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Experimental Advanced Superconducting Tokamak (EAST) is the world's first fully 

superconducting tokamak with a non-circular cross-section. In recent years, with 

increased device performance and experimental parameters, EAST has achieved a series

of important research results and scientific discoveries. However, EAST inner 

components of the first wall will also be facing an increasingly tough operating 

environment with higher heat loads. Although plasma facing components (PFCs) have 

been updated and upgraded several times, the high heat flux during experiments will 

cause damage or even failure to local small parts in the EAST vacuum vessel (VV). Any 

failure of the internal components might influence the obtaining of high-quality plasma 

or even lead to a plasma discharge and cause safety problems of the operation device.

Therefore, it is essential to have timely maintenance based on the condition of damaged 

internal components in the experimental period. In conventional manual maintenance,

even if small sign of damage is seen, the device has to be shut down, which seriously 

affects the efficiency of physical experiments, and increases the time and economic costs. 

Therefore, to ensure adequate running time, the demand for remote handling maintenance 

of the EAST device during physical experiments is urgent. 

The EAST articulated maintenance arm (EAMA) system is developed for real-time

detection and rapid repair operations to damaged internal components during plasma 

discharges without breaking the EAST ultra-high vacuum (UHV) condition. To achieve 

the desired objectives, the EAMA system design should guarantee that the robot can 

stably run in the harsh environments of high temperature (80-120 oC) and high vacuum

(~ 10-5Pa). Meanwhile, the errors caused by the deformation of long flexible robot arms

should also be predicted and compensated in real-time to obtain high accurate 

maintenance operations. The main contributions of this dissertation include: design, 

development and analysis of the whole EAMA hardware system; study of two different

methods of matrix structural analysis (MSA) and a back-propagation neural network 



(BPNN) to predict flexible deformations of a manipulator system; the eventual

developing of an EAMA dynamic error compensation algorithm to precisely control the

EAMA system operation. 

Firstly, during the EAST experiments, environment conditions inside the vacuum vessel

were very harsh with complex geometry; from the design view, the requirements for an

EAMA robot were more critical than those for a conventional industrial robot arm. 

Beyond the conventional techniques in robot design, many unique techniques were 

considered in the EAMA manipulator arm design: (1) Redundant articulated

configuration with modular techniques were utilized in robot arm design; (2) All joint

actuators and high-speed transmission components were set up in a sealed box, using a 

planetary roller screw to change rotation into linear motion, which was transferred outside 

by the bellows; (3) Solid lubrication using MoS2-Ti-C composite coatings were 

developed for the low-speed transmission parts exposed to the vacuum environment; (4) 

A parallelogram link mechanism was developed to provide more than 50,000 times of 

reduction ratio and more than 1000Nm of drive torque. 

Secondly, as the total length of the EAMA system reaches more than 10 m, it will produce 

significant flexible deformation under the effects of torques and gravity. The deformation

values will always be constantly changing as the arm movements and postures change. If 

this flexibility could not be accurately predicted and reasonably compensated, it would 

seriously affect the position accuracy of the manipulator system. Based on the rigid-body 

dynamic model, the prediction models of flexible arm deflections have been established 

using two different methods: a stiffness matrix method based on matrix structural analysis 

(MSA) theory and a forecasting by BP neural network method based on real experimental 

data. The prediction accuracy, pros and cons of the two methods were compared. Both 

methods have good real-time, which can provide the basis for achieving precise control. 

Finally, considering manipulator kinematics and trajectory planning, an algorithm for 

dynamic error compensation of the EAMA manipulator has been developed according to

the existing deformation prediction model and calculation results. The related feedback

control codes were programed to compensate the dynamic errors of end-effector in any 

positions or postures of the manipulator system in real-time. Therefore, sufficiently high 

control accuracy for successful completion of the relevant remote operation and 

maintenance tasks can be achieved for the EAMA robot system. 

Keywords: EAMA manipulator, stiffness matrix, deformation prediction, BP neural

network, error compensation 
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Nomenclature 

Abbreviation Explanation 

AIA Articulated Inspection Arm 

AMM Assumed Modes Method 

BPNN Back-propagation Neural Network 

CMM Cassette Multifunctional Mover 

CS Coordinate System 

CTM Cassettes Toroidal Mover 

D-H Denavit-Hartenberg 

DOF Degrees of Freedom 

DRHS Divertor Remote Handling System 

EAMA EAST Articulated Maintenance Arm 

EAST Experimental Advanced Superconducting Tokamak 

ESM Element Stiffness Matrix 

FEA Finite Element Analysis 

MSA Matrix Structural Analysis 

PFCs Plasma Facing Components 

RH Remote Handling 

SEM Scanning Electron Microscopy 

SS Stainless Steel 

SSM System Stiffness Matrix 

TCS Transfer Cask System 

UHV Ultra-High Vacuum 

VDE Vertical Displacement Events 

VV Vacuum Vessel 

XRD X-Ray Diffraction 
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1 Introduction 

1.1 Introduction 

Nuclear fusion refers to the process by which two lighter atomic nuclei aggregate to form

a heavier nucleus and a very light nucleus or particle. In the fusion process, the mass loss 

of the nucleus is converted into a huge energy release. The deuteron triton reaction 

continuous burning in energy stars (like the sun) is the most common example. Compared 

with nuclear fission, fusion reaction produces less nuclear waste, lower radioactivity and 

extremely shorter half-life. Moreover, fusion fuel is almost infinite as the deuterium and

tritium can be extracted directly from sea water (Wan, 1999). Hence, fusion energy can 

be recognized as the ultimate solution to the world's energy crisis. Research on

controllable nuclear fusion began in the 1960s shortly after the first hydrogen bomb

exploded. With deepening of the research, the magnetic confinement fusion method

(Furth, 1990；Ongena, et al., 2016) is more highly developed and considered as one of

the most promising approaches for energy production. The most popular magnetic 

confinement fusion device is Tokamak (named from toroidal, kamera, magnetic and 

kotushka), which was originally developed by Lev Artsimovich at Kurchatov Institute of

the Soviet Union shown in figure 1.1.  

Figure1.1 The first tokamak experimental device: T1 (Smirnov, 2009) 

Tokamak has not been of worldwide concern until 1968, when a breakthrough on the 

confinement time of plasma energy in T3 Tokamak was reported at the 3rd International
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Conference on the Physics of Hot Plasma and Controlled Nuclear Fusion (Artsimovich,

1968). After the report, Tokamak was gradually recognized as the most important 

approach for magnetic confinement fusion research. At present, Many different sizes of

Tokamak devices have been constructed, among which, the ones currently in operation

mainly include JET in Culham, United Kingdom (Rebut, et al., 1985), Tore Supra (WEST) 

in Cadarache, France(Peysson, 2001), DIII-D in San Diego, USA (Jackson, et al., 1991),

ASDEX in Garching, Germany (Herrmann and Gruber, 2003), EAST in Hefei, China, JT-

60SA in Naka, Japan (Ishida, et al., 2010), KSTAR, in Daejon, South Korea (Lee, 1999), 

and so on. Besides, some much larger and more advanced Tokamak reactors are under 

construction or planning to verify the feasibility of commercial fusion power plant in the 

future, such as ITER (Holtkamp, 2007), DEMO (Konishi, et al., 2002) and CFETR (Song,

et al., 2014). 

The first fully superconducting tokamak device with a non-circular cross-section is EAST 

in Hefei China (acronym from Experimental Advanced Superconducting Tokamak), as

shown in figure 1.2, with a major radius of 1.75 m and a minor radius of 0.4m (Wan, et 

al., 2006; Wu, 2007). The first plasma in EAST was obtained at the end of September

2006 (Gao, 2008). As the first Tokamak machine with both all superconducting magnets

and actively cooled in-vessel components allowing steady state operation, EAST will 

address the physical and engineering issues related to steady state advanced tokamak

devices such as material and plasma interaction, current drive, plasma control, and

advanced tokamak operation. 

Figure1.2 Experimental Advanced Superconducting Tokamak 
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1.2 The Plasma Facing Components (PFCs) 

The physical feasibility of tokamak as a controlled magnetic confinement fusion reactor 

has been preliminarily verified. However, whether the Tokamak experimental devices can 

be further developed into commercial fusion power plants largely depends on the 

feasibilities of fusion engineering and materials. One of the core problems is how to 

maintain the steady-state operation of long-pulse and high-parameter plasma currents (Li, 

2008). Continuous discharge time of existing large-scale fusion devices can only be 

maintained a few seconds due to the high heat flux caused by plasma currents up to 100 

millions of electron temperature in the fusion process. Significant improvements in the 

operating parameters, in particular the improvement of the plasma current quality, are 

closely related to the development of the technology for the Plasma Facing Components 

(PFCs) of the Tokamak, which are required to build commercial power plants with fusion 

energy.  

Taking the EAST device in China as an example, through continuously updating and 

upgrading the first wall of the PFCs, device performance and experimental parameters 

have been largely improved. Figure 1.3 gives the overview of EAST PFCs in 2012 and 

2014 with the Mo tiles plus C divertors and the Mo tile plus W/C divertors respectively. 

A series of important research results and scientific discoveries have been made since the 

first commission in 2006，including the 32 s H-mode discharge(Li, 2013) and the 411 s 

long pulse plasma current obtained in 2012( Li, et al., 2013). Both of these created the 

international record of tokamak running time under the similar conditions. Detailed 

information of EAST PFCs and the related experimental parameters can be found in table 

1.1, which indicates that the performance of the PFCs is a key factor in obtaining the 

high-parameter plasma. 

 

Figure1.3 Overview of the EAST PFCs in 2012 and 2014 
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Table 1.1 The PFCs and related experimental parameters in the EAST since 2007 

Year Experimental plasma parameters PFCs 

2007 3s of plasma running time Stainless Steel 

2009 60s of plasma running time Graphite 

2010 6.4s H-mode, 100s plasma, 1MA current The upgraded graphite PFCs 

2012 32s H-mode, 411s long pulse Divertor plasma 
Active water cooled graphite / 

molybdenum PFCs 

2015 
102s H mode, 50 million degrees of high-

temperature plasma 

Active water cooled Tungsten/ 

graphite / molybdenum PFCs 

Tokamak is an extremely complex electro-physical device with a changeable 

electromagnetic field and thermal environment, especially in the vacuum vessel (VV). 

Hence, the PFCs, as the closest components to the plasma in VV, not only have to

undertake the huge heat loads (up to several MW / m2 to several tens of MW / m2) from

plasma currents (Schlosser, et al. 2005; Luo, et al. 2007), but also to withstand the 

enormous and complex thermal and electromagnetic forces. The sources of thermal and

electromagnetic loads of the PFCs during operation can be briefly summarized as follows: 

steady-state heat load from plasma under normal conditions, thermal quenching (TQ)

(Roth et al., 2009), large instantaneous thermal load under conditions of edge localized 

modes (ELMs) (Loarte et al., 2003), enormous electromagnetic force in current 

quenching (CQ) and vertical displacement events (VDE) (Weng, et.al., 2005; Song, et al.,

2005). 

Such complex and intense loads can cause various types of damages to the PFCs during

operation such as ablation of the first wall surface, loosening of the connectors, warpage 

of the mechanical parts, and erosion of the water pipe, etc. Failure of the internal PFCs

can simply affect the availability of high-quality plasma, or even result in the inability to

achieve plasma discharge. This issue has already been of great concern in the fusion 

physics and engineering research, which should be addressed in urgent to pursue higher

and higher operation parameters.  

1.3 The needs of Remote Handling（RH）maintenance of PFCs 

In order to ensure the first wall condition required for high parameter plasma discharge, 

the damage pieces in the VV should be repaired or replaced. In the early stages of

Tokamak research, the operating parameters are not so high that small and local failure 

could be ignored. The maintenance of the PFCs was manually carried out after the 

experiments when the whole device was shut down with the VV opening. Currently, as
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the sizes and operating parameters of Tokamaks are becoming larger and larger, the

internal components are more complex, and they are subject to greater loads and more 

potential for failure. Conventional manual maintenance significantly reduces the 

reliability and effective running time of the devices. For example, during the EAST 

operation in 2012, as shown in figure 1.4, the system failure and maintenance time up to 

32%, seriously affected the efficiency of the physical experiment. 

Figure1.4 The time proportion of the EAST device in 2012 

The conventional manual maintenance is inefficient due to the destruction of the UHV 

environment in the VV. Even for a small number of replacement maintenance in the EAST,

it will generally take at least 10 days from opening the vacuum chamber to the final 

recovering of the original experimental vacuum conditions. If the maintenance cost is

25,000 euros per day, the total cost of downtime maintenance would be up to 250

thousands euros and 10 days at least. More importantly, with the occurrence of deuterium-

tritium reaction, there is a high dose of radiation in the vacuum chamber, which means 

that it is impossible for manual maintenance at that time. Therefore, maintenance of the

PFCs without destroying the internal environment of the EAST VV will greatly save the

time and economic cost of equipment maintenance as well as improving the effective 

running time.  

1.4 Status of RH applications in Tokamak 

Maturing robotic technologies can undoubtedly provide important technical supports for 

the RH requirements of tokamak devices. However, the conventional robots cannot 

satisfy applications in the tokamak fusion environment because of the complex and harsh 
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operation conditions and the rarity of the Tokamak device itself. There are still many key 

technical issues remaining to be resolved, for example, dynamic sealing, vacuum 

lubrication, radiation protection, etc. Currently, many existing tokamak experimental 

devices did not take into account RH maintenance since the frequency of damage and 

maintenance of internal components is not very high due to the low operation parameters. 

However, with continuous improvement of the plasma parameters, the need of RH 

maintenance is increasingly urgent. Especially for commercial fusion power stations, a 

complete RH maintenance system is essential. At present, the Tokamaks that have been 

successfully equipped with or are being studied with RH maintenance system are: the JET 

in UK, EAST in China and ITER in France (with a worldwide collaboration).  

JET, the world's largest tokamak device in operation, was constructed in 1983 (Rebut, et

al., 1985). The first mission of full RH maintenance of the internal components was

carried out in 1998 (Rolfe, et al., 1999). The JET RH system also undertook two 

maintenance tasks in 2001 and 2004/2005, respectively (David, et al., 2005; Rolfe, 2007). 

As shown in figure 1.5 (Buckingham and Loving, 2016), JET's RH system mainly 

consists of two articulated booms equipped with a Mascot manipulator and Task Module 

respectively. The total length of each boom is about 10m, with 19 degrees of freedom 

(DOF). Its main function is to transport the manipulator and task module to the target 

working area (Dean and Raimondi, 1987).  

Figure1.5 JET RH maintenance system (a-Mascot manipulator, b-Task Module) 

ITER is the world's largest Tokamak device under construction. The volume is six times 
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larger than JET which means the radiation dose produced by the deuterium tritium 

reaction is also much higher than JET (Rolfe, 1996; Friconneau, et al., 2011). The ITER 

RH system is designed in parallel with the whole device itself, which improves the 

compatibility of teleoperation maintenance, and considers the maintenance strategies 

from the overall level of the device. At present, the system engineering design has been 

completed while the research tasks of subsystems have been assigned to the relevant 

research institutions of the ITER member countries. Some of the subsystems have already 

been completed for the prototype development like the Divertor Remote Handling System 

(DRHS) developed by VTT Finland and the Articulated Inspection Arm (AIA) by CEA 

France.  

ITER DRHS is responsible for replacement maintenance operations of 54 divertor 

modules, each with a module size of about 3.4 m × 1.2 m × 0.6 m, and weighing up to 

nearly 10 tons. It mainly consists of a Transfer Cask System (TCS), a Cassette 

Multifunctional Mover (CMM) and a Cassettes Toroidal Mover (CTM), seen in figure 

1.6 (Palmer, 2007). During RH maintenance, the CTM firstly enters the ITER VV through 

a circular track to disassemble and move the divertor modules one by one to the dedicated 

maintenance port. Then, the CMM system transfer the modules from the port to the TCS. 

Finally, the modules are returned to the hot cell for replacement. 

 

Figure1.6 Overview of the ITER DRHS 
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In 2002, the CEA began the development of an articulated inspection arm manipulator 

(AIA) based on the Tore-Supra Tokamak environment, which aims to verify the feasibility 

of the visualizing and monitoring operation of internal components under conditions of 

the UHV and temperature, etc. (Perrot, et al., 2005; Gargiulo, et al., 2007). It was also 

developed to lay a technical foundation for observing work in future ITER RH 

maintenance. The first implementation of the AIA system in the Tore-Supra environment 

was carried out in September 2008 (Gargiulo, et al., 2008; 2009), seen in figure 1.7. The 

detailed specification and parameters of AIA system are: (1) operating environment as 

120 oC, 10-5 Pa and a maximum payload of 10 kg (Izard, 2013); and (2) 7.4 m of the total 

arm length. 

 

Figure1.7 The implementation of the CEA AIA system in the Tore-Supra Tokamak environment 

In addition, the ITER RH maintenance system also includes: 

 The Blanket RH System, developed by Japan, can be positioned by robotic vision, 

with a positioning accuracy of up to 0.5 mm and a force feedback control (Kakudate, 

et al., 2008; Nakahira, et al., 2009). 

 The ITER In-Vessel Viewing System, which can detect the divertor and the first wall 

area with an accuracy of 0.5 mm when within 5m distance from the target (Neri, et 

al., 2011; Dubus, et al., 2013). 

 The ITER Transfer Cask System, which is developed for long-distance transportation, 

with a maximum load of 100 tons, and a double-sealed door design for sealing and 

docking with the ITER VV (Gutiérrez, et al., 2010; Locke, et al., 2011). 
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 The ITER Multiple Purpose Deployer, designed by the Oxford Company in UK, can 

be competent for various types of maintenance operations in the ITER VV, with a 

maximum payload up to 2000 kg, a maximum speed of 100 mm/s and a position 

accuracy of ± 10 mm (Choi, et al., 2015; Ribeiro, et al., 2011; Manuelraj, et al., 2016). 

1.5 Objectives of the study 

Despite several rounds of updates and upgrades to the EAST PFCs, the first wall 

components are still inevitably damaged during the physical experiment. Regular or 

immediate detection and maintenance of internal component damage is essential to ensure 

effective running time. The needs of remote handling maintenance for the EAST is 

increasing due to the increasingly higher plasma current parameters. Therefore, the main 

research work of this thesis is to develop the EAST articulated maintenance arm (EAMA) 

system, which mainly aims at real-time detection and rapid maintenance of the EAST 

internal PFCs during the plasma discharge gap, without destroying the UHV environment. 

It will greatly improve the efficiency of the physical experiment for the EAST and 

guarantee more effective running time. Meanwhile, the RH technology and related 

maintenance system is also an important issue for future fusion reactors. 

The objective of the study consists of the following three parts: 

 To develop a flexible manipulator system that is available for the RH maintenance of 

the EAST PFCs under the UHV and temperature condition between the gaps of 

plasma discharges. A detailed engineering design description of the EAMA system is 

presented in the dissertation. 

