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 A B S T R A C T

The vertical maintenance of breeding blanket (BB) segments weighing as much as 180 t at future fusion power 
plants like EU-DEMO will be a vital activity enabling plant safety and availability. The BB vertical transporter 
(BBVT) is a robotic arm with 7 kinematic joints, characterized by a unique and complex mechanical structure, 
and specifically designed for this challenging task. Sub-centimeter accuracy is required in manipulating the 
BB segments out of the vacuum vessel through the upper port without collision. Detailed modeling is required 
before sophisticated control strategies can be developed. In the literature, the dynamic modeling of robotic arms 
often omits detailed joint modeling to reduce complexity. As such, this work builds on the kinematic model of 
the BBVT by describing the rigid-body dynamics and filling gaps in the modeling of joints, enabling the loads 
and motions of actuators and transmission components to be calculated. The previously defined waypoints 
are interpolated to cubic trajectories and the recursive Newton–Euler inverse dynamics algorithm is applied 
to obtain the realistic joint loads, helping verify the preliminary design. Then, an inverse-dynamics-based 
trajectory optimization is performed to estimate the quickest valid BB segment removal times, yielding 41 to
52min per BB segment or a total of 5.24 days of handling for a 16-sector tokamak. The model and results are 
also verified with a BBVT simulation in MSC ADAMS. These developments support the further modeling and 
design of the BBVT to achieve resilient control and safe BB maintenance in a challenging nuclear environment.
1. Introduction

Safe and efficient Breeding blanket (BB) maintenance will be needed 
for DEMO. Each sector will contain five vertically split BB segments: 
three on the outboard side weighing up to 180 t each and two on 
the inboard side weighing up to 125 t each. Due to damage from 
neutron radiation, these segments must be removed and replaced from 
time to time. This will be done using a remote handling (RH) tool 
capable of lifting each BB segment. This is carried to the tokamak 
complex by a sealed cask which docks via double-doors to the upper 
port [1]. For removal, the RH tool must grasp the target segment using 
a standardized conical countersunk hole (‘‘interface’’) in the exposed 
upper surface within the upper port using a matching self-locking, 
folding gripper [2]. Then, the RH tool must lift the BB segment by 
120mm (for outboard segments) or 20mm (for inboard segments) before 
tilting the BB segment around the toroidal axis by approximately 5◦
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in order to free the segment from its lower supports [3]. Once the 
BB segment is lifted and disengaged, it must be maneuvered spatially 
into the cask through the upper port while avoiding collisions with the 
vacuum vessel, port walls and neighboring BB segments.

The mechanical design of this RH tool, the BB vertical transporter 
(BBVT), was introduced in [4] and further developed in [5]. It is a 
large robotic manipulator which can be analyzed as having 7 serial 
joints with a PRPRRRR structure (Fig.  1) of prismatic (P) and revolute 
(R) joints. The kinematic model of the BBVT as a redundant mecha-
nism, analytical procedure for obtaining inverse kinematic solutions, 
and joint-space waypoints optimized with respect to static loads were 
presented in [6].

While these previous works have verified the ability of the BBVT 
to perform the kinematic maneuvers required in the maintenance of 
DEMO-type BB segments, the joints themselves have not yet undergone 
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Fig. 1. Overview of the BBVT robot and its joints (a) in 3-D and (b) in schematic form.
detailed verification with respect to realistic loads expected throughout 
the task. For this, the kinematic model should be built upon to derive 
rigid-body dynamic equations of motion, thereby incorporating inertial 
loads. It is also necessary to elaborate some simplifications embedded 
in the kinematic model and determine the input–output equations for 
the joint mechanisms and commercial off-the-shelf (COTS) transmission 
components such as gearboxes and leadscrews. This will finally allow 
for the calculation of realistic dynamic actuator loads, verifying the 
overall joint design in the process.

