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Kinematic Design Method for
Rail-Guided Robotic Arms
For special purpose robotic arms, such as a rail mounted ballast-water tank inspection
arm, specific needs require special designs. Currently, there is no method to efficiently
design robotic arms that can handle not quantifiable requirements. In this paper, an effi-
cient method for the design and evaluation of the kinematics of manipulator arms on
mobile platforms, with certain reach requirements within a limited space, is presented.
First, the design space for kinematic arm structures is analyzed and narrowed down by a
set of design rules. Second, key test locations in the workspace are determined and
reduced based on, for example, relative positions and symmetry. Third, an algorithm is
made to solve the inverse kinematics problem in an iterative way, using a virtual elastic
wrench on the end effector to control the candidate structure toward its desired pose. The
algorithm evaluates the remaining candidate manipulator structures for every required
end-effector positions in the reduced set. This method strongly reduces the search space
with respect to brute force methods and yields a design that is guaranteed to meet specifi-
cations. This method is applied to the use case of a rail-guided robot for ballast-water
tank inspection. The resulting manipulator design has been built and the proof of concept
has been successfully evaluated in a ballast-water tank replica.
[DOI: 10.1115/1.4035187]

1 Introduction

There is no straightforward method to design the kinematic
structure of a manipulator arm. For certain manipulators, gener-
ally with a few degrees-of-freedom (DOF), the structure becomes
obvious; for example, a gantry or a xy table. However, when the
task space becomes more complicated, more degrees-of-freedom
are required. Since the number of possible structures increases
exponentially with the number of joints, heuristic methods or
strongly reduced sets are used to generate and evaluate designs.
For known static environments, there are some practical guide-
lines to design manipulators.

However, when the environments become more complicated,
these methods cannot guarantee that all required end-effector
poses are achievable. Adding redundancy to the manipulator arm
by increasing the number of joins might help, but then the ques-
tion arises of where to add these. Such choices are usually made
by a human designer, relying on insights and experience. Inspira-
tion can also be drawn from nature, but this too is a trial-and-error
process that relies on a human designer identifying and translating
the biological design to a robotic design.

Available robotic arms do not meet the requirements for the
purpose in mind. For example, the KUKA lightweight robot [1]
and the UR5 from Universal Robotics [2] have separate control
boxes and too much mass. The Robolink from Igus [3] is a cable-
driven robot arm with a maximum of 5DOF. The pneumatic
Bionic Handling Assistant from Festo [4], inspired on an ele-
phant’s trunk, is not suitable put on a rail inside ballast water
tanks (BWTs) and the dimensions of the JACO2 from Kinova [5]
do not answer the requirements of the use case. For special

purpose, manipulator arms such as a ballast water tank custom-
tailored designs are required. Additionally, an efficient method to
determine the kinematic structure for the robotic arm, so that it is
guaranteed to fulfill the requirements, seems nonexistent. Several
papers focus on the shape and volume of the workspace, [6,7],
limit themselves to three revolute joints, [8,9] or give some gen-
eral considerations on the design of robot manipulators, [10,11].

Therefore, a novel method to generate and evaluate kinematic
structures was created, resulting in a kinematic structure that is
guaranteed to reach the required end-effector poses. This paper
describes the generic structured method for designing and evaluat-
ing the kinematic structure of robotic manipulator arms and
applies this method to a specific use case to illustrate its merits.

1.1 Outline. In Sec. 2, the method is presented. First, the
kinematic modeling of a manipulator arm is explained. Thereafter,
candidate manipulator structures and the workspace will be ana-
lyzed, followed by reduction of the number of test locations by
utilizing symmetry. Finally, the algorithm used to evaluate the
candidate manipulator structures is described. This method is
applied to the use case scenario of a ballast water tank inspection
robot in Sec. 3. Section 4 presents the simulation results and Sec.
5, a hardware proof of principle of the method applied to this use
case. The method is evaluated in Sec. 6 and in Sec. 7, conclusions
are drawn.

