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Abstract

Future fusion power plants like DEMO must be remotely maintained for safety, including
breeding blankets (BBs) weighing up to 180 t. The BB vertical transporter (BBVT), a crane-
like redundant robot with 7 joints, has been previously designed for handling the five
unique BB segments per sector. This includes grasping, preloading and collision-free
spatial manipulation of BB segments in a space-constrained environment, necessitating
advanced motion planning and real-time control. To achieve this, the challenge of obtaining
accurate and performant inverse kinematic (IK) solutions for the redundant BBVT must
be addressed. Therefore, a kinematic model is presented, and the redundant IK probelm
is solved analytically for task-relevant cases, including derivation and analysis of the
Jacobian. The model is verified by comparison with an MSC Adams model. Meanwhile, the
analytical IK is found to be 53× to 84× faster than a gradient projection-based numerical
solver in Matlab while providing multiple solutions. The IK and Jacobian are applied to
create collision-free waypoints, verified in Matlab, for handling each BB segment while
minimizing static joint loads in key configurations. A first-order estimate of the total BB
handling time for a maintenance of nine days is calculated. These developments support
the feasibility of the BBVT robot for the BB maintenance task in DEMO, and underpin
future efforts in modelling dynamics and achieving real-time resilient control.

Keywords: kinematics; robotic manipulator; tokamak; breeding blanket; remote mainte-
nance; motion planning

1. Introduction
Design work has been underway for the European demonstration fusion power plant

EU-DEMO [1]. Several key technologies must be developed and tested before a future
tokamak like DEMO can be successful; among them are tritium breeding blankets (BBs) [2]
and remote maintenance tools [3]. Indeed, a primary task of the remote maintenance
infrastructure at DEMO will be the safe and timely replacement of the blankets to ensure
plant availability. In contrast to predecessors like JET [4] and ITER [5], a vertical BB mainte-
nance architecture has been studied [6,7] and chosen for EU-DEMO for compatibility with
smaller coils and reducing the amount of in- and ex-vessel maintenance operations [8,9].
Japanese DEMO [10], Korean K-DEMO [11] and Chinese CFETR [12] also pursue vertical
BB maintenance schemes.
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The nuclear fission industry has used a variety of robotic systems for such purposes
as remote sensing and testing, decommissioning-related tasks such as disassembly and
remediation, and maintenance and repair [13–15]. Mobile robots tend to be used for their
reconnaissance and search-and-rescue capabilities in contaminated environments [16,17].
In the fusion context, the documented results from JET’s dual-arm MASCOT robot continue
to have high relevance [18].

For EU-DEMO, each tokamak sector is serviceable via an upper port and contains
5 BB segments: three outboard segments weighing up to 180 t and two inboard segments
weighing up to 125 t. These are carried between the tokamak building and the active
maintenance facility by a sealed cask on rails running above the buildings [19]. The crucial
task of moving the BB segments between the vacuum vessel to the sealed cask via the
upper port is to be carried out by the BB vertical transporter (BBVT), a special-purpose
remote handling robot previously developed on a conceptual and mechanical level [20].
It is designed to be able to pick up each of the five BB segment shapes and manipulate
them to or from the sealed cask while avoiding collisions within the space-constrained
vacuum vessel and upper port. Its joint layout and gravity-locking gripper mechanism [21]
minimize motion due to back-driving of joints in case of power loss.

With little simplification, the BBVT can be analyzed as a robotic manipulator with
seven serial kinematic joints, as summarized in Figure 1a. In order to investigate in detail
the BBVT’s suitability for the BB maintenance task, two necessary prerequisites are the
development of a kinematic model and a specific plan of desired spatial BB segment
motions based on support disengagement [22] and collision avoidance. The existence of
valid BBVT joint configurations corresponding to the handling motions, i.e., the existence
of valid inverse kinematic (IK) solutions, should be confirmed. It is well-known that
the solution of the IK problem for redundant manipulators, also known as redundancy
resolution, is especially challenging. A host of general-purpose numerical algorithms are
described in the literature, but analytical solutions are generally preferred in terms of
accuracy [23]. As such, this work develops a kinematic BBVT model, finds task-relevant
analytical IK solutions, and develops a detailed collision-free motion plan for BB segment
removal. The motion plan and kinematic model are useful cornerstones for the further
study of BB maintenance, for example, building towards trajectory generation, dynamic
modelling, and the development of robust control strategies for a nuclear environment
with gamma radiation and heating [24].

This work contains four sections. In Section 2, a kinematic model of the BBVT is
presented and verified by comparison to a numerical model; analytical inverse kinematic
algorithms are developed and their performance compared with numerical solvers, and
the Jacobian matrix is derived. In Section 3, the inverse kinematics and Jacobian are used to
develop detailed collision-free waypoints for the removal of each BB segment as well as to
calculate and minimize static joint loads. Finally, in Section 4, the contributions and future
work are discussed.
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(a) Visualization of the BBVT’s 7 joints. Green arrows illustrate the degree of
freedom permitted by each joint.
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(b) Link reference frames.

Figure 1. Overview of the BBVT’s joints and links. The link reference frames are assigned and named
according to the modified Denavit-Hartenberg convention of Craig [25], in which link frames {i − 1}
and {i} are connected by joint i.