Thus, this paper presents the BBVT rigid-body dynamics model 
based on the kinematic model, including the inverse dynamics using 
the recursive Newton–Euler algorithm, followed by detailed models of 
the joint mechanisms and COTS components. Then, continuous joint-
space trajectories are generated based on the previously developed 
BB handling waypoints. The inverse dynamics plus joint models are 
applied to these trajectories to verify the chosen COTS components with 
respect to the loads. Finally, a straightforward optimization procedure 
is applied to investigate the minimum realistic handling times for each 
BB segment. The model is finally verified by simulation of the BBVT 
optimized trajectory in MSC ADAMS. These developments support the 
feasibility of the BBVT as an effective remote handling tool for DEMO-
type vertical BB segments, and the dynamic model and fully-specified 
realistic BBVT trajectories can be readily applied and extended in future 
efforts encompassing modeling, simulation and control development.

In Section 2, the modeling approach for the 7-DoF BBVT is pre-
sented, first introducing the rigid-body dynamic model and inverse 
dynamics solution algorithm, followed by detailed consideration of the 
joints including parallel and nonlinear mechanisms and COTS compo-
nents. In Section 3, the inverse dynamics and joint models are applied 
to validate the BBVT design with respect to the fully specified cubic 
trajectories for BB segment removal, which are in turn subjected to 
an optimization procedure which obtains the fastest viable BB segment 
removal trajectories given the limits of the chosen COTS components. 
This is followed by a verification of the model by simulation of a BBVT 
trajectory in ADAMS. Finally, in Section 4, conclusions and future work 
are laid out.
2 
2. Models

2.1. Rigid-body dynamics

The 7 kinematic joints of the BBVT are illustrated in Fig.  1. The 
Lagrangian formulation of the BBVT rigid-body dynamics have been 
derived based on the kinematic model. The preliminary design CAD 
files are used for obtaining the mass, center of mass, and inertia 
tensor for each of the 7 robot links and the BB segments, assuming 
uniform density distributions. With the vector of joint variables 𝜣 as 
the minimum set of independent coordinates, the resulting equations 
of motion can be stated without explicit kinematic constraints as [7] 

𝑴(𝜣)𝜣̈ + 𝑪(𝜣, 𝜣̇) +𝑮(𝜣) + 𝑭 𝑓 = 𝝉, (1)

where 𝑴 is the system mass matrix, 𝑪 contains centrifugal and Coriolis 
joint loads, 𝑮 contains the static joint loads due to gravity, 𝑭 𝑓  contains 
dry friction loads, and 𝝉 is the vector of joint torques and forces 
(‘‘efforts’’).

Eq. (1) allows the analytical solution to the inverse dynamics prob-
lem, i.e. calculating the joint efforts 𝝉 from the robot motion defined 
by the joint configuration 𝜣 and its derivatives 𝜣̇ and 𝜣̈. By inputting 
joint motions which are representative of the robot task, the results 
can be applied to verify the design of the joints. However, 𝝉 only 
contains the forces and torques associated the joint variables, i.e., the 
actuator effort applied by link 𝑖− 1 on link 𝑖. As will be detailed in the 
following subsection, this is not enough information to calculate the 
heterogeneous loads on the parallel elevator chains and thereby verify 
the different elevator actuator loads. Therefore, it is more relevant to 
apply the recursive Newton–Euler algorithm (RNEA) directly in the 
analysis, as this involves the solution of the full dynamic equilibrium 
equations for each link.

Another reason to obtain the full link loads using RNEA is to get 
the normal forces between links, which are needed to calculate the 
Coulomb friction forces 𝑭 𝑓 . These are based on simple bearing models 
at each joint.
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2.1.1. Summary of the recursive Newton-Euler algorithm
RNEA relies on knowledge of the kinematic model, link mass prop-

erties, and the joint positions, velocities and accelerations (𝜣, 𝜣̇ and 
𝜣̈). The kinematic model for a robot consisting of an open chain 
of serial links directly provides the relative 3-D position 𝑖𝒖𝑖+1 and 
orientation matrix 𝑖

𝑖+1𝑹 of the rigid-body reference frame of robot link 
𝑖+1 relative to 𝑖 based on the configuration of the joint connecting the 
two links. In addition, a velocity transformation matrix 𝑖+1𝑖𝑻 𝑣 can be 
defined: 
𝑖+1

𝑖𝑻 𝑣 =
[𝑖+1

𝑖𝑹 − 𝑖+1
𝑖𝑹

𝑖𝒖̃𝑖+1
0 𝑖+1

𝑖𝑹

]