2 Method

In this section, the proposed method for designing the kine-
matic structure is presented. The main idea behind this method is
to cleverly generate a subset of candidate kinematic structures that
are evaluated against a subset of manipulator end-effector poses.
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In contrast with conventional workspace analysis, the orientation
of the end effector is taken into account.

The number of candidate structures becomes very large and
explodes when the degrees-of-freedom increase. By analyzing
possible structures, so-called design rules can be distilled that sig-
nificantly reduce the set of candidate structures. For example, two
adjacent rotational joints with the collinear rotation axes result in
a permanent singular Jacobian. The same strategy can be applied
to test poses, or end-effector position and orientation. Especially
for a rail-guided robot, the set of test poses can be shrunk
drastically.

A kinematic model is constructed that can be adapted to the
specific candidate structure to be tested. Using this model, an
algorithm has been developed to evaluate if the candidate struc-
tures can reach the required poses in a systematic way. Since there
is generally no closed form solution [12,13], that proves that with
a certain structure a pose is reachable or not, the algorithm itera-
tively tries to reach the final pose within certain limits by means
of a virtual spatial spring, an “elastic wrench,” between the end
effector and the desired pose. The standard Jacobian transpose
technique [14], which provides inherent singularity handling capa-
bilities, is implemented to calculate the joint torques from the
elastic wrench.

2.1 Kinematic Model. The candidate manipulators are mod-
eled as serial kinematic chains. The homogenous matrix H

j
i is a

general coordinate change from a point in frame Wj to frame Wi

H
j
i ¼

R
j
i p

j
i

0 1

 !
(1)

with rotation matrix R
j
i, and p

j
i the coordinates of the origin of Wj

expressed in Wi. This homogenous matrix describes the relative
configuration of body j with respect to body i. For a serial kine-
matic chain, these relative configurations can be used to get the
configuration of the end effector with respect to the inertial frame
W0 using the chain rule

H0
n qð Þ ¼ H0

1 q1ð ÞH1
2 q2ð Þ � � �Hn�1

n qnð Þ (2)

where qi denotes the joint variable and q :¼ q1 � � � qnð ÞT 2 <n�1.
Twists, T � se(3), are the generalization of velocities for rigid

bodies. Geometrically, they are elements of the Lie algebra se(3)
associated to the Lie group SE(3). The twists are a description
independent of the configuration, H, and have a pure geometrical
interpretation. By applying Mozzi’s theorem, any rigid body
motion can be expressed as a rotation around an axis and a transla-
tion along the same axis. Therefore, any twist can be written as

T ¼ x
v

� �
¼ x

r � x

� �
|fflfflffl{zfflfflffl}

rotation

þ k 0

x

� �
|fflffl{zfflffl}

translation

(3)

where

r ¼ x � v

kxk2
and k ¼ xTv

kxk2
(4)

It can be proven that end-effector twist is the sum of the relative
twists, i.e., the contributions of the joints

T0;0
n ¼ T

0;0
1 þ T

0;1
2 þ � � � þ T0;n�1

n (5)

In order to describe the kinematics of a rigid robot or a generic
rigid mechanism, we need to treat the connection between bodies.
This connection is characterized by kinematic pairs or joints. A

1DOF kinematic pair or joint constraints the relative motion of
two objects with a unique twist

T
i;i�1
i ¼ T̂

i;i�1

i _qi (6)

where T̂
i;i�1

i is a constant unit twist. Using Eqs. (5) and (6) and
the following notations:

Ti :¼ T̂
0;i�1

i ¼ AdH0
i
T̂

i;i�1

i

J qð Þ ¼ T1 T2 � � � Tn

� �
the end-effector twist can be described as

T0;0
n ¼ J qð Þ _q (7)

where J(q) denotes the geometric Jacobian, the columns of the
Jacobian are the unit twists expressed in frame W0. The ith column
corresponds to the end-effector twist resulting from a unit angular
velocity at joint i while the others are fixed. The dual space of
twist is the space of wrenches, W � se*(3), a six-dimensional gen-
eralization of forces and velocities. By power continuity,
WT ¼ s _q, it can be seen that the joint torques, s, can be calcu-
lated with

sT ¼ JT qð Þ W0;nð ÞT (8)

More information about geometric modeling of robots can be
found in Refs. [13], [15], and [16].

