏𝟎, 𝑭𝟑
𝟏𝟎 and decomposed 

them to the coordinate systems (𝑥2, 𝑦2, 𝑧2) and (𝑥3, 𝑦3, 𝑧3) of the point 𝑨𝟐 . Then, we 

determined the value of 𝑭𝟏
𝟏𝟎, 𝑭𝟐

𝟏𝟎, 𝑭𝟑
𝟏𝟎  via the forcibly equivalent method. To avoid 

multiple solutions and reverse traction, we set a minimum preload force of 10 𝑁. By 

analysing the cable layout of the end joints, we obtained the following: 𝑭𝟑
𝟏𝟎 = 10 𝑁. 

 

Figure 3.3: SAM end joint cable traction forces. (Qin et al., 2022) 

 

The unit direction vector of 𝑭𝟏
𝟏𝟎 in the coordinate system (𝑥2, 𝑦2, 𝑧2) could be obtained 

as follows: 

 𝑬𝑩⃗⃗⃗⃗⃗⃗ =
(𝑥𝐵2 − 𝑥𝐸2,  𝑦𝐵2 − 𝑦𝐸2,  𝑧𝐵2 − 𝑧𝐸2)

√(𝑥𝐵2 − 𝑥𝐸2)2 + (𝑦𝐵2 − 𝑦𝐸2)2 + (𝑧𝐵2 − 𝑧𝐸2)2
 (3.7) 

We could then decompose 𝑭𝟏
𝟏𝟎  into the axis of the coordinate system 𝑨𝟐(𝑥2, 𝑦2, 𝑧2) 

according to the force vector decomposition method: 

 𝑭𝒙𝟐𝑭𝟏
10 =

(𝑥𝐵2 − 𝑥𝐸2)

√(𝑥𝐵2 − 𝑥𝐸2)2 + (𝑦𝐵2 − 𝑦𝐸2)2 + (𝑧𝐵2 − 𝑧𝐸2)2
𝑭𝟏

𝟏𝟎
 (3.8) 

 𝑭𝒚𝟐𝑭𝟏
10 =

(𝑦𝐵2 − 𝑦𝐸2)

√(𝑥𝐵2 − 𝑥𝐸2)2 + (𝑦𝐵2 − 𝑦𝐸2)2 + (𝑧𝐵2 − 𝑧𝐸2)2
𝑭𝟏

𝟏𝟎
 (3.9) 
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 𝑭𝒛𝟐𝑭𝟏
10 =

(𝑧𝐵2 − 𝑧𝐸2)

√(𝑥𝐵2 − 𝑥𝐸2)
2 + (𝑦𝐵2 − 𝑦𝐸2)

2 + (𝑧𝐵2 − 𝑧𝐸2)
2
𝑭𝟏

𝟏𝟎
 (3.10) 

Similarly we can obtain: 𝑭𝒙𝟐𝑭𝟐
10 , 𝑭𝒚𝟐𝑭𝟐

10 , 𝑭𝒛𝟐𝑭𝟐
10  and 𝑭𝒙𝟐𝑭𝟑

10 , 𝑭𝒚𝟐𝑭𝟑
10 , 𝑭𝒛𝟐𝑭𝟑

10 . It was determined 

that the torques produced by 𝑭𝟏
𝟏𝟎, 𝑭𝟐

𝟏𝟎, 𝑭𝟑
𝟏𝟎  on the 𝑥2 axis of the coordinate system of 

point 𝑨𝟐(𝑥2, 𝑦2, 𝑧2) could be obtained as follows: 

 𝑻𝒙𝟐𝑭𝟏
10 = 𝑭𝒚𝟐𝑭𝟏

10 𝑧𝐸2 + 𝑭𝒛𝟐𝑭𝟏
10 𝑦𝐸2 (3.11) 

 𝑻𝒙𝟐𝑭𝟐
10 = 𝑭𝒚𝟐𝑭𝟐

10 𝑧𝐹2 + 𝑭𝒛𝟐𝑭𝟐
10 𝑦𝐹2 (3.12) 

 𝑻𝒙𝟐𝑭𝟑
10 = 𝑭𝒚𝟐𝑭𝟑

10 𝑧𝐺2 + 𝑭𝒛𝟐𝑭𝟑
10 𝑦𝐺2 (3.13) 

By the forcibly equivalent transformation, we can obtain the following: 

 𝑻𝟏
𝟏𝟎 = 𝑻𝒙𝟐𝑭𝟏

10 + 𝑻𝒙𝟐𝑭𝟐
10 + 𝑻𝒙𝟐𝑭𝟑

10  (3.14) 

In the same way, 𝑻𝟐
𝟏𝟎 on the 𝑧3 axis in the coordinate system 𝑨𝟐(𝑥3, 𝑦3, 𝑧3), we could 

obtain: 

 𝑻𝟐
𝟏𝟎 = 𝑻𝒛𝟑𝑭𝟏

10 + 𝑻𝒛𝟑𝑭𝟐
10 + 𝑻𝒛𝟑𝑭𝟑

10  (3.15) 

On setting the minimum traction force 𝑭𝟑
𝟏𝟎 = 10 𝑁, Eq. 3.14 could be combined with Eq. 

3.15 to determine the real-time 𝑭𝟏
𝟏𝟎and 𝑭𝟐

𝟏𝟎. From this we can obtain the cable traction 

force of any joint. 

3.2 SAM adaptive trajectory control 

3.2.1 Entering the narrow workspace 

The working process of the SAM consists of 3 parts entering the narrow vacuum chamber, 

completing the maintenance task and returning. The SAM entry and return processes are 

mainly carried out using a trajectory tracking algorithm and the maintenance process is 

carried out using a trajectory planning algorithm (Palmer et al., 2014). This dissertation 

introduces an adaptive trajectory control algorithm that incorporates three maintenance 

processes. Firstly, we present the trajectory tracking algorithm for the SAM in the narrow 

vacuum chamber. 

It is assumed that one of the SAM's joint groups is shown in Figure 3.4. Set the SAM 

drive box to move along the moving platform at a constant speed 𝑣. SAM updates its 

position along the target trajectory at unit time intervals ∆𝑡, which leads to 
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 𝑑𝑖−1 = √(𝑦𝑖−1
𝐵 − 𝑦𝑖−1

𝐴 )2 + (𝑧𝑖−1
𝐵 − 𝑧𝑖−1

𝐴 )2 (3.16) 

 √(𝑦𝑖
𝐴 − 𝑦𝑖

𝑃)2 + (𝑧𝑖
𝐴 − 𝑧𝑖

𝑃)2 ≤ 𝑑𝑖−1 ≤ √(𝑦𝑖
𝐴 − 𝑦𝑖+1

𝑃 )2 + (𝑧𝑖
𝐴 − 𝑧𝑖+1

𝑃 )2 (3.17) 

 
𝑦 − 𝑦𝑖

𝑃

𝑦𝑖+1
𝑃 − 𝑦𝑖

𝑃 =
𝑧 − 𝑧𝑖

𝑃

𝑧𝑖+1
𝑃 − 𝑧𝑖

𝑃
 (3.18) 

The position of the SAM end point at the next moment can be estimated from Eq. 3.17 

and Eq. 3.18. By combining Eqs. 3.16-3.18 and Eq. 2.6, the accurate position and the 

inverse kinematic of the SAM at the next moment can be obtained. By repeating Eqs. 

3.16-3.18 and the kinematic equations, we can obtain the cable drive signal of the SAM 

and complete the tracking motion control of the SAM on the target trajectory. 

 

 

Figure 3.4: SAM trajectory tracking algorithm for entering narrow spaces. (a) Location at moment 

𝒕𝒊−𝟏, (b) location at moment 𝒕𝒊, (c) location at moment 𝒕𝒊+𝟏. (Qin et al., 2022) 

 

3.2.2 Completing the target task 

This dissertation proposes a trajectory planning algorithm based on the tractrix principle 

for SAM. The tractrix was first proposed by the German mathematician Leibniz as shown 

in Figure 3.5 (a). A given fixed-length connecting rod L is placed along the Z-axis, and 

point 𝐵 at one end of the connecting rod is moved in translation along the Y-axis, and the 

trajectory of point 𝐴 at the other end is the tractrix. However, the SAM designed in this 

dissertation divides each rigid joint into several groups. It causes the equivalent rod length 
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between the start and end points of each joint group to change in real time, so the tractrix 

principle cannot be used directly. 

 

Figure 3.5: Principle of tractrix. (a) Principle of traditional tractrix formation, (b) Principle of 

variable rod length tractrix formation. (Qin et al., 2022) 

 

 

Figure 3.6: Flowchart of SAM trajectory planning. (Qin et al., 2022) 
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planning of the SAM is achieved by calculating the equivalent rod length of each joint 

group. Figure 3.5 (b) shows the three connecting rods 𝐿𝐴𝐵, 𝐿𝐵𝐶 and 𝐿𝐶𝐷, of which 𝐿𝐴𝐵 

and 𝐿𝐵𝐶  form a joint group. When point 𝐷  moves uniformly along the Y-axis, the 

trajectory of the point 𝐶 is the tractrix. The trajectory of point 𝐶 satisfies the following 

equations. 

𝑧 = 𝑘𝐶𝐷𝑦 + 𝑏𝐶𝐷 (3.19) 

𝐿𝐶𝐷
2 = (𝑦 − 𝑦𝑑)2 + (𝑧 − 𝑧𝑑)2 (3.20) 

Since the trajectory of point 𝐴 is influenced by points 𝐵 and 𝐶, the trajectory of point 

𝐴 is not a conventional tractrix. To take advantage of the properties of the tractrix, we can 

use the rod length of the SAM joint group at the previous moment to calculate the updated 

position at the next moment. 

 𝐿𝐴𝐶
𝑖−1 = √(𝑦𝑐 − 𝑦𝑎)2 + (𝑧𝑐 − 𝑧𝑎)2 (3.21) 

 𝑧 = 𝑘𝐴𝐶𝑦 + 𝑏𝐴𝐶 (3.22) 

where 𝑘𝐴𝐶 =
𝑧𝑎−𝑧𝑐

𝑦𝑎−𝑦𝑐
 and 𝑏𝐴𝐶 =

𝑧𝑐𝑦𝑎−𝑧𝑎𝑦𝑐

𝑦𝑎−𝑦𝑐
. 

By solving Eq. 3.21, Eq. 3.22 and the SAM kinematic equations we can obtain the 

exact position of point 𝐴 at the next moment. The trajectory planning of the SAM can be 

completed by iteration. 

In order to complete the trajectory planning of the end-effector while the SAM base 

is fixed, we introduced the opposite iterative tractrix method as shown in Figure 3.6. By 

forcing return iterations for each joint group, the motion of the SAM's entire robot arm is 

gradually reduced, thus enabling trajectory planning in the fixed state of the SAM base. 

3.2.3 Returning to the initial position 

To complete the returned task of the under-actuated SAM, this dissertation proposes a 

return trajectory tracking control method in the opposite direction. As shown in Figure 

3.7, it is assumed that point 𝐹 is the first joint close to the drive box and returns at a 

constant speed. Due to the progressive convergence of the tractrix, it is not possible for 

the SAM to return to the specified initial position within a given stroke. To achieve rapid 

convergence of the SAM to the specified initial position within a given stroke, a forced 

return iteration can be used. As shown in Figure 3.7 based on the tractrix principle, the 

SAM is forced to translate from point 𝐹 back to the initial position (point 𝐸′) after each 

position update and then the tractrix calculation is repeated. The number of iterations in 

the opposite direction is set according to the speed of convergence, the higher the number 

of iterations, the faster the return convergence.  
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Figure 3.7: Return trajectory tracking. (Qin et al., 2022) 

 

3.2.4 Verification of trajectory control 

The trajectory control algorithms described above were applied to an under-actuated 

SAM motion control system containing 10 joints. The trajectory tracking curves of the 

SAM are shown in Figure 3.8 (a). The end feed speed of the SAM is constant and its 

motion is controlled using the Section 3.2.1 trajectory tracking algorithm. The joint 

displacement curves and inverse kinematic solutions are shown in Figure 3.8−Figure 3.9. 

The results show that the entire motion of the SAM into the narrow operating space is 

smooth and the position offset is small. The trajectory tracking algorithm in Section 3.2.1 

can meet the actual task requirements of the SAM in a narrow space. 

 

Figure 3.8: SAM trajectory tracking control control simulation. (a-d) Tracking positions of SAM 

at different moments. (Qin et al., 2022) 
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Figure 3.9: (a) SAM trajectory tracking inverse kinematics solutions. (b) SAM position 

trajectories of each joint. (Qin et al., 2022) 

 

 

Figure 3.10: SAM trajectory planning. (a-d) Position trajectory of SAM at different moments. 

(Qin et al., 2022) 

 

  

Figure 3.11: (a) SAM trajectory planning inverse kinematics solutions. (b) SAM end position 

error with the number of iterations. (Qin et al., 2022) 
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Set the trajectory planning curve of the SAM operating process as shown in Figure 3.10 

(a). Based on the trajectory planning algorithm in Section 3.2.2 the motion trajectory of 

the SAM is controlled. The inverse kinematic solution and the number of iterations for 

each joint group are shown in Figure 3.11. The four subplots in Figure 3.10  show that 

the SAM end-effector can precisely track the target curve during trajectory planning. 

Figure 3.11 (a) shows that the motion of the joint groups in the SAM during trajectory 

planning is mainly concentrated in the third and fourth joint groups, which can improve 

the stability of the system. Figure 3.11 (b) shows that when the number of iterations of 

each joint group is greater than 2, the end trajectory position error is significantly reduced 

as the average error is less than 1 𝑚𝑚, so rapid convergence is achieved. 

 

Figure 3.12: SAM returns track tracking. (a-d) Tracking positions of SAM at different moments. 

(Qin et al., 2022) 

 

  

Figure 3.13: (a) SAM return inverse kinematics solutions. (b) Position trajectory of each joint during 

SAM return. (Qin et al., 2022) 
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The initial position of the SAM return trajectory tracking is set as shown in Figure 3.10 

(d) and the algorithm in Section 3.2.3 is used to control the return motion. The 4 position 

subplots in Figure 3.12 show that the SAM can return to the horizontal initial position 

within a given stroke. Figure 3.13 (a) shows that the SAM moves smoothly and without 

oscillation. Figure 3.13 (b) verifies that the joints can quickly return to their initial 

position along the target trajectory with a small position offset. 

3.3 SAM error compensation 

3.3.1 Method of compensation 

The SAM structure is characterised by a long cantilever with a large load, which causes 

large positional errors in the end-effector of the robot arm. The main sources of error 

include assembly errors, machining errors and the rigid-flexible coupling deformation of 

the rod and joint units. In addition, the rigid-flexible coupling deformation of cables is 

also a major source of error. In order to compensate for the parametric errors of the SAM, 

we propose a variable parametric error compensation algorithm. As shown in Figure 3.14, 

the SAM workspace is divided into several grids according to the actual requirements. 

For the different grid regions, we obtain parameter error compensation values using error 

parameter identification. For parameter error identification we use the Levenberg-

Marquardt (LM) nonlinear damped least-squares method (Qin et al., 2022). From this, we 

can obtain the compensation parameters of the SAM end-effector in different spatial 

positions. When the robot end-effectors pass through different working spaces, different 

compensation values are used to compensate for the parameter errors, which can 

effectively improve the overall positional accuracy. 

 

Figure 3.14: Snake arm maintainer variable parameter error compensation principle. (Qin et al., 2022) 

 

3.3.2 Simulation validation 

To verify the effectiveness of the compensation algorithm, we built a SAM rigid-flexible 

coupling simulation model in Adams software, as shown in Figure 3.15. The first joint 

1×1 5×5 10×10
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group of the SAM is set to complete a sinusoidal trajectory as shown in Figure 3.16 (a). 

The spatial position of the SAM end-effector is shown in Figure 3.16 (b). Through the 

simulation of trajectory planning, we calculate the position error of the SAM end-effector 

as shown in Figure 3.17 (a). The test results show that the higher the load on the SAM 

end-effector the greater the position error. The maximum position error of the SAM end-

effector is close to 12 mm and the position error is not uniformly distributed in the 

working space. Conventional single-parameter error compensation is difficult to achieve 

for the entire working space of SAM. Based on a variable parameter error compensation 

algorithm, we divide the working space that the SAM end-effector passes through into 4 

parts (4 grids) along the Z-axis. The LM algorithm is used to identify the parameter errors 

for each grid region to obtain the corresponding compensation parameter values. The 

position error of the SAM end-effector after compensation is shown in Figure 3.17 (b). 

The maximum position error of the SAM end-effector after compensation is less than 3.1 

mm, which is a significant compensation effect. Position accuracy can be further 

improved by increasing the grid density of the SAM workspace. 

 

Figure 3.15: Simulation process of the SAM. (Qin et al., 2022) 

 

  

Figure 3.16: Setting the SAM trajectory planning. (a) Joint angle inverse kinematics. (b) SAM end-

effector trajectory. (Qin et al., 2022) 
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Figure 3.17: SAM end position error simulation analysis. End space position error (left), Variable load 

end error compensation results (right). (Qin et al., 2022) 

 

3.4 Chapter Summary 

The new under-actuated SAM has the bionic structural features, simplifying the drive and 

control system and allowing for a miniaturised and lightweight design. This chapter 

focuses on the three key technologies of the SAM: 

1) The cable traction forces of the SAM are dynamically coupled at each joint in any 

spatial position. Determining the cable traction force using a conventional force 

analysis and dynamics equations becomes very complex. This section presents an 

equivalent dynamics modelling approach. The dynamic equations are established by 

equivalent the cable traction forces of all joints to joint torques. The joint torques are 

then converted into cable traction forces for each joint using an equivalent inversion. 

Finally, the cable traction forces are decoupled and calculated. 

2) For the trajectory control of the working process of the SAM, the existing literature 

only focuses on a single control method of the robot, such as trajectory planning and 

trajectory tracking, which cannot meet the control requirements. Therefore, this 

section designs an adaptive trajectory control algorithm based on the 10-joint SAM 

that satisfies the needs for the entire work process control.  

3) A variable parameter error compensation algorithm based on a gridded workspace 

was proposed for the uneven distribution of position errors in the SAM workspace. 

A joint space error compensation model of a SAM is constructed using the matrix 

differentiation method. The error parameters under different loads and different poses 

are identified based on the principles of variable parameter error compensation and 

a linearised variable-load variable-parameter model. Parameter errors are then 

calculated using the Levenberg-Marquardt nonlinear damped least-squares algorithm.  
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4 Prototype testing and results discussion 

4.1 Prototype integration 

Based on the above-mentioned layered drive SAM design principle, the prototype model 

is shown in Figure 4.1. Each rigid-body joint has a diameter of 80 𝑚𝑚 and a length of 

200 𝑚𝑚. The mobile-arm length is 2300 𝑚𝑚, and the dimensions of the terminal drive 

box are 400 ×  300 ×  430 𝑚𝑚. The total length of the prototype is 2930 𝑚𝑚. The 

casing and supporting frame of the terminal drive box were manufactured using stainless 

steel coated with plastic. The joints of the robots were blackened using 7050 aeronautical 

aluminium alloy. The drive capstan was obtained with high-performance nylon three-

dimensional (3D) printing, and the drive cable was made of a super-soft and high-strength 

spiral multi-strand stainless-steel wire twisted and exhibiting tensile strengthening and 

plastic coating. The skin is coated with plastic to reduce the friction and wear between 

the joint unit and the flexible deformation of the wire cable. The motor uses a 400 𝑊 AC 

servo motor with its encoder and power-off brake to be used with a planetary reducer, 

and the rated torque is 60 𝑁𝑚. The motion controller uses two high-end 8-axis motion 

control cards for control and trajectory planning. A single motor and reducer weighs 3 𝑘𝑔, 

and the total weight of the prototype model is 65 𝑘𝑔. The fixation between the wire cable 

and the joint is connected by a wire-locking device and contains a screw pre-tightening 

mechanism. The connection between the wire cable and the capstan punches holes in the 

circumferential direction of the capstan, and the wire cable is fixed in place by repeatedly 

penetrating and winding around the capstan in the circumferential direction. Specific 

details of each key component of the complete SAM are shown in Table 4.1. 