, (2)

where 𝑖𝒖̃𝑖+1 is the skew-symmetric matrix formed from 𝑖𝒖𝑖+1. The veloc-
ity transformation matrix of Eq. (2) premultiplies the 6-element vector 
𝝂𝑖 =

[

𝒖̇⊤𝑖 𝝎⊤
𝑖
]⊤ which collects the 3-D linear and angular velocities of 

body 𝑖, with the result expressing the equivalent motion in the reference 
frame of body 𝑖 + 1 under the assumption that the two frames are 
instantaneously rigidly connected. The time derivative of Eq. (2) can 
be found by using the derivative of the rotation matrix 𝑹̇ = 𝝎̃𝑹 [8].

The first step of RNEA is to calculate the velocity 𝝂 and acceleration 
𝝂̇ of each link, starting from the base and going to the outermost link. 
In considering the motion of joint 𝑖, the motion caused by joint 𝑖 (𝜣̇𝑖
and 𝜣̈𝑖) must be added to the contributions from the motion of link 
𝑖 − 1, which can be calculated as follows:
𝝂𝑖 = 𝑖

𝑖−1𝑻 𝑣𝝂𝑖−1 (3)

𝝂̇𝑖 =
𝑖

𝑖−1𝑻̇ 𝑣𝝂𝑖−1 + 𝑖
𝑖−1𝑻 𝑣𝝂̇𝑖−1 (4)

Eqs.  (3) and (4) are used a second time at each link in order to find the 
motion at the center of mass 𝝂𝑐𝑖  and 𝝂̇𝑐𝑖 . The inertia forces and moments 
are then calculated using Newton’s and Euler’s equations, respectively:
𝑭 𝑐𝑖 = 𝑚𝑖𝒖̈𝑐𝑖 (5)

𝑵 𝑐𝑖 = (𝑰𝝎̇ + 𝝎̃𝑰𝝎)𝑐𝑖 . (6)

The 6-element vector collecting the inertial forces and moments  𝑐𝑖 =
[

𝑭 ⊤
𝑐𝑖

𝑵⊤
𝑐𝑖

]⊤
 is then transformed back to each link frame using force 

transformations, which are equivalent to the transposes of the previ-
ously used velocity transformations: 

𝑖
𝑖+1𝑻 𝑓 = 𝑖+1

𝑖𝑻
⊤
𝑣 . (7)

Finally, the full reaction forces required to balance the inertial forces 
on link 𝑖 plus the forces applied by link 𝑖 + 1 are solved, working from 
the outermost link to the base: 
 𝑖 = 𝑖

𝑐𝑖
𝑻 𝑓 𝑐𝑖 +

𝑖
𝑖+1𝑻 𝑓 𝑖+1. (8)

2.2. Joint models

Although the dynamic model can be used to calculate the joint ef-
forts associated with a particular configuration and motion of the BBVT, 
many details about the joints themselves must be fleshed out in order 
to calculate the actuator loads. This entails modeling the proposed 
joint transmission components as summarized in Fig.  2, including some 
mechanisms with nonlinear input–output equations. Also, although the 
kinematic model makes the simplification of representing the three 
parallel rigid chains of the elevator as a unified prismatic joint (𝑑1), 
we are interested in obtaining the load in each chain separately while 
maintaining the assumption of synchronized motion.

2.2.1. Nonlinear joints
Joints 2, 𝑡, and 6 are implemented as nonlinear mechanisms with 

effective transmission ratios which vary according to the joint position. 
This in turn affects the total inertias of these joints. The kinematics 
of joint 𝑡, the trolley tilting mechanism, have been described in detail 
in [9]. The remaining two mechanisms have in common that they 
3 
Fig. 2. The structure of each joint from actuator(s) (left) to output (right).