2.2 Scenario Simplification. Usually, the workspace of a
robotic arm is expressed with respect to a fixed base. For a rail-
mounted system, the reachable workspace is more complicated as
the base is able to move along a rail track. It is useful to simplify
this scenario. A scenario consists of a set of desired end-effector
poses and a rail system on which the base of the robot can position
itself. Certain aspects of the scenario can be exploited to obtain a
model that is simple yet sufficient. For example, the rail can be

Fig. 1 Evaluation algorithm for test locations given the manip-
ulator structure
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installed such that it is parallel to large sections of the walls. It is
then possible to define a limited set of target poses for the end
effector, which need to be evaluated for reachability.

It is essential to realize that only the relative position and orien-
tation from the base of the manipulator to the required end-
effector pose are relevant. Therefore, by identifying the required
end-effector positions and choosing base positions, a finite set of
relative poses is obtained that should be reachable.

2.3 Algorithm. The algorithm tries to find the inverse kine-
matics solution for a given manipulator and test location. In gen-
eral, there is no closed-form solution; there could be one infinite
or no solutions at all. Therefore, an algorithm is developed to iter-
ate toward the desired pose, if possible. In Fig. 1, the flowchart
that clarifies how the algorithm tries to solve the inverse kinematic
problem for a particular test location and manipulator is presented.
The algorithm repeats this for every test location for every manip-
ulator structure provided and generates a report on the perform-
ance of the structures.

First, the algorithm loads the first manipulator structure, initial
configuration, and the first test location. Then the end-effector
pose is calculated, using forward kinematics, and its relative con-
figuration with respect to the desired pose, He

d , is calculated using

He
d ¼ He

0H0
d ¼ H0

e

� ��1
H0

d ¼
Re

d pe
d

0 1

� �
(9)

H0
e

� ��1 ¼ R0
e

� �T � R0
e

� �
p0

e

0 1

 !
(10)

with the relative rotation matrix Re
d and the distance, expressed in

end-effector coordinates, pe
d . When the end-effector pose is at its

desired pose, He
d ¼ I4 holds.

To move the end effector toward the desired pose, a virtual spa-
tial spring is connected between them. A difference between the
end effector and the desired poses is translated by this spring to an
elastic wrench acting on the end effector.

Based on previous work of Fasse and Broenink [17], Strami-
gioli [15] presented a completely coordinate-free formulation of a
geometric spring connection between two rigid bodies. Instead of
connecting a spatial compliance between two rigid bodies, in the
proposed algorithm, it is connected between the end effector and
the desired end pose. In other words, the rigid body of the desired
location could be considered to be connected to the fixed world.
The wrench acting on the end effector, expressed in end-effector
coordinates, resulting from the relative configuration and the geo-
metric spring can be calculated using

We He
d

� �
¼ með ÞT feð ÞT
� �

(11)

~me ¼ �2as GoRd
e

� �
� as GtR

e
d ~pd

e ~pd
e Rd

e

� �
�2as Gc~p j

eRd
e

� � (12)

