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1. Introduction

Deformable Linear Objects (DLOs) are ele-
ments, like wires, hoses and ropes, with one di-
mension that is larger than the other two: for
this reason they are highly prone to shape de-
formations.

Interest in robotic manipulation of deformable
linear objects is growing rapidly, but, despite the
high necessity of manipulating this kind of ob-
jects, the handling of DLOs is usually performed
manually, due to the several issues in automa-
tising this tasks. This leads to a bottleneck in
industrial frameworks. The main challenges are
related to the highly non-linear behaviours and
the large number of degrees of freedom to deal
with, leading to complex models, and limiting
sensors applications, such as vision sensors and
force sensors.

For this reason, all the available information
about the DLO and the environment should be
used, in order to globally estimate the behaviour
of the DLO during the operation.

This work proposes a model-based offline
methodology to plan a dual-arm robotic ma-
nipulation of a deformable linear object. The
planner is based on an already existing dynam-
ical model of the cable, and aims to bring the

DLO from an initial shape to a desired one. An
optimization-based planning is implemented to
find a series of intermediate shapes for the cable,
and then the trajectories for the robot grippers
holding the ends of the DLO are extracted. A
simulation environment is provided to better in-
spect interaction with the environment and ob-
stacles, and a re-optimization strategy is imple-
mented for obstacle avoidance purposes. An al-
gorithm for the Young’s modulus identification
is developed, in order to inspect stiffness prop-
erties even for composite cables, and to be able
to properly initialize the dynamical model.
Finally some tests are performed to validate the
method, and an industrial wire harness assem-
bly application is carried out with the developed
algorithm.

2. State of the art

Due to the difficulty of modeling DLOs, differ-
ent models have been studied in the past.

The finite element method (FEM) [4] allows to
create a very accurate model, but heavy compu-
tations have to be solved. Another strategy is
to regard them as tiny elastic rods: a method
is the Kirchoff elastic rod, exploited in [1], or
the Casserat model, used in [3]. However us-



ing such models for optimization and simulation
can be challenging, because of the over com-
plexity introduced. The mass-spring model is
a simple but informative model for deformable
objects: it is composed by mass-points and var-
ious springs. The model was firstly introduced
by Humann and Parant 2|, additional contribu-
tions are given by Look et al. [5] and also by Lv
et al. [6], leading to a complete model, repre-
senting axial, bending and torsional behaviours
through different kinds of springs.

Due to the complexity of the models describ-
ing deformation behaviours of DLOs, few works
in literature deal with the planning of paths for
robot manipulating these objects. In [9], Sintov,
Macenski et al. developed a planning strategy
by modelling a DLO as an elastic rod. How-
ever the strategy involves a heavy computation
for the solutions of the model, related to the
search of equilibria and stable configurations.
Additionally, the planning is based on the forces
applied by the grippers, involving the necessity
of reliable force sensors. Moreover the strategy
focuses on stiff cables, considering inextensible
rods and neglecting gravity forces.

In [7], a geometrical model is exploited, and an
adaptive segmentation of the DLO shape is de-
veloped, based on the complexity of the configu-
ration. An additional work must be done in or-
der to relax the assumption of constant length,
and in order to introduce a more reliable model
providing energy associated to the curve. More-
over this solution introduces a degree of com-
plexity, expanding the research of minimal en-
ergy curves with the problem of determining the
optimal representation for such curves.

Roussel et al. [8] provided a solution for the
planning problem of an extensible elastic rod in
free or contact space by working with the inte-
gration of two models: an elastic rod model and
a FEM-based dynamical simulator. This solu-
tion exploits two computationally heavy models,
introducing the additional complexity of com-
bining the two different environment.

Finally, in [10], Zhu et al. proposed a frame-
work that allows robots to use contacts with the
environment in order to shape DLOs, limiting
the strategy to soft-cables, involving a model-
free solution and managing only 2 dimensional
problems.

Thesis contributions

The main contributions of this work are: (1)
The exploitation of an easier but still informa-
tive model such as the mass-spring model, for an
efficient integration of a model-based optimiza-
tion and a simulation environment, including
axial and bending forces, torsional behaviours
and gravity effects (2) The combination of
a decoupled geometrical optimization and a
physical one, based on the internal forces of
the DLO (3) The implementation of a Young’s
modulus identification for composite cables,
and an adaptation mechanism that allows to
work with DLOs of various kinds of stiffness.

3. Model

The model exploited in this work is the mass-
spring model. Geometrically, the DLO is repre-
sented as a sequence of n + 1 mass-points con-
nected by n straight lines, called links. The total
mass m?° is distributed along the cable through
mass-points: m; = m°/(n+1). The initial total
length of the cable is [°, and the initial length
of each link is I = [°/n. Axial springs, bend-
ing springs and torsional springs are associated
to each link, introducing the dynamical aspects
related to the DLO, as shown in Figure 1.
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Figure 1: Mass-spring model.