Fig. 3. Schematic diagram of the joint 6 mechanism.

convert the linear input motion produced by a leadscrew into rotational 
output motion. With reference to the schematic diagrams in Figs.  3 and
4(b), the configuration-dependent transmission ratios for joints 2 and 
6 are given by:
𝑑2 = −ℎ tan 𝜃2 (9)
𝑑̇2
𝜃̇2

= − ℎ
cos2 𝜃2

(10)

𝑑6 =
√

2𝑟2
(

1 − cos 𝜃6
)

+ 2𝑟𝑑0
(

sin
(

𝜃0 + 𝜃6
)

− sin 𝜃0
)

+ 𝑑20 (11)

𝑑̇6
𝜃̇6

=
𝑟2 sin 𝜃6 + 𝑟𝑑0 cos

(

𝜃0 + 𝜃6
)

√

2𝑟2
(

1 − cos 𝜃6
)

+ 2𝑟𝑑0
(

sin
(

𝜃0 + 𝜃6
)

− sin 𝜃0
)

+ 𝑑20

(12)

The symbols in Eqs. (9)–(12) are specific to the context of each mecha-
nism as labeled in the respective schematic diagrams. The constants 
are: ℎ = 5.55, 𝑟 = 0.8277, 𝑃0 = [0.6, 0.57017962], 𝑑0 = 0.8151 and 
𝜃0 = atan2

(

𝑃0,𝑦, 𝑃0,𝑥
)

.
Eqs. (10) and (12) specify the configuration-dependent transmission 

ratios of the two joints in terms of the ratio of input and output veloci-
ties. Knowledge of the transmission ratios also allows the calculation of 
input and output torques/forces. A complication arises for joint 6 due 
to the use of a mirror mechanism, where the 𝜃′6 = −𝜃6 but 𝑑′6 ≠ −𝑑6. For 
the analysis it is assumed that the output joint load is shared equally 
between the two leadscrews, resulting in differing actuator loads on 
each side due to the asymmetric nature of the joint.
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Fig. 4. Top-down view of the BBVT.

2.2.2. Elevator rigid chains
It is assumed that the three elevator chains move in sync as one 

prismatic joint, attached to a single disjoint rigid body link consisting 
of the three skids and the toroidal rail (but not the radial rail), as 
illustrated in Fig.  4(a). At the same time, the unique load on each 
elevator chain and actuator is of interest. The dynamic balance of forces 
and moments for the elevator link with inboard support at 𝑎 coincident 
with the origin of the elevator link frame {1}, outboard supports at 𝑏
and 𝑑, center of mass at 𝑐, and applied loads from the trolley at link 
frame {2} can be written as:

𝛴𝑭 = 𝑭 𝑐 = 𝑭 𝑎 + 𝑭 𝑏 + 𝑭 𝑑 − 𝑭 2 (13)

𝛴𝑴 = 𝑷 𝑐 × 𝑭 𝑐 =𝑷 𝑏 × 𝑭 𝑏 +𝑴𝑏 + 𝑷 𝑑 × 𝑭 𝑑 (14)
+𝑴𝑑 − 𝑷 2 × 𝑭 2 −𝑴2 +𝑴𝑎,

where 𝑃  are spatial position vectors, 𝐹  are 3-element force vectors, 
and 𝑀 are 3-element moment vectors. With reference to Fig.  4(a), the 
vector subscripts indicate whether they are associated with chain 𝑎, 𝑏
or 𝑑, or the elevator center of mass 𝑐, or the trolley 2. The full loads on 
the trolley 𝐹2 and 𝑀2 can be obtained using RNEA. All position vectors 
are expressed relative to the elevator link frame {1} and all forces 
and moments are aligned with this frame as well (so rotation matrices 
are not explicitly written). The system of equations can be solved 
when the support conditions are considered. Namely, no moments are 
reacted directly at any support except for the radial moment 𝑴𝑎,𝑦 at the 
inboard support, and the outboard skids only support vertical reactions 
while the inboard skids support reactions in all directions. Eqs. 13 
can then be solved to find the six unknown reactions. The results are 
given by Eq. (B.1) to (B.6) in Appendix  B. Specifically, the reactions of 
interest representing the vertical chain loads are 𝐹𝑎,𝑧, 𝐹𝑏,𝑧 and 𝐹𝑑,𝑧.

2.2.3. Off-the-shelf components
A variety of COTS components have been identified for the prelim-

inary design of the BBVT joints. Other than the elevator (for which 
no specific actuator has yet been specified), all joints employ MOOG 
MD Series JSC3-075 electric motors. The gearboxes and power screws 
chosen for each joint are summarized in Table  A.1. The transmis-
sion ratio/pitch and inertia of each component is recorded from the 
4 
manufacturer datasheets. In addition, limits for dynamic load, veloc-
ity and power are recorded, as they are necessary for the trajectory 
optimization in the sequel.