~f
e ¼ �Re

das Gt~p
d
e

� �
Rd

e � as GtR
e
d ~pd

e Rd
e

� �
�2as GcRd

e

� � (13)

where as(A) denotes the antisymmetric part of a square matrix A,
as Að Þ :¼ 1

2

� �
A� ATð Þ and the so-called co-stiffness, Fasse and

Broenink [17], Gx ¼ 1=2ð Þtrace Kxð ÞI�Kx, with x¼ o, t, c for
the orientation, translational, and the coupling terms. Furthermore,
the tilde operator defines the following one-to-one relation
between a point and a mapping of points:

x ¼
x1

x2

x3

0
@

1
A() ~x ¼

0 �x3 x2

x3 0 �x1

�x2 x1 0

0
@

1
A (14)

The joint torques required to mimic this virtual stiffness are calcu-
lated using the standard Jacobian transpose technique, Eq. (8)

sT ¼ JTAdT
He

0
Weð ÞT (15)

with the manipulators Jacobian, J, and the adjoint transformation,
AdHe

0
, expressing the end-effector wrench, W

e, in the inertial
frame. This joint torque is set proportional, j, to the increase in
joint angle used to update the kinematic structure

qnew ¼ qþ Dq ¼ qþ jsT (16)

These new joint angles determine the new configuration of the
manipulator and are used to calculate the relative configuration
again. Before the next iteration step starts, the algorithm performs
some evaluations on this step. If the end-effector pose is within
the predefined margin of the desired pose, the algorithm labels
this test location “success” and moves on to the next test location.
On the other hand, if the maximum number of iterations is
exceeded or the method is making insufficient progress, max(Dq)
is below the threshold, the algorithm labels this test location
“failure” and moves on to the next test location. Otherwise, the
next iteration step is performed.

When all test locations are evaluated, the algorithm proceeds
with the next candidate manipulator structure until all manipula-
tors are evaluated.

For evaluation purposes, additional data are stored for all
manipulators and their test locations. For example, the joint angles
to visualize the manipulator and the Jacobian are useful to deter-
mine the manipulability measure.

3 Implementation

The method described in Sec. 2 is applied to a use case of the
design of a manipulator arm for a ballast water tank inspection robot.

3.1 Use Case Scenario: Ballast Water Tank Inspection.
Large ships are equipped with ballast water tanks (BWTs), which
can be filled in order to increase their stability and to balance
ships while, for example, cargo is being unloaded. For obvious
reasons, frequent inspection, cleaning, and repairing of coating
are required [18]. Up to now, ship owners are obliged to send their
ships to dry docks for maintenance, causing the ship to be out of
service temporary, which incurs significant costs for owners.

Due to the complex structure of the tanks and additional
obstacles such as pipes, stairs, and manholes, it is difficult to auto-
mate the maintenance of BWTs. In previous studies, Christensen
et al. [19,20] showed that a rail-guided robotic system has the
greatest potential.

Fig. 2 Two-stage arm concept, with a magnet as intermediate
end effector, latching to a wall. Only the large-stroke arm is con-
sidered in this study.
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For the inspection of BWTs, some contact measurements, such
as the dry-film thickness, are required [18,21]. Therefore, the
robot should be equipped with a robotic manipulator arm, which
can take the required measurements at the interior walls. Borger-
ink et al. [22] indicated that a single manipulator arm practically
will not meet the requirements due to the compliance of the pro-
posed rail. A dual stage configuration solves the precision issue of
the main arm, see Fig. 2. The large-stroke arm fixes the base of a
second arm to the interior wall. The positioning accuracy is
ensured by this second arm, relaxing the demands for the large-
stroke manipulator arm whose kinematic design is the use case for
the presented design method.

3.1.1 Requirements. The requirements for the large-stroke
manipulator arm have both a quantifiable and a descriptive nature.
For example, the manipulator should be lightweight, reach all
“test locations” on the interior walls, and be able to fold to a mini-
mal volume, since it should pass the manholes. The dual-stage
concept relaxes the positioning accuracy requirement for the
large-stroke arm. Important is that the base of the second manipu-
lator, a permanent electromagnet, is placed perpendicular to the
wall; a misalignment up to 5 deg is considered acceptable. The
first joint of the second stage is collinear with the magnet. There-
fore, the angle of the end effector about the perpendicular axis is
indifferent. The reach of the short-stroke arm is �10 cm and a
magnet positioning accuracy of 5 mm is considered sufficient.