 To study the flexibility properties of the EAMA system. Static error prediction 

models are built respectively using two different methods. 

 To compensate the deformation errors due to the effects of gravity. A comprehensive 

compensation algorithm is developed, simulated and implemented to obtain higher 

endpoint position accuracy of the EAMA manipulator. 

1.6 Outline of the thesis 

For better understanding, the outline of the dissertation, which consists of six chapters, is 

briefly summarized as following: 

Chapter 2 
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The system composition and conceptual design of the EAMA manipulator were described 

in detail, including the development of the vacuum storage CASK, the 2-DOF arm 

segment with modular design, the actuators considering vacuum dynamic seal and a 3-

DOF gripper as an end effector. In addition, in order to overcome the technical difficulties 

of solid lubrication in vacuum condition, this chapter also introduces the experimental 

study of solid lubrication coating with the method of multi-target magnetron sputtering. 

Chapter 3 

The dynamics of slow motion multi-link manipulator is firstly evaluated by Lagrangian 

formulations. Then, static deformation prediction models are established respectively by 

two different methods: (1) the stiffness matrix method, based on the classical matrix 

structural analysis (MSA) theory, and (2) the BP neural network algorithm, based on 

experimental research. The prediction precision, advantages and disadvantages of the two 

methods were discussed and compared. 

Chapter 4 

In this chapter, according to the existing deformation prediction model and calculation 

results, the dynamic error compensation algorithm of the EAMA manipulator is 

developed by combining the kinematics and trajectory planning. Related feedback control 

strategy is also programmed to realize relatively accurate control of the manipulator in an 

arbitrary position. The position error due to gravity is compensated in real-time to ensure 

that the whole robot has sufficiently high control accuracy in performing the relevant 

remote operation maintenance tasks inside the EAST VV. 

Chapter 5 

The contents, methods and results of the research are summarized. Meanwhile, future 

research work is proposed. 

1.7 Scientific contributions and publications 

The dissertation focuses on the development of the EAMA manipulator system applied 

in a nuclear fusion environment. It covers all the contents of the mechanism design and 

related testing as well as the precision control algorithms of dynamic characteristics, 

deformation prediction and error compensation. The study can provide reference for the 

design and development of a similar kind of manipulator in a high temperature and UHV 

environment.  
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Compared with the similar application of the AIA robot developed in the CEA, some 

improvements and superiorities of the EAMA system can be summarized as follows: 

(1) Multifunction: Currently, the EAMA permits remote inspection, small fragment 

picking and neutron calibration inside the EAST VV. Some more functions will be 

developed in the next step, such as bolt removing, leakage detection, etc. 

(2) Higher precision: Besides high resolution camera, the EAMA can be integrated with 

other end-effectors too so that higher position accuracy is required. Therefore, error 

prediction modelling and compensation algorithm has been studied and established 

for the EAMA. 

The main scientific contributions of this thesis are as follows: 

(1) The special mechanism design of a fusion RH system, which is suitable for a high 

temperature, the UHV and small complex geometrical environment, is introduced. 

Many related key technologies required by the robotic application inside the 

Tokamak VV were developed, for example, a vacuum dynamic sealing scheme, a 

high load/weight ratio design, vacuum solid lubrication, etc. 

(2) A flexible deformation prediction model for robots with complex structure was 

established on the bases of the MSA theory and the BPNN method for the fast 

programming and computing of robot deformations, which can be integrated with the 

final control system for accurate control. 

(3) A novel inverse kinematic modelling is built to search for the optimal solution of the 

redundant arms running in complicated geometric environment. A comprehensive 

control algorithm is developed for error prediction and compensation. High 

performance of position accuracy has been achieved. 
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2 Conceptual design and implementation of the EAMA 

system 

2.1  Overview of the EAMA system 

As the operation parameters of the EAST becoming more demanding, the plasma facing 

components (PFCs) are easy to be damaged, in which case, effective running time cannot 

be guaranteed (Wan, et al., 2013). To increase the operation time for physical experiment, 

it will be more efficient to check or repair damaged pieces without breaking the vacuum 

environment. Therefore, the EAMA robot system has been mutually developed by ASIPP 

and CEA-IRFM for remote handling maintenance since 2011. It permits remote 

inspection and small fragments pickup inside the EAST vacuum vessel between plasma 

pulses.  

Considering the actual operation environment of the EAST and its RH maintenance 

features, the design criteria and functional requirements of the EAMA system can be 

summarized as follows: 

• As large as possible available space for visual detection and RH maintenance; 

• Long-term stability in a high temperature and the UHV environment; 

• Lightweight design, high load weight ratio; 

• Good scalability of the multi-functional end-effector; 

• Can be docked and separated easily with the EAST VV without destroying the 

background UHV condition. 

As shown in figure 2.1 and figure 2.2, the EAMA system mainly consists of a shuttle 

facility, robot arms, a 3-DOF manipulator, and a storage cask (including several condition 

maintaining systems). The shuttle has a linear degree of freedom to push the robot into 

the EAST vessel, and then the robot arms transport the manipulator to a certain position 

to perform inspection or other operations. The storage cask can provide a 10-5 Pa of UHV 

condition before connecting to the EAST vessel. It is also equipped with a baking and 

cooling system for condition maintaining. Based on the dedicated running environment 

of the EAST device, the specifications and design parameters of the EAMA robot are 

summarized in table 2.1. 
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Figure 2.1 Overall schematic view of the EAMA system 

 

Figure 2.2 Three dimensional model of the EAMA system 

Table 2.1 Specifications of the EAMA robot 

Vacuum   ~10-5 Pa to 1 atm 

Temperature Running:80 ℃; baking:120 ℃ 

Workspace EAST in-vessel: R=1920, a=550 mm  

Magnetic field  Not considered 

Radiation Not considered 

DOFs 1(base) + 7(arm) + 3 (gripper) = 11 in total 

Payload Arm: 25kg; 3-DOFs end effector: 2kg  

Dimension Radius: 160mm, length: ~8.8m  

Weight  Arm <100 kg, end-effector <20kg 

Accuracy ~20mm (Repeatable accuracy) 

Function Inspection and pieces pickup  
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2.2  Manipulator system design 

2.2.1 Modular arm design 

The EAMA manipulator is a highly redundant articulated series mechanism, which has 

11 DOFs in total. The key components of the five segments of the robot arms are made 

of titanium alloy TC4 and the end-effector is made of aluminum alloy 7075-T6. The arms 

and end-effector are assembled with a stainless steel (SS) shuttle facility that can push the 

robot into the EAST vessel along a linear guide in the storage cask. The titanium arm is 

designed to be a 5.5-meter long multi-link carrier divided into five segments with a 160 

mm outer diameter.  

 

Figure 2.3 Modular design of EAMA robot arms: L1=L2=L3=1200mm, L4=L5=1250mm. 

For the manipulator arms, an identical modular design with a parallelogram mechanism 

has been adopted for all the five arm segments. Each segment can provide both rotation 

and elevation motions by integrating yaw and pitch joints inside one modular arm 

segment. As shown in figure 2.3, the parallelogram structure is composed of two clevis 

(yaw joints), horizontal rods, an arm tube and a diagonal rod (pitch actuator). The five-

bar mechanism can produce a huge reduction ratio and withstand strong torques generated 

from the cantilever arms and gravity effects. In addition, the axis of the yaw joint will 

always be kept in a vertical direction owing to the motion characteristics of the 
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parallelogram structure. 

2.2.2 Actuator design with dynamic sealing 

The motion actuators are placed inside robot tubes. The rotation actuator is connected to 

the tube while the elevation actuator is located diagonally in the parallelogram. To avoid 

polluting the UHV condition inside the EAST vacuum vessel, motion actuators with 

dynamic sealing have been developed. All the high-speed components (motors, gears, 

etc.) which should be lubricated very well, are sealed in boxes by welding bellows so that 

high temperature grease can be used. Meanwhile, some low-speed components (joint 

bearings and bushes) use MoS2-Ti-C coating films for solid lubricating. The detailed 

design of the motion actuators can be summarized as follows: 

(1). The yaw actuator: 

As shown in figure 2.4, firstly two planetary roller screws transfer the rotation motion 

produced by high-temperature motor and reducers into two parallel linear motions. The 

two screws connected with two steel cables move at a same speed but in opposite 

directions to transmit the linear motions to the yaw joint through bellows welded together 

with the seal box. The cables are assembled with a pulley system attached to the yaw joint 

to produce the rotation motion. The whole transmission process can be summarized as a 

‘‘rotation-linear-rotation’’ chain. Two benefits are provided by this chain: dynamic sealing 

to protect the UHV condition and a huge reduction ratio to generate enough driving torque 

(1:30820 from motor to yaw joint). 

 

Figure 2.4 Detailed design of the EAMA yaw actuator 
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(2). The pitch actuator: 

As shown in figure 2.5, the pitch actuator has a similar ‘‘rotation-linear-rotation’’ chain 

as the yaw actuator. The difference is that only one roller screw is used here to transfer 

the rotation to a linear motion. As the pitch actuator is located in the diagonal position, 

the changes in diagonal length will lead the whole parallelogram structure to be elevated 

while other link lengths are fixed. The reduction ratio can reach up to 1:51660. The 

prototypes of the EAMA modular arm and actuators are given in figure 2.6. 

 

Figure 2.5 Detailed design of the EAMA pitch actuator 

 

Figure 2.6 Prototypes of the EAMA modular arm and actuators 
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2.2.3 Kinematics of the EAMA manipulator 

In order to optimize the dimensions of robot arms and guarantee enough available 

workspace, the forward kinematics of the EAMA robot has been finished. Based on the 

EAMA configuration diagram shown in figure 2.7, the Denavit-Hartenberg (D-H) 

parameters (Denavit and Hartenberg, 1955; Siciliano and Oussama, 2009) and limited 

valve of each motion are listed in table 2.2. 

 

Figure 2.7 Configuration diagram and D-H coordinate system of the EAMA robot system 

Table 2.2 D-H parameters and motion ranges of the EAMA robot 

D-H 

Parameters  

Joints 

1 2 3 4 5 6 7 8 9 END 

θ𝑖 [deg] 0 θ1 θ2 θ3 θ4 θ5 −θ5 θ6 θ7 −θ7 

d𝑖 [mm] 0 0 0 0 -25 0 25 -25 0 25 

𝒶𝑖 [mm] 𝒶1 1200 1200 1200 125 1035 90 125 1035 Le 

α𝑖 [deg] 0 0 0 0 90 0 -90 90 0 -90 

Range 0-6600 ±90 ±90 ±90 ±90 ±45 ±45 ±90 ±45 ±45 

Note：Le- Length of end-effector  

The transformation matrix of a link segment relative to the preceding one is given as 

follows (C 𝜃𝑖 = cos 𝜃𝑖 , S 𝜃𝑖 = sin 𝜃𝑖): 
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The position and orientation of a link with respect to the base can be obtained by chain-

multiplication of the transformation matrixes: 

1 2

1 1
0 1

i ii i

0 0 i

R P
T T T T 

 
      

 
                        (2.2) 

Among which, the upper left 3 × 3 rotation matrix Ri describes the link orientation, while 

vector Pi represents the position.  

2.2.4 Evaluation of available space in the EAST VV 

Based on the forward kinematic model, the available workspace of the EAMA robot in 

the EAST vessel can be obtained as Equation 2.3 (Cai, 2009).  

      3

t f ncW W W W R                        (2.3) 

Among the equation: 

 Wt is the total space where EAMA robot can reach without any limits; 

Wf is the fitting space of the EAST inner vessel. Figure 2.8 gives the section view of the 

EAST vessel and the fitting space; 

Wnc is the available space when the EAMA does not have any collisions with the fitting 

space when in motion; 

R3 stands for the three dimensional space.  

Finally, the available workspace can be calculated by Monte Carlo method (Doucet, et al., 

2001; He, et al., 2010), as shown in figure 2.9.  

The cloud of workspace presents that the EAMA robot can reach almost everywhere in 

the EAST vacuum vessel except for the area close to the entrance, due to the length limits 

of the robot arms. The percentage of available space with respect to the entire EAST 

vessel can be calculated as cloud volume divided by total volume of the fitting space. 

When the lengths of the robot arms are L1=L2=L3=1500mm, L4=L5=1250mm, the 

percentage of available space can reach to more than 90%. 



30               2 Conceptual design and implementation of the EAMA system 

 

Figure 2.8 Section view of the EAST vessel and the fitting space (shaded area) 

 
Figure 2.9 Available workspace simulation for the EAMA robot, blue points represent the 

position where the EAMA can reach 

2.2.5 Estimation of forces and stresses 

For the parallelogram structure, when performing the elevation motion, the equilibrium 

equations of static forces can be built according to the force calculation model (Keller, D., 

et al., 2008), as shown in Figure 2.10, which can be solved as equation 2.4. 
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Figure 2.10 Force calculation model of parallelogram structure 
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where, F1 represents force in the diagonal jack or elevation actuator; F2 represents force 

in horizontal rod; F3 represents force in the arm tube; P represents payload supported by 

parallelogram structure; M represents torque on the end point of elevation actuator; a 

represents length of clevis; b represents length of horizontal rod and 𝜶 elevation angle. 

The maximal forces occur in the first segment of the robot arm. Considering the elevation 

angle is always zero, the forces in the parallelogram mechanism are 16464 N in the jack, 

39200 N in the horizontal rods and 55617 N in the tube. For the fourth segment, the forces 

change with different elevation angles. As shown in figure 2.11, the forces in the tube and 

rods reach the maximums at the position of ±45° while the force in the pitch actuator 

reaches the maximum at -45° and the minimum at 45°. 

 

Figure 2.11 The static forces in the 4th segment of the EAMA robot with different elevation 

angles 
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In addition, to check the strength of the mechanical design, the finite element analysis 

(FEA) is undertook to analyze the stress and deformation of the EAMA manipulator with 

the software ANSYS Workbench 14.0. Figure 2.12 shows the results of the stress analysis 

of the various joints in the EAMA manipulator. Among them, the EAMA maximum Von 

Mises stress (Amstutz and Novotny, 2010) is about 280 MPa, far less than the rated 

strength of the TC4 titanium alloy (Niu, et al., 2016). 

 

Figure 2.12 Von Mises stress of the various joints in the EAMA manipulator 

It should be emphasized that as the total length of the arm is about 10 m, although the 

structural strength has sufficient safety margin, the deformation of the whole arm system 

is still huge due to the flexibility of the long cantilever structure. This will result in a 

displacement error of 200 mm or more. Moreover, the displacement error is time-varying 

in different positions. Therefore, to ensure high enough position precision to complete the 

complex operation in the EAST vacuum chamber, the flexible deformation prediction and 

real-time error compensation strategy should be considered in the control system. 

2.3   Storage cask system 

2.3.1 Overview of CASK system 

Prior to the EAMA manipulator entering the EAST VV port, the cask system, which stores 

the robots, should have the identical temperature and the UHV conditions as those inside 

the EAST vessel. Considering storage and support for the EAMA manipulator, it is 

necessary to build a sealed storage cask connected to the EAST port flange to provide 
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support for EAMA and to keep the high temperature (more than 100 °C) and the UHV 

(~10-5 Pa) conditions the same as in the vessel (Peng, et al., 2010). This implies that the 

baking and vacuuming operations in the cask should be completed in advance. Therefore, 

the cask must be designed as a self-sufficient system for the EAMA integration, which is 

essential for both the performance and function of the robot operation.  

The requirements for the cask can be summarized in multiple aspects. The first 

requirement is to provide storage and precise linear guiding for the EAMA robot. 

Secondly, UHV and temperature conditions should be provided and maintained within 

the cask. Finally, the cask must be easily docked to the EAST with valve insulations (Song, 

et al., 2014). Corresponding to the above design requirements, the storage cask system 

can be divided into three parts: the main body of the cask, a shuttle and its maintenance 

facility, and auxiliary systems (baking, vacuuming and control). Figure 2.13 gives a 

schematic view of the storage cask system for the EAMA manipulator. 

 

Figure 2.13 Schematic view of the storage cask system for the EAMA manipulator 

2.3.2 Vacuum vessel of the storage cask 

The storage cask is about 10 meters in length and 2.8 meters in height, mostly made of 

304 stainless-steel. The main body structure consists of a sealed cask vessel, a beam 

support, mobile wagons, double-flashboard valves, a linear guide rail, etc. All electro 

technical facilities are embedded to realize an integrated and self-sufficient system.  

The sealed cask vessel is designed as a kind of pumped double-skinned boxed structure 

with numerous holes. Several standard flanges (DN400, DN250, DN100, and DN40) are 

connected around the vessel as the interfaces for pumping, wiring, positioning and 

observing. The total cask slides on a beam support structure made of carbon steel. There 

are two mobile wagons under the beam support. The wagons allows cask move easily in 

the EAST hall. In addition, it can also be adjusted in the height direction through bolt 
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connections.  

Inside the vessel, a couple of linear guide rails are fixed on the middle plate. To guarantee 

the straightness and positioning accuracy of the guide rail, the allowed thermal expansion 

of the cask vessel is limited to 3 cm (at 250 °C) while the final deflection should be less 

than 3 mm. Figure 2.14 shows the section view of the mail cask body excluding the 

mobile wagons.  

 

Figure 2.14 Section view of the main cask body 

To avoid the loss of the UHV condition during connection and disconnection, the cask is 

also equipped with a connection port between the EAST vacuum vessel and the cask 

flange. As shown in figure 2.15, the connection port consists of two DN250 flashboard 

valves and a DN250 bellows in the middle. The flashboard valves are designed for 

vacuum insulation of the EAST chamber and storage cask. The port can provide an 

independent vacuum space by closing the flashboard valves. 

 

Figure 2.15 Connection port and double flashboard valves 
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2.3.3 Shuttle facility 

The robot arms are integrated on a strong shuttle structure, which can slide along the 

linear guide inside the storage cask with a velocity of 1 m/min. The main function of 

shuttle is to push the robot into the EAST vacuum vessel during further operation. Figure 

2.16 gives an illustration of the shuttle facility, which mainly consists of stainless-steel 

pushrod (2.66 meters), driving box (connected to the rack), flexible chain and six support 

legs with sliding blocks. The driving box is sealed, with non-vacuum motor and angle 

sensor inside. The movement is transferred to outside of the UHV condition through a 

magnetic coupling. Additionally, two gas-cooling pipes have been designed to keep the 

CCD camera of the EAMA at a safe working temperature (below 60 °C). Together with 

several strands of cables for power supply and signal transmission, the cooling pipes have 

been integrated into a flexible chain, which can synchronously move with shuttle. 