2.2.4. Actuator loads
Inspecting Fig.  2, it is evident that while there are 7 variables which 

together define the joint configuration vector 𝛩, the use of parallel 
actuators in joints 1, 𝑡 and 6 means that the number of unique actuator 
loads of interest is more than 7. For joint 𝑡, the layout is such that loads 
are equally distributed between the two actuators, while the differential 
loads on the joint 1 and 6 actuators have been addressed in the previous 
subsections. The loads of interest can be summarized as 
𝝉 ′ =

[

𝜏1,𝑎 𝜏1,𝑏 𝜏1,𝑑 𝜏2 𝜏3 𝜏𝑡 𝜏4 𝜏5 𝜏6 𝜏′6
]⊤ , (15)

where 𝜏1,𝑎, 𝜏1.𝑏 and 𝜏1,𝑑 represent the actuators of the three rigid 
chains and 𝜏′6 is the mirror actuator of the gripper tilting joint (𝜃6). 
Analogously, the set of matching joint motions can be defined: 
𝜣′ =

[

𝜃1 𝜃1 𝜃1 𝜃2 𝜃3 𝜃𝑡 𝜃4 𝜃5 𝜃6 𝜃′6
]⊤ . (16)

The total inertia of the 𝑗th actuator’s transmission related to the 
joint output is calculated as 

𝐵𝑗 =
𝑛𝑠−1
∑

𝑘
𝑏𝑗,𝑘𝜂

2
𝑗,𝑘+1

1
𝑛𝑗,𝑘

for𝑗 = 1, 2,… , 10, (17)

where 𝑛𝑠 is the number of transmission stages in the joint to which 
actuator 𝑗 belongs, 𝑏𝑗,𝑘 is the inertia of the joint component at stage 
𝑘 related to its own output, 𝜂𝑗,𝑘+1 is the transmission ratio of the 
component at stage 𝑘 + 1, and 𝑛𝑗,𝑘 is the number of branches between 
the actuator and stage 𝑘. It should be noted that the position-dependent 
transmission ratios of the joints with nonlinear mechanisms (2, 𝑡 and 6) 
result in time-varying inertias for these joints.

Finally, the actuator loads can be found: 

𝝉𝑚 = 𝜼𝑖𝑛𝑣(𝜣)
(

𝑩(𝜣)𝜣̈′ + 𝝉 ′(𝜣, 𝜣̇, 𝜣̈)
)

, (18)

where 𝑩 and 𝜼𝑖𝑛𝑣 are diagonal matrices containing the position-
dependent total joint inertias and inverse transmission ratios, respec-
tively.

3. Generation and optimization of BB handling trajectories

3.1. Optimization algorithm

The waypoints proposed in the previous kinematic study can be 
used as a starting point for generating complete joint-space trajectories 
in the form of differentiable polynomials defining the time evolution 
of the joint positions. Solving for the polynomial coefficients requires 
specifying the duration of each trajectory part and the desired deriva-
tives of the position at each waypoint. RNEA and the joint models 
previously described can then be applied to calculate the required 
dynamic loads and motions of the actuators and the other joint com-
ponents throughout the trajectory. The results can be compared where 
available against the manufacturer limits on load, velocity and power, 
including safety factors. Not only does this procedure allow for verifi-
cation of the BBVT joint design with respect to a given trajectory, but 
also provides a way to estimate the fastest viable trajectory for a given 
design via optimization.

The algorithm for minimizing the duration of a BB segment handling 
trajectory based on the procedure just described is summarized in 
Fig.  5. The optimization criteria are the component ‘‘limit ratios,’’ 
i.e., the ratio of each value of interest (static load, dynamic load, veloc-
ity, power) to the corresponding component limit while taking safety 
factors into account for loads. Specifically, the maximum limit ratio 
(MLR) for any component across 100 samples is identified per trajectory 
part. In the subsequent iteration, the duration of the trajectory part 
is multiplied by this MLR to obtain the new duration. For a viable 
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Fig. 5. Flowchart of the trajectory optimization algorithm, which is repeated 
for each of the 5 BB segment shapes.