Since the orientation of the magnet around its longitudinal axis
is indifferent, a minimal of 5DOFs are required. In order to avoid
obstacles, like pipes and the rail itself, some redundancy is
required. Therefore, a 6DOF manipulator will be designed and
evaluated.

3.1.2 Scenario Simplification. The scenario is given by an
experimental tank, whose dimensions are known from computer-
aided design (CAD). A modular rail system is installed inside the
tank. The process of mapping coordinates of the experimental
tank to relative locations is explained on the basis of an example.
Figure 3 shows a section view of the experimental tank with two
arbitrary starting positions on the rail in different compartments.
The end effector must be able to reach test locations 1–6 while at
root location A, and tank locations 7–9 while at B. When all tank
locations are expressed in the frame of their respective root loca-
tion, see Fig. 3(a), the required relative poses are obtained. Note
that the orientation of root location B differs from A. The coordi-
nates of the corners are obtained from the CAD drawings of the
tank. The required pose of the intermediate end effector is
obtained using the coordinates of the corner, the direction of the

surface normal, and an offset distance of the corner. The short-
stroke arm is considered to have a workspace with a radius of
100 mm; this distance will be used as the offset. The manipulator
base pose is obtained from the CAD model; the position on the
rail is such that the distance to the test location is minimized and
orientation is defined by the location on the rail. From the experi-
mental tank, a set of 303 relative poses is obtained. Many of the
poses are similar due to the repetitive geometry of the BWT.
When two poses are within an empirically established margin of 4
mm and 1 deg from each other, they are considered one and the
other is removed from the set. The remaining set of 169 relative
poses will be used as the minimal performance criterion for the
kinematic structure. Figure 4 indicates the reduced set of test loca-
tions for the test tank.

3.1.3 Manipulator Candidate Structures. The kinematic
structure of a manipulator is basically a chain of alternating link
and joint elements. The shortest distance between two points is a
straight line. Therefore, the structure of the manipulator is chosen
such that the manipulator approaches a straight line when it is
stretched, minimizing the required material and thereby its
weight. Due to the actuators in mind and the mechanical connec-
tions, it has been decided to restrict the joints to axial axis,
“A-joints,” joints perpendicular to the axial axis, “P-joints,” and
“X-joints,” orthogonal to both the axial axis and the previous
P-joint.

A brute force method to generate models is to create a model
for every possible combination of joint types. In general, for an
nDOF system with three types of joints, this would yield 3n possi-
bilities. For the assumed 6DOF system, this yields 729 possible
combinations. Most structures are irrelevant; by exploiting the
requirements and the properties of the rail-guided robot, the fol-
lowing design rules will eliminate most models:

Fig. 3 Mapping of tank locations to relative locations. The rela-
tive locations from the tank (left) determine the required work-
space (right). The surface normal of the required pose is
indicated with a line segment normal to a circle.

Fig. 4 Reduced set of 169 test locations of the experimental
ballast water tank
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(1) The longitudinal orientation of the end effector is irrele-
vant. Therefore, the last joint should not be an A-joint.

(2) For the first joint, an X- or P-joint is unfavorable. Their
range is limited to prevent collision with the base.

(3) Two subsequent joints with collinear axes introduce a per-
manent singular Jacobian.

(4) After an A-joint, X- and P-joints are effectively equal.
(5) To allow maximum rotational dexterity at the end effector,

while maintaining maximum reachability, the before last
joint must be an A-joint.

The last rule is a consequence of the first; if the last joint could
be an A-joint, it would make no sense to implement an A-joint
before last joint.