 

Figure 2.16 Illustration of the shuttle facility for the EAMA manipulator 

After the welding process of the upper cover of the storage cask, the shuttle cannot be 

accessible because of the limited inner space. A maintenance facility has been designed 

to expediently pull out the shuttle. It can be connected to the front port of cask to allow 

shuttle extraction on additional rails (shown in figure 2.17). For easy connection, the 

support legs of the main structure and linear guide can be adjusted in the height direction. 
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Figure 2.17 Structural design of the shuttle maintenance facility 

2.3.4 Auxiliary systems 

(1) Vacuum system 

Before docking with the EAST, the cask and port should be pumped to the same UHV 

condition. The pumping system contains a rotary vane pump for rough vacuuming to Pa 

order of magnitude and a molecule pump for finishing vacuuming to 10-5 Pa and keeping 

the vacuum during operation. Several vacuum solenoid valves have been chosen as the 

switch for opening and closing the pumping pipes. Figure 2.18 gives the layout of cask 

pumping system.  

 

Figure 2.18 The pumping system of the EAMA storage cask system 

The pumping process normally has three steps:  
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• For rough vacuuming of the cask and port, open Valves 1, 2, 5 as well as the valve 

between the cask and port; 

• For finishing the vacuuming of the cask, open Valves 1 and 3; and close the double 

gate valve; 

• For finishing the vacuuming of port, open Valves 2, 3, 4. 

(2) Baking system 

As the inner space of the EAMA storage cask is huge and complicated, achieving the 

UHV condition is not easy, especially while storing the EAMA robot inside. Therefore, 

baking at a high temperature (about 120-150°C) is needed.  

Several continuous heating cables have been wound on the surface of the storage cask. A 

layer of rock wool (~80 mm thickness) has been added outside for thermal insulation. 

There are a total of 18 temperature sensors PT100 arranged around the cask and robot for 

real-time measurement and control. The temperature value and its position of each 

measurement point can be displayed on the screen of a master computer. Figure 2.19 

shows the main components and workflow of the cask heating system (Tang, et al., 2015). 

 

Figure 2.19 Overall hardware structure and workflow of the CASK heating system 

2.3.5 Stress analysis for key components 

The storage cask has a huge inner vacuum space while the thickness of shell is limited to 

4mm, which means that even 0.1 MPa of atmospheric pressure may still break the shell 

structure. Besides, the structure, which supports big weight, can also be damaged. To 

guarantee the safety of cask structure design, several finite element (FE) calculations have 

been completed for important stress parts including the cask shell, linear guide, support 
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wagons and shuttle maintenance facility (Song, et al., 2014; Shi, et al., 2014). 

The detailed simulation results are shown in figure 2.20:  

• Cask shell: the vacuum condition for the inner space is 0.1 MPa pressure on the outer 

shell; the peak stress is 44.8 MPa; 

• Linear guide: assembling the shuttle and robot on the guide, adjusting the robot 

position to 90°angle with the guide rail to produce highest torque, in which case, 

the peak stress is 60.1 MPa; 

• Support wagons: ignoring the wheels, the peak stress is 37.9 MPa; 

• Shuttle maintenance facility: considering the weight of shuttle on the structure, the 

peak stress is 30.2 MPa. 

Each of the aboe peak stress is much less than the allowable value of steel material, and 

this indicates that the cask system is strong enough. 

 
Figure 2.20 Detailed FE simulation results for stress parts of cask system: (a) cask shell, (b) 

linear guide, (c) support wagons, and (d) shuttle maintenance facility 

2.3.6 Commissioning activities 

A series of tests have been undertaken to validate the cask system since the mechanical 
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parts were firstly assembled in August 2014 (figure 2.21). In April 2015, the first pumping 

test was implemented to verify the performance of pumping group and cask mechanical 

sealing. A vacuum of 2×10-4 Pa and leakage of 7.2×10-10 Pa m³/s was obtained (Pan, et 

al., 2017). After that, the baking system was tested for more than 120 hours with the 

highest stable baking temperature of 200°C. In July 2015, the first commissioning of the 

entire cask system with a lower baking temperature (80 °C) and longer period was 

performed. In August 2015, the operation activities of the EAMA robot were successfully 

implemented in the EAST under the UHV and temperature conditioning as shown in 

figure 2.22. 

 

Figure 2.21 Integration of the EAMA storage cask system 

 

Figure 2.22 The commissioning of storage cask and the EAMA manipulator system in the EAST 

VV 
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2.4   End-effector 

2.4.1 Overview of the 3-DOF gripper 

Considering the EAST maintenance, a manipulator with three DOFs (yaw, pitch, rotation) 

is linked to the robot arms. For dedicated operations, a gripper facility and two CCD 

cameras are equipped at the end of the manipulator. Currently the expected operations are 

only limited to picking up broken pieces from visual detection. The function extension, 

such as leak detection and bolt removing, will be considered in the next step according to 

further requirements of the EAST remote handling maintenance.  

A claw composed of a mechanism with two fingers has been adopted to firmly grasp an 

object. Based on the operation environment and target specifications, a friction claw is 

adopted to grab and keep the tiles by means of a parallel gripping device. Due to the poor 

mobility of the long robot arm, the claw should have wrist-like joints to be able to 

implement the dexterous manipulation. The wrist joints have been designed with a 

modular approach and are electrically actuated. Most of the mechanical components are 

made of aluminum alloy to reduce the weight. All the possible outgassing materials 

should be completely sealed from the EAST UHV environment. Special solutions, such 

as solid lubrications, are adopted to make the gripper perform in vacuum compatibility. 

The specifications of the gripper are summarized in table 2.3. 

Table 2.3 Specifications of the 3-DOFs gripper 

Item Specifications 

Grasping target Graphite tile(0.25 kg) 

Payload 2kg 

Weight ≤ 15kg 

Degree of freedom 3 DOFs(pitch, yaw, rotate) 

Accuracy ±1 mm 

Resolution 0.5° 

External sensors Camera, laser range finder, torque sensor 

Dimension Length≤700 mm, Diameter≤160 mm 

In addition, the design of the gripper does not depend only on the target characteristics 

but is also affected by the geometric space of environment. Particularly in a complex 

search space (vacuum vessel with W-shape divertor), difficulties arise when the pickup 

locations are random during manipulation. Thus, imperative external sensors are 

integrated on the gripper to sense the environment as well to avoid collisions.  
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The general grasping procedure can be described as follows: 

• Moving close to the target. The gripper is positioned near the target with the aid of a 

camera and a laser range finder. 

• The claw approaches the target along with a slight movement of the robot arm until 

it is in the range of the two fingers.  

• By increasing the force to within certain limits and securing the object, the motor 

current maintains that preset value ensuring that the object stops moving 

independently of the claw. 

• For moving and releasing particular targets such as stuck tiles, a force feedback 

control system of the torque sensor will be activated to manage control of the robot 

to move the tile from rational orientation. 

Figure 2.23 shows the picture of the gripper prototype that is composed of three modular 

joints, a two-finger claw, one camera, one laser range finder, one torque sensor and a light 

source. A pitch joint is put in the middle of the gripper to reduce elevation torque, thus 

narrowing the size of the motor and reducer and making the gripper more compact and 

light.  

 

Figure 2.23 An overview of the gripper system integrated with the EAMA manipulator 
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2.4.2 Mechanical design of gripper 

The gripper consists of a chain of three modules associated with a camera, a laser range 

finder, a torque sensor, and terminates with a claw. In order to avoid polluting the UHV 

conditions, all the high-speed components (motors, reducers, etc.) are sealed with grease 

lubrication by means of metallic bellow and O-rings. The low-speed rolling parts exposed 

to the vacuum (needle bearing, gears, etc.) are coated with a composite film for solid 

lubrication. To simplify the design, a modular approach has been followed and, therefore, 

all the joints have the same structure. As seen in figure 2.24, the mechatronic joint 

integrates the electronic and mechanical components inside, including sensors, reducers, 

motors, etc.  

 

Figure 2.24 Key components in a modular joint of the 3-DOF gripper 

The key sections of each module are the cover, the main body, the motor and gearbox, 

the vacuum sealing structure and the inter-module connector (see Figure 2.25). The 

aluminum cover consists of an upper cover and a lower cover. The upper cover serves as 

a sealed housing for the control electronics and actuation system using an O-ring seal on 

the contact surface of the upper cover and main body. The motor and reducers, mounted 

between the upper cover and the main body with machine screws, provide rotating torque 

for the modular joint.  

In order to be able to work in the UHV environment, the first technical problem that must 

be solved is to design a proper sealing system to isolate the electronics and the materials, 

like grease, which contaminate the UHV environment. A purposely-designed bellows, 

encapsulating the output crankshaft, has been chosen to allow the translation of rotational 

force from the atmospheric side of the seal to the vacuum side. The bellows seal, which 

uses the elasticity principle and possesses high robustness and flexibility, can be used in 

the UHV equipment. 
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Figure 2.25 Assembly drawing of the 3-DOF gripper 

2.5  Solid lubrication in vacuum condition  

2.5.1 Introduction 

For the total robot mechanism, hundreds of bearings and gears are assembled inside the 

articulated joints to guarantee smooth robot movement. All the high-speed parts (motors, 

gears, etc.), which should be well lubricated, are sealed in boxes to prevent polluting the 

UHV condition in which case high temperature grease can be used. Meanwhile, some 

low-speed components (joint bearings and bushes) are considered to use coating films as 

solid lubrication, seen in figure 2.26. 

 
Figure 2.26 The lubrication selections for different components in the EAMA robot 

Considering solid lubrication in the EAMA robot, some requirements can be summarized 

as below: 

• Good reliability in the vacuum (10-4~10-5 Pa) and at high temperature (~80 ℃); 
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• Withstand high compression force up to 30 kN; 

• Low friction coefficient (~0.1) to allow smooth motion; 

• Thin film thickness to guarantee the assembly accuracy of bearings.  

2.5.2 Composite coating films based on MoS2 

Solid lubricant films based on MoS2 are widely used in the UHV conditions (Hathiramani, 

et al., 2009; Koch, et al., 2007; Aouadi, et al., 2008). However, when exposed to an 

atmosphere with a certain humidity, MoS2 is highly vulnerable to oxidation (Ye, et al., 

2016; Wan, et al., 2013; Wang, et al., 1999). Moreover, for high precision applications, 

the thin films deposited by sputtering lead to poor adhesion and low lifetime because of 

the ionization (Wang, et al., 1999). To improve the performance of solid lubrication, this 

paper presents a study of composite coating films based on MoS2 using a multi-target 

magnetron sputtering deposition technique. Scanned Electron Microscopy (SEM) images 

and X-ray Diffraction (XRD) patterns of different composite films have been obtained. 

MoS2-Ti-C films are the final selection due to the better tribological properties. Finally, 

the detailed information has been characterized for the composite coating that provides 

reference for applications of solid lubrications in similar conditions of the UHV and 

temperature. 

Sputtering deposition for composite coating films was performed on Bearing Steel GCr15 

with a single chamber magnetron sputtering system JGP-450, which provided a base 

pressure of the UHV at 6.67 × 10−5  Pa after baking and degassing. The sputtering 

system contained three magnetron targets, where MoS2, Ti and C target plates were 

respectively mounted, shown in figure 2.27. 

 

Figure 2.27 The Single Chamber Magnetron Sputtering System and Multi targets 
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Three different coating films（MoS2, MoS2-Ti, MoS2-Ti-C）were deposited to find a 

better one for bearing lubricating in the EAMA robot. The detailed deposition parameters 

are given in table 2.4. 

Table 2.4 Deposition parameters of coating films 

Target MoS2, MoS2-Ti, MoS2-Ti-C 

Chamber pressure 1.1 × 10−4 Pa 

Substrate material GCr15 

Substrate temperature 200 ℃ 

Substrate negative bias -200 V 

Magnetron current 0.5~1.0 A 

Coating time 60 min 

2.5.3 Microstructure evaluation 

(1) Morphology of MoS2-based films 

The surface and cross-section SEM images of pure MoS2 and composite films are 

illustrated in figure 2.28, where 1 μm is treated as the standard film thickness for 

comparison.  

 

Figure 2.28 The surface and cross-section SEM images of MoS2-based films 
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According to the SEM images, the pure MoS2 films show a worm-like surface structure 

with different size of aggregates. When combining with Ti atoms, the nanocrystals of 

composite films were obviously refined. However, some small gaps can still be found. 

After further penetrating with C atoms, the mound-like protrusions and film particles 

became finer, smoother and more compact, which indicates better hardness and wear 

resistance. 

(2) Microstructure analysis 

Figure 2.29 shows the patterns of the three different films by an RINT2400 type of X-ray 

diffraction (XRD).  

 

Figure 2.29 The XRD patterns of pure MoS2 and composite films (Specific testing conditions: 

Cu target, a scanning speed of 10 º/min, step width 0.02º, voltage 40 kV, current 150 mA, scan 

range: 10º ~ 70º) 

By Comparing the XRD patterns, some facts can be indicated and summarized as bellow: 

• For pure films, MoS2 (002) and MoS2 (100) diffraction peaks appeared at Bragg angle 

2θ= 14.38° and 32.7°，which indicates that the preferential growth of films on both 

lubricating surface and non-lubricated surface exist at the same time. MoS2 peak 

intensity ratio I (100) / (I (002) + I (100)) was 0.24. 

• For MoS2+Ti composite films, the intensity of both MoS2 (002) and MoS2 (100) 

diffraction peaks decreased, however, the (100) peak intensity MoS2 reduced even 
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more apparently. Peak intensity ratio I (100) / (I (002) + I (100)) drops to 0.21, which 

shows the fact that the Ti atoms have more inhibitory effect on the preferential growth 

of MoS2 (100) on a non-lubricated surface. 

• For MoS2+Ti+C composite films, the preferential growth of MoS2 (100) on non-

lubricated surface was almost completely inhibited. 

• Based on the Scherrer equation (Jiang, et al., 1999; Drits, 1997; Monshi, et al., 2012), 

the average crystallite size of three kinds of films can be obtained: MoS2-Ti-C ~ 5 

nm, MoS2-Ti ~ 12 nm, MoS2 ~ 23 nm. The reduction of crystallite size is conducive 

to increasing the film hardness. 

2.5.4 Tribological behavior  

(1) Friction and wear tests 

To evaluate the lubrication performance and longevity of different films, friction tests 

were performed using a pin-on-disk device under the EAST-like UHV and temperature 

conditions. The friction coefficient curves were obtained and shown in figure 2.30. All of 

the films had low friction coefficients at the beginning of tests, especially for MoS2-Ti-C 

composite films (below 0.05). However, as the tests continued, the fluctuations increased. 

Finally, the pure MoS2 films and composite MoS2-Ti films sharply increased more than 

0.2 nm respectively at 150 min and 240 min, which indicates the coating films had already 

failed. The MoS2-Ti-C composite films had a relatively stable friction performance 

throughout the whole 300 min test.  

Considering the testing parameters (rotation radius: 3 mm, velocity: 1000 rpm), it was 

roughly equivalent to 5600 meters of sliding distance. The results are much higher than 

the requirements of 100 thousands turns for rotation and 2000 meters for linear friction. 

The required values are definited by comprehensively considering the speeds, operating 

frequencies and maintenance cycles of solid lubrication bearings, gears and racks. 
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Figure 2.30 The results of pin-on-disk test for different MoS2-based films 

(2) Scratch test 

Scratch test is mainly used to study mechanical properties of thin coating films (Bull, 

1997; Akono and Ulm, 2014). As can be seen in Figure 2.31, the curves for wear scars of 

three MoS2-based films were measured from scratch tests. The pure MoS2 films were 

seriously worn with scars of 500 μm wide and 4.1 μm deep. The curve for MoS2+Ti, 

having the scars of 480 μm wide and 2.8 μm deep, did not improved a lot. For MoS2+C+Ti 

films, both the width and deepth of wear scars have a significant reduction to 250 μm and 

0.8μm, decreasing a magnitude of its cross section. This shows MoS2+C+Ti composite 

films have the highest surface hardness and wear resistance. 

 

Figure 2.31 The curves for wear scars of three MoS2-based films measured from scratch test 
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2.5.5 Lubricating performance applied in the EAST environment 

As mentioned before, three kinds of MoS2-based films were developed using a multi-

target magnetron sputtering deposition technique to find a suitable solution of solid 

lubrication for the EAMA robot. Finally, the MoS2+C+Ti composite films were shown to 

be the most suitable option for the EAMA robot’s lubrication under the UHV and 

temperature. The coatings have been applied to the bearings and gears exposed in the 

vacumm (figure 2.32). The implementation inside the EAST tokamak showed good 

performance of solid lubricating and the protecting UHV condition. Further tests were 

carried out to characterize detailed information (Table 2.5) for the solid lubricating 

products, which can provide some references for similar applications. 

 

Figure 2.32 The bearings and gears after coating with MoS2 thin films 

Table 2.5 Specifications of the MoS2-Ti-C composite thin films 

Tested items Measured valves 

Film adhesion strength 30N 

Friction coefficient 

≤0.05 (UHV) 

≤0.09 (dry air) 

≤0.13 (80% humidity) 

Wear rate 7.2×10-7 mm3/Nm 

Wear lifetime ≥320000 cycles 

Load capacity ≥1.0 GPa 
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3 Flexible error prediction of the EAMA manipulator 

3.1 Introduction 

For the purpose of real-time detection and rapid repairing of the damaged internal 

components during plasma discharges, the EAMA manipulator system has been 

developed to allow remote inspection and simple repair of the PFCs in the EAST VV 

without breaking down the UHV condition (~10-5 Pa). However, due to the long-reach 

mechanisms with a weight more than 100 kg, the effect of the gravity will cause huge 

flexible deflections. The poor position accuracy means that the robot can only run in the 

middle of the vacuum vessel rather than close-range operate or even touch the tokamak 

wall from a security point of view. It is unacceptable for running inside a narrow and 

complex-shaped space as the EAST VV. Figure 3.1 shows the cantilever structure of the 

fully assembled EAMA robot without end-effector and the finite element simulation 

results of the position errors. 

 

Figure 3.1 The cantilever structure and the FE simulation of the EAMA manipulator 

Elastic deformations due to gravity will cause robot trajectory planning to be quite a 

complicated issue, especially for serial long-reach manipulators. Error prediction strategy 
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should always be studied in advance if high accuracy is required. In fact, research on 

robotic flexibility has become a matter of great concern in recent years because of the 

pursuit of high accuracy and reliability. Normally, two methods could be considered to 

build the flexible model for error predicting. On one hand, the mathematic model of 

flexible multibody dynamics can be derived from classical mechanical theories such as 

the Newton-Euler formulation, the Lagrange formulation, etc. Then either the finite 

element method (FEM) or the assumed modes method (AMM) can be used to truncate 

the dynamic formulations for rapid solution with an appropriate accuracy (Dwivedy and 

Eberhard, 2006). On the other hand, for some complex systems with several uncertain 

coupling factors, the flexible model can be identified using some computing algorithm 

without considering the complicated mechanical model and highly nonlinear 

formulations, examples such as a fuzzy algorithm (Schiavo and Luciano, 2001), a genetic 

algorithm (Chang, 2007), the artificial neural network approach (Liu, 2012), etc. 