2. Kinematics of the BB Vertical Transporter
The BBVT’s task involves grasping, preloading and spatial manipulation of each BB

segment. Rotations around the vertical and toroidal axes are required in order to avoid
collisions while removing or replacing the segments. It is also practical to be able to make
small adjustments to the orientation of the gripper around the radial axis for alignment of
the gripper during grasping. In addition, torques must be applied by the gripper about
toroidal and radial axes during preloading, whereby the weight of the grasped BB segment
is carefully transferred to the BBVT without damaging mechanical supports [26,27]. For
these reasons, the BBVT has been designed with a kinematic structure allowing full spatial
motion of the end effector. The BBVT’s 7 joints are visualized in Figure 1a and summarized
in Table 1. The main kinematic simplification of the model lies in consolidating the three
parallel elevator rigid chains (one inboard and two outboard) into a singular prismatic joint
(d1) located at the inboard.

Table 1. Summary of the BBVT’s joints and modified D–H parameters. The fixed location of the
gripper tool center point (TCP) frame is also given.

Name i Type Variable Limits αi−1 ai−1 di θi

Elevator 1 Prismatic d1 0 m to ∼30 m 0 0 d1 −90◦

Inboard hinge 2 Revolute θ2 ±8.12◦ −90◦ 0 0 θ2
Radial rail 3 Prismatic d3 0.93 m to 4.715 m 0 0 d3 − arctan h/v − 90◦

Trolley tilting t Revolute θt ±0.8◦ 0
√

h2 + v2 0 θt + arctan h/v + 90◦

Upper trunk 4 Revolute θ4 ±180◦ 90◦ h 0 θ4 + 90◦

Lower trunk 5 Revolute θ5 ±180◦ 0 k l θ5
Gripper tilting 6 Revolute θ6 ±8◦ 90◦ 0 0 θ6
Gripper TCP G Fixed - - −90◦ 0 lG 0
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With its 7 joints, the BBVT is kinematically redundant with respect to its spatial (6-DoF)
task. As the joint variables outnumber the task variables, the inverse kinematic problem is
underdetermined for redundant manipulators. Many methods of tackling this redundancy
resolution problem have been explored in the literature. The classic approach is to use
the Moore–Penrose pseudoinverse of the non-square Jacobian matrix for a given joint
configuration to iteratively converge to a least-squares solution at the velocity level [28]. A
variety of enhancements to this method have been made, such as filters that improve the
condition number near singularities [29] and techniques such as Jacobian weighting [30],
gradient projection [31] and task augmentation [32] that control the optimization subtasks
through modifying the Jacobian. Such techniques have successfully been applied to a
wide variety of robots, including heavy-duty redundant manipulators used for nuclear
decommissioning tasks [33]. In recent years, the formulation of redundancy resolution as
a quadratic programming problem that can be efficiently solved using recurrent neural
networks has gained traction [34]. Some researchers have also obtained analytical position-
level IK solutions for specific 7-DoF manipulators by parameterizing the joint variables
considering the self-motion of the mechanism [35–37].

Accurate motion planning and control of the BBVT will be bolstered if relevant analyti-
cal IK solutions can be obtained. However, such analytical solutions are challenging to find
for redundant mechanisms like 7-DoF robotic arms. The most straightforward approach is
to define a number of additional constraint equations equal to the difference in the number
of variables. It happens that one of the BBVT joints, the trolley titling joint (joint variable
θt), is meant to be immobile throughout the majority of the BB handling task, introducing a
natural constraint that can be used to find relevant IK solutions for most purposes. Indeed,
under some simplifying assumptions such as perfect rigidity of the BB and BBVT, θt will be
0 for the whole task, albeit still being used to apply large torques for preloading.

2.1. Forward Kinematics

The reference frame of the base link, link 0, lies on the rotational axis of the inboard
hinge, at an arbitrary height in the cask such that the “home” position of the BBVT is near
to the roof of the cask. This initial height can be easily adjusted with minimal impact on
the kinematic results. The base link represents a common global frame for the docked
cask, upper port and vacuum vessel sector, and therefore also functions as a global frame
for the BBVT’s operations. The axes of the global reference frame are consistent with the
established convention for tokamaks, such that x0 is the radial axis, y0 is the toroidal axis,
and z0 is the poloidal axis.

The reference frames for links are attached according to the modified Denavit–
Hartenberg (D-H) convention [25]. The D-H parameters for the BBVT are given in Table 1,
with some key dimensional constants summarized in Table 2.

The D-H parameters can be used to calculate the homogeneous transformation ma-
trices between links i − 1 and i from the base to the outermost link, which can then be
multiplied together to get the total transform:

0
6T = 0

1T 1
2T 2

3T 3
tT

t
4T 4

5T 5
6T =


r11 r12 r13 px

r21 r22 r23 py

r31 r32 r33 pz

0 0 0 1

, (1)

where

r11 = s2 s6 st + c2 c4 c5 c6 − c2 s4 s5 c6 − s2 c4 s5 c6 ct − s2 s4 c5 c6 ct (2)

r21 = − c2 s6 st + s2 c4 c5 c6 − s2 s4 s5 c6 + c2 c4 s5 c6 ct + c2 s4 c5 c6 ct (3)
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r31 = s6 ct + c4 s5 c6 st + s4 c5 c6 st (4)

r12 = s2 c6 st + c2 s4 s5 s6 − c2 c4 c5 s6 + s2 s4 c5 s6 ct + s2 c4 s5 s6 ct (5)

r22 = − c2 c6 st + s2 s4 s5 s6 − s2 c4 c5 s6 − c2 s4 c5 s6 ct − c2 c4 s5 s6 ct (6)

r32 = c6 ct − c4 s5 s6 st − s4 c5 s6 st (7)

r13 = c2 c4 s5 + c2 s4 c5 + s2 c4 c5 ct − s2 s4 s5 ct (8)

r23 = s2 c4 s5 + s2 s4 c5 − c2 c4 c5 ct + c2 s4 s5 ct (9)

r33 = s4 s5 st − c4 c5 st (10)

px = k(c2 c4 − s2 s4 ct) + c2 d3 − h s2(1 − ct) + l s2 st (11)

py = k(s2 c4 + c2 s4 ct) + s2 d3 + h c2(1 − ct)− l c2 st (12)

pz = d1 + l ct −(h − k s4) st +v. (13)

In (2)–(13), the compact notation sx = sin(θx) and cx = cos(θx) has been used.