 

Figure 4.1: Prototype model of the SAM (a) Snake arm. (b) electrical distribution boxes (c) motion 

control cards (d) drive box. (Qin et al., 2021) 

  (a)

  (c)  (b)   (d)
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Table 4.1: Dimensions of key parts of the SAM. 

Key parts Size 

Joint unit size 200×80 mm 

The radius of the inner hole of the joint unit 29 mm 

The radius of the middle hole of the joint unit 32.5 mm 

The radius of the outer hole of the joint unit 36 mm 

Universal joint length h 47 mm 

Diameter of composite capstan (from small to 

large) 

20 mm, 40 mm, 60 mm 

Cable diameter 2.5 mm 

Drive box size 400×300×430 mm 

4.2 Prototype testing 

4.2.1 Equivalent dynamics tests 

The effectiveness of the SAM equivalent dynamics modelling method and the model-

based control design method in Section 3.1.2 are mainly dependent on the accuracy of the 

theoretical model. Therefore, we designed a SAM prototype based on bionic principles 

and underactuated design methods, as shown in Figure 4.2 to verify the validity of the 

SAM equivalent dynamics model by measuring the cable traction force. 

 

Figure 4.2: SAM single joint group prototype test. (a) prototype. (b) gyro angle sensor. (c) laser 

tracker, and (d) force sensor. (Qin et al., 2022) 

(a) (b)

(c) (d)
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Set the first joint group of SAM to do sinusoidal trajectory planning. From the SAM 

prototype tests we obtained the variation curves of the cable traction force of each joint 

as shown in Figure 4.3. Where Figure 4.3 (a) and Figure 4.3 (c) are the trajectories in the 

horizontal and vertical directions. Figure 4.3 (b) and Figure 4.3 (d) are the cable traction 

forces for the different trajectories. The results of the analysis show that the joints of the 

SAM can accurately track the target trajectory with an error of less than 1 × 10−2 𝑟𝑎𝑑. 

The cable traction force of the SAM changes abruptly at 70 𝑠, 120 𝑠 and 190 𝑠. This is 

mainly caused by friction and reverse acceleration. Next, we will calculate the equivalent 

joint torques using the equivalent dynamics modelling method in Section 3.1.2. 

 

Figure 4.3: SAM cable force test results. (a-b) SAM vertical sine trajectory and cable traction 

forces, and (c-d) SAM horizontal sine trajectory and cable traction forces. (Qin et al., 2022) 

 

For comparative verification, we have also calculated the theoretical joint torques 

according to the Adams software as shown in Figure 4.4 (a) and Figure 4.4 (b). Figure 

4.4 (c) and Figure 4.4 (d) show the error characteristics indicating that the maximum error 

of the SAM equivalent joint torque is 0.38 𝑁𝑚 and the mean error and standard deviation 

of the equivalent joint torque are less than 0.13 𝑁𝑚. The results indicate the validity of 

the equivalence dynamics. Therefore, the SAM equivalent dynamic accuracy is high and 

the control effect can be improved by designing a model-based controller. 
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Figure 4.4: SAM equivalent joint torque analysis. (a) 𝑻𝟏 under vertical sine trajectory, (b) 𝑻𝟐 

under horizontal sine trajectory, (c) 𝑻𝟏 and 𝑻𝟐 errors, and (d) analysis of the error characteristics 

of 𝑻𝟏 and 𝑻𝟐. (Qin et al., 2022) 

4.2.2 Trajectory control tests 

In order to test the kinematic characteristics of the SAM, SAM prototypes with different 

arm lengths were designed for testing. The SAM cable displacement was controlled by 

means of a high-end motion control card. For the first generation prototype described 

above, we only used the open-loop control mode and switched on the speed look-forward 

function. The test results are shown in Figure 4.5. 

It can be seen from the above experimental results that the entire motion processes are 

smooth, without oscillation or noise and with move smoothly. In the open-loop inverse 

kinematics trajectory planning process, the maximum position error of the endpoint of 

the SAM with an arm length of 1500 𝑚𝑚  is 12 𝑚𝑚 . Additionally, the maximum 

position error of the endpoint of the SAM with an arm length of 2300 𝑚𝑚 is 18 𝑚𝑚. 

The main reasons for the error were: 1) The continuum design robot based on the layered 

drive is an under-actuated configuration, and each joint group needs a high precision 

coordinated motion capability. The flexible deformation of the steel wire cable and the 

slight change in the diameter of the composite capstan caused the position error to become 

larger. 2) The force of the cables of the SAM are uneven under the action of gravity, 

resulting in static position errors in each joint of the SAM. In addition, the open loop 
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inverse solution error affects the coordinated motion of multiple motors, resulting in a 

large end position error. For the larger position error of the SAM, the nonlinear least 

squares algorithm can be used to compensate for the end position error to improve the 

position accuracy. In general, the layered drive SAM has a simplified drive and control 

system. Compared to traditional flexible continuum robots, it has stronger load capacity 

and position accuracy and can establish accurate kinematics models. It can meet the needs 

of CFETR’s narrow space visual navigation. 

 

Figure 4.5: SAM trajectory planning and error analysis. (a) and (b) are the trajectory planning and 

error analysis of the SAM with an arm length of 1500 𝑚𝑚, while (c) and (d) are the trajectory 

planning and error analysis of the SAM with an arm length of 2300 𝑚𝑚. (Qin et al., 2021) 
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the three coordinate axes measured by the gyroscope in the end joint group of the snake 

arm were (0.63°, 0.81°, 0.31°). 

 

Figure 4.6: Installation position of angle sensor. (a) and (b) are rectangular and sinusoidal 

trajectory experiments. (Qin et al., 2021) 

 

  

Figure 4.7: Rectangular trajectory (a) and sine trajectory (b) joint angle measurement. (Qin et al., 2021) 
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the repeated positioning accuracy of the end load is shown in Figure 4.9 (b). The 

maximum absolute position error (ME) is 11 𝑚𝑚. 

 

Figure 4.8: SAM end position measurement system. (a) SAM test prototype, (b) laser tracker 

reflector ball, (c) different load tests. (Qin et al., 2021) 

 

 

Figure 4.9: Error experiment of SAM under different loads. (a) The position error of the endpoint 

of the snake arm. (b) Repeat positioning accuracy of the snake arm. (Qin et al., 2021) 
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on the sinusoidal trajectory motion in the vertical direction. The end position error of the 

SAM measured by the laser tracker is shown in Figure 4.10 (a). The results show that the 

maximum position error occurs on the Z-axis, and the maximum position error is greater 

than 5 𝑚𝑚. The position error was mainly caused by the uneven force on the steel cable 

of the SAM under the action of gravity and the flexible deformation of the cable. The 

robot workspace was divided equally into 8 parts along the Z-axis for parameter 

identification and error compensation. The position error after compensation is shown in 

Figure 4.10 (b). Under a steady state, the maximum position error along the Z-axis is less 

than 1 𝑚𝑚, and the average position error is less than 0.4 𝑚𝑚. Use of the SAM position 

error compensation algorithm allowed the position accuracy to be significantly improved 

to meet the needs of precise operation in the CFETR vacuum chamber. 

  

Figure 4.10: Snake arm maintainer error compensation experiment. (a) End position error before 

compensation. (b) End position error after compensation (Qin et al., 2022). 

4.3 Results discussion 

This chapter describes the development of SAM prototypes with arm lengths of 

1500 𝑚𝑚 and 2300 𝑚𝑚 based on the SAM design principle and reports the equivalent 

dynamics tests, trajectory control tests and the error compensation tests respectively. The 

results of the SAM prototype experiments were analysed as follows: (1) Using the open-

loop control trajectory control experiment of the SAM single-joint group, the cable force, 

joint angle tracking error, and equivalent joint torques were analysed to verify the 

accuracy of an equivalent dynamic model. The maximum torque error was close to 

0.38 𝑁𝑚, but the mean error and standard deviation were small (less than 0.13 𝑁𝑚). The 

large errors mainly reflected theoretically unbuilt model errors such as the rigid-flexible 

coupling deformation of the cables and non-linear friction. (2) The maximum trajectory 

tracking errors of the end points of the snake robots with arm lengths of 1500 𝑚𝑚 and 

2300 𝑚𝑚  were 12 𝑚𝑚  and 18 𝑚𝑚 , respectively. The maximum tracking error in a 

steady state was less than 1 × 10−3 𝑟𝑎𝑑. The position error mainly comes from cable 

flexibility, initial position error, external force imbalance, and insufficient multi-motor 

coordinated movement ability. In general, compared to a flexible continuum robot, the 

motion process was smooth, without oscillation, and the positioning accuracy and load 
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capacity were significantly improved. (3) To experimentally verify the effectiveness of 

the SAM position error compensation algorithm, we built a SAM with an arm length of 

1500 𝑚𝑚  containing two under-actuated joint groups. The results show that the 

maximum position error occurred in the Z-axis, and the maximum position error was 

greater than 5 𝑚𝑚. The robot workspace was divided equally into 8 parts along the Z-

axis for parameter identification and error compensation. After stabilisation, the errors 

were significantly reduced. The maximum position error along the Z-axis was less than 

1 𝑚𝑚, and the average position error was less than 0.4 𝑚𝑚. The use of the SAM position 

error compensation algorithm allowed the position accuracy to be significantly improved 

(≤  5 𝑚𝑚) to meet the needs of precise operation in the CFETR vacuum chamber.  

Limitations of the research: (1) The design of under-actuated joint groups makes the 

whole machine assembly accuracy and control co-ordination demanding. Position errors 

in each joint group have a direct effect on the next joint group, resulting in large position 

errors. To meet the accuracy requirements this must be compensated for by an external 

position error compensation algorithm. (2) The SAM dynamic characteristics are too 

complex, and although the dissertation proposes an equivalent dynamics decoupling 

algorithm, it is difficult to improve the modelling accuracy. This affects the development 

and application of SAM dynamic controllers. (3) The trajectory control algorithm does 

not take into account practical factors such as obstacle avoidance. Various pipelines are 

densely packed in the vacuum chamber, and the SAM can only perform task operations 

such as trajectory planning when the obstacle avoidance conditions are satisfied. How to 

carry out the best obstacle avoidance path identification and planning in the vacuum 

chamber must be solved. 

In the future, we will continue to research SAM-related technologies to meet the needs of 

different applications. The main areas are as follows (1) study the frictional influences on 

SAM cables to further increase the accuracy of the dynamic model, (2) study of elastic 

dynamics models for cables to improve SAM dynamic characteristics and position 

accuracy, (3) learning neural networks and intelligent control algorithms for the 

identification of dynamic models of SAMs, and (4) autonomous recognition and 

avoidance of static and moving obstacles in the workspace using artificial potential field 

methods etc. will be developed, further enhancing the SAM’s manoeuvrability. 
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5 Conclusions and recommendations 

5.1 Summary of the dissertation 

This dissertation is completed based on the practical requirements of the remote handling 

and maintenance system of the Chinese Fusion Engineering Test Reactor (CFETR). The 

purpose was to develop a Snake Arm Maintainer (SAM) as one of the key subsystems of 

the remote handling and maintenance system of the CFETR for visual inspection and dust 

removal in the complex pipeline areas of the vacuum chamber. By mounting it on the 

quick-change interface at the end of the CFETR multipurpose overload robot (CMOR), 

it can be delivered into the complex spaces inside the vacuum chamber for maintenance 

work. The main research contents of this study include the SAM structure design, SAM 

control system design, adaptive trajectory control algorithm design for position error 

compensation techniques under different spatial positions and loads, etc. The results of 

the research will be used to meet the practical maintenance needs of the divertor and upper 

window in the vacuum chamber of the CFETR. Expanding the scope of applications of 

the SAM designed in this project is of great significance in the aerospace, manufacturing, 

rescue and medical sectors. The details of the study are summarised below. 

(1) Under-actuated SAM design method based on snake inspiration. In this dissertation, 

an under-actuated SAM was designed for the maintenance needs of the CFETR’s 

confined working space by analysing the geometry of a snake’s skeletal features and 

its sinuous movements. The new SAM has a compact structure, high spatial curvature, 

position accuracy and load capacity. The drive system, control system and kinematic 

model have been simplified to achieve bionic motion control of the robot. The motion 

performance of the SAM was tested for trajectory planning which demonstrated the 

feasibility of the structural design. 

(2) SAM cable force non-linear decoupling algorithm and static and dynamic force 

analysis. By integrating the basic principles of a traditional Lagrange’s equation, 

force balance, torque balance and equivalent transformations, an equivalent 

decoupling of the traction forces on each joint cable was achieved. Based on 

equivalent decoupling dynamics, the strong coupling between the SAM cable traction 

force and the joints, end-effectors and servo motors was investigated, thus enabling 

the optimal design of the cable forces in different positions. A model-based equivalent 

control algorithm was designed using decoupled dynamics for the design of dynamic 

SAM controllers. 

(3) SAM variable parameter error compensation algorithms for different spatial locations 

and loads. A variable parameter error compensation strategy was designed based on 

dynamic equations, gridded workspace techniques, and the linearised variable load 

principle. The parameter error identification was carried out using the Levenberg-

Marquardt (LM) non-linearly damped least squares algorithm. Optimisation of the 
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compensation parameters of the SAM was achieved by combining the gridded 

workspace and the linearised variable load principle.  

(4) SAM adaptive trajectory control algorithm. Trajectory planning for under-actuated 

SAMs was achieved based on the generalised inverse matrix method and the modified 

main curve method. The adaptive trajectory control of SAM key points was achieved 

based on a tractrix control algorithm and an improved end trajectory tracking 

algorithm. 

(5) SAM integrated manufacturing and testing. A test prototype was manufactured based 

on the SAM design principles and a motion control system was added. The SAM 

motion control algorithm, error compensation algorithm and dynamic control 

algorithm were validated by simulations and experiments in combination with a laser 

tracking measurement system, force measuring system and gyroscope angle 

measurement system. 

5.2 Main achievements  

The research for this dissertation is focused on the design of the SAM and the 

development of key technologies. Therefore the main achievements are as follows. 

(1) A new method for the miniaturised and lightweight design of under-actuated SAMs 

is proposed. The design of an under-actuated SAM was based on the bionic principle 

for narrow space tasks. The number of end-drive motors was reduced exponentially 

using group drives. The complexity of the complex system of drive and control was 

effectively reduced. The miniaturised and lightweight design of the machine meets 

the practical requirements of CFETR narrow vacuum chambers. 

(2) An equivalent dynamics modelling method for cable-driven SAM traction forces is 

proposed. Based on traditional dynamics modelling methods and the principles of 

force equilibrium and torque equilibrium, a dynamics decoupling algorithm with 

multiple equivalent transformations were proposed to achieve the dynamics 

decoupling of cable-driven SAMs. A model-based dynamic controller was designed 

based on the decoupled dynamics model to verify the effectiveness of the equivalent 

dynamics decoupling algorithm. 

(3) A SAM error compensation algorithm design is proposed. Based on the parameter 

errors of the SAM a variable parameter error compensation algorithm based on the 

LM non-linear damping least squares compensation algorithm, the gridded workspace 

and the linearised variable load, a variable parameter compensation principle is 

proposed. Variable parameter error compensation of SAMs at different spatial 

locations and under different loads were achieved. 
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(4) Adaptive trajectory control algorithms for the whole moving process of SAM are 

proposed. Motion control of the entire working process was achieved. 

5.3 Future Work 

In the future, I will continue to develop relevant key technologies based on the SAM 

platform. The research plan includes the following main points. 

(1) Research on multi-level mapping relationships, motion and force feedback control in 

the master-slave remote handling mode will be carried out. Based on master-slave 

control and force-feedback control mechanisms, an optimised trajectory planning 

algorithm for the co-movement of SAMs and mobile platforms will be investigated. 

The transfer of joint forces and end feedback forces to the main end manipulator for 

end force sensing will be developed. Motion control and environment sensing of the 

SAM will be achieved by the operation of the main hand. 

(2) Research will be carried out on the integrated and miniaturised design of the whole 

SAM based on a full closed-loop. The closed-loop control strategy of the servo motor 

will be split. This will be achieved using DC motors and encoders for direct, fully 

closed-loop control of cable displacements, joint angles, etc. This will result in 

increased accuracy while at the same time being more integrated and miniaturised. 

(3) Research will be carried out on a SAM autonomous obstacle avoidance control 

strategy based on vision sensors. The global camera and SAM end vision tools will 

be used to create a visual map of narrow spaces. Autonomous recognition and 

avoidance of static and moving obstacles in the workspace using artificial potential 

field methods etc., further enhancing the SAM’s manoeuvrability. 
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a b s t r a c t 

This article proposes an adaptive trajectory control method for under-actuated snake 

robots by simplifying the control and actuation systems of hyper-redundant robots. The 

under-actuated joints are formed by controlling the spatial rotation angles of multiple rigid 

joints in the joint group in order for them to synchronize. Based on the under-actuated 

configuration, a trajectory control algorithm is proposed and includes the following parts: 

(i) A control principle based on variable rod length is adopted so that the snake robot can 

track into a small working space; (ii) a trajectory planning of the snake robot in a fixed 

state at one end is realized by an iterative tractrix principle minimizing the joint displace- 

ment; and (iii) a fast return tracking control of the snake robot in any posture is realized 

by adopting the principles of the variable rod-length tractrix and the forced return itera- 

tion. A snake robot with an arm 2300 mm in length is designed and fabricated. The trajec- 

tory control simulation and experiments validate the correctness of the trajectory control 

algorithm and the rationality of the structural design. 

© 2022 Elsevier Inc. All rights reserved. 

1. Introduction 

The under-actuated snake robot is a type of continuum robot. Its design is inspired by continuum snakes, octopus ten- 

tacles and animal tails in nature [1] . Unlike discrete and hyper-redundant robots, continuum robots exhibit a large number 

of kinematic degrees of freedom [2] . At present, there are two types of continuum robots: one composed of flexible ma- 

terials [3] and one composed of under-actuated mechanism [4] . For a continuous robot composed of flexible materials, the 

entire flexible arm can be discretely divided into a hyper-redundant serial robot composed of a limited number of rigid joint 

segments connected by hinges, universal joints, ball joints, etc. Therefore, both rigid and flexible continuum robots can be 

regarded as serial hyper-redundant robots [5] . Continuum snake robots are widely used in complex and extreme environ- 

ments, such as nuclear power, medical treatment, space, post-disaster rescue and other high-risk narrow spaces [6–10] . 