For the case study of the EAMA manipulator, it is difficult to obtain high accuracy and 

efficiency by mathematical modelling that uses classical mechanical theories owing to 

two reasons. Firstly, the complicated mechanism, transmission chain and multi-links 

make the accurate and flexible modelling difficult. Secondly, the dynamic formulations 

with high nonlinearity are not necessary as the manipulator speed is extremely low 

meaning that the dynamic behaviors can be slighted compared with the static gravity 

effect. Therefore, static modelling is good enough for error prediction with relatively high 

accuracy. 

In this chapter:  

Firstly, an evaluation on dynamics of slow motion multi-link manipulator like the EAMA 

is performed respectively by the method of mathematical modelling with Lagrangian 

formulation and simulation in the ADAMS software.  

Then, two different methods to establish the static error prediction model are introduced: 

(1) A general model of a combined matrix equation has been created to estimate the static 

stiffness of the EAMA robot segments by using the Matrix Structural Analysis (MSA) 

method (Przemieniecki, 1985; McGuire, et al., 2000). Based on the obtained stiffness 

equation, the key point displacements of the structure in different positions can be 

calculated. In addition, some FE simulations have been completed to evaluate the 

accuracy and reliability of the stiffness equations. 

(2) An experimental study is deployed to measure the real errors of the EAMA prototype 

assembled with different loads through a load-deflection platform. Based on the 

experimental data, a static error prediction model is built and trained by utilizing the 

back-propagation neural network (BPNN) algorithm.  
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Furthermore, the mathematical formulations for static loads of robot joints in arbitrary 

positions are derived. The calculated joint loads can be treated as the input of the static 

stiffness model and of the trained BPNN model for predicting robot errors in arbitrary 

positions and postures. 

3.2 Dynamics evaluation of EAMA manipulator with slow speeds  

3.2.1 Dynamic modeling based on the Lagrange equation 

Lagrange equation, firstly proposed by mathematician Joseph-Louis Lagrange in 1788, is 

widely used in the field of robot dynamics modeling due to its advantages of the formal 

specification and high computation efficiency (Craig, 2005; Siciliano, et al., 2010).  

( ) i

i
i

d L L

dt qq
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The Lagrangian L is decided by the system kinetic energy K and potential energy P: L=K-

P. The generalized coordinate is qi and 
i is the generalized force. The key point of 

Lagrangian formulation is to derive the expression of K and P. For an n-link serial 

manipulator system, the final open-chain dynamics can be described in the form of matrix 

equations as follows. The detailed derivation and validation of the Lagrangian 

formulation can be found in Appendix A. 
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The equation 3.2 and 3.3 are the entire dynamical modeling derived on the base of the 

DH transfer matrices and the Lagrange equation. In the equations: 

• D — Acceleration-related inertial matrix terms, n-order symmetric matrix; 

• ( , )h q q  — Coriolis and Centrifugal terms; 
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• ( )C q  — The Gravity terms; 

•  — Driving forces/torques applied on the joints. 

The above equations can be used to solve the driving forces or torques of all joints in 

arbitrary positions and motion states, and it can be also used for real-time control of 

manipulator system. 

3.2.2 Dynamics evaluation for EAMA at low speeds 

Further evaluating the results of dynamic mathematical model, we can find that, the 

influences of the Acceleration-related terms ( )D q q  and the Coriolis and Centrifugal 

terms ( , )h q q  on joint driving torques are extremely small, when the robot moves at low 

speeds and accelerations. For example, the maximum joint speed of the EAMA modular 

speed is only 1°/s, which indicates the joint torques are mainly generated by the Gravity 

terms ( )C q .  

In order to more directly reflect the impact of acceleration and velocity on the dynamics 

of the manipulator, the EAMA two-degree-of-freedom joint is taken as an example. 

Figure 3.2 and 3.3 show the separate solutions for the ( )D q q  and ( , )h q q  at different 

joint accelerations and velocities.  

 

Figure 3.2 The joint torques caused by the Acceleration-related terms 
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Figure 3.3 The joint torques caused by the Coriolis and Centrifugal terms 

It can be seen from the figures that, when at low acceleration and velocity, the first two 

terms of the dynamical model are very small and almost negligible, compared with the 

torque of around -80000 mNm produced by the gravity terms. Therefore, it can be 

concluded that for a serial manipulator system moving with low-speed and heavy-load, 

the gravity terms can be used to approximate the joint driving forces/torques in order to 

simplify the solving process and improve the computation efficiency. Both of the next-

step error prediction modelling in Section 3.3 and 3.4 are established on this 

approximation and hypothesis. 

3.3 Static stiffness modelling using the MSA method 

3.3.1 A general procedure for stiffness modelling 

(1) Element Stiffness Matrix (ESM) 

In the MSA method, a structure can be divided into several basic beam elements (Li, et 

al., 2011; Li, 2014). For an arbitrary element with 12-DOFs as shown in figure 3.4, 

complete stiffness can be denoted as a 12 × 12 matrix having zero coefficients for all 

of the uncoupled forces and displacements, which can be found in equation 3.4. 

In the equation, Ki
 is the stiffness matrix expressed in a beam local reference frame 

which is determined by the inherent material and geometric properties; F  represents the 

loads (forces and moments, 12 elements in total); while   represents deflections (linear 
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and angular ones, 12 elements in total); A: the cross-section area; L: length of the beam; 

E: Young’s modulus; and Iy, Iz, J are the quadratic and polar moments.  

 

Figure 3.4 Definitions of the basic beam element in the MSA method 
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(2) System Stiffness Matrix (SSM) 

The stiffness matrix of the entire structure can be derived by assembling several basic 

matrices based on equation 4.1. When assembling, superposition principle of the MSA 
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should be used to get the final complete stiffness matrix with a dimension of 6𝑛 × 6𝑛 (𝑛 

is the number of joint points of whole structure). In this procedure, the reference 

coordinate frames should be firstly unified to the global one by utilizing transformation 

formula expressed in equation 3.5, where matrix [Γ] is composed of four identical rotation 

matrices [r] from global to local frame of beam element as equation 3.6.  
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(3) Matrix optimization 

In most of practical engineering, a complete mechanism will always have loads and 

constraints at the same time. For purpose of making the integrated SSM more efficient 

for computation, some simplifications can be furthermore operated by partitioning 

Equation (3.4) into restrained items (with subscript s) and those related to remaining 

DOFs (with subscript f), as expressed in Equation (3.7). 
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As  0s , the formula of deflections can be finally derived as follows: 

     ffff FK
1

                        (3.8) 

3.3.2 MSA method applied on EAMA robot 

For the EAMA robot shown in figure 2.3, the modular structure can be treated as a 

parallelogram mechanism, where four bars consist of horizontal rods, a robot tube, and 

two clevises. The approximate beam model and its force conditions have been built as 

shown in figure 3.5. The constraints are defined under the assumption that the first clevis 

is strong enough, which means the translational displacements of joints A and B are almost 

equal to zero. The total gravity force and torques caused by the following segments are 

also to be applied uniformly on joints C and D.  
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Figure 3.5 The approximate beam model and force conditions of EAMA modular segments 

With this approximate beam model, the ESM of the five beams in the global reference 

frame can be easily obtained with the method described in the former section. Moreover, 

since the whole system is a kind of cantilever structure, there are, in practice, no forces 

along the z axis or moments along the y axis. Therefore, the five 12×12 ESM can be 

simplified into dimensions of 8×8. Then, the reduced ESM can be deconstructed into the 

form as expressed in equation 3.9 for integrating. The leading superscript stands for the 

coordinate frame while the leading subscript represents the beam number, here it can be 

AB, BC, CD, AD, AC. The final SSM can be obtained as equation 3.10 with a dimension 

of 16×16 by applying the superposition principle of the MSA. 
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)1212(

0

ffK  can be derived from   )1616(
0

K  by taking into account the constraints of joint A 

and B. Then, the deflections on the key points of robot can be calculated according to 

equation 3.8. 
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Among the equation,  f  consists of 12 deflections of the four joints equation 3.11. It 

can be calculated when the elements of  fF  are known as equation 3.12. 

   Tf zdxdddzcxccczbxbzaxa vuvu       (3.11) 

 

   Tf MMFMMFF zdxdydzcxcyc 000000    (3.12) 

3.3.3 Numerical results and simulations 

Based on the above static stiffness model of the modular segment of the EAMA 

manipulator, the deflections of all joints can be calculated with a set of external loads as 

input, which in practice can be easily obtained from the dynamic equations of the whole 

robot system. To evaluate the accuracy of this mathematic model, several hypothetical 

loads (approximate level as the actual loads on the first arm segment during operation) 

have been adopted as inputs, given in table 3.1. The material and geometric parameters 

are shown in table 3.2. 

Table 3.1 The forces and moments applied on robot 

Loads ycF  
xcM  

zcM  
ydF  

xdM  
zdM  

Value -500 N -500 Nm -750 Nm -500 N -500 Nm -750 Nm 

Table 3.2 The material and geometric parameters of robot components 

Parts A(mm2) L(mm) Iz (mm4) Iy (mm4) J(mm4) E(MPa) ν 

AB 2300 75 758000 1010000 182000 108000 0.35 

BC 992 1035 3096700 3096700 6193400 108000 0.35 

CD 2300 75 758000 1010000 182000 108000 0.35 

AC 254 394√6.936 − 𝑠𝑖𝑛𝜃 5150 5150 10300 108000 0.35 

AD 201 1035 3215 3215 6430 108000 0.35 

𝜃 is the elevation angle of the robot 

With the parameters listed in tables 3.1 and 3.2, the results of robot deflection with 

different elevation angles (from -45˚ to 45˚) have been calculated by the MSA and FE 

methods respectively. In the FE simulations, the element of Solid 185 has been selected 

for static analysis in the ANSYS Mechanical APDL 17.0. For a comparison, the results 

of the proposed mathematical method and the FE simulation for the linear and the angular 

deflections at Joint C and D are illustrated in figures 3.6 and 3.7. 
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Figure 3.6 Deflection results of Joint C calculated from the stiffness model and FE simulations 

 
Figure 3.7 Deflection results of Joint D calculated from the stiffness model and FE simulations 

Some facts can be summarized from the results:  

(1) The deflection trends at Joint C and D are similar, with very little difference in 

magnitude;  

(2) For linear deflections: range of -2.5 to 2.5 mm in the X (horizontal) direction, 
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reaching a maximum at ±45˚ while -2 to -3.5 mm in the Y (vertical) direction, 

reaching a maximum at 0˚; 

(3) For angular deflections: range around -0.25 to -0.32 degree along the X (arm) axis, 

reaching a maximum at 0˚, while -0.28 to -0.36 degree along the Z (elevation) axis, 

reaching a maximum at ±45˚;  

(4) Less than 5% deviation has been found when comparing the results from the 

proposed mathematical method and the FE simulation. 

(5) In this section, a generalized stiffness modelling method was introduced to build the 

mathematical equations of error prediction for the long-reach manipulators with 

complicated link mechanisms by using the MSA technique. The evaluation of the 

stiffness model has been verified through a comparison with FE simulation results 

under the same input of external loads. The results show a good accuracy of the MSA 

method. However, the ideal geometric parameters are applied to the mathematical 

model for the complex-section components instead of actual ones especially for the 

clevis joints. Some uncertain factors may be ignored and cause small difference 

between the real system and the mathematical model. This problem can be improved 

by further study of the stiffness nature of the uncertain complex-section components 

and revising the parameters through experimental measurements and calibrations. 

3.4 Error prediction based on BPNN algorithm 

3.4.1 Experimental study 

Compared with an industrial robot, the EAMA system has more significant position errors 

that are caused by the flexibilities of long-reach links as well as the complicated joints 

and transmission chains. An accurate theoretical model for error prediction is difficult to 

build as the factors and their weights to affect system stiffness are multiple and time-

varying. Therefore, a load-deflection platform was considered for the experimental study 

of the manipulator flexible properties. Figure 3.8 illustrates the platform design. Three 

types of external loads (mass in the y direction, torques along the x and z axes) as the 

system inputs were applied to the prototype of the EAMA modular arm. Different 

payloads were attached to two adjustable beams in the x and z directions to generate 

different torques on the robot joint. Correspondingly, three items of position errors 

(deflections in the x and y directions, angles along the z axis) were measured by a laser 

tracker. Finally, 272 sets of load-deflection data under different loads were recorded, 

which were treated as the samples to train the BPNN prediction model. 
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Figure 3.8 Illustration and implementation of the load-deflection platform 

3.4.2 BPNN Prediction model 

In a BPNN algorithm, several strongly coupled neurons are used to approximate the 

nonlinear functions. The learning process can be summarized by two steps (Negnevitsky, 

2005). Firstly, a set of training data is input into the multi-layer network to obtain relevant 

output. Two kinds of functions are used: a linear transfer function with different weights 

and thresholds as in equation 3.13 and a sigmoid activation function as equation 

3.14.Secondly, an error is calculated by comparing the output with its expected value. 

Normally the expected values are obtained from experimental measurements. Then the 

error is propagated backwards through the network to modify the weights and thresholds 

of the coupled neurons. The rule for modifying weights and thresholds should always aim 

at reducing the error.  
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For error prediction of the EAMA manipulator, a final three-layer network was built as 

the topological structure shown in figure 3.9:  
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Figure 3.9 The topological structure of the BPNN model 

(1) Four neurons in the input layer: θ – the pitch angle of the robot, Tz – the torque along 

the z axis, Tz – the torque along the x axis, Fy – the equivalent gravity; 

(2) Single hidden layer with 8 neurons; 

(3) Three neurons in the output layer: the errors of end clevis in different directions: Δx, 

Δy and Δθz ; 

(4) Weights and thresholds (denoted by wij and θj) between input and hidden layer; wij 

and θk denote the weights and thresholds between the hidden and output layers. 

The 272 sets of sample data were divided into two parts: 

• The 243 sets of data were utilized for network training, 70% for training, 15% for 

testing and 15% for validation;  

• Twenty-nine extra measurement data were utilized to check the prediction accuracy 

of the BPNN model after training. 

The mathematical model was established by the Neural Network Toolbox in the Matlab 

environment. The network training function was Traingdx, which is able to automatically 

adjust the learning rate based on the classical BP algorithm (Shi et al., 2009). The training 

ended at epoch 6751 while the mean squared error converged to 6.7717e-5 (figure 3.10).  
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Figure 3.10 The training process of the BPNN model 

To evaluate the prediction performance of the trained BPNN model, the extra 29 sets of 

load data were calculated by the offline BPNN model with the trained weights and 

thresholds listed in tables 3.3 and 3.4.Figure 3.11 gives the fitting situation between 

predicted and measured values, which indicates a prediction error range from 2% to 6% 

(figure 3.12). Considering the huge flexibility and complicated structure of the EAMA 

manipulator, the prediction accuracy is acceptable. The trained BPNN model can be 

integrated into the control system to compensate the deflection error and improve the final 

position accuracy.  
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Figure 3.11 Fitting situation between the predicted and measured values 

 
Figure 3.12 Prediction error of the trained BPNN model 

Table 3.3 Trained weights and thresholds between the input and hidden layer 

j wij (i=4,j=8) θj 

1 -0.22532639 -0.021457862 0.000143862 0.021266973 1.168193494 

2 -0.36576382 0.002737846 0.000151412 0.061871295 0.506266839 

3 0.374547274 0.02131777 -0.000453784 -0.022556882 0.265934803 

4 -0.324228676 0.000747825 0.000236239 0.016785358 0.113202306 

5 -0.313983181 -0.00378339 0.000254887 0.005711087 -0.02688637 

6 -1.88891379 -0.004668008 -0.0000337 -4.908188396 -2.751156441 
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7 0.389308685 -0.011864381 -0.000147494 0.045723211 0.828719931 

8 0.33108 -0.0137 -0.00012 0.036749 0.816560631 

Table 3.4 Trained weights and thresholds between the hidden and output layer 

k vjk (j=8,k=3) θk 

1 46.3462 -19.279 -17.9038 54.933 -81.8616 -0.01364 89.21414 -121.38 -11.933 

2 7.83777 -30.161 -15.0365 181.49 -183.839 -0.05781 -73.7377 71.93208 -12.3189 

3 -23.872 9.81833 -19.0517 30.596 -69.5353 0.016233 106.448 -146.954 41.26604 

In this section, an experimental study was firstly deployed to measure the errors of the 

EAMA prototype assembled with different loads through a load-deflection platform. 

Based on the experimental data, a static error prediction model was built and trained by 

utilizing the back-propagation neural network (BPNN) algorithm. The results show an 

acceptable prediction accuracy of 5% compared with the actual measurement. 

3.5 Formulation of static loads 

Since the motion speed of the EAMA manipulator is quite slow (less than 0.6 deg/second), 

the dynamic characteristics are not significant when considering the payloads on each 

joint. To simplify the calculation, static loads due to gravity were derived using the model 

built in figure 3.13.With the load results, the deflections of all segments could be 

predicted with the trained BPNN model in the former section. Furthermore, a mathematic 

formulation for static loads of robot joints in an arbitrary position were derived. The 

calculated joint loads were treated as the input of the trained BPNN model to predict robot 

errors in arbitrary positions and postures without any future experiments or measurements. 

 

Figure 3.13 Modelling of static loads 
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Considering the static loads on the end point Oi of Link i, firstly the gravity load can be 

easily written as equation 3.15: 

n

i j

j i

P m g


                          (3.15) 

For torques, the effect on Link i caused by Link j is firstly considered as equation 3.16, 

where the torque is divided into two parts that respectively represent the torque along the 

x (
x

ijM ) and y axes (
y

ijM ) in the local coordinate system of Link i-CS (i). In addition, 

 i

i jO P  is the position vector of point Pj (mass center of Link j) with respect to point Oi in 

CS (i) while  = 0 g 0 0yg  and  = 0 0 0xg g . 
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Furthermore, 
 i

i jO P  can be derived into equation 3.17, where j

iT is the transfer matrix 

from CS (i) to CS (j) obtained using the D-H method. Position vector 
j

jr  is the position 

vector of mass center Pj in CS (j), which is determined by the geometry and mass 

properties of Link j. 

 
=
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Combining equation 3.16 and equation 3.17, the total torque applied on the end point Oi 

of Link i can be derived as: 
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With the formulations above, the static loads on each joint can be calculated when the 

manipulator position is known. The loads can be treated as the input of the trained BPNN 

model for error evaluation without any experiments and measurements in future. 
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3.6 Summary and Discussion 

This chapter focuses on the static error prediction for the EAMA manipulator based on 

the approximation that in slow motion the dynamics of multi-link-robot can be ignored. 

Two different theories, the MSA method and the BPNN algorithm, have been considered 

to predict the flexible deformations caused by the effect of gravity. The FEA simulation 

and the experimental study claimed similar modelling errors (around 5%). Some pros and 

cons on the use of these two approaches are summarized in table 3.5. In the EAMA case, 

the performance of the BPNN gives a better modelling accuracy. 