Table 2. Key dimensions of the BBVT.

Description Symbol Value

Horizontal distance from link 3 to link t h 0.488 m
Vertical distance from link 3 to link t v 0.78 m
Trunk length l 3.05225 m
Trunk kink distance k 0.438 m
Gripper length lG 1.845 m

Verification

A kinematic model of the BBVT has been implemented in the MSC Adams 2023.2
simulation software and is used to verify the analytical model. This is done by inputting a
test trajectory to the two models and comparing the resulting predicted gripper TCP path.
The test trajectory consists of the sinusoidal driving of every joint at different frequencies
(Figure 2a). With an overall RMSE of 2.3527 × 10−7 m, the results, shown in Figure 2b–e,
indicate agreement between the gripper path in ADAMS and the analytical model. In
addition, a kinematically accurate down-scaled prototype of the robot has been built.
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Figure 2. Comparison of the predicted gripper TCP path (b–e) between the ADAMS model and the
analytical forward kinematic model for a test trajectory involving every joint (a).

2.2. Inverse Kinematics

For control, and when developing waypoints, it is useful to calculate one or more valid
joint configurations that will result in the BBVT outermost link having a desired spatial
pose relative to the base, defined by the transform 0

6T . While iterative numerical methods
can readily be applied to solve this inverse kinematic problem, an analytical solution can
improve accuracy and give greater insight into the kinematics of the mechanism. With
7 unknown joint variables, the inverse kinematic problem can only be solved analytically
for the BBVT if at least one joint variable is known beforehand.
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Incidentally, the trolley tilting joint is only designed to be active for a limited subset of
the BB handling task, namely engagement and preloading. Beforehand, while approaching
the target BB segment, θt will be set to 0. Afterward, while manipulating the BB segment, it
will be locked to a small angle that is naturally reached at the end of preloading. Under the
simplifying assumptions:

(a) The BB segments are perfectly positioned with no radial tilt;
(b) There are no gaps between the gripper and interface when engaged;
(c) The BB segments and the BBVT links are perfectly rigid;
(d) BBVT joints are perfectly rigid with no backlash.

Then, θt = 0 for the entire task. For simplicity, these assumptions are used later in
this work when developing ideal waypoints for the removal task and calculating static
loads. The inverse kinematics are here solved for the general case of θt ̸= 0 as well as the
special case θt = 0. In the real scenario, the constant but unknown value of θt during BB
manipulation will vary depending on highly uncertain variables such as misalignments,
gaps, and deflections.

A procedure for analytically calculating the values of the unknown joint variables
of the BBVT given a target position of the outermost link in the form of a homogeneous
transformation matrix 0

6T like Equation (1), and assuming that θt is known, is presented in
the following subsections.

2.2.1. Joint 2

Equation (10) is used as a starting point to calculate cos (θ4 + θ5), using the sum of
angles formula: r33 = s4 s5 st − c4 c5 st

= − c45 st
(14)

c45 = − r33

st
(15)

sin (θ4 + θ5) then takes on two possible values:

s45 = ±
√

1 − c2
45 (16)

Next, the sum of angles formulae are used on Equations (8) and (9), and the resulting
system of equations is solved for θ2, with two solutions possible depending on the sign
of s45:

r13 = c2 + s2 ct c45 (17)

r23 = s2 s45 − c2 ct c45 (18)

θ2 = atan2(r13 ct c45 + s45 r23, r13 s45 − ct c45 r23) (19)

2.2.2. Joint 4

Equations (11) and (12) can be set equal by solving for d3, giving

c2
(

py − k(s2 c4 + c2 s4 ct) + g c2
)
= s2(px − k(c2 c4 − s2 s4 ct) + g s2) (20)

where the convenient constant g has been defined:

g ≡ l st −h(1 − ct) (21)

Equation (20) simplifies to:

g
(

s2
2 + c2

2

)
+ py c2 −px s2 = k c4(− s2 c2 + s2 c2) + k s4

(
ct

(
s2

2 + c2
2

))
(22)
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g + py c2 −px s2 = k s4 ct (23)

which can be solved for s4:

s4 =
g + py c2 −px s2

k ct
(24)

Recalling the two solutions for θ2, four solutions are then available for θ4:

c4 = ±
√

1 − s2
4 (25)

θ4 = atan2(s4, c4) (26)

2.2.3. Joint 5

Recalling the availability of two solutions each for s45 and θ4, four solutions are found
for θ5:

θ5 = atan2(s45, c45)− θ4 (27)

2.2.4. Joint 3

Recalling the availability of two solutions each for θ2 and θ4, Equation (11) can be used
to obtain four solutions for d3:

d3 =
px

c2
− k(c4 −t2 s4 ct) + ht2(1 − ct)− lt2 st (28)

where t2 ≡ tan θ2.