The traditional hyper-redundant snake robot can realize active motion control for each joint, but the driving and control 

system is very complicated. Its inverse kinematics and trajectory planning are often solved by the generalized inverse matrix 

method based on the Jacobian matrix [11 , 12] . In the case of continuum snake robots, the inverse kinematics solution also 

becomes complicated with the increase of joint segments, and the solution delay increases [13–15] . The backbone curve 

method for trajectory planning and motion control of the snake robot was proposed [16 , 17] . The trajectory planning of the 
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fixed-length curve was carried out through the modal function, and then the motion control was realized by fitting the 

backbone curve of the snake robot to the fixed-length curve in sections. The inverse kinematics and trajectory planning 

algorithms for redundant robots based on tractrices was proposed [18–21] , where the characteristic is that the sum of the 

motion of all links of the robot except the head is the smallest, and the rotation angle of the joints is also the smallest. In 

[22–24] , by analysing the multi-level mapping relationship between the motors, cables, joints and the end effectors of the 

hyper-redundant robot, a simplified segmented geometric algorithm was proposed to plan the trajectory of the snake arm. 

A geometric structure, called as a road map, was used to guide the movement of the snake robot in a highly convolutional 

space [25] and a “follow-the-leader’’ heuristic tracking method was used to define the main curve to complete trajectory 

tracking [26–29] . Xidias [30–32] proposed a time-optimal trajectory planning method based on a multi-population genetic 

optimization algorithm. Palmer et al. [33] used the sequential quadratic programming optimization method to realize the 

trajectory tracking of the hyper-redundant robot. Srinivas et al. [34 , 35] obtained the inverse kinematics solution by assuming 

the motion of each joint segment of the continuum robot as a circular arc and then sequentially compensating for the 

change in the direction of each continuum joint segment. Most of the above-mentioned trajectory planning and trajectory 

tracking control algorithms have theoretical guiding significance for hyper-redundant robots. In actual application scenarios 

in small spaces, and the arm length of robot increases with the space curvature by joints to adapt to narrow and lengthy 

complex work scenes. At present, there are relatively few researches on the trajectory control method of under-actuated 

robots in the complex processes. 

In this article, an under-actuated snake robot is designed based on the actual application requirements of the China 

Fusion Engineering Test Reactor (CFETR). It has a rigid structure similar to that of a hyper-redundant robot, this simplifies 

the driving and control system to achieve a miniaturized design, to retain a high spatial curvature and aspect ratio, and 

to adapt to the narrow and high-risk environment of the vacuum chamber. Trajectory tracking algorithms based on the 

principles of improved tracking and variable rod length tractrices are designed according to the task requirements of under- 

actuated snake robots for entering and exiting a narrow vacuum chamber. A trajectory-planning algorithm for minimizing 

the joint displacement is designed, and the motion control of the under-actuated snake robot is realized. 

The article is organized as follows. In Section 2 , a design method of under-actuated snake robot is introduced, and a 

kinematic model is established. In Section 3 , the trajectory control algorithm is designed based on the under-actuated snake 

robot model Section 4 . validates the feasibility of the trajectory control algorithm of the under-actuated snake robot through 

simulation. Finally, we briefly discuss the advantages of the under-actuated mechanism and the trajectory control algorithm 

in narrow spaces in Section 5 and present the conclusion in Section 6 . 

2. Underactuated snake robot design 

2.1. Prototype model 

This study synthesizes the respective advantages of hyper-redundant robots and continuous robots in terms of position 

accuracy, load capacity, and control system. A design mechanism of a new under-actuated continuum snake robot is pro- 

posed. A prototype model suitable for CFETR is designed, as shown in Fig. 1 , and it has three parts: the multi-joint snake 

arm, the driving box and the feed-in platform. The snake arm contains 11 rigid joints (size 200 × 80 mm) that are con- 

nected in series by universal joints. Among the 11 rigid joints, the first joint has its root fixed on the driving box, and the 

remaining 10 joints form four joint groups in a ratio of 3:3:2:2. The driving box is designed to be rectangular, and inside 

there are four rows of support rods, which can be optionally equipped with a total of 16 servomotors. A composite capstan 

is installed on the servomotor, which can simultaneously pull multiple wire ropes to control the movement of each joint 

group. The feed-in platform consists of two moving slide rails and a ball screw rod, which is driven by the servomotor to 

control the feed of the snake arm. 

2.2. Advantages of under-actuated design 

The second red joint group in ( Fig. 1 a) is taken as example of the under-actuated joint group design. In the driving cable 

distribution ( Fig. 2 a), 15 rows of through holes (three in each row) are evenly distributed along the section of joints. The 

joint group shown in Fig. 2 d includes 3 rigid joints connected in series by universal joints. The driving control uses three 

rows of wire ropes evenly distributed along the circumference ( Fig. 2 a). Multiple sets of servomotors are installed in the 

driving box, and each servomotor is fitted with a composite capstan. One end of each wire rope row is fixed in the corre- 

sponding through holes of the first, second, and third rigid joints from the outside to the inside. The other end of the wire 

rope row is wound on the composite capstan. A single row of wire ropes is layered and fixed in the corresponding winding 

groove of the composite capstan in the radial direction from the outside to the inside ( Fig. 2 c). Capstan winding grooves 

of different radii can achieve different proportions of telescopic movement of the wire rope and realize the synchronous 

rotation of the rigid joints in the joint group ( Fig. 2 d). 

This design has advantage in the following aspects: (1) Positional accuracy, since each joint group is controlled by the 

wire rope with synchronous movement in space and real-time controllable posture with high positional accuracy; (2) load, 

while each joint group can bear a large load because of a rigid robot; and (3) the simplicity of the driving and control 

system, because the driving design of the composite capstan simplifies the driving system and kinematic model, increases 
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Fig. 1. The prototype of a layer-driven continuum snake robot. (a) Model. (b) Principle prototype. 

Fig. 2. Snake arm composition and coordinate system. (a) A single joint. (b) Drive box. (c) Installation of the servomotor of the composite capstan. (d) Joint 

group coordinate system. (e) Universal joint coordinate system. 

the bending curvature, and achieves a miniaturized design. This robot has the potential to be adapted to meet the regular 

inspection and maintenance requirements of industrial production, aerospace applications, and nuclear facilities. 

2.3. Kinematics modeling 

The second joint group in ( Fig. 1 ) is taken as example for demonstrating the positive kinematics model. The positive 

kinematics of the snake arm joint group can be solved in two ways: (1) Establish a coordinate system at the start and end 
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points of the joint group ( Fig. 2 d); and (2) Establish a positive kinematics model for the movement of each universal joint 

( Fig. 2 e). 

The coordinate system ( Fig. 2 e) and the modified Denavit-Hartenberg (D-H) parameters are used to establish the kine- 

matics model. For the i th joint, the transformation of the coordinates of point G to the coordinate system of point E is 

performed as the following: 

T rans ( a i , b i , c i ) = 

⎡ 

⎢ ⎣ 

1 0 0 a i 
0 1 0 b i 
0 

0 

0 

0 

1 c i 
0 1 

⎤ 

⎥ ⎦ 

(1) 

R ( z, −δi ) = 

⎡ 

⎢ ⎣ 

cos ( δi ) s in ( δi ) 0 0 

−s in ( δi ) cos ( δi ) 0 0 

0 

0 

0 

0 

1 0 

0 1 

⎤ 

⎥ ⎦ 

(2) 

R ( x, γi ) = 

⎡ 

⎢ ⎣ 

1 0 0 0 

0 cos ( γi ) −sin ( γi ) 0 

0 

0 

sin ( γi ) 
0 

cos ( γi ) 0 

0 1 

⎤ 

⎥ ⎦ 

(3) 

E 
G P = T rans ( 0 , h, 0 ) R ( z, −δi ) R ( x, γi ) P ( 0 , h, 0 , 1 ) (4) 

where δi is the rotation angle around the z i -axis, γ i is the rotation angle around the x i + 1 -axis, and 2 h + l is the total length 

of the universal joint and joint unit; Trans ( a i ,b i ,c i ) denotes the translation transformation, R ( z , −δi ), R ( x , γ i ) denote rotation 

transformation about Z and X. 

The rotation transformation rule from Point B to Point A in the second joint group in Fig. 2 d is formed as follows: 

D 2 = 

A 
B D = 

B 
C D = 

C 
D D = R ( z, −δ2 ) R ( x, γ2 ) T rans ( 0 , 2 h + l, 0 ) 

= 

⎡ 

⎢ ⎣ 

cos ( δ2 ) 
−sin ( δ2 ) 

0 

0 

sin ( δ2 ) cos ( γ2 ) 
cos ( δ2 ) cos ( γ2 ) 

sin ( γ2 ) 
0 

−sin ( δ2 ) sin ( γ2 ) 
−cos ( δ2 ) sin ( γ2 ) 

cos ( γ2 ) 
0 

( 2 h + l ) sin ( δ2 ) cos ( γ2 ) 
( 2 h + l ) cos ( δ2 ) cos ( γ2 ) 

( 2 h + l ) sin ( γ2 ) 
1 

⎤ 

⎥ ⎦ 

(5) 

3. Trajectory control of an under-actuated snake robot 

This section introduces the motion control principles of the under-actuated snake robot in a narrow space, and they 

include: (1) the trajectory tracking control of a variable rod length entering a narrow working space; (2) the trajectory 

planning for minimizing joint displacement; and (3) the trajectory tracking control of the variable rod length tractrix and 

forced return iteration for completing the return trajectory control. 

3.1. Entering the narrow workspace 

The trajectory tracking is one of the commonly used working methods for snake robots entering narrow working spaces. 

Traditional trajectory tracking methods can be offline and online. The offline trajectory tracking refers to the generation of 

the terminal motion trajectory in the offline state, and the trajectory tracking algorithm is used to solve the inverse kine- 

matics of the robot to complete the motion control. The online trajectory tracking refers to the real-time traction of the end 

joints to update the position, and then the trajectory tracking algorithm is used to calculate the inverse kinematics of the 

remaining joints to complete motion control [33] . This article introduces only the principle of offline trajectory tracking of an 

under-actuated snake robot. The under-actuated snake robot ( Fig. 2 d) adopts the design principle of joint angle synchronous 

movement in the joint group. To realize the trajectory tracking control design of each joint group of the under-actuated 

snake robot, this article proposes an improved trajectory tracking control algorithm based on the principle of a variable rod 

length, as shown in Fig. 3 . 

The constant speed v of the driving box of the under-actuated snake robot is set to feed along the moving platform on the 

Y-axis. For any joint group on the Y-Z plane, it is assumed that there are three rigid joints, and the joint angles of adjacent 

joints are equal, as shown in Fig. 3 . Supposing that the robot updates its position along a predetermined trajectory at equal 

time intervals �t , the starting point of any joint group at t i − 1 is A i −1 ( y 
A 
i −1 

, z A 
i −1 

) and the ending point B i −1 ( y 
B 
i −1 

, z B 
i −1 

) , we 

then obtain the following equivalent rod length d i − 1 : 

d i −1 = 

√ (
y B 

i −1 
− y A 

i −1 

)2 + 

(
z B 

i −1 
− z A 

i −1 

)2 
(6) 
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Fig. 3. The principle of trajectory tracking with a variable rod length. (a) Position at time t i − 1 . (b) Position at time t i . (c) Position at time t i + 1 . 

Through the analysis of real-time trajectory tracking, it is found that the equivalent rod length change is very small in 

the position update iteration within a unit time interval, namely �t → 0, d i → d i − 1 . Therefore, the rod length d i − 1 at time 

t i − 1 can be used to determine the position B i ( Fig. 3 b), which is between the two points of the trajectory curve P i ( y 
P 
i 
, z P 

i 
) 

and P i +1 ( y 
P 
i +1 

, z P 
i +1 

) : √ (
y A 

i 
− y P 

i 

)2 + 

(
z A 

i 
− z P 

i 

)2 ≤ d i −1 ≤
√ (

y A 
i 

− y P 
i +1 

)2 + 

(
z A 

i 
− z P 

i +1 

)2 
(7) 

y − y P 
i 

y P 
i +1 

− y P 
i 

= 

z − z P 
i 

z P 
i +1 

− z P 
i 

(8) 

Finally, the equivalent rod length d i can be obtained. The under-actuated snake robot can complete trajectory tracking 

motion control under the known trajectory by repeating the above process. 

3.2. Completing the target task 

Because the rod length of each segment of the hyper-redundant robot is constant, the inverse kinematics of the joint unit 

can be solved directly by using the principle of tractrix. However, the under-actuated snake robot designed in this article 

drives the rigid joints in groups, and this causes the equivalent rod length between the starting point and the end point 

of the joint group to change with time. Therefore, the inverse kinematics solution cannot be obtained directly using the 

tractrix principle. To take advantage of the characteristics of the tractrix, this article expands the scope of the classic tractrix 

and proposes a variable rod length tractrix principle for solving the inverse kinematics of the under-actuated snake robot. 

3.2.1. The principle of a variable rod length tractrix 

The tractrix ( Fig. 4 a), also known as the "tracing curve", was firstly proposed by the German mathematician Leibniz. A 

connecting rod, with the given fixed-length L , is placed along the Z-axis, point B at one end of the connecting rod translates 

along the Y-axis, and the trajectory of point A at the other end is the tractrix [18] . According to the formation condition of 

the tractrix, the speed vector at end point A always points to point B along rod L and the trajectory equation of point A can 

be obtained as: 

d z A 
d y A 

= 

−z A √ 

L 2 − z A 2 
(9) 

where ( y A , z A ) are the coordinates of point A . The recursive operation of the tractrix can be used to solve the inverse kine- 

matics problem of the hyper-redundant robot to realize the more natural and smooth motion of the hyper-redundant robot 

[36 , 37] . 

Fig. 4 b shows three joint units L AB , L BC and L CD , of which L AB and L BC form a joint group, and the joint angle at point 

B ( y b , z b ) is synchronously equal to the joint angle at point A ( y a , z a ). When point D ( y d , z d ) moves along the Y-axis, the tra- 

jectory of point C ( y c , z c ) is a classic tractrix. Point A ( y a , z a ) moves along the direction of the connecting line AC ; then, the 

equivalent rod length L ′ AC between AC is: 

L ′ AC = 

√ 

( y c − y a ) 
2 + ( z c − z a ) 

2 (10) 
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Fig. 4. Principle of variable rod length tractrix. (a) Traditional tractrix. (b) Variable rod length tractrix. 

Since the joint motion trajectory at point A is related to the position of point C and the direction of the previous joint 

group, the equivalent length of L ′ AC varies with time, and it is difficult to solve the inverse kinematics using the classic 

tractrix principle. However, when the iteration time �t → 0, the displacement of point D ( y d , z d ) along the Y-axis is �d → 0. 

Therefore, we use the equivalent rod length L i −1 
AC 

at the previous time t i − 1 to calculate the location of point A at the next 

time t i . 

The location update is carried out in two steps: firstly, based on the classic tractrix principle and the movement of the 

rod L CD , the linear equation of the point C’ at time t i − 1 along the L CD direction of the rod length can be calculated: 

z = k CD y + b CD (11) 

where k CD = 

z d −z c 
y d −y c 

, b CD = 

z c y d −z d y c 
y d −y c 

, y and z are the parametric variables. 

Point D ( y d , z d ) moves a short distance �d along the Y-axis direction at time t i . From the rod length condition, the point 

C’ satisfies the following condition: 

L CD 
2 = ( y − y d ) 

2 + ( z − z d ) 
2 (12) 

The position coordinates of point C’ and the linear equation passing point C’ at the next iteration t i + 1 are obtained. 

Secondly, the traditional tractrix will be expanded to meet the tracking requirements of the under-actuated joint group. 

As shown in Fig. 4 b, the equivalent rod length of the joint group ( L AB , L BC ) is L ′ AC . Based on the principle of the iterative 

tractrix, the equivalent rod length L ′ AC of the joint group at t i − 1 and the linear equations of the starting point A’ along the 

rod L AC direction are (Eqs. (1) –(12) , (16) –(27) ): 

L i −1 
AC 

= 

√ 

( y c − y a ) 
2 + ( z c − z a ) 

2 (13) 

z = k AC y + b AC (14) 

where k AC = 

z a −z c 
y a −y c 

and b AC = 

z c y a −z a y c 
y a −y c 

. 

At time t i , point C ( y c , z c ) moves a short distance �P ( �y , �z ) along the tractrix to reach C’ ( y c ’, z c ’ ), and the equivalent 

rod length at this time is L i 
AC 

. When the iteration time interval �t → 0, the distance that C ( y c , z c ) moves along the tractrix 

�P ( �y , �z ) → 0, so L i 
AC 

→ L i −1 
AC 

. The rod length L i −1 
AC 

at time t i − 1 can be used to determine the coordinates of point A’ after 

the position iteration at time t i . From the rod length condition, it can be seen that point A’ satisfies the following condition: 

L i −1 
AC 

= 

√ 

( y − y c ′ ) 2 + ( z − z c ′ ) 2 (15) 

By solving Eqs. (13) –(15) , the position coordinates of point A’ , the linear equation passing point A’ at the next iteration 

t i + 1 and the equivalent rod length L i 
AC 

are obtained. The inverse kinematics solution [ δi , γ i ] and the trajectory planning 

of the under-actuated snake robot can be completed through the recursive calculation of the abovementioned variable rod 

length tractrix. 
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Fig. 5. Minimizing joint displacement. (a) End mobile trajectory. (b) Fixed-base trajectory. 

3.2.2. Minimizing joint displacement 

The abovementioned variable rod length trajectory can be used for the trajectory planning of an under-actuated base- 

moving snake robot. In practical applications, the base of the snake robot is fixed or can only perform the limited unidirec- 

tional feed motion along the moving platform. In order to meet the requirements of trajectory planning for the fixed-base 

snake robot, this article proposes an optimization algorithm for minimizing joint displacement. Based on the principle of 

the smallest sum of motion of each link of the tractrix and the smallest joint angle [ 20 , 21 ], repeated forced zeroing and 

iterative operations are performed on each joint node of the equivalent rod length of the snake robot. 

The end of the robot initially at point E 1 ( Fig. 5 a) moves to point F j at time t j . The trajectory planning of the under- 

actuated snake robot based on the traditional tractrix will guide each joint group of the snake robot to move, which is not 

suitable for the trajectory planning of the fixed-base snake robot. Performing forced iterations for each joint group during the 

traction calculation of the tractrix can meet the requirements of trajectory planning of the fixed-base snake robot, improve 

the stability of the system and reduce the joint displacement. As shown in Fig. 5 b, the first joint group with rod length d 1 
is iterated first, the robot end point E 1 is drawn to point F j ( y 

j 
F 
, z 

j 
F 
) along the predetermined trajectory, and the trajectory 

traversed by point D 1 is the tractrix. Then, the robot is forced to translate from point G i back to point D 1 , the size and 

iteration direction of rod length d 1 is recalculated at this time, and the next iteration of the tractrix is performed. Suppose 

the coordinates of D i after the end of the i -th iteration are ( y i 
d 
, z i 

d 
). Translating D i back to point D 1 , the coordinates of the 

robot end point E i are ( y i e , z 
i 
e ); then, the slope of the line segment D 1 E i is obtained as: 

k i = 

z i e − z 1 
d 

y i e − y 1 
d 

(16) 

The iteration termination condition is set as: {(
y j 

F 
− y i e 

)2 + 

(
z j 

F 
− z i e 

)2 ≤ α
| | k i | − | k F | | ≤ β

(17) 

where k F = 

z 
j 
F 
−z 1 

d 

y 
j 
F 
−y 1 

d 

is the slope of the line segment D 1 F j in the initial state, F j is the position of F at time t j , i is the number 

of iterations, and both constants α and β positive. 