Fig. 6. Inboard right BB segment removal trajectory in normalized joint-space. 
Dots represent the joint-space waypoints.

trajectory, it is clear that all MLRs must be less than 1.0. On the other 
hand, the fastest viable trajectory should have MLRs close to 1.0 for all 
trajectory parts.

A few details should be noted regarding the optimization algorithm. 
First, due to the polynomial continuity conditions, changing the dura-
tion of one trajectory part also affects the neighboring trajectory parts. 
For this reason, it is crucial for convergence that the durations of all 
trajectory parts are adjusted simultaneously in each iteration. Second, 
the choice to use cubic splines (continuous piecewise polynomials) for 
interpolating the waypoints, though common practice for industrial 
robots, is relatively arbitrary. They result in faster trajectories than 
higher-order polynomials such as quintics or septics, but are not con-
tinuous in terms of jerk. Third, boundary conditions are imposed such 
that the BBVT comes to a full stop at each waypoint to avoid overshoot 
which could otherwise result in collisions. Finally, it should be noted 
that static and dynamic load limits are handled differently. If a static 
load limit is violated, the optimization cannot proceed since changing 
the BBVT speed will have no effect.

3.2. Results

Fig.  6 shows a joint-space trajectory for removal of the inboard 
right BB segment after optimization, given the current BBVT design. 
The durations of the optimized trajectories for each BB segment are 
5 
Fig. 7. Joint loads throughout the inboard right (IR) BB segment removal 
trajectory. The BB segment is picked up at 13min 45 s.

50min, 52min, 52min, 41min and 41min for the outboard middle, out-
board left, outboard right, inboard right and inboard left BB segments, 
respectively. These represent the first realistic estimates of the handling 
times required for the maintenance of DEMO BB segments based on 
detailed dynamic modeling of the BBVT. It should be noted, however, 
that the trajectories do not take into account extra time for BB segment 
grasping and preloading. Still, the results suggest that a realistic if 
somewhat optimistic estimate of the total BB handling time required 
for maintenance of the BB segments in all 16 DEMO sectors is about 
5.24 days.

Fig.  7 shows the joint loads (not actuator loads) associated with the 
trajectory in Fig.  6. It is evident that the loads on joints 2, 3, 4 and 5 are 
dominated by dry friction rather than dynamic or static loads. Looking 
at the elevator chains, it is notable that chain 𝑑 (the outboard left chain) 
experiences compression forces in the period after picking up the BB 
segment. Indeed, the results predict that the opposing outboard chain 
experiences compression forces when picking up each of the lateral BB 
segments, whether inboard or outboard. This highlights the need for 
a ‘‘rigid’’ chain solution, as has been explored in the BBVT concept 
design. Both of the tilting joints experience very high moment loads 
as expected due to the off-center lifting. Elevator and tilting joint loads 
for the other four BB segments’ removal trajectories are given in Fig. 
C.9.

3.3. Verification

As an extra verification of the model and results, a simulation was 
run using the commercial multibody simulation software MSC ADAMS. 
The predicted joint torques corresponding to the inboard right BB 
segment removal trajectory after picking up the BB segment were input 
to the model, with accurate starting configuration as shown in Fig.  8(a). 
Given the relatively long simulation time, 10 million simulation time 
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Fig. 8. Simulation of the inboard right BB segment handling in ADAMS using the predicted joint torques 𝝉 as input. The simulation is started from when the BB 
is grasped as shown in (a). The resulting motion of the gripper in the simulation is compared to the ideal trajectory in (b)–(d), while (e)–(g) show just the errors.
steps were used to obtain good results with minimal numerical errors. 
Indeed, the results shown in Fig.  8 indicate good agreement between 
the Cartesian path traveled by the tip of the BBVT gripper in the 
simulation and the ideal trajectory. The overall RMSE is 1.1953×10−4 m.