2.2.5. Joint 1

Using Equation (13) and the solution for s4 from Equation (24), d1 can be obtained:

d1 = pz − l ct + st(h − k s4)− v (29)

where there are two solutions because s4 depends on θ2, which depends on s45.

2.2.6. Joint 6

Equations (4) and (7) can be rewritten using the sum of angles formulae. The resulting
system of equations can then be solved for θ6, resulting in two solutions corresponding to
those of s45 in Equation (16):

r31 = s6 ct + c4 s5 c6 st + s4 c5 c6 st = s6 ct + c6 st s45 (30)

r32 = c6 ct − c4 s5 s6 st − s4 c5 s6 st = c6 ct − s6 st s45 (31)

θ6 = atan2(r31 ct −r32 st s45, r32 ct +r31 st s45) (32)

2.2.7. Summary, Multiple Solutions, and Unknown θt

To summarize the above developments, Equation (16) results in two solutions for s45,
each of which is associated with a unique solution for d1, θ2, and θ6. Further, each solution
for s45 is associated with a unique pair of solutions for c4, leading to four solutions each
for the joint variables d3, θ4 and θ5, and four overall solutions to the inverse kinematic
problem where θt is known. An example pose with all four IK solutions overlaid is depicted
in Figure 3b. It should be noted that the existence and uniqueness of solutions are not
guaranteed. For example, it is evident that if either θ4 + θ5 = π

2 ± nπ or θ4 = 0 ± nπ, at
most two solutions can be unique.
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(a) (b)

Figure 3. Visualization of (a) all 4 IK solutions for a pose with θt = −0.8◦ and (b) some of the
continuous range of IK solutions for a pose with with θt = 0 (30 shown).

In the case when θt is unknown, a similar approach can be taken, though it requires
predefining the sum θ4 + θ5 (not the individual angles). Then, Equations (15) and (16) can
be modified to instead solve for θt (with two solutions), and the procedure followed from
there. For preloading, it may be more intuitive to define θ2 together with θ4 + θ5 in order to
fully specify the desired tilting axis orientations, as will be described in Section 3.2.1.

2.3. A Special Inverse Kinematic Case

The procedure presented in Section 2.2 fails in the special case of θt = 0, in which
Equation (2) through (13) reduce to

r11 = c2 c4 c5 c6 − c2 s4 s5 c6 − s2 c4 s5 c6 − s2 s4 c5 c6 (33)

r21 = s2 c4 c5 c6 − s2 s4 s5 c6 + c2 c4 s5 c6 + c2 s4 c5 c6 (34)

r31 = s6 (35)

r12 = c2 s4 s5 s6 − c2 c4 c5 s6 + s2 s4 c5 s6 + s2 c4 s5 s6 (36)

r22 = s2 s4 s5 s6 − s2 c4 c5 s6 − c2 s4 c5 s6 − c2 c4 s5 s6 (37)

r32 = c6 (38)

r13 = c2 c4 s5 + c2 s4 c5 + s2 c4 c5 − s2 s4 s5 (39)

r23 = s2 c4 s5 + s2 s4 c5 − c2 c4 c5 + c2 s4 s5 (40)

r33 = 0 (41)

px = (c2 c4 − s2 s4)k + c2 d3 (42)

py = (s2 c4 + c2 s4)k + s2 d3 (43)

pz = d1 + l. (44)

An algebraic approach to finding the constraints on the inverse kinematic solutions
can still be undertaken. Equations (35), (38) and (44) give d1 and θ6 directly:

d1 = pz − l (45)

and
θ6 = atan2(r31, r32). (46)
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Equations (42) and (43) can be rewritten as

p3x ≡ d3 c2 = px + cos (θ2 + θ4 + π)k (47)

p3y ≡ d3 s2 = py + sin (θ2 + θ4 + π)k, (48)

which is the parametric form of the equation of a circle with center
(

px, py
)

and radius k,
and p3x and p3y are the x- and y-coordinates of the trolley link (frame {3}).

Finally, Equations (39) and (40) can be expressed in the form

r13 = sin (θ2 + θ4 + θ5) (49)

−r23 = cos (θ2 + θ4 + θ5), (50)

which leads to a constraint on the sum of the three unknown joint angles:

θ2 + θ4 + θ5 = atan2(r13,−r23). (51)

Thus, the inverse kinematic solutions in the case where θt = 0 are constrained by
Equations (47), (48) and (51). The first two equations constrain the trolley x and y co-
ordinates to lie on a circle centered on the target point, suggesting a convenient parame-
terization of θ2 and d3 using an angle parameter. The third equation constrains the sum
of the vertical joint angles to ensure the correct orientation of the outermost link. As an
example, Figure 3a depicts 30 overlaid inverse kinematic solutions for a pose where θt = 0.
The existence of infinite solutions means that the BBVT mechanism regains its redundant
character in the case when θt is constrained to be 0, as opposed to θt ̸= 0. This will be made
clear in the following subsection regarding the Jacobian matrix.

If either θ5 or θ2 + θ4 is known, then a single inverse kinematic solution can be found
based on the constraints. The same is true if d3 and either θ2 or θ4 is known. If only θ2, d3

or θ4 is known, then two valid solutions can be found. The joint variables d1 and θ6 take on
single values for all solutions according to (45) and (46).