In order to reduce the amount of calculation and achieve rapid convergence, we use the dichotomy method for iterative 

calculation and the update of the iteration step size: 

1 Set the objective function and calculate the initial value of the iteration. The objective function is the difference between 

the target slope k F and the actual slope k i of the i th iteration �k i : 

�k i = | k F | − | k i | (18) 

The maximum moving speed of the end effector of the snake arm in any direction is set as v , then the maximum 

displacement of each position update iteration is: �d max = v �t i and the maximum joint rotation angle �γmax of each 

position update iteration is: 

| �γmax | ≤
∣∣∣∣arctan 

(
�d max 

( 2 h + l ) 

)∣∣∣∣ (19) 

The initial value are defined based on the maximum joint angle: (1) if �γmax > 0, set the upper and lower bounds of 

the dichotomy iteration as [ a 

1 
min 

, b 1 max ] = [ 0 , �γmax ] ; (2) if �γmax < 0, set the upper and lower bounds of the dichotomy 

iteration as [ a 

1 
min 

, b 1 max ] = [ �γmax , 0 ] . 
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Fig. 6. Flowchart of algorithm for each joint trajectory. 

(1) Calculate the joint angle parameters: 

�γi = 

a 

i 
min 

+ b 

i 
max 

2 

(20) 

γi +1 = γi + �γi (21) 

(2) Update the iteration parameters according to the upper and lower bounds of the dichotomy iteration [ a 

i 
min 

, b i max ] . 

Taking the joint angle parameter γ i + 1 into the robot kinematics model, we get: {
a 

i +1 
min 

= a 

i 
min 

− �γi , b 

i +1 
max = 0 �k i < 0 

a 

i +1 
min 

= 0 , b 

i +1 
max = b 

i 
max − �γi �k i ≥ 0 

(22) 

4. Termination condition. The termination condition of single joint group iteration is: { (
y j 

F 
− y i e 

)2 + 

(
z j 

F 
− z i e 

)2 ≤ α

| �k i | = | | k F | − | k i | | 
〈
β, or i 

〉
10 

(23) 

where α > 0, (usually β = 0.001, the error value is very close at this time and has converged) or when the number of 

iterations i > 10, the loop ends. Namely, this iteration ends at two conditions: (1) when the robot end point E i is very 

close to the target point F j ; or (2) when the slope of the line segment D 1 E i is approximately equal to the slope of the line 

segment D 1 F j . When both the first and second conditions are met, the target point has been reached and the iteration ends; 

but if only the second condition is met, the target point cannot be reached by only pulling the first joint group. Therefore, 

the iterative calculations of the second and third joint groups are performed sequentially based on the calculation of the 

first joint group until the target position is reached. The flowchart of algorithm is shown in Fig. 6 . 

3.3. Returning to the initial position 

After the snake robot completes the task, it returns to the initial position through the feed platform. Since the return 

trajectory curve of each joint group is unknown, the trajectory tracking algorithm described in Section 3.1 cannot be used. In 

order to complete the return task of the under-actuated snake robot, this article proposes a return trajectory tracking control 
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Fig. 7. Return trajectory tracking based on the variable rod length tractrix. 

method of the variable rod length tractrix in the opposite direction. As shown in Fig. 5 , joint A , being close to the driving 

box, becomes the end joint and returns at a constant speed, while the remaining joints are controlled by the principle of 

the variable rod length tractrix, so the return trajectory tracking movement is performed. Due to the traction characteristics 

of the tractrix, the motion of the other joint groups excluding the first joint group decreases slowly, resulting in the inability 

to quickly converge to the horizontal initial position within a given stroke. 

The iterative variable rod length tractrix principle described in Section 3.2 can be used to increase the convergence speed 

Fig. 7 . shows the first under-actuated joint group near the end of driving box, having the initial position l AE , and reaching 

l A ′ E ′ at time t by the tractrix. After the time interval �t , point E 

′ moves forward along the Y-axis a distance �d to reach 

point F , the equivalent rod length at this time is l BF . The joint group l BF is translated from point F to point E 

′ by a forced 

iteration for the rapid convergence of the under-actuated snake robot to the Y-axis. The rod length of l A ′ E ′ is calculated with 

the following formula: 

l A ′ = 

√ 

( y A ′ − y E′ ) 
2 + ( z A ′ − z E′ ) 

2 (24) 

y − y A ′ 
y E′ − y A ′ 

= 

z − z A ′ 
z E′ − z A ′ 

(25) 

When the time interval �t → 0, the short distance �d → 0 and l BF → l A ′ E ′ . The rod length l A ′ E ′ at time t can be used 

to determine the coordinates of point B at time t + �t . Then the coordinates of point B at time t + �t are obtained: 

l A ′ E ′ 
2 = ( y − y F ) 

2 + ( z − z F ) 
2 (26) 

The main purpose of backhaul iteration is to accelerate convergence. With each forced iteration, the snake arm is one 

step closer to the initial horizontal state. The number of iterations is selected according to the spatial pose of the snake arm 

and the time interval of calculation. The calculation process has the following steps: 

(1) Set the initial values according to Fig. 7 , such as the starting and ending coordinates of the end joint group 

E 0 ( y 
0 
E 
, z 0 

E 
) and A 0 ( y 

0 
A 
, z 0 

A 
) , the slope of k 0 

E 
= 

z 0 
E 
−z 0 

A 

y 0 
E 
−y 0 

A 

and the joint angle of the initial position γ 0 . 

(2) Calculate the joint angle change �γ i at the i -th iteration. One end of the joint group E i ( y 
i 
E 
, z i 

E 
) moves along the Y-axis 

for a short distance �d to reach F i ( y 
i 
F 
, z i 

F 
) . The joint angle change �γ i is obtained, when the end of the joint group 

A i ( y 
i 
A 
, z i 

A 
) intersects the line of the equivalent rod length l AE . 

(3) Update parameters. One end of the joint group, F i ( y 
i 
F 
, z i 

F 
) , is forced to return to the position E i ( y 

i 
E 
, z i 

E 
) . The slope of 

the equivalent rod l BF is calculated as k i 
E 

= k i 
F 

= 

z i 
F 
−z i 

B 

y i 
F 
−y i 

B 

. The joint angle is as follows: 

γi +1 = γi + �γi (27) 

The iteration calculation of the remaining joint groups is similar. The number of iterations is set according to the con- 

vergence speed. The more iterations, the faster the backhaul convergence speed. 
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Fig. 8. Trajectory tracking of snake robot. (a–d) Tracking positions at different moments. 

Fig. 9. (a) Rotation angles of joint groups. (b) Position trajectories of joints. 

4. Verification of trajectory control 

The abovementioned trajectory control algorithm was applied to design the 10-joint under-actuated snake robot for the 

robot motion control. Specifically, the algorithm includes the following parts: (1) the trajectory tracking of a variable rod 

length into a narrow space; (2) the trajectory planning for minimizing the joint displacement; (3) the return trajectory 

tracking of a variable rod length tractrix. All algorithms are applicable to 2D and 3D space. The simple verification of trajec- 

tory control algorithm is available as video in the part of Supplementary material (see Appendix A). 

4.1. Trajectory tracking for entering the workspace 

The trajectory tracking curves of the 10-joint under-actuated snake robot are shown in Fig. 8 a. The end feed rate is 

constant and variable rod length is used for trajectory tracking motion control. The joint displacement curve and the inverse 

kinematics solution are shown in Figs. 8 , 9 . The four positions in Fig. 8 show that the end of the snake arm can track the 

target curve well and the snake robot moves smoothly throughout the tracking process. The displacement curve of each 

joint in Fig. 9 shows that the tracking position offset is small and meets the requirements for entering a small vacuum 

chamber. 

4.2. Trajectory planning 

The 10-joint under-actuated snake robot trajectory planning curve is shown in Fig. 10 a. The iterative principle of minimiz- 

ing joint displacement is used for trajectory planning motion control. The rotation angle of each joint group and the influ- 

ence curve of the number of iterations on the position accuracy are shown in Fig. 11 . The four position states in Fig. 10 have 

shown that the end of the snake arm can accurately track the target trajectory, i.e., the movement of each joint group is 

sequentially iterated from the end joint group, the joint displacement is successively decreased based on the characteristics 

of the tractrix, and after repeated iterations the control goal of minimizing the joint displacement during the movement can 

be achieved. The displacement curve of each joint in Fig. 11 shows that the movements of the joint group mainly appear 

in the third and fourth joint groups, and this reduces unnecessary joint movements and effectively improves the stability 
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Fig. 10. Snake robot trajectory planning. (a–d) Trajectory planning positions at different moments. 

Fig. 11. (a) Rotation angles of joint groups. (b) End position error with the number of iterations. 

of the system Fig. 11 .b shows that when the number of iterations of each joint group is greater than 2, the end trajectory 

position error is significantly reduced as the average error is less than 1 mm, so rapid convergence is achieved. 

Based on the abovementioned variable rod length iterative tractrix algorithm, on the basis of meeting the trajectory 

planning goal, the joint displacement of the snake robot can be minimized, and the system stability can be improved. In 

addition, it eliminates the slight deviation of the base to meet the control requirements of the fixed-base snake robot. 

4.3. Trajectory tracking for returning to initial position 

The position of the 10-joint under-actuated snake robot in Fig. 10 d is set as the initial position of the return trajectory 

tracking. The trajectory tracking motion control is carried out using the iterative principle of the variable rod length tractrix. 

The angle curve of each joint group and the displacement curve of each joint are shown in Figs. 12 , 13 . The four positions in 

Fig. 12 indicate that the snake arm can quickly converge to the horizontal initial position by adopting the iterative algorithm 

of the variable rod length tractrix Fig. 13 . shows the rotation angle and joint displacements of each joint group in curves. 

The results show that the snake robot moves smoothly throughout the tracking process. When the number of forced return 

iterations i ≥ 2 in the algorithm of Section 3.3 , the snake robot can overcome the characteristic of asymptotic convergence 

of the tractrix to return to the horizontal initial position within a limited distance of stroke to satisfy the needs of return 

movement. 

5. Discussion 

The under-actuated snake robot integrates the structural characteristics of the hyper-redundant robot and the continuum 

robot, simplifies the driving and control system, and can achieve a miniaturized design, which is very suitable for use in 

various complex and narrow working spaces. Based on the application requirements of CFETR’s narrow vacuum chamber, 

we propose a miniaturized and lightweight under-actuated snake robot and installed it at the end of a large manipulator 

to complete various visual inspection tasks in narrow spaces. There are relatively few studies on the trajectory control of 

766 



G. Qin, H. Wu, Y. Cheng et al. Applied Mathematical Modelling 106 (2022) 756–769 

Fig. 12. Return trajectory tracking. (a–d) Tracking positions at different moments. 

Fig. 13. (a) Rotation angles of joint groups. (b) Position trajectory of each joint. 

under-actuated snake robots. Most of the studies focus the single control methods of hyper-redundant robots or continuum 

robots, such as the trajectory planning and trajectory tracking. 

To satisfy the under-actuated snake robot control requirements, we propose an adaptive trajectory control algorithm that 

contains the entire control process of entering the narrow space, completing the work, and returning to the initial position. 

The under-actuated snake robot trajectory tracking for entering uses an improved end-tracking control algorithm to adapt to 

the structural characteristics of the variable rod length under the under-actuated configuration. The algorithm discrete the 

target path into multiple line segments that can be generated online by incremental path planning. The path discretization 

will affect the position accuracy and smoothness of the motion, which can be solved by increasing the discretized density. 

Both the trajectory planning and the trajectory tracking for returning of the under-actuated snake robot use the principle 

of the variable rod length iterative tractrix. For fixed-length flexible objects such as snakes, ropes, chains, etc., the motion 

appears "natural" when the movement or disturbance at one end gradually dies down along the defined flexible object. 

Taking advantage of the more natural movement disappearance characteristics of the tractrix, the iterative algorithm of 

the variable rod length tractrix is designed to realize the trajectory planning that minimizes the joint displacement. By 

expanding the formation conditions of the tractrix, the reverse iterative variable-rod-length tractrix algorithm is adopted 

to realize the trajectory tracking of fast return of the under-actuated snake robot. The simulation results have verified the 

effectiveness of the trajectory control algorithm. Compared with the existing single-mode trajectory control algorithm, the 

adaptive trajectory control algorithm can perfectly realize the articulation of the three control processes of under-actuated 

snake robot entering, trajectory planning, and returning to meet the requirements of narrow space. The disadvantages are (1) 

there are position error and smoothness problems in discrete target paths in the entering phase; (2) obstacle avoidance is 

not considered in the trajectory planning and returning phases, and there is a risk of collision. In engineering applications, 

the target path must be discretized according to the processor performance and accuracy requirements, and the obstacle 

avoidance algorithm must be added to meet the control requirements. 

6. Conclusions 

This article proposes a new structure of an under-actuated snake robot. The composite capstans are used to constrain 

the simultaneous movement of adjacent joints of the hyper-redundant robot to form a new under-actuated snake robot. 
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It integrates the structural characteristics of hyper-redundant robots and continuum robots, simplifies the drive and con- 

trol system, and realizes miniaturized design. For the trajectory control of the under-actuated snake robot, we design an 

adaptive trajectory control method, including the trajectory tracking control for entering and exiting complex environments 

and the trajectory planning control for the operation. Firstly, based on the improved trajectory tracking principle, the tra- 

jectory control of the snake robot into a narrow space is completed. Secondly, based on the trajectory planning principle 

of minimizing the joint displacement, the trajectory control of the snake robot in a complex working process is realized. 

Finally, based on the trajectory tracking principle of the iterative variable rod length tractrix, the trajectory control of the 

snake robot’s returning is realized. The rationality of the structural design is verified by making a prototype with an arm 

length of 2300 mm. The simulation results of the trajectory control algorithm show that the tracking position accuracy and 

control effect of the trajectory in and out of a narrow space are better and meet the needs of use. The location accuracy 

of trajectory planning during movement changes with the number of iterations. When the number of iterations is greater 

than 2, the average position error of the end-tracking target trajectory is less than 1 mm, and the accuracy meets the needs 

of visual inspection in the narrow space of CFETR. In addition, the trajectory control algorithm uses only simple geometric 

iterative operations, and the amount of calculation is small, so it can be used for real-time control. 

In the future, the autonomous obstacle avoidance trajectory control algorithm in three-dimensional space will be ex- 

plored based on the under-actuated snake robot prototype and the principle of the variable rod length iterative tractrix. And 

a mobile feed platform and complex environment will be added to further verify the effectiveness of the trajectory control 

algorithm for the operation process. 
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A B S T R A C T

This paper develops a remote handling system with a Snake Arm Maintainer (SAM) as the end effector, which 
aims to meet the maintenance needs of various narrow working spaces of the Chinese Fusion Engineering Test 
Reactor (CFETR). The multi-joint snake-arm is designed with the principle of layered drive to realie the angle 
synchronisation of adjacent joints, which reduces the complexity of the drive control system, and reduces the 
volume and weight while ensuring a high spatial curvature. The drive box is connected to the Multi-Purpose 
Overload Robot (CMOR) through a quick-change connector. The worm gear mechanism realies the reverse 
folding of the SAM and close to the CMOR, enabling access to the narrow vacuum chamber. Two working 
methods of SAM are designed based on trajectory planning and trajectory tracking. Finally, based on the actual 
environment of the CFETR vacuum chamber, simulation experiments were carried out on the rationality of the 
structural design of the SAM and the correctness of the working methods, which verified the feasibility of 
working in a narrow vacuum chamber.   

1. Introduction 

Robots and remote handling (RH) technologies are playing an 
increasingly important role in different fields of human society. 
Regarding the RH system of the Tokamak device, the JET device in 
Callum, UK completed the first full RH internal component maintenance 
task in 1998 [1]. It adopts the master-slave control mode, and realizes 
the uninterrupted maintenance operation of the vacuum chamber 
through two articulated booms and end effectors. As the world’s largest 
nuclear fusion device, ITER is 6 times the volume of JET. In order to 
achieve a wider range of RH tasks within ITER, the Oxford company in 
the UK designed the Multiple Purpose Deployer (MPD). It can complete 
various types of operations in the tokamak, such as picking up debris in 
the vacuum chamber, replacing the internal components of the first 
wall, etc.[2 3],. In 2002, the Commissariat a l’Energie Atomique (CEA) 
developed the ITER articulated inspection arm (AIA) based on the 
Tore-Supra device, which used the end-mounted vision system for vac-
uum chamber observation and monitoring [4]. 

For the China Fusion Engineering Test Reactor (CFETR), in 2014, the 
Institute of Plasma Physics Chinese Academy of Sciences (ASIPP) pro-
posed a complete set of RH system solutions [5]. The Snake Arm 

Maintainer (SAM) is one of the key subsystems of CFETR the remote 
handling system. The entire SAM maintenance system consists of three 
parts: the CASK transport vehicles, the CFETR Multipurpose Overload 
Robot (CMOR) and the SAM as shown in Fig. 1. Its working process is 
divided into three steps: Firstly, the CMOR and SAM are installed inside 
the Tokamak Transfer Cask System (CASK) and are in a folded state. 
Secondly, the SAM is transported to the unfolded state of the vacuum 
chamber through the mobile platform and CMOR. Finally, with the 
assistance of CMOR, the SAM is transported to a narrow space to com-
plete the reactor maintenance, visual inspection of the divertor, dust 
detection and removal, cutting and welding, etc. [6]. SAM’s significant 
feature is that the driving unit is placed outside the robot’s workspace, 
which simplifies the whole snake arm structure and presents a 
completely streamlined posture [7]. This externally driven “bionic 
tendon” design has excellent environmental adaptability and obstacle 
avoidance capability. It can be used in the vacuum chamber with nar-
row, multi-obstacle and strong radiation by means of encircle, etc. 
Hyper-redundant snake robots were originally defined by OC Robotics 
in the UK [8]. A rigid joint group connected by multiple universal joints 
simulates the polyarticular spine of a snake [9]. Cieslak R. et al. designed 
an elephant trunk elastic robot based on pressure-driven [10]. Xu W. 
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et al. analysed the application of the super-redundant snake robot based 
on cable drive in the space station [1112],. Shi S. et al. designed a 
multi-joint articulated EAMA robotic arm for nuclear applications [13]. 
Palmer D. et al. achieved the retractable design by wrapping the snake 
robot around a spiral column, which solves the problems of large vol-
ume, difficult carrying, and the complex structure of the sliding-table 
snake robot [1415],. 

At present, the research and application of SAM are still in the 
exploratory stage, primarily focusing on structural design, path plan-
ning, and collaborative control [16]. Most of the existing SAM have the 
disadvantages of large weight and volume and overly complicated 
driving and control systems. In order to solve these problems, a new 
SAM was designed for the narrow operating space of the CFETR vacuum 
chamber. The multi-joint snake arm of SAM adopts the layered drive 
design, which drives multiple adjacent joints to realize synchronous 
rotation in space. A worm gear mechanism is installed between the drive 
box and the CMOR multifunctional connector, which can fold the snake 
arm in the reverse direction and lean on the CMOR to enter the narrow 
vacuum chamber. The trajectory planning and trajectory tracking al-
gorithms are designed based on the principle of SAM layered drive and 
verified by simulations. 

The rest of this paper is organized as follows: Section 2 presents the 
SAM design principle. Section 3 presents the kinematics model of the 
SAM system. Section 4 presents the SAM vacuum chamber operation 
process and the two working methods of SAM. Section 5 verifies the 
working method of SAM. Section 6 concludes the paper. 