Table 3.5 The pros and cons of the MSA and the BPNN approaches 

Approaches Pros Cons 

MSA 

• Mature theory 

• Efficient computation 

• Good stability 

• Need parameter identifications 

• Significant errors for 

complicated mechanism 

BPNN 

• Strong nonlinear fitting 

• Available for complicated case 

• Standardized simple modelling 

• Experiment study needed 

• Uncertainty for the errors 
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4 Research on the error compensation algorithm of the 

EAMA system 

4.1 Introduction 

The EAMA manipulator system was developed for real-time inspection of the PFCs 

inside an EAST vacuum vessel and necessary simple maintenance operations such as 

debris retrieval. Therefore, the EAMA system was integrated with not only a CCD camera 

like the CEA AIA robot, but also an end-effector, including a three-degree-of-freedom 

gripper facility with grab functions. Figure 4.1 shows the entire EAMA multi-joint arm 

system together with the integrated gripper. Unlike simple inspection, the EAMA robot 

will be inevitably closer to or even touching the EAST inner wall when performing 

maintenance operations. It means that the EAMA system needs to ensure sufficiently high 

end-position accuracy to meet the corresponding operational requirements. Otherwise, it 

would be easy to cause a collision between the robot arm and the inner wall of the vacuum 

chamber, which would seriously affect the operation of the EAST device. 

 

Figure 4.1 The entire EAMA multi-joint arm system together with the integrated gripper 

As the EAMA system includes a long cantilever mechanism with multi-joint flexible links, 

errors mainly come from flexible deformation caused by gravity. Therefore, real-time 

error compensation is the key to improve the accuracy of robot. In this chapter, we will 

further study the deformation error compensation algorithm and the precise control 
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strategy of the manipulator based on the EAMA dynamic equations and the deformation 

prediction models established in the former chapters. The main processes can be 

summarized as including the following parts: 

(1) Inverse kinematics and obstacle avoidance strategy: to give a target position as a 

input, while the output is the optimal inverse kinematic solution (the movement 

angles of all joints); 

(2) Payload solution of robot joints: to solve the payload of each joint in an arbitrary 

position given by the inverse kinematics; 

(3) Deformation prediction: to solve joint deformation in a known position and load; 

(4) Error feedback and compensation: feedback the error information, update the 

inverse kinematics algorithm, and improve the end position accuracy. 

4.2 Inverse kinematics and obstacle avoidance strategy  

The function of the inverse kinematics and obstacle avoidance algorithm of the 

manipulator is to solve the angular position of each joint arm in the given end position 

without any collision. The study of inverse kinematics and obstacle avoidance algorithm 

is the prerequisite and basis for control of the manipulator. The EAMA system (excluding 

the end-effector) has a prismatic DOF and seven rotation DOFs, belonging to the category 

of redundant arms. The inverse kinematics solution is not unique while some boundary 

conditions need to be set for seeking the optimal solution. At the same time, because the 

working space of the EAMA manipulator is limited by the complex geometric 

characteristics of the EAST VV, the obstacle avoidance strategy should also be considered. 

Here, a geometric and back seeking method was adopted to find the inverse solution. The 

core idea is to use the geometric characteristics of the EAST annular VV and its irregular 

cross section as a constraint. The optimal solution is the one to keep the arms away from 

the EAST first walls as far as possible. Also, the given end point position is used as the 

starting point for an inverse search and screen the joint angles one by one until the final 

entire inverse solution is obtained. A significant advantage of this method is that, due to 

the efficient use of the complex geometrical features of the EAMA workspace as a 

screening condition, the final solution will already meet the requirement of collision 

avoidance, and can be used directly for robot control. The specific implementation of the 

algorithm can be described briefly as following five parts from 4.2.1 to 4.2.5. 
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4.2.1 Geometric simplification of EAMA workspace 

The geometric characteristics of the EAST VV are complex as the layout of the internal 

parts is not regular. It is difficult to directly describe the geometric characteristics of the 

work space. It needs to be approximated and equivalent. Figure 4.2 shows the cross 

section of the EAST VV before and after the equivalent. The EAST VV was simplified 

into an approximate polygonal cross section consisting of several straight lines, which 

can be parameterized represented by the corresponding linear equation sections of the 

Cartesian coordinate system. Meanwhile, the effective workspace can be obtained by 

sweeping the section around the central line of the EAST VV. The annular boundary of 

the horizontal section of the workspace represents the inner and outer first wall. 

 

Figure 4.2 The simplification of geometric features of workspace 

4.2.2 Geometric simplification of the modular arm 

Due to the small internal space of the EAST, the radial dimension of the EAMA 

manipulator is limited to Φ160 mm. It is necessary to consider the cross-sectional 

dimension of the EAMA manipulator. According to the EAMA modular structure design 

described in Figure 2.4, each articulated arm can be approximated as a combination of 

three rectangular block envelopes, as shown in Figure 4.3 (a), where the cross-sections 

can be described by several linear equations according to the robot dimensions. The 
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collision of the EAMA with the EAST vacuum chamber can be equivalent to the 

interference of the joint arm cross section with the approximate polygon boundary of the 

EAST VV, as shown in figure 4.3 (b). 

 

Figure 4.3 Geometric simplification of the EAMA robot and the equivalent collision cases 

4.2.3 Distribution and solution of the pitching angles 

Since only the fourth and fifth articulated arms (S4, S5) of the EAMA system have pitch 

DOFs, the pitch joint angles of S4 and S5 are allocated and solved firstly in order to 

simplify the inverse kinematics process. The specific allocation strategy is: according to 

the vertical height of the end point position relative to the robot base, the total required 

pitch angle can be converted from the height difference and the link lengths of S4 and S5. 

Then, the total pitch angle is assigned to S4 and S5 according to certain rules, such as 

those preferentially assigned to S5 as a certain range of values, or directly equally 

assigned. The rules can be adjusted in the algorithm as needed. 

4.2.4 Distribution and reverse searching of the yaw angles 

After solving the pitch angles of S4 and S5, the yaw angles of the five arms and the 

prismatic distance of the movable shuttle base are solved. The strategies can be 

summarized as: angle bisecting and depth reverse searching, as shown in figure 4.4 (Yang, 

2016): 
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Figure 4.4 Illustrations for the solving solutions of the yaw joints (Inverse Search) 

a) First, the end point of S5 is fixed according to the target position, i.e., the end position 

requirement of the robot system is satisfied firstly. Then the ultimate yaw positions 

A, B and the corresponding yaw angles ( 1 , 2 ) of S5 are determined by the 

equivalent polygon boundary of the EAST VV and robot arm. 

b) The position of the angle bisector is the optimal yaw angle value for the robot arm. 

A certain angle step value is then set to the two sides for angle searching if the middle 

position is not available. 

c) During angle searching, the optimal solution is the middle of the extreme angles. If 

not possible, extend to the two sides with the value of the angle step until the possible 

position is found. For the previous joint angles, the same method will be adopted. 

d) It should be noted that, since the robot arm and the moving base are at an angle to the 

entrance port of the EAST VV, it is also necessary to consider obstacle avoidance 

when the robot and shuttle base are in the port area, as shown in figure 4.4 (b). The 

starting point of the first segment S1 should always be on the extension line of the 

prismatic joint. 

In addition to taking into account the collision avoidance function in the EAST internal 
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space, the inverse kinematics algorithm based on the geometric and inverse search 

principle has another advantage: to keep the distal joint away from the EAST first wall. 

This is essential to ensure the safe operation of the manipulator. Subsequent simulation 

shows that the method has high enough accuracy and efficiency (the error is less than 1e-

5mm; the search time is about 1 ms) that it can be used for real-time control of the robot 

arm, no longer elaborated here. 

4.2.5 Implementation of the inverse kinematics algorithm 

To simulate real-time control of the EAMA robot and to detect the position and collision 

of the robot, the inverse kinematics algorithm was implemented in the RobWork Studio 

software environment. A software platform was established for visual simulation and 

control of the EAMA system. The software will automatically output the corresponding 

angle values of each joint when an arbitrary position coordinate of the target end position 

is given. Path planning between the starting and end points is solved with the general "A-

STAR" algorithm (Seet, et al., 2004). 

For example, setting the coordinate of the target end position as [-700, 1800, 350], then 

the outputs are the solutions of the joint angle/distance: [7.429, 0.000, 0.000, -64.618, 

40.593, 6.000, 32.568, 35.963]. Figures 4.5 and 4.6 show the software interfaces. 

 

Figure 4.5 Visualization operation interface in the EAMA control software based on RobWork 

Studio (parameter inputs of end position and path planning) 
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Figure 4.6 Visualization operation interface in the EAMA control software based on RobWork 

Studio (Inverse Kinematics Outputs) 

In addition, the software also supports online collision detection: by arbitrarily setting the 

angle of each joint when the collision occurs, the visual interface will appear in the 

corresponding reminder; the red color means there is collision somewhere, as shown in 

figure 4.7. 

 

Figure 4.7 Software interface of online collision detection 

4.3 Error compensation and the precise control algorithm 

Before introducing the EAMA error compensation algorithm, it is necessary to first 

clarify several assumptions and approximate conditions on which the algorithm is based: 
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• For low-speed EAMA articulated arms, ignoring the effect of dynamic characteristics 

on joint loads; 

• In the stiffness modeling of the modular arm, it is assumed that the stiffness of the 

strong clevis is large enough; 

• The error compensation amount is much smaller compared with the large movements 

of the 10-meter cantilever robot, that is, the attitude change of the manipulator is very 

small. Therefore, it is assumed that the loads of the articulated arm are constant before 

and after the error compensation. 

The implementation of the error compensation algorithm can be described briefly as 

following four parts from 4.3.1 to 4.3.4. 

4.3.1 The rigid inverse kinematics solution 

The operator enters the desired position coordinates of the end point of the manipulator 

in the Cartesian CS  e e e ep x y z  according to the actual needs; 

And then according to the preset inverse kinematics algorithm to solve the position of the 

joint angle information:  1 2 3' ' ' ... 'q q q q . 

Here the inverse kinematical model is established based on the ideal rigid body system 

with the input information of the end-point coordinates and ideal geometric parameters 

(DH parameters). The specific program block diagram is shown in figure 4.8. 

 

Figure 4.8 Block diagram of the rigid inverse kinematics of the EAMA manipulator system 



77 

4.3.2 The static joint load solution 

The joint loads with the robot in an arbitrary position can be calculated by the formulas 

3.16 and 3.18 according to the joint angle information from inverse kinematics. It should 

be emphasized that since the subsequent deformation prediction model is modeled based 

on the single modular segment, it is not necessary to find all the joint loads. Instead, only 

the loads on the end joints of the arms need to be output. The algorithm implementation 

is shown in figure 4.9. 

 

Figure 4.9 Block diagram of the static load solution for the EAMA modular arms 

4.3.3 Deformation prediction 

Using the MSA stiffness model or the BPNN prediction model after training, the 

deformation of the EAMA robot can be solved with the input condition of the inverse 

kinematics and static loads. Then, the deformation results  x y    can be 

converted to the incremental of the DH parameters  a d    . The algorithm 

implementation is shown in figure 4.10. 

 

Figure 4.10 Block diagram of the error prediction for the EAMA robot 
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4.3.4 Inverse kinematics updating and resolving 

Using DH deflections as the independent variables, the EAMA inverse kinematical model 

can be updated to resolve the updated joint angels considering error compensation. The 

updated joint angles can then be sent to a controller for more accurate control of the 

manipulator system. The algorithm is implemented as shown in figure 4.11.  

 

Figure 4.11 Block diagram of the inverse kinematics updating and resolving for the EAMA 

Figure 4.12 gives the integrated block diagram of the deformation prediction, error 

compensation and precise control program for the EAMA manipulator system. 

 

Figure 4.12 The integrated block diagram of error prediction and compensation 

4.4 Algorithm simulation and verification 
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In this section, a specific simulation example is used to demonstrate the algorithm: setting 

the target position of endpoint at the 5th arm segment: [x, y, z] = [-1600, 750, 500] mm 

and solving the joint angles for motion control after error compensation. The global 

reference CS is built at the center of the equatorial plane of the EAST tokamak. In order 

to more accurately reflect the various processes in the algorithm implementation, the 

intermediate process and results will be output step by step. 

(1) Rigid inverse kinematical solution:  1[ , , ] ' ... 'nx y z q q . With the strategy in 

section 4.2, the corresponding result was obtained as: [-12.345, -42.472, 37.175, 

36.662, 12.000, 42.996, 38.962] degree, the visual simulation is shown in Figure 4.13. 

 

Figure 4.13 The rigid inverse kinematics result and visual simulation with the target coordinates 

[-1600, 750, 500] mm 

(2) Static load solution:  1 1' ... ' [ ... ]n nq q F F . According to the joint angle 

information from the inverse kinematics, the joint loads of all the five arms can be 

calculated as presented in table 4.1. 

(3) Deformation prediction:  1 1[ ... ] ...n nF F    . The deformations of all 

segments were obtained as presented in table 4.2 based on the MSA stiffness model. 
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Table 4.1 Static loads of all segments with the target end point of [-1600, 750, 500] mm 

Joint loads Arm 1 Arm 2 Arm 3 Arm 4 Arm 5 

M1（Nm） 298.1767 -680.3467 -261.4273 -55.4918 -0.0034 

M2（Nm） -1230.4 -361.6 -163.8 -58.3 2.3 

P（N） -857.5 -686 -514.5 -343 -171.5 

Table 4.2 Deformations of all segments with the target end point of [-1600, 750, 500] mm 

Deformations Arm 1 Arm 2 Arm 3 Arm 4 Arm 5 

x （mm） 0.244 0.1026 0.061 0.125 0.1097 

z （mm） -2.547 -1.2149 -0.7693 -0.4354 -0.1238 

 （deg） -0.2578 -0.1089 -0.063 -0.0344 -0.0115 

(4) Inverse kinematics updating and resolving:   odi _

1 1... [ ... ]M fied IK

n nq q  

and the updated joint angles considering the error compensation were output: [-10.022, 

-46.302, 37.166, 36.782, 12.000, 42.766, 35.485] in degree，as shown in figure 4.14：  

 

Figure 4.14 The final inverse kinematical results for motion controlling 

4.5 Summary 

The EAMA is a flexible multi-link manipulator developed for the remote inspection and 

maintenance in the EAST VV under the UHV condition. Currently, a 3-DOF gripper has 
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been integrated for gripping damaged pieces during the gaps of plasma discharges, and 

for other tasks, such as leakage detection, bolt disassembly, Lithium powder removing, 

etc. More complicated operations, like wall-touching, require higher accuracy, which is a 

quite stringent challenge for a 10-meter long cantilevered manipulator. Improving the 

endpoint position accuracy of the EAMA manipulator is the main work described in 

chapter 3 and 4. 

This chapter is a comprehensive application of the previous research work in the thesis. 

Firstly, a rigid inverse kinematics is introduced to find motion solutions of the redundant 

robot system with 11-DOFs in total. Based on preliminary kinematical solutions, the static 

errors can be predicted using the MSA or the BPNN modelling. Then, a modified inverse 

kinematical model is built by correcting the DH parameters using the predicted errors. 

Final position accuracy is improved with the modified inverse kinematics. The entire 

process is simulated and less than 100 ms response time can be guaranteed. 

In summary, the error compensation algorithm can be used for the real-time control to 

reduce the position errors to a certain extent. It will be beneficial for improving the 

running accuracy of the manipulator. However, the absolute accuracy is still not high 

enough for very complex maintenance operations due to the 10-meter long multi-joint 

arms with huge flexibility. The experiments in the EAST 1:1 scale mockup facility shown 

around ±20~30 mm of accuracy after compensating. The error was more than 100mm 

without any compensation. More precise parameter identification for the error prediction 

modelling could be considered, if higher accuracy was needed in the future work. 
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Figure 4.15 The experiment carried out in the EAST 1:1 scale mockup facility 
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5 Conclusions and recommendations 

5.1 Summary and main achievements of the dissertation 

With the improvement of the EAST experimental parameters, the PFCs also face 

increasing heat loads. Damage or even failure of internal parts is inevitable. In order to 

ensure the effective operation time of the device, timely inspection and maintenance, 

without breaking the EAST UHV environment, is necessary. The main purpose of this 

dissertation is to develop a set of articulated manipulators to meet the specific 

requirements of the EAST teleoperation maintenance. Accurate error prediction and 

compensation for the flexible system should also be studied to ensure high control 

accuracy. The experience and related research work on the EAMA system can provide 

beneficial references for the development of remote handling systems of future tokamak 

reactors, such as the ITER, the CFETR and the DEMO.  

The main achievements of the thesis can be summarized as follows: 

(1) According to the maintenance requirements, the system design of the EAMA 

manipulator, the storage cask and the 3-DOFs gripper were firstly introduced in detail, 

including the system specifications, the modular arm design, the actuators with 

dynamic sealing and the huge reduction ratio, etc. In addition, some calculations and 

the FE analyses were given to evaluate the conceptual design of the EAMA system. 

To solve the problem of lubrication UHV and huge load conditions, two schemes 

were considered for different transmission parts of the EAMA system. Solid 

lubrication technology was also studied. MoS2-Ti-C was selected as the best coating 

material by microstructure evaluation and lubrication performance tests. 

(2) The EAMA articulated arm-flexible-deformation equation is characterized by multi-

factor coupling and high nonlinearity. To avoid the modeling and solving of complex 

nonlinear equations, two kinds of error prediction models have been built. Firstly, 

based on the MSA theory, a completed 16×16 stiffness matrix model was established 

for the parallelogram mechanism of the EAMA modular arm and further reduced to 

a 12 × 12 stiffness matrix, because of the actual load condition of the EAMA system. 

In addition, the BPNN algorithm was applied in the EAMA deformation prediction. 

Focusing on the prototype of the EAMA modular arm, we built a load-deformation 

platform. The deformation-prediction model was established using the BPNN 

algorithm with the measured data as the training samples. 
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(3) Based on the geometric and reverse search method, a novel inverse kinematics 

algorithm of the EAMA redundant system was established. Furthermore, using the 

deformation prediction model and static load formula combined with the ideal 

kinematical equations of the EAMA manipulator, the flexible error prediction 

algorithm of the EAMA manipulator was established. The strategy of updating 

inverse kinematics was considered for error compensation and precision control. The 

solution processes and the block diagrams of each sub-algorithm were given in detail. 

5.2 Suggestion for future work 

In the dissertation, a lot of work has been done on the development of the EAMA robot 

system and the algorithm study of flexible error prediction and compensation, which can 

provide beneficial reference for similar types of remote handling systems in tokamak 

applications. However, due to the harsh operating environment in the EAST VV and the 

complicated and flexible mechanism design, some problems or work still need to be 

further studied and explored to achieve the desired functional requirements. How to 

improve system accuracy is one of the most important issues. Based on the completed 

research contents and the problems encountered in the development of the EAMA 

manipulator, the next-step research work can be suggested from the following aspects: 

(1) Accurate calibration of robot parameters:  

Due to machining and assembly errors, some steady-state errors exist between the actual 

robot parameters and the ideal design model. The precise measurements and parameter 

calibrations should be considered in future experiments. It is essential to improve robot 

kinematical and dynamical models, stiffness matrices, etc. 