2.4. Jacobian

The Cartesian velocity of the outermost frame can be found by the propagation of
velocity outwards from link to link (see Appendix A for details). Based on this, the analytical
configuration-dependent 6 × 7 Jacobian matrix relating joint velocities and Cartesian end-
effector velocities can be constructed. Although it is too large to reproduce here, the
simplified case where θt = 0 is:

6 Jθt=0 =



s6 k s5 c6 +d3 s45 c6 c45 c6 k s4 s6 −h s6 −l s45 c6 k s5 c6 0 0
c6 −k s5 s6 −d3 s45 s6 − c45 s6 k c6 s4 −h c6 +l s45 s6 −k s5 s6 0 0
0 d3 c45 −k c5 s45 l c4 c5 −l s4 s5 −k c5 0 0
0 s6 0 c45 c6 s6 s6 0
0 c6 0 − c45 s6 c6 c6 0
0 0 0 s45 0 0 1


. (52)

The form of the Jacobian in Equation (52) is useful to calculate the static joint loads

τ =
[
τ1 τ2 τ3 τt τ5 τ6 τ7

]⊤
at the joint configuration Θθt=0 due to the external

force F and moment n loads on the last link 6F 6 =
[

6F⊤
6

6n⊤
6

]⊤
, based on the relationship

τ = J(Θ)⊤F . (53)
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When the trolley tilting joint is considered locked (immobile and incapable of pro-
ducing torque), the fourth column should be omitted from Equation (52). The resulting
6 × 6 Jacobian is singular with Θθt=0. When rotated to align with frame {5}, the fourth row
becomes all zeros and can also be removed to recover a full-rank, non-square matrix. This
reflects the reduction in both mechanism DoF and task-space DoF when θt is locked to 0,
ensuring redundancy is maintained from the unlocked mechanism.

A singularity exists when θt = 0 and θ4 + θ5 = π
2 ± nπ. In such configurations, the

two tilting joint axes (θt and θ6) become parallel. This must be taken into account when
performing calculations with the Jacobian, although the singularity is not likely to be
approached during normal operation of the BBVT because the designed use-case of the
two tilting joints is to supply perpendicular moments.

2.5. Comparison to Numerical Solvers

The IK algorithms for when θt ̸= 0 and θt = 0, described in Section 2.2 and Section 2.3
respectively, are implemented in Matlab. Their performance is compared to three nu-
merical inverse kinematics solvers available in Matlab Robotics Toolbox R2025b: BFGS, a
gradient projection-based algorithm [38], LM, a damped pseudoinverse algorithm [39], and
fminconsqp, a quadratic programming-based algorithm [40]. Although various constraints
such as joint limits can be used with these solvers, none are used here in order to have a
level comparison (for the analytical solvers, joint limits could be simply applied by filtering
the solutions). Each method is applied to the same set of 1000 random valid transporter
poses, with each solution timed using the tic and toc functions. For the numerical solvers,
the home configuration is used as an initial guess, and the default solution tolerances and
other solver options are used. The code is run on a laptop with an i7-1165G7 processor and
16 GB of memory.

The statistical summary of the results is given in Table 3. The analytical algorithms are
53× to 84× faster on average than the fastest numerical solver (BFGS) in the test. The other
two numerical solvers perform worse, with less than 100% success rate and slower times.
Also, whereas the numerical solvers always yield a single solution, the analytical algorithms
give all four solutions when θt ̸= 0 or arbitrarily many (in the test case, 100) solutions when
θt = 0. On the other hand, the analytical algorithm always requires specifying θt in order
function, while the numerical solvers can succeed when θt is unknown or unspecified. It is
also likely that the solvers, especially LM, would perform better with more accurate initial
guesses—however, a strength of the analytical solutions is the lack of need for such guesses.

Table 3. Comparison of the analytical IK algorithms to numerical IK solvers in Matlab, applied to a
set of 1000 random valid poses. In the case where θt = 0, the degree of freedom is removed from the
BBVT kinematic model, leading to a slight improvement of the analytical solvers’ performance.

Algorithm
θt ̸= 0 θt = 0

Mean Time (ms) Succ. Rate Num. Sols. Mean Time (ms) Succ. Rate Num. Sols.

Analytical 0.0863 100% 4 0.0284 100% 100
BFGS 4.55 100% 1 2.38 100% 1
LM 113 88.1% 1 115 96.7% 1
fminconsqp 9.17 96.1% 1 5.76 100% 1

3. Motion Planning
A closely linked problem to that of inverse kinematics is motion planning. Au-

tonomous robots in unstructured environments particularly require algorithms that can
generate appropriate motions between starting and goal poses subject to dynamic task-
relevant constraints such as collision avoidance. Perhaps the most widespread approach is
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the class of probabilistic sampling-based algorithms typified by rapidly-exploring rapid
trees (RRT) [41]. Other approaches include artificial potential fields (APF) and evolutionary
algorithms [42,43], and, increasingly, AI-based task and motion planning (TAMP) [44], po-
tentially augmented by emerging technologies such as vision-language models (VLMs) [45].
While such planning algorithms will likely be useful to robustly handle mechanical and
sensing uncertainties in the BB maintenance task, the ideal task environment is highly
structured such that dynamic planning is unnecessary. Therefore, as a first-order veri-
fication of the BBVT’s suitability to the task, a largely manual approach is taken in this
work, based on the analytical kinematics. This begins with an analysis of the grasping
workspace, followed by the creation of detailed waypoints. Collisions are checked using
built-in Matlab capabilities, and considerations are made as to how static joint loads can be
reduced in critical task poses.