After applying these “elimination rules,” only five models
remain; these are shown in Fig. 5. A complete kinematic model
also requires link lengths, for which the following design rules
were used. From the required workspace, a maximum distance of
0.744 m is obtained between base and desired pose. This yields
the minimal manipulator length. Foldability is required to shape
the robotic arm into a small envelope. This is necessary for
maneuvering through manholes and making bends with a radius
of 400 mm. The maximum height to pass through manholes is
180 mm; this means, for the candidate structures, that the distance
from the base to the first non-A joint must be small. The same rea-
soning holds for the last link length. In this research, no optimiza-
tion is done with respect to the link length; they are chosen
manually. The longitudinal position of an A-joint essentially does
not change the kinematic structure, as long as it fits between the
preceding and consecutive joint. Therefore, an A-joint effectively
merges two individual link lengths into one effective length.
Therefore, the number of relevant link length parameters to be
chosen is equal to the number of non-A joints plus one. For exam-
ple, structure M005 in Fig. 5 has four effective link lengths. To
leave space to attach the second stage arm, a link length, including
the electromagnet, of 100 mm was chosen. Furthermore, for a
compact envelope, the first link length should be minimal. After a
design study, the first effective link length turned out to be of a
minimal length of approximately 50 mm, and the dimension is
limited by the available sizes of the bearing and motors.

3.1.4 Simulation. The five remaining kinematic structures are
evaluated with the algorithm described in Sec. 2.3 for all 169 test
locations. Based on the use case requirements, the pose-error mar-
gin is set to a position error of dcr¼ 5 mm and the end effector
must be perpendicular to the interior wall, with a maximum devia-
tion of acr¼ 5 deg. The maximum number of iterations per test

location is empirically set to 104, which is significantly above the
average iterations required to reach the desired end-effector pose.

The kinematic structures of the manipulators are designed such
that the z-axis of the end-effector frame, We, is pointing outward.
Besides, the x–y-plane of the test location frame, Wd, is coincident
with the tank wall and the z-axis is pointing in the metal. Conse-
quently, both origins should coincide and the z-axes align. The
angular error can be determined by taking the inner product of
both unit z-axes, ez¼ (0 0 1)T

cos að Þ ¼ hRe
dez; ezi ¼ He

d 3; 3ð Þ (17)

where Re
d is the rotation matrix taken from the homogeneous

matrix, He
d. The left-hand side reduces to the single element

He
d 3; 3ð Þ, which is trivial by the definition of a rotation matrix.
The position error, or the distance between the desired pose and

the end-effector pose, can be distilled from the relative configura-
tion, pe

d ¼ He
d 1 : 3; 4ð Þ.

To maneuver the end-effector toward the test location, a virtual
spring is connected between both. The elastic wrench, induced by
this spatial spring, is composed of a rotational and a translational
component. The translational component, F, is straightforward

F ¼ kt � pe
d

¼ kt �He
d 1 : 3; 4ð Þ

(18)

with kt the one-dimensional translational stiffness.
The rotational component of the spatial spring, m, is deter-

mined using the cross-product of both z-axes of both the end-
effector and the desired pose.

mT ¼ ko � a �
ez � Re

dez

sin að Þ

¼ ko �
a

sin að Þ

�He
d 2; 3ð Þ

He
d 1; 3ð Þ

0

0
B@

1
CA (19)

where ko denotes the spring constant of a one-dimensional rota-
tional spring. The total elastic wrench, expressed in end-effector
coordinates, becomes We ¼ m Fð Þ. Using Eqs. (15) and (16), the
updated joint angles are calculated. This is analog to the general
spatial compliance described in Sec. 2.3 using

Fig. 5 Candidate kinematic structures

Fig. 6 Joint error, end-effector position error, and end-effector
orientation error for manipulator structure M001 at test location
L007. This test location is reachable with this manipulator
structure: success.
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K ¼ Kt Kc

Kc
T Ko

� �
2 <6�6 (20)

where

Kt ¼ kt

1 0 0

0 1 0

0 0 1

0
@

1
A; Ko ¼ ko

1 0 0

0 1 0

0 0 0

0
@

1
A; Kc ¼ 0

For the simulation, the following controller values were empiri-
cally determined: kt¼ 1, ko¼ 0.05, and j¼ 1. The test location is

considered reachable when both kpe
dk � dcr ¼ 5mm and

a� acr¼ 5 deg.