2. SAM structural design 

SAM is installed at the end of CMOR, and the structure is shown in 
Fig. 2. It is mainly divided into three parts: the drive box, the multi-joint 
snake arm and the end tools. With the assistance of CMOR, the SAM was 
sent into the narrow vacuum chamber to complete the designated task. 
The drive box of SAM is connected to the end of the CMOR, and is 
equipped with a vacuum cleaner (see Fig. 2a) to remove the dust at the 
bottom of the divertor. Multiple sets of servo motors are installed in the 
drive box and are equipped with composite capstans as shown in 
Fig. 2c− d. The snake arm is composed of multiple rigid joints connected 
in series through universal joints. There are 15 rows of through-holes 
along the axis of the joint, and up to 15 joints can be connected in se-
ries as shown in Fig. 2e. There are four large round holes in the middle of 
each joint for the distribution of the dust suction pipe and the cable of 
the front-end tools. The end tools are equipped with a multi-functional 
change connector, which can be equipped with visual tools, dust 
removal equipment, clamping and handling equipment, cutting and 
welding equipment to achieve multi-functional operations. 

The SAM multi-joint snake arm is designed with a layered drive 
principle. As shown in Fig. 3, a single drive group (3 motors) corre-
sponds to 3 adjacent joints as shown in Fig. 3a. The wire rope drawn by 
each drive group (composite capstan 1,2,3) corresponds to the 3 rows of 

through-holes 1,2,3 that the joint passes through along the axis as shown 
in Fig. 3b. Each row of wire ropes is successively fixed in the corre-
sponding through-holes of three adjacent joint units from the outside to 
the inside, as shown by the green points in Fig. 3c. The diameter of the 
three winding grooves arranged on the composite capstan increases 
proportionally from top to bottom. The wire rope drawn by each 
winding groove is fixed in the same row of through-holes of adjacent 
joints in turn from the outside to the inside, which can realize angular 
synchronous motion, as shown in Fig. 3a. 

The advantages of the layered driving principle: 1. Rigid structure 
features can achieve higher positioning accuracy; 2. Lightweight and 
miniaturized design can be realized; 3. Driving multiple joints with a 
single drive group can increase arm length and spatial curvature; 4. The 
kinematics solution of synchronous control of adjacent joint rotation 
angle is more convenient and fast, and the control system is simpler. 

3. SAM system kinematics 

3.1. CMOR kinematic modelling 

When the base is fixed, CMOR has 8 degrees of freedom, and can 
flexibly adjust its posture in a limited space, transport the end effector to 
any maintenance site in the vacuum chamber. For the SAM system, the 
main task of CMOR is to transport the SAM to the inside of the vacuum 
chamber, and then cooperate with the SAM to complete various main-
tenance tasks in narrow spaces. 

CMOR is a tandem multi-joint robot in structure. The kinematics 
model mainly describes the relationship between the movement of joints 
and connecting rods and the end position, which is easier to establish. 
For ease of representation, the Denavit-Hartenberg (DH) parameter 
method is used to establish a positive kinematics model based on the 
structure of the tandem multi-joint robot. The initial pose of CMOR is set 
as shown in Fig. 4, and the value ranges of DH parameters and joint 
variables of each link in the coordinate system are shown in Table 1: 

The CMOR kinematics equation established by DH parameters is: 

T0
8 =

⎡

⎢
⎢
⎣

nx ox ax px
ny oy ay py
nz oz az pz
0 0 0 1

⎤

⎥
⎥
⎦ = T0

1 (θ1)T1
2 (θ2)⋯T7

8 (θ8) (1)  

where [n, o, a] represents the end posture of CMOR, [px, py, pz] represents 
the end position, Ti− 1

i (θi) represents the coordinate transformation of 
adjacent joints. 

3.2. SAM kinematic modelling 

There are complex coupling mapping relationships amongst SAM 
joints, connecting rods, and drive cables. It is difficult to directly solve 
the relationship between cable displacement and SAM end effector pose. 
Therefore, in order to decouple the kinematics of the SAM, the 

Fig. 1. (a) Composition of the CFETR remote handling system, (b) SAM is installed at the end of the CMOR.  
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kinematics space mapping can be solved in two parts: (1) the mapping of 
cable displacement and joint space; (2) the mapping of joint space and 
the SAM end effector pose. For the first part, the joint angle is known to 
solve the driving displacement of the cable, which can be solved through 
geometric transformation relations. For the second part, the cable drive 

can be equivalent to the joint drive, and the SAM kinematics model can 
be transformed into a classic series multi-joint robot, with the adjacent 
joints being orthogonally distributed. Therefore, the DH parameter 
method can still be used to establish a positive motion model. The initial 
pose of SAM is set as shown in Fig. 5, and the value ranges of DH pa-
rameters and joint variables of each link in the coordinate system are 
shown in Table 2: 

The link coordinate system is established according to the DH pa-
rameters, and the homogeneous transformation matrix i− 1

i T of the 
adjacent links is: 

i− 1
i T =

⎡

⎢
⎣

cδi − sδicγi

sδi cδicγi

sδisγi 0

− cδisγi li− 1

0 sγi

0 0

cγi 0

0 1

⎤

⎥
⎦ (2)  

where cδi = cos(δi), sδi = sin(δi), cγi = cos(γi), sγi = sin(γi). According 

Fig. 2. Structural design of the SAM. (a) Laser dust removal using a vacuum cleaner, (b) Worm rotation mechanism, (c) SAM drive motors, (d) The composite 
capstan, (e) Joint cross section. 

Fig. 3. SAM layered driving principle. (a) Joint group consisting of three joints, (b) Wire rope threading position (120◦ apart along the axis), (c) Wire rope fixed 
position (fixed at the green point). 

Fig. 4. CMOR coordinate system of each link.  

Table 1 
Modified DH parameters of CMOR.  

Link i Variable θi Angle (◦) Displacement (m) Range (◦) 

1 θ1 (0, 0, 0) (0, 0, 0) − 90~+90◦

2 θ2 (0, 0, 0) (1.76, 0, 0) − 90~+90◦

3 θ3 (0, 90◦, 0) (1.33, 0,0) − 180~+180◦

4 θ4 (90◦, 0, 90◦) (− 0.375, 0, 0.91) − 90~+90◦

5 θ5 (90◦, 90◦, 0) (0.94, − 0.375, 0) − 180~+180◦

6 θ6 (90◦, 0, 0) (0, 0, 1.3) − 90~+90◦

7 θ7 (− 90◦,0, 0) (0, 1.19, 0) − 100~+100◦

8 θ8 (90◦, 0, 0) (0, 0, 0.46) − 90~+90◦
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to the homogeneous transformation matrix of the robot, the relationship 
between the position of the end joint of the robot and the other joints can 
be obtained as: 
0
10T = 0

1T1
2T⋯9

10T (3)  

4. The sam system working method 

4.1. The SAM working process 

In this paper, according to actual requirements and the principle of 
layered driving, SAM arm length and diameter are designed to be 2300 
× 80 mm, including 10 joints as shown in Fig. 5. And divide the arm 
length into 4 joint groups according to the ratio of 3 : 3 : 2 : 2. The 
working process of SAM in the vacuum chamber is shown in Fig. 6. First, 
the SAM is installed on the multifunctional connector at the end of the 
CMOR and is in a folded state. Second, transport the CMOR to the 
maintenance window of the vacuum chamber by the CASK, as shown in 
Fig. 6a− b. Third, Through the cooperative control of CASK and CMOR, 
the SAM can be brought into the vacuum chamber and deployed, as 
shown in Fig. 6c− f. Finally, visual detection, dust removal, flaw detec-
tion and other tasks at the bottom of the divertor can be completed 

through CMOR and SAM collaborative control. See Appendix A for 
related videos. 

4.1.1. CMOR control method 
For the operation process of the SAM system, CMOR is mainly used as 

a base or feed platform to assist SAM to complete motion planning. The 
working methods of CMOR mainly include: joint space control, master- 
slave remote operation control, trajectory planning control, etc. Joint 
space control is used to realize the motion control of the end joint pose 
by setting arbitrary continuous joint variables for each joint. The master- 
slave remote operation control is mainly composed of a master robot 
system (remote control platform, etc.) controlled by a human and a slave 
robot system (CMOR) that performs operations. The operator realizes 
the remote control of CMOR by operating the remote control platform. 
Master-slave remote operation control is an organic combination of 
human intelligence and the robot’s environmental adaptability, which 
enables the robot to complete various tasks in dangerous environments 
that are difficult to reach or harmful to humans. Trajectory planning 
control mainly discusses the trajectory generation method of the robot in 
joint space and Cartesian space [17]. 

When CMOR assists SAM to perform a complete operation task in the 
vacuum chamber, a variety of control methods need to be adopted. As 
shown in Fig. 6− Fig. 7, the CMOR and SAM are first unfolded from the 
folded state through joint space control. Then use the trajectory plan-
ning control method to perform linear motion planning on the end of the 
CMOR to assist the SAM in completing the task. Finally, for complex and 
special situations, the master-slave remote operation mode of human- 
machine cooperation is adopted to complete the operation task to 
further enhance the safety of the operation. 

Fig. 5. SAM coordinate system of each link.  

Table 2 
DH parameters of SAM.  

Link i Variable (u,αi,βi)  Angle (◦) Displacement (m) Range (◦) 

1 y1(u) (0, 0, 0) (0, 0.3, 0) ∕ 

2 z2(δ1) (0, 90◦, 0) (0, 0, 0) − 30~+30◦

3 z3(γ1) (0, − 90◦, 0) (0, 0.2, 0) − 30~+30◦

⋮ ⋮ ⋮ ⋮ ⋮ 
20 z20(δ4) (0, 90◦, 0) (0, 0, 0) − 30~+30◦

21 z21(γ4) (0, − 90◦, 0) (0, 0.2, 0) − 30~+30◦

Fig. 6. SAM performs visual inspection of the bottom of divertor. (a) The vacuum chamber and component transfer vehicle, (b) SAM and CMOR folded and stored in 
CASK, (c-e) SAM is sent to the vacuum chamber through CASK and CMOR, (f) SAM inspects divertor pipe welds. 
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4.2. SAM control method 

4.2.1. SAM trajectory planning 
In view of the operation requirements of vacuum chamber mainte-

nance, two working methods (trajectory planning and trajectory 
tracking) are designed for SAM. The process of SAM’s work through 
trajectory planning is as follows: First, the SAM will be transported to the 
designated area of the vacuum chamber through the CMOR and CASK 
transfer truck in Fig. 1. Second, use the laser tracker to calibrate the 
position error. Third, the CMOR stays still, and expands the SAM to 
complete the operation task of the designated position through trajec-
tory planning. 

As shown in Fig. 5, assuming that SAM has two joint groups, the 
generalised inverse matrix method can be used for trajectory planning 
[18]. According to Eqs. (2) and (3), the end trajectory of SAM in the base 
coordinate system can be written as: 

⎡

⎢
⎣

x1

y1

z1

1

⎤

⎥
⎦ = 0

1T1
2T⋯5

6T⋅

⎡

⎢
⎣

0

0
0

1

⎤

⎥
⎦. (4) 

Given the end trajectory, Eq. (4) includes four unknowns [α1,α2, β1,

β2], with infinitely many solutions. An optimal solution can be obtained 
under optimal restrictions, including obstacle avoidance, the minimum 
displacement principle, and joint motion in the same direction [19]. For 
the SAM with more than 2 joint groups, the backbone curve method can 
be used for trajectory planning [20]. Use the integral form to express any 
curve w at any time t: 

w(x, t) =
∫x

0

l(ω, t)α(ω, t)dω, (5)  

where l(x, t) is the rate of change of arc length, α(x, t) is the tangent 
vector of curve w at time t. For a fixed-length curve, l(x, t) = 1. There-
fore, the trajectory planning of SAM (4 joint groups) can be divided into 
two steps: first, trajectory planning is performed on the backbone curve 
w(x, t), and the second fits the joint groups of the SAM to the backbone 
curve in turn, to obtain the inverse kinematics solution of the SAM. For 
obstacle avoidance requirements, the key points of SAM can be sepa-
rated from the backbone curve to achieve obstacle avoidance. 

4.2.2. SAM trajectory tracking 
The trajectory tracking process of SAM is different from trajectory 

planning. During the trajectory tracking process, CMOR is equivalent to 
the SAM’s mobile platform to complete the feed movement. Aiming at 
the layer-driven SAM, this paper proposes an improved trajectory 
tracking control algorithm. As shown in Fig. 7b, assuming that the 
effective rod length of any joint group of the SAM at time t is di, the 
traditional trajectory tracking algorithm cannot solve the tracking po-
sition the next time because di is varies in time. But when Δt is very 

short, the rod length di at time t can be used to solve the trajectory 
tracking update position the next time t+ Δt. Assume that the end point 
D(xd, yd, zd) of the rod length di falls between the points Pi(xi, yi, zi) and 
Pi+1(xi+1, yi+1, zi+1) on the tracking curve. 

Through the geometric relationship, the linear equation through Pi 
and Pi+1 is: 

x − xi

xi+1 − xi
=

y − yi

yi+1 − yi
=

z − zi

zi+1 − zi
= k (6) 

Simultaneously, solving Eqs. (2), (3) and (6) can obtain the inverse 
kinematics solution [δi, γi, k] for any joint group of SAM. 

5. SAM performance testing 

5.1. Trajectory planning 

Based on the generalised inverse matrix method, the trajectory 
planning of the arm length 1500 mm SAM is shown in Fig. 8a− b. based 
on the backbone curve method, the trajectory planning of the arm length 
2300 mm SAM is shown in Fig. 8c− d. For the optimisation of redundant 
inverse solutions, optimisation criteria such as joint motion in the same 
direction, minimum joint displacement, and obstacle avoidance princi-
ples can be utilised. Through the trajectory timing diagram and the in-
verse kinematics solution, it can be found that the SAM end effector can 
accurately track the target curve, and the entire trajectory planning 
movement process is smooth, which can meet the trajectory planning 
task requirements of the narrow vacuum chamber. 

5.2. Trajectory tracking 

Set the SAM trajectory tracking curve as shown in Fig. 9a, given the 
constant feed speed v of the end drive box. Based on the improved tra-
jectory tracking control algorithm, the key points of each joint group of 
SAM are fitted to the target curve to complete the trajectory tracking 
motion control. The trajectory tracking result is shown in Fig. 9b− c. The 
results show that the entire tracking process moves smoothly and the 
position offset is small. Through simple geometric iteration to complete 
the update of joint variables, the small amount of calculation can meet 
the real-time trajectory tracking control requirements in the complex 
environment of the vacuum chamber. 

6. Conclusion 

In this study, a new Snake Arm Maintainer is designed based on the 
operating requirements of the narrow space at the bottom of the CFETR 
divertor. The design of the snake arm is based on the principle of layered 
drive, which can effectively reduce the number of motors and the 
complexity of the control system. Worm gear mechanism are installed 
on the outside of the drive box, and the snake arm is close to the CMOR 
by rotating the drive box to achieve the operation of entering and 
leaving the narrow vacuum chamber. For SAM motion control, the 

Fig. 7. (a) CMOR end effector trajectory planning, (b) Coordinate system of SAM joint group.  
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trajectory planning algorithms based on the generalised inverse matrix 
and backbone curve method and the trajectory tracking control algo-
rithm based on an improved variable rod length are designed. The 
correctness of the control methods are verified through simulation ex-
periments of SAM with different arm lengths. In summary, the design of 
the SAM system and control algorithm will further enhance the main-
tenance process of the narrow vacuum chamber. 

In the future, dynamic models will be established for the complex 
mapping relationships of SAM’s motors, joints, cables and end effectors, 
and control strategies will be designed to improve position accuracy. 
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Fig. 9. (a) SAM trajectory tracking, (b) Displacement of each joint, (c) Inverse kinematics.  
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Abstract: In this paper, we investigate a design method for a cable-driven snake arm maintainer
(SAM) and its dynamics modelling. A SAM can provide redundant degrees of freedom and high
structural stiffness, as well as high load capacity and a simplified structure ideal for various narrow
and extreme working environments, such as nuclear power plants. However, their serial-parallel
configuration and cable drive system make the dynamics of a SAM strongly coupled, which is not
conducive to accurate control. In this paper, we propose an equivalent dynamics modelling method
for the strongly coupled dynamic characteristics of each joint cable. The cable traction dynamics
are forcibly decoupled using force analysis and joint torque equivalent transformation. Then, the
forcibly equivalent dynamic model is obtained based on traditional series robot dynamic modelling
methods (Lagrangian method, etc.). To verify the correctness of the equivalent dynamics, a simple
model-based controller is established. In addition, a SAM prototype is produced to collect joint
angles and cable forces at different trajectories. Finally, the results of the equivalent dynamics control
simulation and the prototype tests demonstrate the validity of the SAM structural design and the
equivalent dynamics model.

Keywords: snake arm maintainer; cable-driven; equivalent dynamic; special environment application

1. Introduction

A cable-driven snake arm maintainer (SAM) drive unit is generally placed outside
of a robot’s working space. This placement reduces the number of electronic devices on
the entire snake arm, which is highly conducive to remote maintenance tasks in complex
and narrow environments, such as nuclear power plants [1–3]. The China Fusion Engineer-
ing Test Reactor (CFETR) is large-scale, international scientific project adopting a remote
handing system (RH) for regular monitoring and maintenance [4]. As shown in Figure 1,
the SAM is installed at the end of the CFETR multipurpose overload robot (CMOR) and
is transported to the inside of the vacuum chamber via a CASK transfer vehicle for re-
actor maintenance, flaw detection, and dust removal, as well as general monitoring and
observation [5]. The SAM has a large enough dexterous operating space and is sufficiently
adaptable in a high-radiation environment. It can remove a large amount of dust left
by high-temperature plasma bombardment at the base of the divertor during operation
of the test reactor. It can also obtain high-quality plasma and improve the operational
stability of the test reactor. Traditional industrial robots cannot meet the requirements of
narrow, multiobstacle, and high-radiation operations in a vacuum chamber environment.
The SAM has a high slenderness ratio, and its redundant degrees of freedom allow for
complete streamlining of motion, with strong environmental adaptability and obstacle
avoidance ability. Therefore, the application potential for monitoring and maintenance of
large, complex equipment in narrow spaces is extensive [6,7]. There are two main types of
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SAM: underactuated (continuum) and rigid hyper-redundant arms. The majority of SAMs
are formed in series using several basic joint units (flexible rods, springs, universal joints,
etc.) [8–10]. OC Robotics initially defined a rigid hyper-redundant SAM and designed the
snake arm using the principle of bionics before applying it to extreme environments, such
as nuclear power plants [11]. Peng et al. [12] introduced a continuous SAM integrated with
multilayer flexible plane springs that can realize precise linear movement. The authors
of [13,14] designed a coupled SAM control scheme combining interactive obstacle control
and path-following algorithms. The authors of [15,16] used the exponential integration
method to solve the inverse kinematics of a hyper-redundant SAM. SAM has the character-
istics of a series-parallel structure, and it is difficult to analyze the dynamics of its motion
process. The dynamic equations established by the traditional Newton–Euler method, the
Lagrangian method, the Gaussian method, etc., cannot clearly describe the relationship
between the motion of each joint of a SAM and the force of the cable [17,18]. In addition, the
motors, cables, joints, and end effectors of SAM involve complex mapping relationships,
all of which have a coupling effect on the cable traction forces. As a result, the dynamic
modelling of SAM and the solution of cable traction force in the movement process become
increasingly complicated.
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(b) maintenance inspection of the divertor.