(2) Accuracy improvement of sensor acquisition:  

The end error of the EAMA system is the result of deformation accumulation of the 

multiple series cantilever links. This means that, for every single link, the correction angle 

to be compensated is tiny, which makes very high demand on the sensor acquisition 

accuracy. 

(3) Man-in-loop, visual positioning and force feedback:  

For some complicated maintenance operations in the tokamak, current positioning 

accuracy is not adequate. The man-in-loop and visual positioning system could be built 

to establish closed-loop control to improve absolute accuracy. Because the whole EAMA 
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system has high flexibility, the force feedback control should be considered in the future 

since the operations need to touch the first wall. It is important for the protection of both 

the EAST and the RH manipulator as well. 
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Appendix A: Dynamic modeling of the multi-link manipulator 

(1) Position of a link 

For an arbitrary serial manipulator system with n  links, the position parameters of the 

link i  can be defined as shown in figure A.1, among which, iP  stands for an arbitrary 

point on the link while iO  stands for the mass center of link. The position vectors with 

reference to the local coordinate system (CS) of link i  are respectively assumed to be

 1
Ti

i i i ir x y z  and 1
Ti

i ii i
r x y z    . Obviously, the latter one is a constant 

vector determined by the position of mass center. Hence, the position of iP  with 

reference to the base CS can be obtained as equation 3.1 using the DH transfer matrix 
0

iT  

introduced in equation A.1. 

1 2

0 0 1 1( )i i i i i

0 i i ir T r T T T r                       (A.1) 

 

Figure A.1 The definition of CS and link position of manipulator system 

(2) Velocity of a link 

As shown in figure A.1, when link i moves, the velocity of point iP  with reference to its 

local CS-i is always zero. The velocity of point iP  relating to base CS can be derived 

from the partial derivative of position vector i

0r  with respect to time: 
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        (A.2) 

In the equation, q is the general motion variable in the transfer matrix; θi is the rotation 

joint and di the prismatic joint. The core issue above is to solve the partial derivative of 

the transfer matrix 
0

iT  with respect to the motion variable of link j, which can be 

abbreviated as Uij. Hence, equation A.2 can be written as:  

0

1

( )
i

i i

i ij j i

j

v v U q r


                              (A.3) 

Based on the expression of the transfer matrix in equation 2.1, it is easy to surmise that: 

• For rotation joints: 

1
1 1

0 1 0 0

1 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

i i i i i i i

i
i i i i i i i i ii

i i i

i

S C C S C a S

C C S S S a CT
T QT

q

     

     


 

      
   

      
   
   
   

  (A.4) 

• For prismatic joints: 

1
1 1

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 1

0 0 0 0 0 0 0 0

i
i ii

i i i

i

T
T QT

q


 

   
   

      
   
   
   

         (A.5) 

It should be noted that iQ  consists of two constant matrices respectively shown in 

equations A.4 and A.5 due to the different types of link joints and motion variables. 

By combining equations A.3, A.4 and A.5, we can obtain: 
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              (A.6) 

This can be simplified as: 

1

0 1

0

j i

j j

ij

T Q T i j
U

i j




 

 


                         (A.7) 

In the equations, 
ijU  stands for the effect of the motion of link j on link i. By combining 

the equation A.3 and A.7, the velocity of point iP  with respect to base CS can be 

obtained. It is obvious that the value of 
0

iv  only depends on the velocities of former links 

and the related transfer matrices. 

(3) Expression of kinetic energy 

Since the velocity of iP  has been obtained as equation A.3, assuming the mass of this 

point is dm while the kinetic energy of iP  is dKi: 

2

i

1
( )

2
idK v dm                              (A.8) 

Combining with the equation A.3: 

2 2 2

i i i i

1 1

1 1

1 1
( ) ( )

2 2

1

2

1

2

T

i i

i i
i i T

ij j i ik k i

j k

i i
i iT T

ij i i ik j k

j k

dK x y z dm tr v v dm

tr U q r U q r dm

tr U r r U q q dm

 

 

    

 
  

 

 
  

 

 



（ ）               (A.9) 

Among the equation, tr stands for the trace of the matrix, which is the sum of the diagonal 

elements of the matrix. By integrating to the kinetic energy of point iP , the total kinetic 

energy of link i can be derived: 
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            (A.10) 

In above equation, the position vector of point iP  is  1
Ti

i i i ir x y z , then, 
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     (A.12) 

where, iI  is the pseudo-inertia matrix, which is a constant matrix structured by the 

elements of inertia moments (
xyI , etc.). 1

Ti

i ii i
r x y z    is the position vector of 

mass center of link i with reference to its local CS. m is the mass of link i. 

Based on the kinetic energy of link i described in the equation A.10, the total kinetic 

energy of the whole manipulator can be obtained as： 

 
1 1 1 1

1

2

n n i i
T

i ij i ik j k

i i j k

K K tr U I U q q
   

               (A.13) 

(4) Expression of potential energy 

Assuming 0

i

r  is the position vector of mass center of link i with reference to the base CS, 

then the potential energy of link i can be written as: 
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0 0( )
i i

i
ii i iP m gr m g T r                       (A.14) 

Here, im  is the mass of link i, while g is the gravitational acceleration vector: 

, , ,0x y zg g g g                           (A.15) 

Thus, the total potential energy of the entire manipulator can be obtained as： 

0 0

1 1 1

( )
n n n

i i
i

ii i i

i i i

P P m gr m g T r
  

                      (A.16) 

(5) Dynamic modeling based on the Lagrange equation 

Lagrange equation, firstly proposed by mathematician Joseph-Louis Lagrange in 1788, is 

widely used in the field of robot dynamics modeling due to its advantages of the formal 

specification and high computation efficiency.  

( ) i

i
i

d L L

dt qq


 

 


                        (A.17) 

The Lagrangian L is decided by the system energies: L=K-P. The generalized coordinate 

is qi and 
i is the generalized force. 

Combined with the equations A.13 and A.16: 

  0

1 1 1 1

1
( )

2

n i i n
iT i
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i j k i

L K P tr U I U q q m g T r
   

            (A.18) 

Taking the Lagrangian into equation A.17: 
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, which stands the coupling effects of link j and link k on link i. To 

partial derivative on the equation A.7, we can get: 
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                 (A.20) 

Taking the equation A.7, A.20 into equation A.19, finally we can get: 

1 1 1

n n n

i ik k ikm k m i

k k m

D q h q q C
  

                  (A.21) 

Among the equation, 

 
max( , )

n
T

ik jk j ji

j i k

D tr U I U


                        (A.22) 
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ikm jkm j ji
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                       (A.23) 

n
j

ji j ji

j i

C m gU r


                            (A.24) 

The above equations A.21~A.24 are dynamics of link i. For an n-link serial manipulator 

system, the dynamic modelling can be described in the form of matrix equations: 

( ) ( , ) ( )D q q h q q C q                      (A.25) 

11 1 1 1 1

1

( , ) ( )

n

n nn n n n

D D h C

D h q q C q

D D h C







       
       

   
       
              

     (3.26) 

The equation A.25 and A.26 are the entire dynamical modeling derived on the base of 

DH transfer matrices and the Lagrange equation. In the equations: 
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• D — Acceleration-related inertial matrix terms, n-order symmetric matrix; 

• ( , )h q q  — Coriolis and Centrifugal terms; 

• ( )C q  — The Gravity terms; 

•  — Driving forces/torques applied on the joints. 

The above equations can be used to solve the driving forces or torques of all joints in 

arbitrary positions and motion states, and it can be also used for real-time control of 

manipulator system. 

(6) Validation and simulation applied to EAMA 

In this section, the EAMA modular double-DOF manipulator is used as the research 

object, and the dynamic mathematical model of the modular arm is automatically solved 

in the Matlab environment. Meanwhile, the dynamic simulation of the manipulator is 

simulated using Adams software under the same conditions. The accuracy of the above 

mathematical model is evaluated by comparing the calculation and simulation results. 

• Specifications of the EAMA modular segment 

Firstly, the dynamic equations was established and solved based on the specifications of 

the EAMA modular arm. The joint coordinate system of the robot arm is built as shown 

in figure A.2, and its D-H parameters can be seen in table A.1. 
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Figure A.2 Establishment of CS and geometric parameters of the EAMA modular arm 

Table A.1 D-H parameters of the EAMA modular arm 

Links 
i

（deg） 
id (mm) 

ia (mm) 
i (deg) 

Link1: Front clevis 1  -25 125 90 

Link2: Tube 2  0 1035 0 

Link3: Rear clevis 3 2    25 90 -90 

Table A.2 gives the mass, centroid position, moments of inertia and other necessary 

parameters: 

Table A.2 Mass distribution and moments of inertia 

Links 
Mass

（kg） 

Centroid position 

(mm) 

Moments of inertia 

[Ixx, Ixy, Ixz, Iyy, Iyz, Izz]  (kg·mm2) 

Front clevis 5 [-49.4,25,-0.8] [7258,-56,268,15777,-69,12278] 

Tube 9 [-518.5,13.8,-0.9] [52250,-1500,-3.5,1151000,-1,1161319] 

Rear clevis 3.5 [-66.3,-0.1,-1.6] [5087,-127,-4,7250,0,9897] 
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Taking the above parameters of mass and moments of inertia into the equation A.12, the 

pseudo-inertia matrix of each link can be calculated: 

1

10399 268 56 382

268 5379 69 2

56 69 1880 4

382 2 4 5

I

 
 

 
 
   
 

  

, 2

1130034 4 1501 4644

4 20966 1 124

1501 1 31285 8

4644 124 8 9

I

  
 

 
 
   
 

 

, 3

3872 127 4 83

127 6025 0 88

4 0 1216 6

83 88 6 3.5

I

  
 

 
  
 

 

 

• Dynamical simulation and computation 

Based on the geometric parameters of the articulated arm, the motion simulation under 

the same conditions is undertaken by using the mathematical model and the dynamic 

simulation software ADAMS, respectively, to evaluate the accuracy of the dynamic 

modeling in the former section. A motion path for the joint arm is set: the initial position 

of the articulated arm is horizontal for each joint. The time history of the velocities and 

accelerations are shown in figure A.3.The time step is 0.2 s while the total simulation 

time is 70 s. 

 

Figure A.3 Time history of the velocities and accelerations for the dynamic simulation 

Figure A.4 shows the curve comparison of the pitch joint torque, respectively, obtained 

by the dynamic mathematical model and simulation software ADAMS. It can be seen 
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from the figure that the mathematical model is in agreement with the ADAMS simulation 

result of the torque curve. The error between them is less than 0.5%, as shown in figure 

A.5. This proves that the above-mentioned method, based on the DH transfer matrix and 

the Lagrange equation for dynamical modeling, is correct and feasible. 

Figure A.4 Comparison of torque results from mathematical model and ADAMS simulation 

Figure A.5 Error percentage of mathematical results with respect to the ADAMS simulation 
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h  i  g  h  l  i  g  h  t  s

• EAST  Articulated  Maintenance  Arm  (EAMA)  system  is  being  collaboratively  developed  by  ASIPP  and  CEA-IRFM.
• Conceptual  design  for  a  3-DOF  wrist  end  effector  with  gripper  has  been  finished.
• Kinematic  design  can  reach  90%  of the  workspace  inside  EAST  tokamak  vessel.
• A  prototype  of EAMA  arm  segment  has been  built  to validate  the  design.
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a  b  s  t  r  a  c  t

EAST  articulated  maintenance  arm  (EAMA)  system  is  being  collaboratively  developed  by ASIPP  and  CEA-
IRFM for the  purpose  of  remote  inspection  and simple  maintenance  operations  in EAST vacuum  vessel
during  physical  experiments  without  breaking  the  ultra-high  vacuum  condition.  The EAMA  system  design
is based  on  a  similar  articulated  inspection  arm  robot  successfully  demonstrated  in Tore  Supra  in 2008.
In order  to better  meet  EAST  configurations  and  maintenance  requirements,  optimized  mechanisms  and
dimensions  are  considered  for EAMA  robot  as  upgrades.  Besides,  the segmented  arm  is  equipped  with  a
3-DOF  wrist  end  effector  and  gripper  for  gripping  operation  as well  as inspection.  Some  calculations  and
simulations  on  statics,  kinematics  and  workspace  of  EAMA  have  been  presented  to  validate  the feasibility.
This  paper  introduces  the overall  design  of  the  EAMA  robot  and  presents  implementation  progress.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

As the operation parameters of EAST tokamak becoming higher
and higher, the plasma facing components (PFCs) are easy to be
damaged, in which case, the effective running time cannot be
guaranteed [1,2]. To increase the operation time for physical exper-
iment, it will be more efficient to check or repair damaged pieces
without breaking the vacuum environment. Therefore, EAMA robot
system has been developed in close cooperation between ASIPP
and CEA-IRFM for remote handling maintenance since 2011. It will

∗ Corresponding author. Fax: +86 55165591310.
E-mail address: shiss@ipp.ac.cn (S. Shi).

permit remote inspection and small fragments pickup inside the
EAST vacuum vessel.

As shown in Fig. 1, EAMA system mainly consists of shuttle facil-
ity, robot arms, 3-DOF manipulator, and storage cask (including
several condition maintaining systems). Shuttle has a linear degree
of freedom to push robot into EAST vessel, then robot arms trans-
port the manipulator to a certain position to do inspection or other
operations. Storage cask can provide 10−5 Pa vacuum condition
before connecting to EAST vessel. Besides, it is also equipped with
baking and cooling system for condition maintaining [3]. The spec-
ifications and design parameters of EAMA robot are summarized
in Table 1 based on the dedicated running environment of EAST
device [4].

http://dx.doi.org/10.1016/j.fusengdes.2016.02.005
0920-3796/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Overall schematic view of EAMA system.

Fig. 2. Modular design of EAMA robot arm segments: Ln is the length of the arm segment n (n = 1, 2, 3, 4), L1 = L2 = 1500 mm,  L3 = L4 = 1250 mm.

Table 1
Specifications of EAMA robot.

Vacuum 10−5 Pa–1 atm
Temperature Running: 80 ◦C; baking: 120 ◦C
Workspace In-vessel: R = 1920, a = 550 mm
DOF 1 (base) + 6 (arm) + 3 (gripper)
Payload Arm: 25 kg; manipulator: 2 kg
Dimension Radius: 160 mm,  length: 8.8 m
Weight <100 kg (arm)
Function Inspection and pieces pickup

2. Mechanism design

EAMA robot is a highly redundant articulated series mechanism,
which totally has 10 DOFs. The key components are four segments

of robot arms made of titanium alloy TC4 and an end-effector of
aluminum alloy 7075-T6. The arms and end-effector are assembled
with a stainless steel (SS) shuttle facility, which can push the robot
into EAST vessel along a linear guide in storage cask. The titanium
arm is designed to be a 5.5-m long multi-link carrier divided into
four identical modules with 160 mm outer diameter. Each module
can provide two kinds of motions: rotation (±90◦ in the horizontal
plane) and elevation (±45 degrees in the vertical plane).

Fig. 2 presents the modular design of EAMA robot arms. Each
arm can be treated as a parallelogram mechanism, where four bars
consist of horizontal rod, robot tube, and two clevises. Four-bar
mechanism can produce huge reduction ratio and withstand strong
torques generated from the long-reach arm and its gravity. Besides,
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Table  2
D–H parameters and motion ranges of EAMA robot.

Parameter Joint

1 2 3 4 4′ 5 6 6′ 7 8 9 10

�i [deg] 0 �2 �3 �4 �5 −�5 �6 �7 −�7 �8 90 + �9 �10

di [mm]  0 0 0 0 0 0 0 0 20 0 0 185
ai [mm]  a1 1500 1500 125 1035 90 125 1035 96 121 0 0
˛i [deg] 0 0 0 90 0 −90 90 0 −90 90 90 0
Range  6600 ±90 ±90 ±90 ±45 ±45 ±90 ±45 ±45 ±90 ±90 ±180

Fig. 3. Conceptual design of the 3-DOF wrist end effector with gripper.

the parallelogram structure can also keep the axis of rotation joint
always vertical [5].

The motion actuators are placed inside robot tubes: rotation
actuator connected to the tube while elevation actuator located in
diagonal of the parallelogram. For EAMA configurations, the four
titanium arms have totally six DOFs (1 + 1 + 2 + 2). In single-DOF
segment, the elevation actuator is replaced by a rigid rod [6].

For the consideration of EAST maintenance, a manipulator with
three DOFs (yaw, pitch, rotation) is linked to the robot arms. For
dedicated operations, a gripper facility and two CCD cameras will
be equipped at the end of the manipulator. Currently the expected
operations are only limited to pick up broken pieces and visual
detection. The function extension, such as leak detection, bolt
removing, will be considered in the next step according to further
requirements of EAST remote handling maintenance. Fig. 3 shows
the conceptual design of the manipulator.

3. Kinematics model

In order to optimize the dimensions of robot arms and guar-
antee enough available workspace, forward kinematics of EAMA
robot has been finished. Based on the EAMA configuration diagram
shown in Fig. 4, the Denavit–Hartenberg (D–H) parameters [7,8]
and limited valve of each motion are listed in Table 2.

The transformation matrix of a link segment relative to the pre-
ceding one is given as follows (C�i = cos �i, S�i = sin �i):

Ai =

⎡
⎢⎢⎢⎢⎣

C�i −S�iC˛i S�iS˛i aiC�i

S�i C�iC˛i −C�iS˛i aiS�i

0 S˛i C˛i di

0 0 0 1

⎤
⎥⎥⎥⎥⎦ (1)

The position and orientation of a link with respect to the base
can be obtained by chain-multiplication of matrixes:

Ti = A1A2· · ·Ai =
[

Ri Pi

0 1

]
(2)

The upper left 3 × 3 rotation matrix Ri describes the link orien-
tation, while the vector Pi represents the position.

Assuming that TE is transformation matrix from the base to the
end point of 3-DOF gripper, Ta is the matrix from base to the end
of robot arm, Tg is the matrix from the end of robot arm to the end
point of gripper:

TE = TaTg (3)
According to the Eqs. (1) and (2), Ta and Tg can be easily cal-

culated respectively as Eqs. (4) and (5) (C2346 = cos �2 + cos �3 +
cos �4 + cos �6, etc). The calculation result of Ta indicates that the
orientation of robot arm only depends on the rotation angle while
the elevation angles(�5and�7) do not make any effect on the final
orientation due to the parallelogram mechanism, in which case,
rotation joint axis always keeps vertical in any configuration. It
means that a light rotation actuator design is possible [9].

Ta = T7 =

⎡
⎢⎢⎢⎢⎣

C2346 −S2346 0 Pax

S2346 C2346 0 Pay

0 0 1 Paz

0 0 0 1

⎤
⎥⎥⎥⎥⎦ (4)

Tg = A8A9A10 =

⎡
⎢⎢⎢⎢⎣

S8S10 − C8C10S9 C10S8 + C8S9S10 C8C9 C8 (185C9 + 121)

−C8S10 − C10S8S9 S8S9S10 − C8C10 C9S8 S8 (185C9 + 121)

C9C10 −C9S10 S9 185S9

0 0 0 1

⎤
⎥⎥⎥⎥⎦ (5)

4. Available workspace in EAST vessel

Based on the forward kinematic model, available workspace of
EAMA robot in EAST vessel can be obtained as Eq. (6) [10].