4 Simulation Results

The simulation of the generated candidate structures show that
they are all feasible, i.e., all 169 test locations are reachable. How-
ever, when gradually reducing the total link down to 1.076 m,
structures M001, M002, and M004 showed many failures. Struc-
tures M003 and M005 showed successful simulations down to a
length of 0.808 m, which is a factor 1.09 larger than the minimum
required length of 0.744 m. The only difference between these
models is the type of the third joint; in structure M003, this is an
X-joint and in structure M005, this is an A-joint.

Figure 6 presents the joint errors, the position and orientation
error of the end effector, for manipulator M001 and test location
L007. This structure is able to reach the test location within the
required error margins and the simulation boundary conditions.
Configuration of several iterations of this test run is given in Fig.
7. In contradiction to the successful convergence in Figs. 6 and 7,
an unsuccessful trial is given in Figs. 8 and 9; structure M002 at
test location L147. In this situation, the simulation is stopped
since there was no significant progress; the highest joint velocity
is below the threshold.

Table 1 summarizes key results, including the average number
of iterations per test location, Tavg, and the average conditional
number of the manipulator Jacobian, Cavg. An upper limit of 103

is set for the conditional number; otherwise, the comparison
would be hampered by very high values occurring when the
manipulator is near a singularity. The conditional number [13] is
one way to describe the manipulability of the manipulator at a cer-
tain configuration. This figure is the ratio between the largest and
the smallest singular value of the geometric Jacobian

Fig. 7 Overlay in isometric view of kinematic model of manipu-
lator structure M001 at test location L007, during simulation at
iterations t 5 1, 7, 40, 65, and 114

Fig. 8 Joint error, end-effector position error, and end-effector
orientation error for manipulator structure M002 at test location
L147. This test location is not reachable with this manipulator
structure: failure.

Fig. 9 Overlay in isometric view of kinematic model of manipu-
lator structure M002 at test location L147, during simulation at
iterations t 5 1, 10, 14, and 30

Table 1 Summary of the simulation results for the candidate manipulator structures

Manipulator Length (m) Failures Simulation time (s) Iterations Tavg Cavg Cstd

M001 (STg1) 1.076 2 76 68,549 406 37.2 93.8
M002 (STg2) 1.076 53 751 635,998 3763 248.6 371.2
M003 (STg3) 0.826 0 191 159,122 942 31.1 38.4
M004 (STg4) 1.076 18 213 175,221 1037 94.7 563.5
M005 (STg5) 0.826 0 152 126,017 746 16.0 7.2
(STf5) 1.076 0 195 161,797 957 16.0 10.5
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C ¼ rmax Jð Þ
rmin Jð Þ (21)

When this ratio is large, the Jacobian becomes ill conditioned and
the manipulator gets closer to singularity.

From Table 1 can be concluded that manipulators M003 and
M005 reach every test locations and that M005 has a significantly
lower average condition value. Therefore, this manipulator struc-
ture is implemented in a (hardware) proof of principle.

5 Proof of Principle

Based on the simulation results, the kinematic structure M005
is utilized to manufacture a proof of principle for the ballast water
tank use case. The DH parameters [23] of this structure are pre-
sented in Table 2 and a CAD model is shown in Fig. 10.1 Dyna-
mixels MX-106 actuate the joints. Customized joints are
manufactured, since the Dynamixels are not capable to withstand
the bending torque induced on the A-joints. For the first (A-)joint,
a THK RA7008C-UU-C0 cross-roller bearing yields the required
support stiffness, and has small sizes. A 6 mm GT2 timing belt
and corresponding pulleys result in a 36:110 gear ratio for the first
joint. The A-joints 3 and 5 consist of coaxial tubes. The outer tube
is fixed to the Dynamixel housing, and the inner tube is connected
to the output shaft and is supported by a nylon bushing. The joint
offset between the first two joints enables the manipulator to
maneuver around the rail and the second offset, between joints 4
and 5, makes it possible to fold the arm in a minimum volume.
The (intermediate) end effector consists of an electromagnet and
forms the basis of the second stage.