3.1. Grasping Workspace

The standardized grasping interface on the exposed top of each BB segment enforces
an ideal vertical grasping pose such that the corresponding BBVT joint configuration has
θt = 0 and θt = 6. Viewed from above, the vertical dimension corresponding to the elevator
position d1 collapses. The remaining joint variables θ2, d3, θ4 and θ5 and their limits define
a planar workspace that constrains the reachable grasps and within which every point is
reachable with arbitrary gripper orientation about the vertical axis. Figure 4 depicts this
planar workspace overlaid on the BB segments as seen from the upper port, confirming
their reachability with the current BBVT design and BB segment grasping interface layout,
though the two outboard lateral segments are critically close to the workspace boundary.
Figure 4 also displays the x–y location of each BB segment’s center of mass, confirming
the off-center grasping locations that precipitate large moments for the BBVT to overcome
during preloading and manipulation.

OM

OR

OL

IR

IL

Figure 4. Grasping workspace of the BB vertical transporter within the upper port, viewed from
above. BB segments are labeled according to their shorthand names, OM: outboard middle, OR:
outboard right, OL: outboard left, IR: inboard right, and IL: inboard left.

3.2. Waypoints

A first step towards detailed motion planning for the BB segment replacement tasks
is to choose collision-free waypoints that can generate collision-free trajectories when
interpolated by polynomials or other functions in joint space. This is done by first using
the available CAD models to position the BB segments within the vacuum vessel, upper
port, and cask. Then, the inverse kinematic solution procedures in Section 2.2 can be
used to calculate joint-space waypoints based on these desired BB segment (and hence
end-effector) poses.
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Special attention must be paid to the grasping and preloading pose Ti dictated by
the grasping interface of the target BB segment, as well as the final pose Tc with the
BBVT holding the segment in the cask. The former partially determines the peak static
joints loads, while the latter can be chosen to minimize medium-term holding loads and
balance the BB segment center of mass inside the cask to reduce dynamic loads on the cask
transport system.

3.2.1. BB Segment Grasping Pose

As can be seen in Figure 5a, the standardized BB segment interface has a major and
minor axis. The BB segment frame {I} is centered on the interface, with xI along the
major axis and yI along the minor such that {I} and the BBVT gripper TCP frame {G}
are coincident and aligned when the segment is grasped. For the mounted BB segment,
the interface major axis forms an angle ϕ with the global x-axis. This interface angle
ϕ influences the BBVT joint loads during segment preloading and manipulation. For
simplicity, preloading requires that the axes of the BBVT’s two “tilting” joints (θt and θ6) be
perpendicular. The θ6-axis is mechanically constrained to be parallel with the minor axis of
the interface, so the θt-axis must be parallel with the interface major axis for preloading. It
can be shown that the angle that the axis of θt makes with the global x-axis is precisely θ2, so
θ2 = ϕ and thus ϕ, once chosen, must adhere to the joint limits of θ2 (±8.12◦). The constraint
on θ2 then leads to there being only two IK solutions for the grasping and preloading pose
TI once ϕ is known together with the interface location. In practice, one IK solution is
outside the reachable workspace, so the joint configuration is fully determined for every
BB segment.

(b) OR
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Figure 5. Loads on the trolley tilting and gripper tilting joints when holding each of the lateral BB
segments in the initial position, as a function of the interface angle ϕ.

The inverse kinematics solution from Section 2.3 together with Equation (53) are used
to calculate the joint loads for different choices of ϕ; these are shown in Figure 5b–e. Only a
narrow range of ϕ are acceptable for the outboard segments. Also, for both inboard and
outboard segments, the dominant tilting joint load is minimized by choosing ϕ close to
the joint limits. Thus, a reasonable choice is to use a unified value of ϕ = ±7.8◦ for all the
BB segments, as this is near to the middle of the narrow range of acceptable values for the
outboard segments, and nearly minimizes the gripper tilting joint load when preloading
the inboard segments.
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3.2.2. Pose with BB Segment in Cask

The BB segment must be held securely inside the cask over a medium timeframe as the
cask is transported to the active maintenance facility. Static joint loads should be minimized
for this pose Tc. In addition, the BB segment’s center of mass should be centered in the cask
to increase stability and reduce dynamic moments affecting the cask transport system.

The static moment on the gripper tilting joint can be minimized by choosing a joint
angle θ6 that minimizes the horizontal distance from the held BB segment center of mass to
frame {6}. If 6xc and 6yc are the x and y coordinates in frame {6} of the BB segment center
of mass when holding the segment, then the optimal holding angle is θ6 = arctan

(6xc/ 6yc
)
.

This gives −2.92◦ for the outboard middle segment, −1.45◦ for the outboard lateral seg-
ments, and −12.49◦ for the inboard segments. As the inboard segments’ optimal holding
angle exceeds the joint limits, θ6 = −8◦ is used.

The cask profile is trapezoidal, with the x and y coordinates of the geometric centroid
relative to the base frame given by:

C =

(
(2a + b)(2hc)

3(a + b)
− xh, 0

)
(54)

where a = 1.4 m, b = 4.5 m, hc = 7.1 m, and xh = 0.555 m. Thus, the position of Tc

is constrained.