Currently, there are two main methods for modelling the dynamics of a continuum
SAM: the piecewise constant curvature method and the variable curvature method [19–21].
The former involves solving the dynamic equation of the entire arm by assuming that the
deformation angle between each adjacent continuum is approximately equal (constant
curvature) [22]. The latter involves performing dynamic modelling compensation of SAM
using various compensation algorithms under the influence of gravity and load to improve
the calculation accuracy [23]. Whereas the dynamic equation of a hyper-redundant SAM is
similar to that of a rigid link robot, the configuration of the hyper-redundant series-parallel
connection and the coupling effect of the drive cable increase the complexity of dynamic
modelling [24,25]. Ciurezu-Gherghe [26] used the direct method and the superpositioning
method to analyze the mode and dynamics of SAM to determine its vibration shape and
natural frequency. Meanwhile, Vossoughi et al. [27] adopted the Gibbs–Appell method to
obtain the dynamic equations of the in-plane motion and simplify the dynamics of SAM.
Peng et al. [28] used a multiobjective particle swarm optimization method to simultaneously
optimize the energy and control accuracy indicators in the SAM trajectory-tracking process.
Xu et al. [29] proposed a dynamic control strategy using multilevel mapping for motion
analysis and compensation. They calculated the feedforward torque of the SAM motor
using recursive dynamics and the “rope pull-motor torque” relationship. Hua et al. [30]
investigated the effect of different parameters on the vibration of a dynamic model by
controlling for variables. Qin et al. [31] proposed a virtual force feedback algorithm to
improve SAMs’ perception and assistance capabilities in remote operations. Ma et al. [32]
applied the perturbation method to a dynamic model of SAM, derived a vibration control
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equation, and studied the natural frequency value of the cable when it was elastic. Due to
the strong coupling between the joints, the end effectors, and the drive motors of the SAM,
it can prove difficult to obtain the attendant mapping relationships directly. As such, it is
difficult to establish an accurate dynamic model to calculate the driving force of each drive
cable in real time, especially when the arm length and degree of freedom increase.

In this paper, an underactuated SAM applied to the narrow vacuum chamber of the
CFETR is proposed. The kinematics equation of the SAM is subsequently established using
the Denavit–Hartenberg (D–H) method, and the static cable driving force is calculated. For
the strong coupling characteristics of SAM dynamics, an equivalent dynamics modelling
method is proposed. The forcibly equivalent method is adopted for the transformation of
joint torque and cable traction force. Then, the equivalent dynamic model can be obtained
based on traditional series robot dynamics modelling methods (Lagrangian method, etc.).
Finally, we establish a SAM dynamics controller and prototypes and verify the effectiveness
of equivalent dynamics modelling through simulation and experiments.

The remainder of the paper is organized as follows. In Section 2, we introduce the
underactuated SAM platform. In Section 3, we outline the equivalent dynamic analysis
method. In Section 4, we introduce an equivalent dynamics controller. In Section 5, we
present the related simulation and experiments of the single-joint group and a SAM with
an arm length of 1500 mm. In the last section, we summarize the full text and provide
several conclusions.

2. Related Work
2.1. Underactuated SAM Platform

As shown in Figure 2, the designed SAM arm is 2300 mm long and contains 10 joints.
To suit the narrow environment, the underactuated principle is used for a lightweight
and miniaturized design. The SAM designed for the actual needs of the CFETR vacuum
chamber includes three main parts: a multijoint snake arm, an end effector, and a cable
drive box. The movement of each joint involves the use of three evenly distributed cables
along the circumference to achieve a two-degrees-of-freedom rotational movement. The
end effector can be equipped with various tools, such as vision, clamping, cutting, and
dust-removal tools, whereas the signal transmission is realized through the internal circular
hole wiring of the joint unit. Meanwhile, multiple sets of servo motors are installed in the
cable drive box, with the screw rod module driven by the servo motors to pull the cables
and realize motion control of each joint group of the SAM.
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The principle behind the underactuated design lies in using a single-drive motor group
(three motors) to drive multiple joint units to form a joint group to achieve synchronous
rotation of the angle. Figure 3a shows the cable distribution of each joint in a single-joint
group, where each joint cross-section contains 15 rows of cable through-holes. The first
joint group contains three joints driven by cables in three rows of through-holes, denoted
by the blue dashed lines in Figure 3a. The distribution of cables along the joint section
is shown in Figure 3b. Here, each row of cables is fixed in layers in the through-holes of
the first, second, and third joint units in the first joint group from the outside to the inside
in the radial direction. The other end of the cable is driven by the screw rod module, as
shown in Figure 3c. A transmission gear is installed at the end of each screw rod to realize
the movement of the three screw rods in the screw-rod module in a ratio of 1 : 2 : 3. The
screw-rod module drives the multiple joints in a joint group to realize the synchronous
movement of the adjacent joints in the space.
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To highlight the novelty of underactuated SAMs, we compared the snake arm parame-
ters produced by OC robotics and SIASUN robotics, as shown in Table 1. The following
advantages can be achieved: (1) Under the premise of ensuring high spatial curvature
and load capacity, the complexity of the drive system and control system is reduced by
multiples. (2) The synchronous movement of adjacent joints considerably simplifies the
kinematics model, and the inverse kinematics solution is more convenient and quicker.
(3) A precise kinematics model can be established with high position accuracy. (4) The
structural design can achieve miniaturization and lightweight, which are highly suitable
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for the application requirements of complex and narrow spaces, such as those involving
nuclear power [33].

Table 1. Comparison of the parameters of rigid hyper-redundant robots and SAMs [11,34].

Item OC Robotics SIASUN SAM

Total arm length >2000 mm 2269 mm 2300 mm
Diameter 140 mm 125 mm 80 mm

Number of joints 12 12 10
Number of motors 36 + 1 36 + 1 12 + 1
Degrees of freedom 24 + 1 24 + 1 8 + 1

Self-weight >1000 kg 1400 kg <200 kg
Single bending angle 27.5◦ 22◦ 25◦

Maximum bending angle 225◦ 180◦ 250◦

Load 10 kg 5 kg >5 kg
Length, width, and height / 3800 × 800 × 1550 2900 × 400 × 500

Repeatable positioning accuracy ±1 mm ±1 mm ±5 mm

2.2. SAM Kinematics Analysis

There is a strong coupling relationship between the joint movements of the SAM, the
cable displacement, and the rotation angle of the servo motor. The kinematic transformation
of the robot can be decomposed into two parts to simplify the attendant calculation: the
mapping of the operation space and the joint space; and the mapping of the joint space
and the servo motor rotation angle. For a SAM composed of multiple universal joints
in series, as shown in Figure 2, the kinematics model is relatively simple. The mapping
relationship between the joint and operating spaces can be established using the classic
D–H parameter method, as shown in Table 2. The homogeneous transformation matrix of
adjacent universal joints in the joint group is as follows:

D2i−1
2i+1 = Tr(0, li, 0)R

(
y2i−1,

π

2

)
R(z2i, γ2i)R

(
y2i,−

π

2

)
R(z2i+1, δ2i+1) =


cδ2i+1 −sδ2i+1 0 0

cγ2isδ2i+1 cγ2icδ2i+1 −sγ2i li
sγ2isδ2i+1 sγ2icδ2i+1 cγ2i 0

0 0 0 1

 (1)

where i takes the value 1, 2, 3 . . . ; Tr is the translational transformation; R is the rotational
transformation; c denotes cos; and s denotes sin. Because the grouping drive is used, this
gives δ1 = δ3 = δ5 = δa, γ2 = γ4 = γ6 = γa, and the angles of the remaining joint groups
can be obtained by analogy. From this, the relationship between the SAM’s end position
and posture and the base coordinate system can be obtained as follows:

D21 = D1
3D3

5D5
7 · · ·D19

21 (2)

Table 2. SAM coordinate transformation D−H parameters.

i (δi,γi) Angle (◦) li (mm) Range (◦)

1 z1(δa) (0, 90◦, 0) (0, 300, 0) −25◦~+25◦

2 z2(γa) (0, −90◦, 0) (0, 0, 0) −25◦~+25◦
...

...
...

...
...

19 z19(δd) (0, 90◦, 0) (0, 200, 0) −25◦~+25◦

20 z20(γd) (0, −90◦, 0) (0, 0, 0) −25◦~+25◦

3. Methods

In this section, we use the equilibrium method and the forcibly equivalent joint torque
method for the static and dynamic calculations of the SAM. Each joint of the SAM is
drawn by three cables evenly distributed along the circumference to achieve pitch and
yaw movements. This pertains to the problem of redundant drive, and the cable can only
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provide positive tension. Therefore, the following assumptions are made regarding the
dynamic model of the SAM: (1) The minimum cable preload force of any joint is set to 10 N
in order to ensure that the cable always remains tight and to avoid the singularity problem
of reverse thrust. (2) The frictional and environmental interferences are ignored. (3) The
cable is simplified into a thin filament with ignorable mass, and the tension of the same
cable is the same everywhere. (4) The joint mass is evenly distributed, along with the link.

3.1. Static Cable Force

To summarize the traction laws of SAMs, the force balance and torque balance methods
can be used to analyze the cable traction characteristics of each joint of the snake arm along
the horizontal direction of the Y-axis. As shown in Figure 4, we took the i-th joint as an
example for static force analysis and decoupling calculations. This joint involves a total of
seven external forces, where Fi

1, Fi
2, Fi

3 are the cable traction force; Fi
4 is the supporting force

of the joint; Fi+1
4 is the reverse supporting force of the next joint; and Gi

1, Gi
2 are the gravity

of the joint and the universal joint, respectively. Joint i is also in a state of force balance and
torque balance.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 17 
 

provide positive tension. Therefore, the following assumptions are made regarding the 
dynamic model of the SAM: (1) The minimum cable preload force of any joint is set to 
10 N in order to ensure that the cable always remains tight and to avoid the singularity 
problem of reverse thrust. (2) The frictional and environmental interferences are ignored. 
(3) The cable is simplified into a thin filament with ignorable mass, and the tension of the 
same cable is the same everywhere. (4) The joint mass is evenly distributed, along with 
the link. 

3.1. Static Cable Force 
To summarize the traction laws of SAMs, the force balance and torque balance meth-

ods can be used to analyze the cable traction characteristics of each joint of the snake arm 
along the horizontal direction of the Y-axis. As shown in Figure 4, we took the 푖-th joint 
as an example for static force analysis and decoupling calculations. This joint involves a 
total of seven external forces, where 푭ퟏ

풊 , 푭ퟐ
풊 , 푭ퟑ

풊  are the cable traction force; 푭ퟒ
풊  is the sup-

porting force of the joint; 푭ퟒ
풊 ퟏ is the reverse supporting force of the next joint; and 푮ퟏ

풊 , 푮ퟐ
풊  

are the gravity of the joint and the universal joint, respectively. Joint i is also in a state of 
force balance and torque balance. 

 
Figure 4. Force analysis of any joint i balance state. 

Torque balance analysis of 푭ퟏ
풊 , 푭ퟐ

풊 , 푭ퟑ
풊  indicates that 푭ퟑ

풊  is in a state of reaction 
torque. To avoid 푭ퟑ

풊  being negative, set 푭ퟑ
풊 = 10 N. From the torque balance around the 

Z-axis and X-axis, the following can be obtained: 

푭ퟏ
풊 푟 푠훼 + 푭ퟑ

풊 푟 푠훼 + 푭ퟐ
풊 푟 푠훼 = 0 (3)

푭ퟏ
풊 푟 푐훼 + 푭ퟐ

풊 푟 푐훼 + 푭ퟑ
풊 푟 푐훼 + 푙 푮ퟐ

풊 + 푭ퟒ
풊 ퟏ푠훽 +

푮ퟏ
풊

2
= 0 (4)

where 푟  is the distance from the cable-fixing hole to the axis of the joint, 훼  is the rota-
tion angle of the first cable-fixing hole around the axis of the joint, and 훼 = 훼 + , 훼 =
훼 − . 훽  is the angle between the joint reaction force and the axis of the joint. Therefore: 

푭ퟏ
풊 =

퐹 푟 푠훼 푐훼 − 푐훼 푠훼 + 퐺 + 퐹 푠훽 + 퐺
2 푙푠훼

푟 푠훼 푐훼 − 푐훼 푠훼
 (5)

푭ퟐ
풊 =

퐹 푟 푠훼 푐훼 − 푐훼 푠훼 + 퐺 + 퐹 푠훽 + 퐺
2 푙푠훼

푟 푠훼 푐훼 − 푐훼 푠훼
 (6)

From the force balance relationship, the following is obtained: 

Figure 4. Force analysis of any joint i balance state.

Torque balance analysis of Fi
1, Fi

2, Fi
3 indicates that Fi

3 is in a state of reaction torque.
To avoid Fi

3 being negative, set Fi
3 = 10 N. From the torque balance around the Z-axis and

X-axis, the following can be obtained:

Fi
1risαi

1 + Fi
3risαi

3 + Fi
2risαi

2 = 0 (3)

Fi
1ricαi

1 + Fi
2ricαi

2 + Fi
3ricαi

3 + l

(
Gi

2 + Fi+1
4 sβi+1 +

Gi
1

2

)
= 0 (4)

where ri is the distance from the cable-fixing hole to the axis of the joint, αi
1 is the rotation

angle of the first cable-fixing hole around the axis of the joint, and αi
2 = αi

1 +
2π
3 , αi

3 =

αi
1 −

2π
3 . βi is the angle between the joint reaction force and the axis of the joint. Therefore:

Fi
1 =

Fi
3ri
(
sαi

2cαi
3 − cαi

2sαi
3
)
+

(
Gi

2 + Fi+1
4 sβi+1 +

Gi
1

2

)
lsαi

2

ri
(
sαi

2cαi
1 − cαi

2sαi
1
) (5)

Fi
2 =

Fi
3ri
(
sαi

1cαi
3 − cαi

1sαi
3
)
+

(
Gi

2 + Fi+1
4 sβi+1 +

Gi
1

2

)
lsαi

1

ri
(
sαi

2cαi
1 − cαi

2sαi
1
) (6)
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From the force balance relationship, the following is obtained:

Fi
4 =

√(
Fi

1 + Fi
2 + Fi

3 + Fi+1
4 cβi+1

)2
+
(

Gi
1 + Gi

2 + Fi+1
4 sβi+1

)2
(7)

βi = atan
Gi

1 + Gi
2 + Fi+1

4 sβi+1

F1 + F2 + F3 + Fi+1
4 cβi+1

(8)

Set the initial pose of the SAM as horizontally forward along the Y-axis, and set the
end load G to 0 N. Using the above algorithm to solve the cable traction force of each
joint in the initial state, the cable traction force distribution map is obtained, as shown in
Figure 5.
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3.2. Equivalent Joint Dynamics

The equivalent joint dynamics formed by the decoupling of the cable traction can
control the SAM’s movement. The cable traction forces of each joint of the SAM are dy-
namically coupled. Moreover, each joint involves some acceleration, meaning the external
force and external torque received are also unbalanced. Solving the cable traction force
using traditional force analysis and dynamic equations is highly complicated. In this paper,
we propose an equivalent dynamics modelling method for the strongly coupled dynamic
characteristics of each joint cable. The effects of all joint cable traction forces are forcibly
equated to joint torques to create a dynamic model. Then, the joint torque can be converted
into the traction force of the cable through the forcibly equivalent inverse transformation,
and the real-time decoupling calculation of the cable traction force can be realized.

First, the equivalent joint dynamics of the end joint of the SAM are decoupled in any
given pose. As shown in Figure 6, using force analysis, the equivalent transformation of
the cable traction force (F10

1 , F10
2 , F10

3 ) and the joint driving torque (T10
1 , T10

2 ) can be realized.
Then, the forcibly equivalent SAM dynamics equations can be obtained by traditional
dynamics modelling methods (Lagrangian, Newtonian–Euler, etc.). As shown in Figure 6,
assume that the equivalent joint torques (T10

1 , T10
2 ) are known, and solve for the cable

traction force (F10
1 , F10

2 , F10
3 ). First, solve the direction vectors of F10

1 , F10
2 , F10

3 and decompose
them to the coordinate systems (x2, y2, z2) and (x3, y3, z3) of point A2. Then, we solve the
value of F10

1 , F10
2 , F10

3 via the forcibly equivalent method. Because a single joint is controlled
by three cables and has the characteristic of redundant driving, countless solutions exist.
To limit the number of solutions and avoid reverse tension, set the minimum cable preload
force to 10 N. By analyzing the cable layout of the end joints, the following is obtained:
F10

3 = 10 N.
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The following could be used to solve the direction vectors of F10
1 , F10

2 , F10
3 in the

coordinate system: (x2, y2, z2) and (x3, y3, z3) of point A2. The coordinates of point B and E
in the coordinate system (x2, y2, z2) are:

B(xB2, yB2, zB2) = Tr(0,−h, 0)


−rsinα10

1
0

rcosα10
1

1

 (9)

E(xE2, yE2, zE2) = R(x2, γd)R(z3, δd)Tr(0, h, 0)


−rsinα10

1
0

rcosα10
1

1

 (10)

where 2h is the length of the universal joint, γd is the rotation angle of the universal joint
around the x2 axis, δd is the rotation angle of the universal joint around the z3 axis, and α10

1
is the rotation angle of the cable hole around the axis of the joint.

The unit direction vector of F10
1 in the coordinate system (x2, y2, z2) can be obtained as

follows:
→
EB =

(xB2 − xE2, yB2 − yE2, zB2 − zE2)√
(xB2 − xE2)

2 + (yB2 − yE2)
2 + (zB2 − zE2)

2
(11)

Then, decompose F10
1 into the parallel lines of each axis of the coordinate system

A2(x2, y2, z2) according to the force vector decomposition method:

F10
x2F1 =

(xB2 − xE2)√
(xB2 − xE2)

2 + (yB2 − yE2)
2 + (zB2 − zE2)

2
F10

1 (12)

F10
y2F1 =

(yB2 − yE2)√
(xB2 − xE2)

2 + (yB2 − yE2)
2 + (zB2 − zE2)

2
F10

1 (13)

F10
z2F1 =

(zB2 − zE2)√
(xB2 − xE2)

2 + (yB2 − yE2)
2 + (zB2 − zE2)

2
F10

1 (14)

Similarly, F10
2 , F10

3 can be decomposed to the parallel lines of each axis of the coordinate
system A2(x2, y2, z2) according to the vector decomposition method of force, with the
following results: F10

x2F2, F10
y2F2, F10

z2F2 and F10
x2F3, F10

y2F3, F10
z2F3.
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Therefore, the torques produced by F10
1 , F10

2 , F10
3 on the x2 axis of the coordinate system

of point A2(x2, y2, z2) can be obtained as follows:

T10
x2F1 = F10

y2F1zE2 + F10
z2F1yE2 (15)

T10
x2F2 = F10

y2F2zF2 + F10
z2F2yF2 (16)

T10
x2F3 = F10

y2F3zG2 + F10
z2F3yG2 (17)

From the forcibly equivalent transformation, the following can be obtained:

T10
1 = T10

x2F1 + T10
x2F2 + T10

x2F3 (18)

Similarly, the forcibly equivalent transformation of T10
2 on the z3 axis in the coordinate

system A2(x3, y3, z3) can be used to obtain:

T10
2 = T10

z3F1 + T10
z3F2 + T10

z3F3 (19)

Upon setting the minimum traction force to F10
3 = 10 N, Equation (18) can be combined

with Equation (19) to solve real-time F10
1 and F10

2 .
The force characteristics of any joint (except the end joint) of the SAM are more

complicated than those of the end joint. In addition to the cable traction force of the joint
itself, all cables after the joint have forces acting on them. As shown in Figure 7, we took
the i-th joint (i < 10) as an example for the force analysis and decoupling calculations.
Compared with the end joint shown in Figure 6, the i-th joint has its own cable traction
forces (Fi

1, Fi
2, Fi

3), in addition to the cable traction forces from the (i + 1)-th, . . . , the 10th
joints (end joints). As shown in Figure 7a, Fi

j1, Fi
j2, Fi

j3 are the forces generated by the cables
of the j-th joint on the midline of the cable clamping angle (i < j ≤ 10).
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1.