The manipulator arm is mounted on a passive carrier pulled by
the robot. White plastic covers are added for protecting electronic
components and for aesthetic reasons. From a remote system,
Dynamixel setpoints are sent via wireless link. This way, a pre-
programmed path can be executed or the end effector can be con-
trolled by visual servoing using a 3D mouse.

A photo of the robot, including the manipulator, is given in Fig.
11. The electromagnet is attached to the inner wall of the test
tank. Figure 12 shows the manipulator in a folded posture such
that it is able to pass through manholes, and in Fig. 13, the manip-
ulator takes measurements under the rail.

6 Evaluation

The method is successfully implemented in a use case scenario,
resulting in a manipulator structure that is guaranteed to reach all

Table 2 DH parameters proof-of-principle manipulator
structure

Link ai (mm) di (mm) ai (rad) hi (rad)

1 80 50 p/2 q1

2 0 0 �p/2 q2

3 0 400 p/2 q3

4 0 70 �p/2 q4

5 0 465 p/2 q5

6 105 0 0 q6

Fig. 10 CAD model based on kinematic structure M005, with
indicated joint offsets

Fig. 11 Proof-of-principle manipulator, with covers, mounted
on the robot, taking a measurement at one of the test locations

Fig. 12 Robot in experimental ballast water tank, with manipu-
lator folded to a minimum volume

1Due to time constraints and mixed interest is the proof-of-principle based on a
previous version of STg5; the STf5, with a total length of 1076 mm.
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test locations. This is confirmed with a proof of principle in an
experimental ballast water tank. The described method is not fully
automated since it utilizes the skills and insights of the user. This
holds for the design rules and the “scenario simplification” as
well. Reducing the possible structures and the set of test location
significantly increases the speed of the algorithm and more design
iterations can be performed in the same time.

The total stiffness of the elastic wrench can be tuned by j and
the ratio between rotational- and translational-stiffness by ko, or in
the general case, by the stiffness matrices Kt, Ko, and Kc. Values
are empirically determined for the given use case and could vary
for others.

Joint-space position controllers, like servomotors, can signifi-
cantly benefit from this algorithm. It solves the inverse kinematics
problem and provides the joint angles corresponding to an end-
effector pose in cartesian space, given the manipulator structure.
Especially, the abovementioned improvements can be used to
plan the trajectory in joint space.

Additional feature like collision detection are out of the scope
of this paper. However, the practical usability of the design and
verification method presented in this paper can significantly
improve with collision avoidance.

7 Conclusion

An efficient method to determine the kinematic structure for a
manipulator arm is presented. The method starts by reducing the
number of combinations to implement joints in the manipulator.
Based on defined test locations, the kinematic arm structures are
evaluated using key figures like the conditional number and the
number of unreachable test locations. The method efficiently
determines the kinematic arm structures that are guaranteed to
reach all test locations.

The method is successfully applied to a ballast water tank
inspection-robot use case. With a set of five design rules, the num-
ber of kinematic arm structures was reduced to five. These struc-
tures were evaluated at the 169 test locations for reachability using
the Jacobian transpose technique, with a spatial geometrical spring.

One configuration had the unique combination of reachability,
least link length, and foldability. This configuration has been built
using Dynamixel servomotors for a proof of principle. This robot has
been extensively tested in a ballast water tank replica at the Univer-
sity of Twente and proved to be able to reach the test locations.

Although the proposed method is applied to a rail-guided use
case, it can be applied to mobile robots in general.
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Nomenclature
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