W =
{

Wt

}
∩

{
Wf

}
∩

{
Wnc

}
⊂ R3 (6)

Among the equation,Wt is the total space where EAMA robot
can reach without any limits. Wf is the fitting space of EAST inner
vessel. Fig. 5 gives the section view of EAST vessel and the fitting
space. Wnc is the available space when EAMA doesn’t have any
collisions with the fitting space during the motions. R3 stands for
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Fig. 4. Configuration diagram and D–H coordinate system of EAMA robot system.

Fig. 5. Section view of EAST vessel and the fitting space (shaded area).

three dimensional space. Finally, the available workspace can be
calculated by Monte Carlo method [11] (shown in Fig. 6).

The cloud of workspace presents that EAMA robot can reach
almost everywhere in EAST vacuum vessel except for the area
close to the entrance due to the length limits of robot arms.
The percentage of available space with respect to all EAST ves-
sel can be calculated as cloud volume divided by total volume
of fitting space. When the lengths of the segmented robot arms
are L1 = L2 = 1500 mm,  L3 = L4 = 1250 mm,  the percentage of avail-
able space can reach to more than 90%.

5. Solution for lubrication under vacuum and high
temperature

Among the EAMA components, all high-speed ones (motors,
gears, etc.) which should be lubricated very well, are sealed by
SS bellows to prevent polluting vacuum condition, in which case
high temperature grease can be used. Meanwhile, some low-speed
components (joint bearings) which are difficult to be sealed due
to motion transmission, are considered to use film coating as solid
lubrication.

Fig. 6. Available workspace simulation for EAMA robot, blue points represent the
position where EAMA can reach (Port P is the only entry point for EAMA robot).

Fig. 7. Lubrication performance and life-time testing of different MoS2-base coating.

To find out a suitable film coating available to high tempera-
ture and vacuum condition and validate its performance, a common
solid lubrication film material MoS2 combined with different chem-
ical composition has been tested under similar condition with EAST
vessel. According to the testing results shown in Fig. 7, the sample
coated with MoS2–C–Ti film has a better and stable friction coef-
ficient below 0.05 and adequate life-time more than 0.3 million
times.
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Fig. 8. Force calculation model of parallelogram structure (F1: force in the diagonal
jack or elevation actuator; F2: force in horizontal rod; F3: force in the arm tube;
P: payload supported by parallelogram structure; M:  torque on the end point of
elevation actuator; a: length of clevis; b: length of horizontal rod; ˛: elevation angle).

Fig. 9. The static forces in the third segment of EAMA robot with different elevation
angles.

6. Static force calculation and stress analysis

For the parallelogram structure, when doing the elevation
motion, the equilibrium equations of static forces can be built
according to force calculation model [12] (shown in Fig. 8), which
can be solved as the Eq. (7).

⎡
⎢⎣

F1

F2

F3

⎤
⎥⎦ =

⎡
⎢⎢⎢⎣

G

√
a2 + b2 − 2ab sin ˛

a

M/(a cos ˛)

G
b

a
+ M/(a cos ˛)

⎤
⎥⎥⎥⎦ (7)

Fig. 11. The FE simulation results of max stresses in different parts and segments.

The maximal forces occur in the first segment of robot arm.
Considering the elevation angle is always zero, the forces in the
parallelogram mechanism are 19900 N in the jack, 28400 N in the
horizontal rods and 44400 N in the tube. For the third segment, the
forces change with different elevation angles. As shown in Fig. 9,
forces in the tube and rods reach the maximums at the position of
±45◦ while the force in the pitch actuator reaches the maximum at
−45◦ and the minimum at 45◦.

In addition to static force calculation, to guarantee the safety
of EAMA robot, several finite element (FE) simulations have been
finished for important stress parts including titanium tubes, clevis
joints, tube connectors, horizontal rods and diagonal rods using
commercial software Workbench 14.0. As shown in Fig. 10, the
maximum deformation reaches up to almost 160 mm due to grav-
ity. Obviously, it will become larger if considering some flexible
factors. This lager deformation should be compensated through
control algorithm in the future when high position accuracy is
required. Besides, peak stress (188.3 MPa, also shown in Fig. 10)
occurs in the tube connector of first arm segment. Fig. 11 gives the
simulation results of max  stresses in different parts and segments
as a summary.

7. Conclusion and main progress

The first version of conceptual and engineering design work for
EAMA robot system has already been completed under the collab-

Fig. 10. The overall deformation of EAMA robot (A) and peak Von Mises stress (B).
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Fig. 12. Integration of EAMA storage CASK system.

Fig. 13. The prototype of EAMA robot arm.

oration between ASIPP and CEA IRFM. The storage cask has been
integrated to EAST vacuum vessel and tested by equipping with
the Articulated Inspection Arm (AIA) robot from CEA IRFM during
last EAST experiment in Aug. 2015 (see Fig. 12). Besides, a prototype
of robot arm (Fig. 13) was developed to verify the feasibility of the

modifications and new configurations based on the CEA AIA robot.
Moreover, the 3-DOF gripper has been developed. It will be inte-
grated with the arm prototype to do functional tests in normal and
tokomak condition. According to the testing results, several bene-
ficial optimizations may  be considered for the whole EAMA robot,
which will be available for the experiments in middle of next year
as planned.
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Abstract EAST Articulated Inspection Arm (AIA) robot

is being mutually developed by ASIPP and CEA-IRFM for

remote handling maintenance. It will permit remote visual

inspection and to pick up small fragments inside the EAST

tokamak vacuum vessel during experiments. Considering

storage and support for EAST AIA, a sealed cask system

has been designed and manufactured, which can be con-

nected to EAST device through a /250 mm connection

port with two flashboard valves. The system consists of a

10 m long vacuum vessel with a linear guide rail for

storage, guiding and conditioning, two mobile wagons for

support and some auxiliary systems for keeping suitable

work conditions and measurement. Besides, a stainless

steel shuttle has been developed to support AIA robot and

assemble with the linear guide. It can push the robot into

tokamak vessel and back to the storage cask with a gear-

rack driving mechanism. This paper mainly presents the

overall description of the system design and some obtained

implementation progress.

Keywords EAST � Articulated Inspection Arm � Storage
cask � Remote handling

Introduction

In order to improve pulse efficiency and available running

time for EAST tokamak device, ASIPP and CEA-IRFM

has set up an associated laboratory in 2013 to develop

EAST Articulated Inspection Arm (AIA) system on the

basis of the robot arm developed by IRFM in 2008 [1–4].

EAST AIA will allow remote visual inspection and debris

pickup by integrating a CCD camera and gripper at the end

of the robot arm without breaking vessel environment

during pulse operation. It’s necessary to build up a sealed

storage cask connecting to EAST port flange in order to

provide support for AIA and to keep the high temperature

(more than 100 �C) and ultra-high vacuum (*10-5 Pa)

conditions in the vessel [5].

Prior to AIA robot entering EAST port, the cask system

which stores the robots should have an identical tempera-

ture and vacuum conditions with EAST vessel. It implies

that the baking and vacuuming operation should be com-

pleted in advance in the cask. Therefore, the cask has to be

designed as a self-sufficient system for AIA integration,

which is essential for both performance and function of

robot operation. The requirements for cask can be sum-

marized in multiple aspects. The first requirement is to

provide storage and precise linear guiding for AIA robot.

Secondly, it should supply and maintain the vacuum and

temperature condition. Finally, the cask has to be easily

docked with EAST with valve insulations [6].

Corresponding to the above design requirements, AIA

cask system can be divided into three parts: main body of

cask, shuttle and its maintenance facility and auxiliary
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systems (vacuuming, baking and control). Figure 1 gives a

schematic view of the storage cask system for EAST AIA.

Design Description of Cask System

Main Body

Total storage cask is about 10 m in length and 2.8 m in

height, mostly made of 304 stainless-steel. Main body

structure consists of sealed cask vessel, beam support,

mobile wagons, double flashboard valves, linear guide rail,

etc. All electro technical facilities are embedded to realize

an integrated and self-sufficient system [7].

The sealed cask vessel is designed as a kind of pumped

two-skin boxed structure with numerous holes. Several

standard flanges (DN400, DN250, DN100, and DN40) are

connected around the vessel as the interfaces for pumping,

wiring, positioning and observation. The total cask slides

on a beam support structure made of carbon steel. There

are two mobile wagons under the beam support. The

wagons allows cask move easily in EAST hall. Besides, it

can also be adjusted in the height direction through bolt

connections.

Inside the vessel, a couple of linear guide rails are fixed

on middle plate. To guarantee the straightness and posi-

tioning accuracy of guide rail, the allowed thermal

expansion of cask vessel is limited to 3 cm (at 250 �C)
while the final deflexion should be\3 mm. Figure 2 shows

the section view of cask main body and (not including the

mobile wagons).

For the purpose of avoiding the loss of the ultra-high

vacuum condition during connection and disconnection,

the cask is also equipped with a connection port between

EAST vacuum vessel and cask flange. As shown in Fig. 3,

the connection port consists of two DN250 flashboard

valves and a DN250 bellows in the middle. The flashboard

valves are designed for vacuum insulation of EAST

chamber and storage cask. The port can provide an inde-

pendent vacuum space by closing the flashboard valves.

Shuttle Facility

The robot arms are integrated at a strong shuttle structure,

which can slide along the linear guide inside storage cask

with a velocity of 1 m/min. The main function of shuttle is

to push the robot into EAST vacuum vessel during further

operation. Figure 4 gives an illustration of the shuttle

facility, which mainly consists of stainless steel pushrod

(2.66 m), driving box (connected to the rack), flexible

chain and six support legs with sliding blocks.

The driving box is sealed, with non-vacuum motor and

angle sensor inside. The movement is transferred to outside

vacuum condition through a magnetic coupling. Besides,

two gas cooling pipes have been designed for the purpose

of keeping the CCD camera of AIA at a safe working

temperature (below 60 �C). Together with several strands

of cables for power supply and signal transmission cooling

pipes, the cooling pipes have been integrated into a flexible

chain, which can move with shuttle synchronously.Fig. 1 Schematic view of the storage cask system for EAST AIA

Fig. 2 Section view of cask main body

Fig. 3 Connection port and double flashboard valves
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After the welding process of upper cover of storage cask,

shuttle cannot be accessible as the limited inner space. A

maintenance facility has been designed in order to expedi-

ently pull out the shuttle. It can be connected to the front port

of cask to allow shuttle extraction on additional rails (shown

in Fig. 5). For easy connection, the support legs of the main

structure and linear guide can be adjusted in height direction.

Auxiliary Systems

Vacuum System

Before docking with EAST, the cask and port should be

pumped to the same vacuum condition. The pumping

system contains a rotary vane pump for rough vacuuming

to Pa order of magnitude and a molecule pump for finishing

vacuuming to 10-5 Pa and keeping the vacuum during

operation. Several vacuum solenoid valves have been

chosen as the switch for opening and closing the pumping

pipes. Figure 6 gives the layout of cask pumping system

[8]. The pumping process normally has three steps:

1. For rough vacuuming of cask and port, open the valve

1, 2, 5 as well as the valve between cask and port;

2. For finishing vacuuming of cask, open valve 1, 3, and

close the double gate valve;

3. For finishing vacuuming of port, open valve 2, 3, 4.

Baking System

As the inner space of AIA storage cask is very huge and

complicated, it is not easy to get the ultra-high vacuum

condition, especially while storing the AIA robot inside.

Therefore, baking at high temperature (about 120–150 �C)
is needed.

Several continuous heating cables have been winded on

the surface of storage cask. A layer of rock wool (*80 mm

thickness) has been added outside for thermal insulation.

There are total 18 temperature sensors PT100 arranged

around the cask and robot for real-time measurement and

control. The temperature value and its position of each

measurement point can be displayed in the screen of master

computer. Figure 7 shows the main components and

workflow of cask heating system [9].

Stress Analysis for Key Components

The storage cask has a huge inner vacuum space while the

thickness of shell is limited to 4 mm, which means even

0.1 MPa of atmospheric may still break the shell structure.

Besides, the structure, which supports big weight, can also

be damaged. To guarantee the safety of cask structure

design, several finite element (FE) calculations have been

finished for important stress parts including cask shell,

Fig. 4 Illustration of the shuttle

facility for EAST AIA

Fig. 5 Structural design of shuttle maintenance facility

J Fusion Energ (2015) 34:711–716 713
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linear guide, support wagons and shuttle maintenance

facility [10, 11].

The detailed simulation results have been shown in

Fig. 8:

1. Cask shell: vacuum condition for inner space, 0.1 MPa

pressure on the outer shell, peak stress is 44.8 MPa;

2. Linear guide: assembling shuttle and robot on the

guide, adjusting the robot position to 90� angle with

the guide rail to produce highest torque, in which case,

the peak stress is 60.1 MPa;

3. Support wagons: ignoring the wheels, the peak stress is

37.9 MPa;

4. Shuttle maintenance facility: considering the weight of

shuttle on the structure, peak stress is 30.2 MPa.

All of the peak stresses on above structures are much

less than the allowable value of steel material, which

indicates that the cask system is strong enough.

Conclusion and Prospect

Under the collaboration between ASIPP and CEA IRFM,

EAST AIA storage cask has already been successfully

manufactured and assembled together except for the upper

cover of cask (seen in Fig. 9).

Currently, the functional tests of shuttle and pumping

systems have been finished. The test indicates that every

individual part can work well. The preparations for final

integration to EAST vacuum vessel and performance tests

Fig. 6 The pumping system of

EAST AIA CASK system

Fig. 7 Overall hardware

structure and workflow of

CASK heating system

714 J Fusion Energ (2015) 34:711–716

123



of storage cask are still in progress. At the same time, the

conceptual design for upgraded AIA robot on the basis of

existing one has already started. It will be integrated with

gripping tool to do the test in end of next year as planned.
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Industrial Lubrication and Tribology
Solid lubrication with MoS2-Ti-C films for high-vacuum applications in a 

nuclear fusion device 

Abstract: 

Purpose: EAST is a tokamak fusion device running in ultra-high vacuum condition. To avoid polluting the inner vessel 

environment, solid lubrication has been applied on the surface of bearings and gears which exposed to the vacuum. 

Design/methodology/approach: anti-friction MoS2 coatings penetrating with different atoms have been developed by 

multi-target magnetron sputtering deposition technique. This paper presents the comparative testing of tribological 

properties for three kinds of MoS2-based coating layers. 

Findings: based on the test results, MoS2-Ti-C coating films are supposed to be the final selection due to the better 

performance of friction coefficient and lubrication longevity. 

Originality/value: finally, the detailed information has been characterized for the hybrid coatings which can provide 

some references for applications of solid lubrications in similar condition of high vacuum and temperature. 

Keywords: Solid lubrication; Adhesive wear; Coating; Vacuum; Lubrication performance 

1. Introduction

Experimental Advanced Superconducting Tokamak 

(EAST) is the first fully superconducting tokamak fusion 

device, which is built in China [1-3]. The former records 

of EAST physical experiments indicate a fact that more 

than 30% of shutdown and maintenance are caused by 

the damages of small pieces inside the vacuum vessel 

(VV) due to huge heat flux [4, 5]. Fig 1 shows the EAST 

tokamak device and its vacuum vessel with a pressure of 

10
-5

 Pa.  

Fig. 1. EAST tokamak device and its vacuum vessel with a 

pressure of 10-5 Pa. 

To increase the effective running time, it will be more 

efficient to repair damaged pieces without breaking the 

vacuum environment. EAST Articulated Maintenance 

Arm (EAMA) is a series robot system, seen in Fig.2, 

which is developed for the purpose of remote 

maintenance in EAST vacuum vessel during plasma 

pulses [6, 7]. The operational conditions for EAMA 

robot can be summarized as high temperature (~80 
o
C), 

high vacuum (~10
-5

 Pa) and high loads (~1000Nm), in 

which case, perfect lubrication for motion joints should 

be guaranteed. 

Fig. 2. The conceptual design of EAMA robot arms and its end 

effector 

For the whole robot mechanism, hundreds of bearings 

and gears are assembled inside the articulated joints to 

guarantee the robot moving smoothly. All high-speed 

ones (motors, gears, etc.) which should be lubricated 

very well, are sealed in boxes to prevent polluting 

vacuum condition, in which case high temperature grease 

can be used. Meanwhile, some low-speed components 

(joint bearings and bushes) are considered to use coating 

films as solid lubrication, seen in Fig. 3. 
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Fig. 3. The lubrication selections for different components in EAMA robot 

Considering solid lubrication in EAMA robot, some 

requirements can be summarized as below: 

1) Good reliability in vacuum (10-4~10-5 Pa) and high

temperature (~80�); 

2) To stand high compression forces up to 30 kN;

3) Low friction coefficient (~0.1) to allow smoothly

moving;

4) Thin film thickness to guarantee the assembly

accuracy of bearings.

Solid lubricant films based on MoS2 are widely used 

in vacuum conditions [8-10]. However, when exposed to 

atmosphere with a certain humidity, MoS2 is highly 

vulnerable to oxidation [11-13]. Moreover, for high 

precision applications, the thin films deposited by 

sputtering techniques will lead poor adhesion and low 

lifetime because of the ionization limitation of process 

[14]. To improve the performance of solid lubrication, 

this paper presents a study work on composite coating 

films based on MoS2 using multi-target magnetron 

sputtering deposition technique. Scanning Electron 

Microscopy (SEM) images and X-ray Diffraction (XRD) 

patterns of different composite films have been obtained. 

MoS2-Ti-C films are supposed to be the final selection 

due to the better tribological properties. Finally, the 

detailed information has been characterized for the 

composite coating which can provide some reference for 

applications of solid lubrications in similar condition of 

high vacuum and temperature. 

2. Composite coating films based on MoS2

Sputtering deposition for composite coating films has 

been performed on Bearing Steel GCr15 with a single 

chamber magnetron sputtering system JGP-450, which 

can provide a base pressure of high vacuum at 

6.67 � 10
�	  Pa after baking and degassing. The 

sputtering system contains three magnetron targets, 

where MoS2, Ti and C target plates were respectively 

mounted on, shown in Fig. 4. 

Fig. 4. The Single Chamber Magnetron Sputtering System and 

Multi targets 
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Three different coating films （ MoS2, MoS2-Ti,

MoS2-Ti-C）have been deposited to find a better one

forbearing lubricating in EAMA robot. The detailed 

deposition parameters are given in Table 1. 

Table. 1. Deposition parameters of coating films 

Target MoS2, MoS2-Ti, MoS2-Ti-C 

Chamber pressure 1.1 � 10
�
 Pa 

Substrate material GCr15 

Substrate temperature 200 � 

Substrate negative bias -200 V 

Magnetron current 0.5~1.0 A 

Coating time 60 min 

3. Microstructure evaluation

3.1 Morphology of MoS2-based films 

The surface and cross-section SEM images of pure MoS2 

and composite films are illustrated in Fig. 5, where 1 µm 

is treated as the standard film thickness for comparison. 