For the cable traction force (Fi
1, Fi

2, Fi
3) of the i-th joint shown in Figure 7a, the solution

algorithm is similar to that of the end joint and will not be repeated here; rather, we focus
on analyzing the influence of the traction force of the j-th joints (i < j ≤ 10) on the i-th joint.
In Figure 7b, the cable traction force (Fj

1) of the j-th joint is drawn as a spatial parallelogram
(O, L, N, M), and its diagonal (ON) is Fi

j1, which is the force acting on the i-th joint.
Using coordinate transformation, the O, L, N, M points are respectively transformed

into the coordinate system (x2, y2, z2) and (x3, y3, z3), with A2 as the coordinate origin. In
the A2(x2, y2, z2) coordinate system, the coordinates of point O(xO2, yO2, zO2), as well as
the size and direction of the vector (Fj

1) are known. The coordinates of L(xL2, yL2, zL2) and
M(xM2, yM2, zM2) can be obtained using matrix transformation and the distance formula
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between two points. From the geometric properties of the parallelogram in space, the
coordinates of N(xN2, yN2, zN2) can be obtained as follows:

xN2 = (xM2 − xO2) + xL2
yN2 = (yM2 − yO2) + yL2
zN2 = (zM2 − zO2) + zL2

(20)

From this, the unit direction vector (
→

ON of Fi
j1) can be obtained as follows:

→
ON =

(xN2 − xO2, yN2 − yO2, zN2 − zO2)√
(xN2 − xO2)

2 + (yN2 − yO2)
2 + (zN2 − zO2)

2
(21)

Meanwhile, from the calculation formula of the angle between two non-zero vectors:

cos(ϕ) =

→
OM

→
OL

|OM||OL| (22)

It is clear that the size of Fi
j1 is as follows:

Fi
j1 = 2Fj

1cos
( ϕ

2

)
(23)

According to the force vector decomposition method, Fi
j1 is decomposed to A2(x2, y2, z2)

on the parallel lines of each axis:

Fi
x2Fj1 =

(xN2 − xO2)√
(xN2 − xO2)

2 + (yN2 − yO2)
2 + (zN2 − zO2)

2
Fi

j1 (24)

Fi
y2Fj1 =

(yN2 − yO2)√
(xN2 − xO2)

2 + (yN2 − yO2)
2 + (zN2 − zO2)

2
Fi

j1 (25)

Fi
z2Fj1 =

(zN2 − zO2)√
(xN2 − xO2)

2 + (yN2 − yO2)
2 + (zN2 − zO2)

2
Fi

j1 (26)

The torque produced by Fi
j1 on the x2 axis at A2(x2, y2, z2) can be obtained as follows:

Ti
x2Fj1 = Fi

y2Fj1zO + Fi
z2Fj1yO (27)

In the same way, close to Fj
2, Fj

3, there are also cable forces of Fi
j2 and Fi

j3. Accordingly,

the torques generated on the x2 axis of the A2(x2, y2, z2) coordinate system are Tj
x2Fj2 and

Tj
x2Fj3.

From the forcibly equivalent transformation of Ti
1 on the x2 axis of A2(x2, y2, z2) and

Ti
2 on the z3 axis of A2(x3, y3, z3), the following can be obtained:

Ti
1 = Ti

x2F1 + Ti
x2F2 + Ti

x2F3 + Ti
x2Fj1 + Ti

x2Fj2 + Ti
x2Fj3 + · · · (28)

Ti
2 = Ti

z3F1 + Ti
z3F2 + Ti

z3F3 + Ti
z3Fj1 + Ti

z3Fj2 + Ti
z3Fj3 + · · · (29)

Upon setting the minimum traction force to Fi
3 = 10 N, Equation (28) can be combined

with Equation (29) to solve Fi
1, Fi

2. In the same way, the cable traction force of any joint can
be obtained.

For Ti
1, Ti

2, the Lagrangian equations can be used to establish equivalent dynamic
equations for the calculation [35,36]. The cable traction is equivalent to the joint torque, and
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the SAM becomes a typical serial multijoint manipulator, with the final dynamic model
expressed as follows:

Td = M(q)
..
q + H

(
q,

.
q
) .
q + G(q) + D (30)

where
..
q ∈ R20 is the joint angular acceleration vector,

.
q ∈ R20 is the joint velocity vector,

T ∈ R20 is the input torque vector, M(q) ∈ R20×20 is a nonsingular positive definite inertial
force matrix, H

(
q,

.
q
)
∈ R20×20 is the term of centrifugal force and Coriolis force, G(q) is

the gravitational term (including the gravity of the connecting rod, the universal joint,
the end tools, and the load), and D represents the unknown bounded disturbance of the
unstructured, unbuilt dynamic model.

4. Model-Based Control

Traditional PID control is widely used in industry due to its simplicity and reliability.
However, when the system dynamic model is complex and variable, simple PID control
cannot provide sufficient accuracy. Model-based control can effectively improve the robust-
ness of the system. Therefore, the validity of the equivalent dynamics can be verified by
introducing a simple dynamics model-based PID controller [37,38].

As shown in Figure 8, in the working process of the snake robot, the first step is to
perform online or offline trajectory planning to obtain the inverse kinematics solution (δi, γi)
of each joint group. Then, the kinematics inverse solution is divided into two channels:
one channel is transformed into the motor-driving signal (θi). Another channel imports
the Lagrangian dynamic model to solve the driving torque of each joint and obtain the
feedforward torque (Tid) of the motor through equivalent transformation and decoupling
calculation. The model-based feedforward torque (Tid) of the motor plus the motor drive
torque (Tik) after PID tuning jointly control the output torque (Ti) of the motor, as well as
the movement of the robot. The kinematic data (θip) of the robot movement process are
collected and fed back to the closed-loop controller.
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Figure 8. Model-based equivalent dynamic control principle.

The torque (T) of each joint is expressed as follows:

T = Td + Tk (31)

Tk = kpe(t) + ki ∑ e(t) + kd
.
e(t) (32)

where e(t) = θ(t)− θp(t) is the motor-angle tracking deviation; kp is the proportional
coefficient, which responds to the current deviation of the system (e(t)); ki is the integral
coefficient, which responds to the accumulated deviation of the system (∑ e(t)); and kd is
the differential coefficient, which reflects the rate of change of the system deviation signal
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(
.
e(t)). By combining the equivalent dynamics model (Td) of SAM and the compensation

output (Tk), the joint control torque (T) can be obtained.

5. Simulation and Experiments
5.1. Simulation Tests

To further verify the effectiveness of the equivalent dynamics control, a snake robot
with an arm length of 1500 mm (including 6 joints) was simulated and analyzed using
simulation software, as shown in Figure 9. Set the target curve for each joint of the snake
robot to rotate around each axis, as shown in Figure 10a,c. The first joint group moves
in a sinusoidal curve, and the second joint group remains stationary. Motion control is
carried out by the model-based equivalent dynamic controller. The tracking errors of
each joint are shown in Figure 10b,d, and the stability error is less than 1× 10−3 rad. The
simulation results verify the validity of the equivalent dynamic model and the feasibility of
its practical application.
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Figure 9. Simulation analysis of snake robot equivalent dynamic control.
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Figure 10. Simulation analysis of the controller. (a,b) Vertical sinusoidal trajectory and error and (c,d)
horizontal sinusoidal trajectory and error.
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5.2. Traction Force Experiments

The effectiveness of the above equivalent dynamic control in engineering applications
depends on the accuracy of the theoretical equivalent dynamics model. The higher the
accuracy of the equivalent dynamics, the better the control of the controller. Therefore, we
designed a SAM prototype, as shown in Figure 11, for experimental comparison of the
accuracy of the theoretical equivalent dynamics model. The dimensions of each joint and
drive box are 80 × 80 × 200 mm and 400 × 300 × 430 mm, respectively. The motor uses
a 600 W AC servo motor with its own power-off brake and encoder, whereas the motion
controller uses a high-end multiaxis motion control card.
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Two SAMs with different arm lengths were designed to compare and verify the dy-
namics and positional accuracy. See Supplementary Materials for videos of the experiments.
Figure 11a,b shows the single-joint group test prototype of the SAM. Here, the single-joint
group contains three rigid joints, and the drive cables of each joint are distributed according
to a specific position, as shown in Figure 11b. The rotation angle of each joint in the joint
group was measured by installing a gyroscope angle sensor in the foremost joint unit. The
driving force of each cable in the joint group was measured by installing a tension sensor in
the end drive box, as shown in Figure 11d. A calibration test of the end position accuracy
of the SAM using a laser tracker is shown in Figure 11c.

The structural rationality and dynamic characteristics were analyzed using the open-
loop speed prospective control test. Here, the joint group was set to complete three
cycles of sine motion trajectory in both the horizontal and vertical directions. The end-
effector position of the SAM is first calibrated using a laser tracker. The angle sensor
data of the end joint are shown in Figure 12a,c. The joints in the joint group can track
the target trajectory effectively during the movement, with an average angle error of less
than 1× 10−2 rad, which verifies the rationality of the underactuated continuum joint
design. The cable traction forces of the end joint measured by the force sensor are shown
in Figure 12b,d. During each joint angular velocity zero and reverse acceleration phase, a
large change in cable traction force occurs. This is mainly caused by the increased friction
of the cable in the joint through-hole. Next, a forcibly equivalent dynamic transformation
of the experimentally obtained cable traction forces is performed based on the decoupling
algorithm described in Section 3.
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Figure 12. Test results of the single-joint group. (a,b) Vertical sinusoidal trajectory and cable force
and (c,d) horizontal sinusoidal trajectory and cable force.

5.3. Equivalent Joint Dynamic Analysis

The joint dynamics are obtained by equivalently transforming the SAM cable traction
forces using the decoupling algorithm. To verify the accuracy of the decoupling algorithm,
we also calculated the theoretical joint torques of the end joints under the same trajectory
based on Adams dynamics software. The dynamics of the flexible cables are calculated
by equating them to the linear springs with the addition of linear damping constraints.
The relationship between the total equivalent joint torques and the theoretical joint torques
calculated by Adams software are shown in Figure 13a,b. According to comparison of the
results of the decoupling of the cable traction forces with the theoretical results of the joint
torques, the forcibly equivalent joint torques obtained from the decoupling experiments
have the same movement trend as the theoretical joint torques obtained from the Adams
software. This proves that the decoupling algorithm for cable traction is effective.

Figure 13c,d shows the error characteristics of the theoretical torques in relation to
the equivalent joint torques. The maximum torque error is close to 0.38 Nm, but the mean
error and standard deviation are small (less than 0.13 Nm). The large errors mainly reflect
theoretically unbuilt model errors, such as the rigid–flexible coupling deformation of the
cables and non-linear friction. In general, the SAM equivalent joint torques have the
same motion trend as the Adams theoretical torques, and the data in Figure 13 show that
the difference between the theoretical joint torques and the experimental equivalent joint
torques is significantly smaller than the experimentally equivalent joint torques. Therefore,
equivalent dynamic control can improve the control effect. The experimental results can
also guide the development of more accurate theoretical dynamics models.



Appl. Sci. 2022, 12, 7494 15 of 17Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 17 
 

 
Figure 13. Comparative analysis of theoretical and experimental data of equivalent joint torques. (a) 
Theoretical and experimental data of 푻ퟏ under vertical sinusoidal trajectory. (b) Theoretical and 
experimental data of 푻ퟐ under horizontal sinusoidal trajectory. (c) 푻ퟏ and 푻ퟐ errors. (d) Analysis 
of the error characteristics of 푻ퟏ and 푻ퟐ. 

6. Conclusions 
In this paper, an underactuated SAM was designed, and the attendant kinematics 

were analyzed based on the application requirements of the narrow spaces of a nuclear 
power plant. Based on various force balance and torque balance algorithms, the static 
characteristics of each joint of the SAM in the initial pose were analyzed. Based on the 
principle of equivalent transformation and the Lagrangian equation, a decoupling algo-
rithm for the strong coupling dynamics of the SAM was proposed. The traction force of 
the cable coupled between the joints was equivalent to the joint torque, and the real-time 
equivalent joint torque was obtained. The decoupling calculation of the cable traction was 
then realized via inverse transformation of the joint torque. To verify the correctness of 
the equivalent dynamics, we designed a model-based dynamic controller based on the 
equivalent dynamics. The simulation results demonstrate the effectiveness of SAM mo-
tion control based on equivalent dynamics. The maximum tracking error at a steady state 
is less than 1 × 10  rad. In addition, a SAM prototype with a single-joint group and a 
1500 mm arm length was created, and experimental data were collected. Accuracy tests 
on a 1500 mm arm-length SAM validate the rationality of the underactuated design. Using 
the open-loop control trajectory control experiment of the SAM single-joint group, the ca-
ble force, joint angle tracking error, and equivalent joint torques were analyzed to verify 
the accuracy of the equivalent dynamic model. 

The theoretical dynamic model will be further optimized in future studies. The main 
areas to be optimized are as follows: (1) The equivalent friction model of the cable in the 
circular hole will be developed to identify non-linear friction. (2) The linear elastic defor-
mation model of the cable will be developed to identify the dynamics of flexible errors. 
(3) Neural network and machine learning will be used to identify and compensate for the 
unknown dynamic parameters. 

(a)
      

   

(b)

(c) (d)

0 30 60 90 120 150 180 210 240 270
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 

 

To
rq

ue
 / 
N
m

 

Time/s

 T1

 Theory

0.0

0.2

0.4

0.6

0.8

1.0

Standard deviationMean errorMaximum error

 

 

To
rq

ue
 e

rr
or

 / 
N
m

 DT1

 DT2

0 30 60 90 120 150 180 210 240 270
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

 

 

To
rq

ue
 / 

N
m

 

Time/s

 T2

 Theory

0 30 60 90 120 150 180 210 240 270
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

(b)

 

 

To
rq

ue
 e

rr
or

 / 
N

m
 

Time/s

 DT1

 DT2

   
−

−

  −

−

−

−

Figure 13. Comparative analysis of theoretical and experimental data of equivalent joint torques.
(a) Theoretical and experimental data of T1 under vertical sinusoidal trajectory. (b) Theoretical and
experimental data of T2 under horizontal sinusoidal trajectory. (c) T1 and T2 errors. (d) Analysis of
the error characteristics of T1 and T2.

6. Conclusions

In this paper, an underactuated SAM was designed, and the attendant kinematics
were analyzed based on the application requirements of the narrow spaces of a nuclear
power plant. Based on various force balance and torque balance algorithms, the static
characteristics of each joint of the SAM in the initial pose were analyzed. Based on the
principle of equivalent transformation and the Lagrangian equation, a decoupling algo-
rithm for the strong coupling dynamics of the SAM was proposed. The traction force of
the cable coupled between the joints was equivalent to the joint torque, and the real-time
equivalent joint torque was obtained. The decoupling calculation of the cable traction was
then realized via inverse transformation of the joint torque. To verify the correctness of
the equivalent dynamics, we designed a model-based dynamic controller based on the
equivalent dynamics. The simulation results demonstrate the effectiveness of SAM motion
control based on equivalent dynamics. The maximum tracking error at a steady state
is less than 1× 10−3 rad. In addition, a SAM prototype with a single-joint group and a
1500 mm arm length was created, and experimental data were collected. Accuracy tests on
a 1500 mm arm-length SAM validate the rationality of the underactuated design. Using the
open-loop control trajectory control experiment of the SAM single-joint group, the cable
force, joint angle tracking error, and equivalent joint torques were analyzed to verify the
accuracy of the equivalent dynamic model.

The theoretical dynamic model will be further optimized in future studies. The main
areas to be optimized are as follows: (1) The equivalent friction model of the cable in
the circular hole will be developed to identify non-linear friction. (2) The linear elastic
deformation model of the cable will be developed to identify the dynamics of flexible errors.
(3) Neural network and machine learning will be used to identify and compensate for the
unknown dynamic parameters.
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A Snake-Inspired Layer-Driven Continuum Robot

Guodong Qin,1 Aihong Ji,1 Yong Cheng,2 Wenlong Zhao,2 Hongtao Pan,2

Shanshuang Shi,2 and Yuntao Song2

Abstract

Continuum robots with redundant degrees of freedom and postactuated devices are suitable for application in
aerospace, nuclear facilities, and other narrow and multiobstacle special environments. The development of a
snake-inspired continuum robot is presented in this study. The morphological skeleton structure of the snake
body is simulated using underactuated continuum joints, which include several rigid-body joints in series. Each
rigid-body joint is driven by the traction of a wire rope. Based on the layered-drive principle, angular synchro-
nous motion can be realized in space with multiple rigid-body joints in a single continuous joint, which can
considerably reduce the complexity of the inverse kinematics solution, terminal drive box, and control system.
The static and dynamic characteristics of the snake-inspired robot are obtained through torque balance and an
equivalent transformation. Finally, we demonstrate trajectory planning and load capacity testing in two robot
prototypes with arm lengths of 1500 and 2300 mm (including two and four continuous joints, respectively). The
rationality of the structure and the correctness of the control of the layered-drive snake-inspired robot are verified.

Keywords: continuum robot, bionics design, layered drive, trajectory planning, special environment application

Introduction

Compared with the discrete robotics associated with
industrial robots1,2 and hyper-redundant robots with more

kinematically executable degrees of freedom,3-5 continuous
robots exhibit a large number of kinematic degrees of free-
dom; however, not all of them can be driven directly.6-8 The
design of continuum robots is mainly inspired by natural
vertebrates such as snakes and their trunks and tails, as well
as invertebrates such as octopuses.9-13 A continuous robot is
more flexible than a classical rigid linkage robot when per-
forming a specific task in a highly limited working environ-
ment. It can be used in complex environments involving
multiple obstacles by means of encircling and other tech-
niques,14 offering a simpler, smoother, and more real-time
motion than those offered by the hyper-redundant robot struc-
ture, kinematic solution, or terminal drive box and control
system.15-17 Therefore, such robots are suitable for applica-
tion in nuclear power and other high-risk or narrow-space
operations.18

A continuum robot can be continuously bent along its
length. It is usually manufactured using soft and flexible

materials that can be deformed by external forces and that are
highly adaptable to the environment.19,20 The local bending
and rotating movement of the continuum is realized using
the driving system, mainly comprising the stretching defor-
mation of ropes, tendons, and pneumatic muscles.21,22 This is
still a new field and can meet the needs of special environ-
ments in applications such as search and rescue, radioac-
tive waste disposal, outer-space assistance, and minimally
invasive surgery.23-29 This study focuses on the detection
requirements of a small operating space within the dense
environment of the China Fusion Engineering Test Reactor
(CFETR) vacuum chamber and the upper window pipe.30 An
underactuated continuum robot with a layered-driven con-
figuration is designed by analyzing the snake’s skeletal char-
acteristics and its body morphology. Multisegmented rigid
joints are used to form a continuum. Subsequently, this con-
tinuum is connected in series to form the whole snake-inspired
continuum robot, exhibiting high space curvature, position
accuracy, and load capacity. The driving system, control
system, and kinematic model are also simplified.

The inverse kinematics solution and trajectory planning
of the snake-inspired robot are realized by establishing an

1Institute of Bio-inspired Structure and Surface Engineering, College of Mechanical and Electrical Engineering, Nanjing University
of Aeronautics & Astronautics, Nanjing, China.