3.2.3. Intermediate Poses, Summary and Duration Estimate

The remaining poses are defined based on fulfilling the manipulation of the BB seg-
ment to or from the cask while avoiding collisions in the limited space within the vacuum
vessel and upper port based on preliminary CAD geometry for a DEMO tokamak. The
ordered list of chosen gripper TCP poses for the removal of each BB segment is summarized
in Table 4 using transformation matrices. The removal order is outboard middle, outboard
left, outboard right, inboard right, and inboard left. The resulting joint-space waypoints
after solving the inverse kinematics of the outboard and inboard right segments are summa-
rized in Figure 6. Finally, the 10 waypoints for removal of the outboard right BB segment
are visualized in Figure 7. All waypoints have been checked for collision between the held
BB segment and the upper port and cask using Matlab Robotics System Toolbox’s voxelized
hierarchical approximate convex decomposition (VHACD) collision solver together with a
URDF model of the BBVT, BB, and environment.

The BBVT has been designed to move slowly for safety. A very rough estimate of the
time required for BB handling can be made based on the number of waypoints, assuming
the average duration of each trajectory part between waypoints is 10 min. Then, the total
BB handling time required for the removal and replacement of blankets from all 16 tokamak
sectors is on the order of (2)(16)(10 min)(8 + 9 + 9 + 7 + 6)/(1440 min/day) ≈ 9 days.
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Figure 6. Joint-space waypoints for outboard and inboard right BB segment removal. Joint positions
have been normalized with respect to their limits; see Table 1.
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(a) Waypoint 0 (b) Waypoint 1 (c) Waypoint 2 (d) Waypoint 3 (e) Waypoint 4

(f) Waypoint 5 (g) Waypoint 6 (h) Waypoint 7 (i) Waypoint 8 (j) Waypoint 9

Figure 7. Visualization of the handling waypoints for the outboard right BB segment.

Table 4. The handling waypoint poses of each BB segment. Each is a homogeneous transformation
matrix Twpi defining the gripper TCP pose relative to the global frame. The poses are calculated with
reference to known poses Thome, Ti (the ungrasped BB segment interface), and Tc (the holding pose in
the cask) and previous waypoint poses. TP(x, y, z) are transformation matrices from translations (in
meters), and TR(θz, θy, θx) from Euler angles (in degrees). Post-multiplication modifies the pose in
the local frame while pre-multiplication modifies the pose in the global frame.

Waypoint Middle BB Segment Left BB Segments Right BB Segments

O
ut

bo
ar

d
B

B
se

gm
en

ts Twp0 Thome Thome Thome
Twp1 TP(0, 0,−1)Ti,OM TP(0, 0,−1)Ti,OL TP(0, 0,−1)Ti,OR
Twp2 Ti,OM Ti,OL Ti,OR
Twp3 TP(0, 0,−0.12)Twp2 TP(0, 0,−0.12)Twp2 TP(0, 0,−0.12)Twp2
Twp4 Twp3TP(−0.1, 0, 0.12)TR(0,−6, 0) Twp3TP(−0.1, 0, 0.12)TR(0,−6, 0) Twp3TP(−0.1, 0, 0.12)TR(0,−6, 0)
Twp5 TP(0, 0,−8)Twp4 Twp4TP(−0.15,−1.2, 0) Twp4TP(−0.15, 1.2, 0)
Twp6 TP(−1, 0, 0)Twp5TR(0, 14, 0) TP(0, 0,−8)Twp5 TP(0, 0,−8)Twp5
Twp7 TP(0, 0,−7)Twp6 Twp6TR(0, 6, 0)TP(−1.1, 0, 0)TR(0, 8, 0) Twp6TR(0, 6, 0)TP(−1.1, 0, 0)TR(0, 8, 0)
Twp8 Tc,OM TP(0, 0,−7)Twp7 TP(0, 0,−7)Twp7
Twp9 – Tc,OL Tc,OR
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Table 4. Cont.

Waypoint Middle BB Segment Left BB Segments Right BB Segments

In
bo

ar
d

B
B

se
gm

en
ts Twp0

(No such BB segment)

Thome Thome
Twp1 TP(0, 0,−1)Ti,IL TP(0, 0,−1)Ti,IR
Twp2 Ti,IL Ti,IR
Twp3 TP(0, 0,−0.02)Twp2 TP(0, 0,−0.02)Twp2
Twp4 Twp3TP(0, 0, 0.2)TR(0, 6, 0) Twp3TP(0, 0, 0.2)TR(0, 6, 0)
Twp5 Twp4TR(0,−6, 0)TP(2.2, 0, 1.8) Twp4TR(0,−6, 0)TP(2.2, 0, 1.6)
Twp6 TP(0,−0.8, 0)Twp5 TP(0.27, 0.96, 0)Twp5
Twp7 Tc,IL TP(1.5, 0,−2)Twp6
Twp8 – Tc,IR

3.3. Static Loads

The static loads at the BBVT joints have been calculated for each of the waypoints.
Due to the design of the BBVT, the joint 2 and 3 actuators do not experience any direct static
loads. Joints 4 and 5 likewise do not experience any static loads when θt = 0, as assumed
in the simplified case. As the elevator is modeled as a single vertical prismatic joint, the
static load it experiences (the total load on all the chains) is simply the BB segment weight
regardless of the BBVT configuration.

Thus, only the two tilting joints experience varying static loads based on the BBVT
configuration at each waypoint. These are shown in Figure 8. The results indicate that
the initial lifting (waypoint 2 for all segments) generally represents the worst load case,
especially for the trolley tilting joint.
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(a) Trolley tilting joint static load
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(b) Gripper tilting joint static load
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Figure 8. Configuration -dependent static load on each tilting joint for all waypoints and BB segments.