Fig. 5. The surface and cross-section SEM images of 

MoS2-based films 

Similar to the images in other related work [13, 14], the 

pure MoS2 films shown a worm-like surface structure 

with different size of aggregates. When combining with 

Ti atoms, the nanocrystals of composite films were 

obviously refined. However, some small gaps can still be 

found. After further penetrating with C atoms, the 

mound-like protrusions and film particles became finer, 

smoother and more compact, which indicated better 

hardness and wear resistance. 

3.2 Microstructure analysis 

Fig. 6 shows the patterns of the three different films by 

RINT2400 type of X-ray diffraction (XRD). 

Fig.6. The XRD patterns of pure MoS2 and composite films 

(Specific testing conditions: Cu target, the scanning speed of 10 

º / min, step width 0.02º, voltage 40 kV, current 150 mA, scan 

range: 10º ~ 70º) 

By Comparing the XRD patterns, some facts can be 

indicated and summarized as bellow: 

1) For pure films, MoS2 (002) and MoS2 (100)

diffraction peaks appeared at Bragg angle 2θ=

14.38° and 32.7° ， which indicates that the

preferential growth of films on both lubricating

surface and non-lubricated surface exist at the same

time. MoS2 peak intensity ratio I (100) / (I (002) + I

(100)) was 0.24.

2) For MoS2+Ti composite films, the intensity of both

MoS2 (002) and MoS2 (100) diffraction peaks

decreased, however, the (100) peak intensity MoS2

reduced even more apparently. Peak intensity ratio I

(100) / (I (002) + I (100)) dropped to 0.21, which

shows the fact that the Ti atoms have more

inhibition effect on the preferential growth of MoS2

(100) on non-lubricated surface.

3) For MoS2+Ti+C composite films, the preferential

growth of MoS2 (100) on non-lubricated surface
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was almost completely inhibited. 

4) Based on the Scherrer equation [15-17], the average

crystallite size of three kinds of films can be

obtained: MoS2-Ti-C ~ 5nm, MoS2-Ti ~ 12nm,

MoS2 ~ 23nm. The reduction of crystallite size is

conducive to increasing the film hardness.

4. Tribological behavior

4.1 Friction and wear tests 

To evaluate the lubrication performance and longevity of 

different films, friction tests were performed using 

pin-on-disk device under EAST-like high vacuum and 

temperature condition. The friction coefficient curves 

were obtained and shown in Fig.7. All of the films have 

low friction coefficients at the beginning of tests, 

especially for MoS2-Ti-C composite films (below 0.05). 

However, as the tests continued, the fluctuations

increased. Finally, the pure MoS2 films and composite 

MoS2-Ti films sharply increased to more than 0.2 

respectively at 150 min and 240 min, which indicates the 

coating films have already failed. The MoS2-Ti-C 

composite films had a relatively stable friction 

performance throughout the whole 300 min test. 

Considering the testing parameters (rotation radius: 3mm, 

velocity: 1000rpm), it was roughly equivalent to 5600 

meters of sliding distance. 

Fig. 7. The results of pin-on-disk test for different MoS2-based 

films 

4.2 Scratch test 

Scratch test is mainly used to study mechanical 

properties of thin coating films [18, 19]. As can be seen 

in Fig. 8, the curves for wear scars of three MoS2-based 

films were measured from scratch tests. The pure MoS2

films were seriously worn with a scars of 500 µm wide 

and 4.1 µm deep. The curve for MoS2+Ti the scars of 

480µm wide and 2.8µm deep, did not improved a lot. For 

MoS2+C+Ti films, both the width and deepth of wear 

scars have a significant reduction to 250µm and 0.8µm, 

decreasing a magnitude of its cross section. This shows 

MoS2+C+Ti composite films have the highest surface 

hardness and wear resistance. 

Fig. 8. The curves for wear scars of three MoS2-based films 

measured from scratch test 

5. Summary

In this paper, three kinds of MoS2-based films were 

developed using multi-target magnetron sputtering 

deposition technique to find a suitable solution of solid 

lubrication for EAMA robot. 

1) The SEM images and XRD patterns shown that the

crystallites of composite thin films have finer size

and more compact microstructure than pure MoS2. 

The average crystallite size of MoS2+C+Ti is

around 5nm, much smaller than MoS2 of 23nm.

2) Pin-on-disk tests directly demonstrated the higher

performance of MoS2+C+Ti composite films for

both friction coefficient (below 0.05) and longevity 

(more than 300000 cycles).

3) Scratch tests also indicated the fact that

MoS2+C+Ti films have the relatively highest

surface hardness and wear resistance.

Finally, MoS2+C+Ti composite films have been 

supposed to be the most suitable selection for EAMA 

robot’s lubrication under high vacuum and temperature. 
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The coatings have been applied on the bearings and gears 

exposed to vacumm (shown in Fig.9). The implentation 

inside the EAST tokamak (Fig.10) shown a good 

performance of solid lubricating and protecting vacuum 

condition. Further tests have been finished to 

characteriticed the detailed information (listed in Table 2) 

for the solid lubricating products which can provide 

some references for similar applications. 

Fig. 9. The bearings and gears after coating MoS2 thin films 

Fig. 10. The implentation of EAMA robot with 

solid lubrication 

Table. 2. Specifications of MoS2-Ti-C composite thin films 

Testing items Measured valves 

film adhesion strength 30N 

Friction coefficient 
≤0.05 (high vacuum) 

≤0.09 (dry air) 

≤0.13 (80% humidity) 

Wear rate 7.2×10
-7 

mm
3
/Nm

 

Wear lifetime ≥320000 cycles 

Load capacity ≥1.0GPa 
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h  i  g  h  l  i  g  h  t  s

• A  general  mathematical  approach  to estimate  the  static  stiffness  of  robot  system  based  on matrix  structural  analysis  method  has  been  introduced.
• Stiffness  model  of  EAST  Articulated  Maintenance  Arm  (EAMA)  has  been  built  for purpose  of  error prediction.
• Deflections  of EAMA  robot  have been  respectively  calculated  by the  mathematical  and  simulation  models.
• Less  than  5%  deviations  have  been  supposed  for  EAMA  stiffness  model.
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a  b  s  t  r  a  c  t

The  remote  inspection  and  maintenance  of  the small  pieces  in  vacuum  vessel  requires  certain  accuracy
to  the serial  long-reach  robot  applied  in  EAST  tokamak.  The  elastic  deformations  due to  gravity  and
dynamical  forces,  however,  will  cause  a  big trajectory  tracking  error  to the robot  end. Therefore,  the  error
prediction  and  compensation  strategy  should  always  be  studied  in advance  to achieve  a  high required
accuracy.  This  paper  presents  a mathematical  method  to estimate  the  static  stiffness  of  EAST  articulated
maintenance  arm  (EAMA)  robot.  Firstly,  the  stiffness  matrix  of  the  modular  parallelogram  mechanism  of
robot is  obtained  based  on  the  Matrix  Structural  Analysis  (MSA)  method.  Considering  the real  constraint
conditions  of  robot  arms,  the  matrix  is  further  simplified  to  a final  version  with  minimum  dimension  to
improve  the  computational  efficiency.  Secondly,  the  simulation  examples  have  been  given to  evaluate
the  accuracy  and  reliability  of the stiffness  equations.  And  finally,  the  results  show  that  the presented
approach  has  an acceptable  prediction  error  (less  than  5%),  which  can  be applied  to  other  similar  robotic
systems  with  long-reach  complex  links.

© 2017  Elsevier  B.V.  All rights  reserved.

1. Introduction

To ensure remote inspection and simple maintenance oper-
ations of inner components inside vacuum vessel (VV), EAST
Articulated Maintenance Arm (EAMA), a highly redundant serial
robot system with 11◦ of freedoms (DOFs) in total, has been devel-
oped since 2014. It mainly consists of five serial modular arm
segments and a storage cask with a shuttle base which can transfer
the robot into EAST VV [1]. The brief description of EAMA modular
segment design can be found in Fig. 1 [2]. Each modular arm can
mostly provide two kinds of motions: rotation (±90◦ in the hori-

∗ Corresponding author at: Institute of Plasma Physics, Chinese Academy of Sci-
ences, Hefei, 230031, China.

E-mail address: shiss@ipp.ac.cn (S. Shi).

zontal plane) and elevation (±45◦ in the vertical plane). Benefiting
from the parallelogram mechanism, robot arms can provide a huge
reduction ratio and withstand strong torques generated from the
long-reach arm and its gravity. Besides, the parallelogram structure
can also keep the rotation axis of clevis joint always in vertical posi-
tion. However, due to the long-reach mechanisms with a weight
more than 100 kg, the effect of the gravity will cause huge flexible
deflections, which are unacceptable for the robot to run inside a
narrow and complex-shaped space as EAST VV.

Since most serial long-reach arms normally run at a very low
speed, study on the flexible characteristics in static condition will
be more convenient and efficient and also acceptable for a medium
precision. In this paper, a general model of combined matrix equa-
tions have been built to estimate the static stiffness of EAMA robot
segments by using the Matrix Structural Analysis (MSA) method.
Based on the obtained stiffness equations, the key points’ displace-

http://dx.doi.org/10.1016/j.fusengdes.2017.05.068
0920-3796/© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Modular design of EAMA robot arms: 5 segments with identical principle design, the 1st to 3rd segments have only rotation motions by using rigid rods instead of
elevation actuators; the 4th and 5th segments have both rotation and elevation motions.

ments of the structure in different positions can be calculated. This
paper presents the detailed process of this approach to the prob-
lems facing the deformation prediction and accurate path planning
of flexible long-reach arm with complex mechanisms rather than
simple links. Besides, some simulations using finite element (FE)
method have been finished to verify the accuracy and reliability of
the stiffness equations.

2. General procedure for stiffness modelling

2.1. Element stiffness matrix (ESM)

In MSA  method, a structure can be divided into several basic
beam elements. For an arbitrary element with 12◦ of freedoms
(DOFs) as shown in Fig. 2, complete stiffness can be denoted as
a 12 × 12 matrix having zero coefficients for all of the uncoupled
forces and displacements, which can be found in Eq. (1) [3–5].

In the equations, iK stands for the 12 × 12 stiffness matrix
expressed in beam local reference frame, which is determined by
the inherent material and geometric properties; F represents the
loads (forces and moments, 12 elements in total) while � repre-
sents deflections (linear and angular ones, 12 elements in total); A:
the cross-section area; L: length of the beam; E: Young’s modulus;
Iy, Iz, J are the quadratic and polar moments.[
F1

F2

]
= iK

[
�1

�2

]
(1)

2.2. System stiffness matrix (SSM)

The stiffness matrix of the entire structure can be derived by
assembling several basic ones based on the iK in the Eq. (1). When
assembling, superposition principle of MSA  should be used to get
the final complete stiffness matrix with a dimension of 6n × 6n (n
is the number of joint points of whole structure). In this procedure,
the reference coordinate system (CS) should be firstly unified to the
global one by utilizing transformation formula expressed in Eq. (2),
where matrix [�] is composed of four identical rotation matrices
[r] from global to local frame of beam element (Eq.(3)). For better
understanding, some similar applications can be found in the work
described in [6–8].[

0K
]

= [�]−1 [
iK

]
[�] (2)

[�] =

⎡
⎢⎢⎢⎢⎣

[r] 03×3 03×3 03×3

03×3 [r] 03×3 03×3

03×3 03×3 [r] 03×3

03×3 03×3 03×3 [r]

⎤
⎥⎥⎥⎥⎦ (3)

2.3. Matrix optimization

In most of practical engineering, a complete mechanism will
always have loads and constraints at the same time. For purpose of
making the integrated SSM more efficient for computation, some
simplifications can be furthermore operated by partitioning Eq.
(1) into restrained items (with subscript s) and those related to
remaining DOFs (with subscript f), as expressed in Eq. (4).{
Ff

Fs

}
=

[
Kff Kfs

Ksf Kss

]  {
�f

�s

}
(4)

As
{
�s

}
= 0, the formula of deflections can be finally derived as

follow:{
�f

}
=

[
Kff

]−1 {
Ff

}
(5)

3. MSA  method applied on EAMA modular robot

For EAMA robot shown in Fig. 1, the modular structure can be
treated as a parallelogram mechanism, where four bars consist of
horizontal rods, robot tube, and two clevises. Fig. 3 gives the kine-
matical model of the entire manipulator. The approximate beam
model and its force conditions have been built as Fig. 4. The con-
strains are defined under the assumption that the first clevis is
strong enough, which means the translational displacements of
joint A and B are almost equal to zero. Besides, the total gravity
force and torques caused by the following segments are equivalent
to be applied uniformly on joint C and D.

With this approximate beam model, the ESM of the five beams
in global reference frame can be easily obtained with the method
descripted in former section. Moreover, since the whole system is
a kind of cantilever structure, which means that there are no forces
along z axis or moments along y axis in practice. Therefore, the five
12 × 12 ESM can be simplified into dimensions of 8 × 8. Then, the
reduced ESM can deconstructed into the form as expressed in Eq. (6)
for integrating. The leading superscript stands for coordinate frame
while the leading subscript represents the beam number, here it
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Fig. 2. Definitions of basic beam element in MSA  method.

Fig. 3. The kinematical model of the entire manipulator.

can be AB,  BC,  CD,  AD,  AC.  The following subscript represents the
node numbers. For example:0

ABKAB represents: the effect on node A
caused from the forces on node B, for beam AB, in global CS.

The final SSM can be obtained as Eq. (7) with a dimension of
16 × 16 by applying the superposition principle of MSA.

Furthermore,
[

0Kff
]

(12×12)
can be derived from

[
0K

]
(16×16)

by

taking into account the constraints at joint A and B. Then, the deflec-
tions on the key points of one modular segment can be calculated
according to Eq. (5). Among the equation,

{
�f

}
(Eq. (8)) consists

of 12 deflections of the four joints. It can be calculated when the
elements of

{
Ff

}
(Eq. (9)) are known.

[
0
ABK

]
(8×8)

=
[

0
ABKAA

0
ABKAB

0
ABKBA

0
ABKBB

]
(6)

[
0K

]
(16×16)

=

⎡
⎢⎢⎢⎢⎣

0
ABKAA + 0

ACKAA + 0
ADKAA

0
ABKAB

0
ACKAC

0
ADKAD

0
ABKBA

0
ABKBB + 0

BCKBB
0
BCKBC 04×4

0
ACKCA

0
BCKCB

0
ACKCC + 0

BCKCC + 0
CDKCC

0
CDKCD

0
ADKDA 04×4

0
CDKDC

0
ADKDD + 0

CDKDD

⎤
⎥⎥⎥⎥⎦(7)

{
�f

}
=

[
�xa �za �xb �zb uc vc �xc �zc ud vd �xd �zd

]T
(8){

Ff
}

=
[

0 0 0 0 0 Fyc Mxc Mzc 0 Fyd Mxd Mzd

]T
(9)

4. Numerical results and simulations

Based on the above stiffness model, the deflections of all nodes
of the parallelogram structure can be calculated with a set of exter-
nal loads as an input, which in practice can be easily obtained
from the dynamical equations of the entire robot system. To eval-
uate the accuracy of this mathematic model, several hypothetical
loads (approximate level with the actual loads on first arm segment
during operation) have been adopted as an input which are given
in Table 1. The material and geometric parameters are shown in
Table 2.

Table 1
The forces and moments applied on robot.

Loads Fyc Mxc Mzc Fyd Mxd Mzd

Value −500 N −500 Nm −750 Nm −500 N −500 Nm −750 Nm

With the parameters listed in Tables 1 and 2, the results of robot
deflection items with different elevation angles (from −45◦ to 45◦)
have been respectively calculated by the MSA  and FE method. In FE
simulations, the element of Solid 185 has been selected for static
analysis in ANSYS Mechanical APDL 17.0. For a comparison, the
results of proposed mathematical method and the FE simulation for
the linear and the angular deflections at Joint C have been illustrated

in Fig. 5 (The results at Joint D are similar with Joint C, not presented
here).

Some facts can be summarized from the results:

• For linear deflections: range around −2.5 to 2.5 mm in X (horizon-
tal) direction, reaching maximum at ±45◦ while −2 to −3.5 mm
in Y (vertical) direction, reaching maximum at 0◦;

• For angular deflections: range around −0.25 to −0.32◦ along X
(arm) axis, reaching maximum at 0◦ while −0.28 to −0.36◦ along
Z (elevation) axis, reaching maximum at ±45◦;

• Less than 5% deviations have been found by comparing the results
from proposed mathematical method and FE simulation.
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Fig. 4. The approximate beam model and force conditions of EAMA modular segments.

Table 2
The material and geometric parameters of robot components.

Parts A(mm2) L(mm)  Iz (mm4) Iy (mm4) J(mm4) E(MPa) v

AB 2300 75 758,000 1,010,000 182,000 108,000 0.35
BC  992 1035 3,096,700 3,096,700 6,193,400 108,000 0.35
CD  2300 75 758,000 1,010,000 182,000 108,000 0.35

AC  254 394
√

6.936 − sin� 5150 5150 10,300 108,000 0.35
AD  201 1035 3215 3215 6430 108,000 0.35

� is the elevation angle of the robot.

Fig. 5. The deflection results of Joint C calculated from mathematical stiffness model and FE simulations.

5. Discussions and conclusions

A generalized stiffness modelling method has been introduced
to build the mathematical equations of error prediction for long-
reach manipulators with complicated link mechanisms by using
the MSA  technique. The method has been applied to EAMA robot.
The evaluation of stiffness model has been verified through a com-

parison with the FE simulation results under same input of external
loads, which shown a prediction error less than 5%.

It should be noted that the work introduced in this paper is an
application of MSA  method for error prediction of only one arm. Due
to the identical parallelogram mechanism of all EAMA arms, the
stiffness modeling can be performed on the other arms by modify-
ing the related parameters if needed. After obtaining the deflections
of all five arms, the deflections of the entire manipulate can be
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Fig. 6. Experiment on the entire manipulator system.

evaluated by modifying the D-H parameters of robot kinematical
model.

In addition, the ideal geometric parameters are applied to the
mathematical model for the complex-section components instead
of actual ones especially for the clevis joints, some uncertain factors
may  be ignored and cause a small difference between real system
and the mathematical model. The deviations between mathemat-
ical results and real behavior was more significant in following
experimental measurements. This problem can be improved by
further studying on the stiffness nature of the uncertain complex-
section components and calibrating the parameters through the
experimental measurements. The compensation strategy based on
the proposed method will be carried out focus on the entire manip-
ulator system (Fig. 6) with a performance of ±20 mm error (more
than 100 mm without any compensation). More general deflection
control algorithms will be studied for the large remote handling
robots for ITER and the new fusion rectors like DEMO and CFETR.
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