2Institute of Plasma Physics, Chinese Academy of Science, Hefei, China.
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accurate kinematic model. The working space and cable drive
signal of the snake robot are calculated, and the static and
dynamic characteristics of the snake robot are then obtained
using torque balance and an equivalent transformation. Fi-
nally, trajectory planning and load experiments are con-
ducted on snake-inspired robots with different arm lengths
(1500 and 2300 mm).

Design of the Layer-Driven Continuum Robot

Snake-crawling bionic mechanism

The skeleton structure of a snake is presented in Figure 1A.
It mainly comprises vertebrae, ribs, and a skull, and its wind-
ing movement is mainly completed using the skeleton struc-
ture of the body, ventral scales, and related muscles. Most
of the time, the body morphology of a snake exhibits multi-
ple continuous ‘‘S’’-shaped geometric configurations during
movement. Therefore, for the body morphology of a seg-
ment of snake skeleton bending into a single ‘‘S’’ shape, the
segment can be regarded as a continuum robot comprising
two segments of continuous spine with the same curvature
and opposite bending directions. The morphological char-
acteristics of a whole snake can be simulated by the motion
path of a snake-inspired robot comprising multiple continu-
ous joints in series.

In this study, a new snake-inspired continuum robot was
designed by structurally analyzing the snake skeleton and
bionic design of the muscle traction, as shown in Figure 1B.
This robot adopts a layered-drive design. A single continuous
joint contains three rigid-body joints. Through the composite
capstan, as shown in Figure 1C, three steel wires are driven
to pull the three rigid-body joints in a single continuous joint
to achieve angular synchronous movement in space.

Prototype

In response to the actual use requirements of the CFETR
fusion reactor, the prototype of the new continuum snake

robot (arm length = 2300 mm) was designed as shown in
Figure 2A; the prototype mainly comprises a terminal drive
box and several continuum joints. The entire snake arm
contains 10 rigid joints, which are divided into four contin-
uum joint groups according to the ratio of 3:3:2:2 for layered-
drive design.

We take the joint group 2 in Figure 2A as an example to
analyze the principle of layer driving, as shown in Figure 2B.
The wire rope layout is shown in Figure 2e, where blue, red,
and green represent the positions at which the wire rope is
fixed for each joint. As shown in Figure 2f, the outermost
green wire rope is fixed at the first rigid-body joint, the in-
termediate red wire rope is fixed at the second rigid-body
joint, and the innermost blue wire rope is fixed at the third
rigid-body joint. To realize the angular synchronous motion
in the space of three rigid-body joints in a single continuous
joint, a composite capstan with different diameters was used
to drive it, as shown in Figure 2g. The capstan is arranged
along the axis with three winding slots having different di-
ameters. The capstan drives the green, red, and blue wire ropes
from top to bottom. The wire rope passes through a contin-
uous joint, and the green, red, and blue wire ropes are fixed
successively on the first, second, and third rigid-body joints in
the continuous joint, respectively. Thus, angular synchronous
motion of the single continuous joint group is realized.

Kinematic and Dynamic Characteristics

Forward kinematic modeling

In this study, the forward kinematic solution of the snake
robot adopts the method shown in Figure 3A, where ai is de-
fined as the rotation of the continuous joint around the yi axis
and 3bi is defined as the rotation of the continuous joint
around the xiþ 1 axis. A coordinate system was established
for the universal joints between each rigid-body joint for
solving the inverse kinematics of the snake robot, as shown in
Figure 3B. The motion of the universal joint is defined as the
rotation of di around the zi axis and ci around the xiþ 1 axis.

FIG. 1. Design of the snake-inspired
continuum robot configuration. (A)
The skeletal structure of a snake
shows an ‘‘S’’ motion configuration.
(B) The snake-inspired continuum ro-
bot prototype model, which comprises
a terminal drive box and a multiar-
ticulated arm (including two contin-
uum joints, each of which comprises
three rigid-body joints, and the layered
drive principle is adopted to realize
angular synchronization design in
space). (C) The composite capstan
mounted on the motor can simulta-
neously pull multiple wire ropes to
control the spatial angular synchroni-
zation of the continuum. Color images
are available online.
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The kinematic matrix transformation from joint i + 1 to
joint i and the transformation rule are as follows:

Di¼ Trans(xi, yi, zi) � Rot(yi, ai) � Rot(xiþ 1, 3bi)

¼

cai sais3bi saic3bi xi

0 c3bi � s3bi yi

� sai cais3bi caic3bi zi

0 0 0 1

2
6664

3
7775

(1)

where Trans xi, yi, zið Þ denotes translation transformation,
Rot yi, aið Þ and Rot xiþ 1, 3bið Þ denote rotation transformation,
c denotes cos, and s denotes sin. This convention will be
adopted in future studies as well. Then, the corresponding
coordinate can be given as follows:

Pi xi, yi, zi, 1ð Þ¼Di �
xiþ 1

yiþ 1

ziþ 1

1

2
64

3
75: (2)

Thus, the relationship between the base coordinate system
of the snake robot and the end coordinate system of the i-th
continuum joint can be written as

P1 x1, y1, z1, 1ð Þ¼D1 � D2 � � � �Di �
xiþ 1

yiþ 1

ziþ 1

1

2
64

3
75: (3)

Based on the rotation angle [ai, bi] of each continuous joint
in real time, the end position [x1, y1, z1] of the corresponding
snake robot with respect to the coordinate system of the base
can be calculated to complete the forward kinematic solution.

Algorithm of wire rope elongation

For the general case in which neither d nor c is zero, the
wire ropes l1, l2, and l3 are line segments in different planes.

FIG. 2. Structure of the
snake-inspired continuum ro-
bot. (A) Prototype model, in-
cluding snake arm (a), drive
box (b), power cabinet (c), and
motion control card (d). (B)
Joint group 2 contains three
rigid joints (f), the distribution
diagram of the traction cable
along the joint unit section (e),
the composite capstan traction
cable (g). Color images are
available online.

FIG. 3. Method for establishing the coordinate system for
the kinematic solution of the continuum robot. (A) Method
for establishing the coordinate system for a single contin-
uum joint. (B) Method for establishing the coordinate sys-
tem for a single universal joint in a single continuous joint.
Color images are available online.
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Estimating the real-time changes using traditional planar and
space geometric methods is difficult. Therefore, we introduce
the rule of matrix transformation and establish the coordinate
system, as shown in Figure 4. Let us assume that the con-
tinuum joint shown in Figure 4A is the first continuum joint
near the terminal drive box. The lengths of l1, l2, and l3 of
the first set of wire ropes in Figure 4B will be solved next.

We set point A as the base coordinate system (x0� y0� z0).
The H point associated with the coordinate system of point
C (x3� x3� x3) can be transformed to the base coordinate sys-
tem (x0� y0� z0) of point A through matrix transformation.

TAC ¼ Trans 0, h, 0ð ÞR z1, � dð ÞR x2, � cð ÞTrans 0, h, 0ð Þ

¼
cd sdcc sdsc hsdcc
� sd cdcc cdsc hþ hcdcc

0

0

� sc
0

cc � hsc
0 1

2
64

3
75

(4)

PAH xAH , yAH , zAH , 1ð Þ¼ TACPCH : (5)

In this study, the coordinates of point D in the base coor-
dinate system A (x0� y0� z0) and those of point H in the
coordinate system of point C (x3� x3� x3) are

PAD xAD, yAD, zAD, 1ð Þ¼PCH xCH , yCH , zCH , 1ð Þ
¼ r 0 0 1½ �T ,

(6)

where r is the distance between the cable hole and the midline
of the joint. Using Equation (6), the coordinates of point H in
the base coordinate system A (x0� y0� z0) can be obtained as
follows:

PAH xAH , yAH , zAH , 1ð Þ¼ TACPCH ¼
rcdþ hsdcc

� rsdþ h 1þ cdccð Þ
� hsc

1

2
64

3
75,

(7)

According to the distance formula between two points, the
length of l1 can be obtained as

l1¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xAH � xADð Þ2þ yAH � yADð Þ2þ zAH � zADð Þ2

q
: (8)

l2, l3 and the other wire rope lengths are obtained analo-
gously to l1.

FIG. 4. Coordinate sys-
tems of a single continuum
joint of the continuum robot.
(A) A single continuum joint.
(B) Coordinate systems of a
single universal joint within a
single continuum joint. Color
images are available online.

FIG. 5. Geometric and Monte Carlo calculations in the workspace: (A) X–Y plane projection, (B) Y–Z plane projection.
Color images are available online.
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Snake robot workspace

Setting the extreme rotation angle of each joint of the snake
robot to 20�, we solved the work space of the snake robot
using the Monte Carlo and geometric methods. The results are
shown in Figure 5, where the curves and dots of different
colors represent the fully extended end-effector locations for
various arm joint configurations solved using the geometric
method and the Monte Carlo method. As the working space
of the snake robot is symmetric, it can be projected onto the
X–Y and Y–Z working planes. The maximum working space
of each joint group of the snake robot can then be visualized
in these planes. Comparing the results of solving the snake
robot workspace with those of the geometric and Monte Carlo
methods, the correctness of the solution can be determined.

Snake robot statics

The cable distribution of each joint group of the snake
robot is shown in Figure 6A. Assuming that the minimum
traction force of any joint cable is 1 N, the cable can be kept
tight at all times, ignoring friction and flexible deformation
everywhere. The end limit load was set to 5 kg, and the static
analysis of each traction cable of the snake-shaped robot was
performed through the force balance, torque balance, and
equivalent transformation, as shown in Figure 6D. The static
force characteristics can guide the selection of joint compo-
nents and the research of extreme force optimization.

Snake robot dynamics

Because of the strong coupling characteristics among the
joints, end effectors, and drive motors of the snake robot,
the mapping relationships among these components cannot
be directly obtained. Therefore, an accurate dynamic model
that calculates the real-time driving force of the rope is dif-
ficult to establish, especially when the arm is long and the
number of degrees of freedom becomes high. This article
proposes a twice-equivalent transformation method for cal-
culating the cable driving force of the snake robot. First, the
traction force of the cable is considered equivalent to the
joint torque, and the dynamic equation is established using a
traditional approach such as the Lagrangian method. The
dynamic equation of the joint torque is then converted using
the force balance, torque balance, and equivalent transfor-
mation. The joint torque is converted into the driving force of
each cable to realize the decoupling calculation.

Figure 7 shows the force analysis of the end joint. The
cable traction forces F10

1 , F10
2 , F10

3 are equivalent to the joint
driving torques T10

1 , T10
2 , which are solved using the Lagrang-

ian method. Through inverse transformation of T10
1 , T10

2 , we
then obtain F10

1 , F10
2 , F10

3 . We first solve the direction vectors
of F10

1 , F10
2 , F10

3 and then decompose them into the coordinate
system of point A2. Finally, we compute the values of
F10

1 , F10
2 , F10

3 using the equal torque method.
The coordinates of points B and E in the coordinate system

A2(x2, y2, z2) are (xBx2, yBy2, zBz2), (xEx2, yEy2, zEz2):

FIG. 6. Static force analy-
sis of each cable of the snake
robot. (A) Joint cable distri-
bution cross section, (B)
Synchronous movement of
joint group angles. (C) Set-
ting of the end load, (D) The
force of each joint cable.
Color images are available
online.
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P(xBx2, yBy2, zBz2)¼ Trans 0, � h, 0ð Þ
� rsa1

0
rca1

1

2
64

3
75, (9)

P(xEx2, yEy2, zEz2)

¼Rot x2, cð ÞRot z3, dð ÞTrans 0, h, 0ð Þ

� rsa1

0
rca1

1

2
6664

3
7775,

(10)

where 2h is the length of the universal joint in a horizontal
state, c is the rotation angle of the universal joint around the

x2 axis, d is the rotation angle of the universal joint around the
z3 axis, r is the distance from the joint cable hole to the axis,
and a1 is the rotation angle of point B around the y1 axis.

The unit direction vector of F10
1 in the coordinate system

A2(x2, y2, z2) can be obtained as

WF1¼
xBx2� xEx2, yBy2� yEy2, zBz2� zEz2

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xBx2� xEx2ð Þ2þ yBy2� yEy2

� �2þ zBz2� zEz2ð Þ2
q :

(11)

Decomposing F10
1 into the parallel lines of each axis of the

coordinate system A2(x2, y2, z2) according to the vector de-
composition rule of force, we have

Fx2F1¼
xBx2�xEx2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xBx2�xEx2ð Þ2þ yBy2�yEy2

� �2þ zBz2� zEz2ð Þ2
q F10

1 ,

(12)

Fy2F1¼
yBy2�yEy2

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xBx2�xEx2ð Þ2þ yBy2�yEy2

� �2þ zBz2� zEz2ð Þ2
q F10

1 ,

(13)

Fz2F1¼
zBz2� zEz2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xBx2�xEx2ð Þ2þ yBy2�yEy2

� �2þ zBz2� zEz2ð Þ2
q F10

1 :

(14)

By analogy, F10
2 , F10

3 can be decomposed into the coordi-
nate system A2(x2, y2, z2). The results are Fx2F2, Fy2F2, Fz2F2

� �
and Fx2F3, Fy2F3, Fz2F3

� �
.

FIG. 7. Force analysis of end joints in any posture. Color
images are available online.

FIG. 8. Snake robot end
position accuracy experi-
ment. (A) Test system, (B)
laser tracker target ball in-
stallation position, (C) end
position accuracy test under
different loads. Color images
are available online.
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The torque produced by F10
1 , F10

2 , F10
3 on the x2 axis in the

coordinate system of point A2(x2, y2, z2) can be obtained as

Tx2F1¼Fy2F1zEx2þFz2F1yEx2, (15)

Tx2F2¼Fy2F2zFx2þFz2F2yFx2, (16)

Tx2F3¼Fy2F3zGx2þFz2F3yGx2: (17)

From the equivalent transformation of T10
1 on the x2 axis of

coordinate system A2(x2, y2, z2), we get

T10
1 ¼Tx2F1þTx2F2þ Tx2F3: (18)

By analogy, the equivalent torque of F10
1 , F10

2 , F10
3 along

the z3 axis in coordinate system A2(x3, y3, z3) can be obtained.
From the equivalent transformation of T10

2 on the z3 axis of
coordinate system A2(x3, y3, z3), we get

T10
2 ¼ Tz3F1þTz3F2þ Tz3F3: (19)

Combining Equations (18) and (19), we can solve
F10

1 , F10
2 , F10

3 in real time. Similarly, the cable force of any
other joint can be obtained.

Performance Tests and Validation

Trajectory-planning experiment

Two prototypes with different arm lengths (1500 and
2300 mm) were designed for open-loop trajectory planning

FIG. 9. Trajectory planning and error analysis of snake robots with different arm lengths: (A, B) 1500 mm and (C, D)
2300 mm. Color images are available online.
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through the layered-drive principle. According to the snake
robot arm length from short to long, the generalized inverse
matrix and backbone curve methods were used to perform
inverse kinematics solution and trajectory planning.31–34 See
Supplementary Videos S1–S6 for the captured simulation
and experimental results. The tracking accuracy of the snake
robot was measured using a Leica laser-tracking measure-
ment system, as shown in Figure 8. The position error and
repeated-position accuracy were measured under different
loads. The experimental results are shown in Figure 9. The
trajectory-tracking errors of the end points of the snake robots
with the 1500- and 2300-mm arm lengths were maximized at
12 mm in the space of the circular trajectory-planning process
and at 18 mm in the rectangular trajectory-planning process.

Joint-angle measurement experiment

Figure 10A shows the space-rotation angle data of each
joint group of the snake robot with an arm length of 2300 mm.
The backbone curve method was used to conduct the rect-
angular and sinusoidal trajectory experiments, and the data

recorded using a gyroscope angle sensor are shown in
Figure 10b and c. The snake robot moved smoothly, and no
oscillations developed in the joint angles. In several experi-
ments, the maximum repeated joint-angle error along the
three coordinate axes in the end joint group of the snake arm
(measured by the gyroscope) was 0:63�, 0:81�, 0:31�ð Þ.

Load test of continuum joints

The end-position errors and repeated-position accura-
cies of the snake robot with an arm length of 1500 mm were
measured under different loads using the laser-tracking
measurement system. The initial position of the snake robot
is shown in Figure 8C. We set the snake robot to perform
multiple horizontal sine trajectory tests. The position error of
the end along the Z axis is shown in Figure 10d. The position
error was maximized (15 mm) at the swing limit corner. Set
the snake robot to perform multiple horizontal and vertical
sinusoidal trajectory tests; the repeated-position error of the
end is shown in Figure 10e. The maximum absolute position
error was 11 mm.

FIG. 10. Snake robot positioning accuracy experiment. (A) Joint angle measurement experiment, where (a) is the dis-
tribution of each angle sensor, (b) and (c) are the angles of each angle sensor on the rectangular trajectory and the sinusoidal
trajectory. (B) Error experiment under different loads, where (d) position error of the end point of the snake arm; (e) repeat
positioning accuracy of the snake arm. Color images are available online.
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The abovementioned experimental results and Supplemen-
tary Videos S1–S6 confirm that the entire trajectory control
processes were smooth, fluent, and free of oscillations or
noise. In the trajectory-planning process of the open-loop
inverse kinematics, the maximum position errors of the
end points of the snake robots with arm lengths of 1500 and
2300 mm were 12 and 18 mm, respectively. The error has
several likely causes. First, the continuum-designed robot
based on the layered drive is an underactuated configuration,
so each joint group needs high-precision coordinated motion
capability. The position error is increased by the flexible de-
formation of the steel wire rope and the slight change in the
diameter of the composite capstan. Second, under the action
of gravity, the uneven forces in the cables of the snake robot
introduce static position errors in each joint. In addition, er-
rors in the open-loop inverse solution affect the coordinated
motion of multiple motors, amplifying the end-position error.
When the end-position error of the snake robot is large, it can
be compensated using a nonlinear least-squares algorithm to
improve the position accuracy.35 In general, the layered-drive
snake robot has a simplified drive and control system but
stronger load capacity and position accuracy than traditional
flexible continuum robots. Therefore, it realizes accurate
kinematics models and meets the requirements of CFETR’s
narrow-space visual navigation.

Conclusion

In this study, we developed an underactuated continuum
robot with layered-driven configuration. The continuous joints
of this robot comprised several rigid-body joints in series, and
angular synchronization was achieved in the spaces of these
rigid-body joints. The robot combines the structural character-
istics of a hyper-redundant robot and a continuum robot and has
the characteristics of high freedom of movement, strong car-
rying capacity, and simple driving and control systems. The
end-drive system of the layered-drive snake robot is designed
based on the driving principle of the composite capstan. The
motion-control system is designed based on a high-performance
motion-control card, and robotic motion control and video im-
age data transmission are realized. The snake robot workspace
is calculated using the kinematics model. The static and dy-
namic force characteristics of the cables are analyzed. The ra-
tionality of the structural design and the accuracy of the control
system of the snake robot are verified through open-loop tra-
jectory planning and load tests. The maximum trajectory-
tracking errors of the end points of the snake robots with arm
lengths of 1500 and 2300 mm are 12 and 18 mm, respectively.
The position error mainly comes from cable flexibility, initial
position error, external force imbalance, and insufficient mul-
timotor coordinated movement ability. In general, compared
with the flexible continuum robot, the motion process of the
proposed robot is smooth, and without oscillation, position ac-
curacy and load capacity are significantly improved.

In the future, the application of the snake-inspired con-
tinuum robot will be improved. Furthermore, a compensation
mechanism will be added based on the open-loop position
error of the robot to improve the position accuracy. Further-
more, trajectory tracking and a master–slave teleoperation
control algorithm of the layer-driven snake robot will be fur-
ther developed for operational capability in extremely narrow
working environments.
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