4. Conclusion

The BBVT will serve a critical role in ensuring the safety and 
availability of DEMO through effective BB segment handling. This task 
will require sub-centimeter accuracy to remove and insert each of the 
BB segments from the tightly constrained vacuum vessel and upper port 
without collision in a nuclear environment which is also likely to be 
hot and unilluminated. Achieving this task requires detailed modeling 
of the BBVT as a massive 7-DoF robotic manipulator in order to build 
towards the design of resilient and reliable control strategies.

This work has built on previous modeling of the BBVT in which in 
collision-free BB handling waypoints and a practical kinematic model 
were presented. The extension of the kinematic model into rigid-body 
dynamics has been described, and the previous gaps in nonlinear joint 
modeling have been filled, enabling the loads and motions of the 10
actuators of interest and other joint components to be investigated in 
detail. The joint-space waypoints were interpolated with cubic splines, 
resulting in fully-specified trajectories. By applying the RNE algorithm 
for inverse dynamics to the trajectories, the realistic joint loads were 
obtained, against which the preliminary joint designs were verified in 
the sense that the manufacturer limits for COTS components were not 
exceeded. The joint models, knowledge of component limits, trajectory 
generation function, and inverse dynamics algorithm were then syn-
thesized to implement an optimization procedure by which the fastest 
viable cubic trajectories for BB segment removal using the preliminary 
BBVT design were obtained. The results indicate that the outboard and 
inboard lateral segments require 52min and 41min of handling time, 
respectively, starting from when the BBVT starts moving out of the cask 
to when the target BB segment is held still in the cask and excluding 
extra time for grasping and preloading. This leads to a realistic but 
likely optimistic estimate of 5.24 days total of BB handling time for 
removing and inserting all the BB segments of the DEMO tokamak with 
16 sectors. Finally, the veracity of the model and results were verified 
using a rigid-body dynamic simulation in MSC ADAMS.

This work has focused on the preliminary BBVT joint-space tra-
jectories for BB manipulation, whereas two critical aspects of the BB 
handling task have not been considered, namely grasping and preload-
ing. These will require further specialization of the model due to the 
prevalence of different effects such as contact forces and flexible defor-
mations. Indeed, major sources of joint and link elasticity throughout 
whole BB task must be modeled in the future, as deflections and 
vibrations must be counteracted by any effective control solutions.
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Appendix A. COTS joint components

See Table  A.1.

Appendix B. Elevator chain dynamic reaction loads

The following equations give the six unknown dynamic reactions at 
the inboard ({𝑎}) and outboard right and left ({𝑏}, {𝑑}) skids assuming 
the skids and toroidal beam constitute a single rigid body experiencing 
inertial forces at the shared center of mass {𝑐} and transferred loads 
from the distal robot links through the trolley at {2} based on the re-
cursive Newton–Euler algorithm. The vertical reactions (𝑧) are assumed 
taken by the rigid chains, while the rest are reacted by the skid rails. 
The unspecified reactions are assumed to be zero based on the support 
conditions (see the equations in Box  I). 
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Table A.1
Off-the-shelf joint transmission components.
 Joint Outer gearbox Inner gearbox Leadscrew  
 1 Brevini SC18004 (559.2) – –  
 2 Wittenstein TK+ 110 MF (20) – Ewellix PRU 60x20 
 3 Wittenstein TK+ 110 MF (20) – Ewellix PRU 60x20 
 t Sumitomo Fine Cyclo A-series FC Type A25 (119) Wittenstein TP+ 4000 MA (154) –  
 4 Sumitomo Fine Cyclo A-series FC Type A25 (89) Wittenstein TP+ 2000 MA (22) –  
 5 Sumitomo Fine Cyclo A-series FC Type A25 (89) Wittenstein TP+ 2000 MA (22) –  
 6 Sumitomo Fine Cyclo A-series FC Type A35 (89) Wittenstein TP+ 2000 MA (30.25) Ewellix HRC 99x20 
𝐹𝑎,𝑥 =𝐹2,𝑥 + 𝐹𝑐,𝑥 (B.1)

𝐹𝑎,𝑦 =𝐹2,𝑦 + 𝐹𝑐,𝑦 (B.2)