4. Conclusions
Vertical breeding blanket maintenance in a DEMO-type tokamak power plant requires

the careful design and application of a heavy-duty and dexterous robotic remote han-
dling tool such as the 7-jointed BBVT. Accurate and precise control are required at every
stage of the BB maintenance task to avoid collisions and ensure safety despite mechanical
and environmental disturbances. The redundant nature of the BBVT mechanism allows
operational flexibility due to the availability of infinite inverse kinematic solutions, yet
redundancy resolution is challenging in itself. Numerical inverse kinematics algorithms
are generally used that can iteratively approximate a single solution while optimizing
and satisfying additional criteria and constraints. On the other hand, analytical solutions
are more accurate, tend to be faster, and bypass classic numerical weaknesses such as
ill-conditioning of the constraint Jacobian near kinematic singularities.

In this work, an analytical kinematic model of the BBVT was formulated and verified
by comparison to numerical results from MSC Adams. Based on the model, the inverse
kinematic problem was solved analytically for cases relevant to the BB handling task, in
which the position of the trolley tilting joint is expected to always be fixed or prescribed.
Two kinematically distinct scenarios were thus analyzed: when the trolley tilting joint
variable θt is non-zero and when it is zero. In the former case, the BBVT loses its redundant
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character and the number of IK solutions becomes four or less. In the latter case, redundancy
is maintained but the range of IK solutions can be parameterized in terms of the trolley’s
angular position on a circle in space. Although numerical algorithms remain necessary
if θt is free and unknown, the developed analytical IK algorithm for θt ̸= 0 was found
to be 53× faster than the next-fastest numerical IK algorithm in Matlab (BFGS) while the
algorithm for θt = 0 was 84× faster. In both cases, the analytical algorithms provided
several precise solutions rather than one approximation.

As part of the kinematic analysis, the geometric Jacobian was also obtained in forms
for when θt is unknown, fixed, and zero, allowing for the convenient calculation of
configuration-dependent static joint loads. Indeed, this work next applied the IK algorithms
and Jacobian to create detailed collision-free waypoints achieving the BB segment removal
tasks while minimizing static loads for the crucial grasping and cask-holding poses. The
lack of collisions was checked using VHACD in Matlab. Finally, a first approximation of
the total BB handling time for the maintenance task was calculated as 9 days.

The kinematic model, high-performance analytical inverse kinematic algorithms, and
statics-based motion planning presented in this work support the feasibility of the BBVT
for the BB maintenance task and create a strong foundation for future work. The proposed
waypoints can be used for complete trajectory generation, while the kinematic model forms
a basis for future dynamic modelling and model-based real-time control development. The
kinematic modelling must also be extended to cover the complex joint sub-mechanisms
and structures, and sources of flexibility and backlash should be investigated to enable
modelling and verifying the preloading process in detail. Finally, work is ongoing to further
validate models and results with physical prototypes.
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Appendix A. Velocity Propagation and Jacobian
The instantaneous rigid propagation of the three-element angular and linear velocity

vectors ω and v from link i to link i + 1 can be stated as:

ωi+1 = i+1
iRωi +

 0
0

θ̇i+1

 (A1)

vi+1 = i+1
iR

(
vi + ωi × iPi+1

)
(A2)

when the two links are connected by a revolute joint, or as

ωi+1 = i+1
iRωi (A3)
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vi+1 = i+1
iR

(
vi + ωi × iPi+1

)
+

 0
0

ḋi+1

 (A4)

when the two links are connected by a prismatic joint [25]. Here, R is a 3× 3 rlegendsotation
matrix defining the relative link frame orientation and P is a three-element vector defining
the relative link frame position. The resulting velocity of each link is expressed relative to
its own frame. By applying these equations iteratively outwards from the first link (i = 1)
to the final link while assuming a stationary global frame (a.k.a. base link, i = 0), the
angular and linear velocities of the end effector relative to the outermost frame link (i = 6
for the BBVT) can be found. The resulting six equations can be stated in matrix form:[

v6

ω6

]
= 6 J6

[
ḋ1 θ̇2 ḋ3 θ̇t θ̇4 θ̇5 θ̇6

]⊤
= 6 J6Θ̇, (A5)

where 6 J6 is the 6 × 7 Jacobian matrix expressed relative to the frame of link 6. It is too
unwieldy to write directly in its analytical form. However, it happens that the equations for
the end effector velocity, and thereby the Jacobian, simplify significantly when expressed
relative to the frame of link 5 instead of link 6, as the dependence on θ6 vanishes. The
rotation of the velocity equations and Jacobian can be achieved as so:[

5
6R 0
0 5

6R

][
v6

ω6

]
=

[
5
6R 0
0 5

6R

]
6 J6Θ̇ (A6)[

5v6
5ω6

]
= 5 J6Θ̇, (A7)

where the rotation matrix 5
6R has the following form according to the kinematic model

established by the D-H parameters:

5
6R = 6

5R⊤ =

c6 − s 6 0
0 0 −1

s 6 c6 0

 (A8)

The Jacobian matrix 5 J6 of Equation (A7) can then be written as:

5 J6 =



s45 st k s5 ct +l c45 st +d3 s45 ct −h c45(1 − ct) c45 −l s45 k s5 0 0
c45 st k c5 ct −l s45 st +d3 c45 ct +h s45(1 − ct) − s45 −l c45 k c5 0 0

ct − st (d3 + k c4) 0 k s4 −h 0 0 0
0 s45 st 0 c45 0 0 0
0 c45 st 0 − s45 0 0 −1
0 ct 0 0 1 1 0


, (A9)

in which the fourth column should be removed if the trolley tilting joint is considered
passive and immobile, obtaining a full-rank, square matrix.
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