𝐹𝑎,𝑧 =

−1
𝑃𝑏,𝑥𝑃𝑑,𝑦 − 𝑃𝑏,𝑦𝑃𝑑,𝑥

(

𝑀2,𝑥𝑃𝑏,𝑥 +𝑀2,𝑦𝑃𝑏,𝑦 −𝑀2,𝑥𝑃𝑑,𝑥 −𝑀2,𝑦𝑃𝑑,𝑦 +𝑀𝑐,𝑥𝑃𝑏,𝑥 +𝑀𝑐,𝑦𝑃𝑏,𝑦 −𝑀𝑐,𝑥𝑃𝑑,𝑥 −𝑀𝑐,𝑦𝑃𝑑,𝑦

−𝐹2,𝑧𝑃𝑏,𝑥𝑃𝑑,𝑦 + 𝐹2,𝑧𝑃𝑏,𝑦𝑃𝑑,𝑥 + 𝐹𝑐,𝑥𝑃𝑏,𝑦𝑃𝑐,𝑧 − 𝐹𝑐,𝑦𝑃𝑏,𝑥𝑃𝑐,𝑧 + 𝐹𝑐,𝑧𝑃𝑏,𝑥𝑃𝑐,𝑦 − 𝐹𝑐,𝑧𝑃𝑏,𝑦𝑃𝑐,𝑥

− 𝐹𝑐,𝑧𝑃𝑏,𝑥𝑃𝑑,𝑦 + 𝐹𝑐,𝑧𝑃𝑏,𝑦𝑃𝑑,𝑥 − 𝐹𝑐,𝑥𝑃𝑐,𝑧𝑃𝑑,𝑦 + 𝐹𝑐,𝑦𝑃𝑐,𝑧𝑃𝑑,𝑥 + 𝐹𝑐,𝑧𝑃𝑐,𝑥𝑃𝑑,𝑦 − 𝐹𝑐,𝑧𝑃𝑐,𝑦𝑃𝑑,𝑥
)

(B.3)

𝐹𝑏,𝑧 = −
𝑀2,𝑥𝑃𝑑,𝑥 +𝑀2,𝑦𝑃𝑑,𝑦 +𝑀𝑐,𝑥𝑃𝑑,𝑥 +𝑀𝑐,𝑦𝑃𝑑,𝑦 + 𝐹𝑐,𝑥𝑃𝑐,𝑧𝑃𝑑,𝑦 − 𝐹𝑐,𝑦𝑃𝑐,𝑧𝑃𝑑,𝑥 − 𝐹𝑐,𝑧𝑃𝑐,𝑥𝑃𝑑,𝑦 + 𝐹𝑐,𝑧𝑃𝑐,𝑦𝑃𝑑,𝑥

𝑃𝑏,𝑥𝑃𝑑,𝑦 − 𝑃𝑏,𝑦𝑃𝑑,𝑥
(B.4)

𝐹𝑑,𝑧 =
𝑀2,𝑥𝑃𝑏,𝑥 +𝑀2,𝑦𝑃𝑏,𝑦 +𝑀𝑐,𝑥𝑃𝑏,𝑥 +𝑀𝑐,𝑦𝑃𝑏,𝑦 + 𝐹𝑐,𝑥𝑃𝑏,𝑦𝑃𝑐,𝑧 − 𝐹𝑐,𝑦𝑃𝑏,𝑥𝑃𝑐,𝑧 + 𝐹𝑐,𝑧𝑃𝑏,𝑥𝑃𝑐,𝑦 − 𝐹𝑐,𝑧𝑃𝑏,𝑦𝑃𝑐,𝑥

𝑃𝑏,𝑥𝑃𝑑,𝑦 − 𝑃𝑏,𝑦𝑃𝑑,𝑥
(B.5)

𝑀𝑎,𝑧 =𝑀2,𝑧 +𝑀𝑐,𝑧 − 𝐹𝑐,𝑥𝑃𝑐,𝑦 + 𝐹𝑐,𝑦𝑃𝑐,𝑥 (B.6)

Box I. 
 
Fig. C.9. Loads on the BBVT elevator and tilting joints throughout the BB segment removal trajectories. (a)–(b): Outboard middle segment, (c)–(d): Outboard
left segment, (e)–(f) Outboard right segment, (g)–(h) Inboard left segment.
Appendix C. Additional joint loads

See Fig.  C.9.
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