Position coordinates (z;,v;, %)’ are associated

to each mass-point, and a torsion angle 1); is as-

sociated to each link.

By exploiting the Newton’s second law the equa-

tions of motion can be computed:
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where k¢ is a fictitious damping coefficient, in-
troduced to prevent oscillating behaviours, Fj is
the force acting on each mass-point, it can be
divided in some internal forces F; and external
forces Fy: Fy = F; + F{

The internal forces can be computed starting
from the energy associated to the DLO: U is
the total potential energy of the spring system.
U = >7",U, and Uj; is the energy associated



to a single link. Fach term U; takes account
of the energy introduced by linear, bending and
torsional springs: U; = U} + Uib + U}
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where kg, kp and k; are the stiffness coefficients
associated to each spring. These stiffness coeffi-
cients depend on the Young’s modulus and the
Poisson’s ratio of the material composing the ca-
ble. Moreover I; is the actual length of the link,
B; and 1); are the bending and the torsional an-
gles associated to the links.

From the energy terms the respective forces
acting on mass-points can be computed: axial
forces F;?, bending forces Fib and torsional forces
F!, such that:
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Internal forces are exploited in the optimization
phase. The simulation phase works by solving
the equations of motions iteratively, considering
a discretization time A7, providing the DLO be-
haviours under manipulation constraints.

4. Optimal trajectory planning
for dual arm DLO manipula-
tion

The planning strategy involves mainly two steps:
the first phase is a model-based optimization,
in which a path is provided for the considered
DLO, to bring it from an initial shape to a fi-
nal one. In particular a number S of interme-
diate shapes are computed. Since the DLO is
represented through a number n + 1 of mass-
points, this problem is translated into finding
an intermediate distribution of each mass-point
composing the cable, from its position in the ini-
tial configuration, to the final one. The second
phase aims to extract the gripper poses of the
robot holding the cable associated to each inter-
mediate shape at the two ends. Those gripper
poses will be connected through linear motions
in order to generate the trajectories for the dual-
arm manipulation.

4.1. DLO-model-based optimization

This phase is divided in three steps. The path
for the DLO is indeed provided by decoupling
different aspects of the problem, in order to

smooth the complexity in more optimization
problems: the basic geometrical optimization,
the advanced geometrical optimization and the
physical optimization.

4.1.1 Basic geometrical optimization
This optimization step aims to find the shortest
geometrical path for the DLO in order to bring it
from the initial configuration &, to the final one
§f. Such path is composed by S intermediate
shapes &; (i = 1---.5) discretized into n+1 mass-
points, as shown in Figure 2.
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Figure 2: Basic geometrical planning.

The result can be considered the shortest path
for the cable, being the shortest path for each
mass-point composing the cable.
The coordinates of each mass-point composing
an intermediate shape ¢ are collected in a vec-
tor & € R3*™ D Those vectors are the de-
cision variables of the problem. The coordi-
nate variation between adjacent shapes can be
computed as vectors v; = & — &1 € R3(+1),
for ¢ = 1.--5, and they are used to provide
distances between adjacent shapes. Note that
vr =& —&s-
This step aims to minimize those distances, pro-
viding a compact and smooth path for the ca-
ble. The problem is unconstrained, and the cost
function is: .
. 2
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where w; and wy are the optimization weights.

4.1.2 Advanced geometrical optimiza-
tion

This optimization step aims to prepare the inter-
mediate shapes computed in the previous step,
for the physical (energy) minimization.

In fact while the shortest geometrical path aims
to provide a compact path for the cable involv-
ing geometrical deformations for the DLO, the



physical optimization step aims to search mini-
mal energy configurations, avoiding huge defor-
mations. However, during the basic geometri-
cal optimization, the cable can be compressed,
leading to large axial compression forces that
may provide problems during the physical op-
timization. For this reason. this intermediate
optimization step is implemented, in order to
slightly modify cable shapes along the shortest
geometrical path, stretching them, and avoiding
compression of links.

The decision variables are the intermediate
shapes mass-points coordinates & fori =1--- 5.
The cost is a multi-objective function composed
by different terms:
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The first and the second terms aim to replicate
the search for the shortest geometrical path car-
ried out in the basic geometrical optimization.
The third and the fourth terms are complemen-
tary: the third term aims to contain and mini-
mize the enlargement of the length of the sin-
gle links composing the shapes §; € R", for
i = 1---5, in order to counter balance the
stretching of the whole cable provided by the
fourth term, that maximizes the distance be-
tween the two robotic grippers holding the cable
at the two ends A;ps. The last term aims to
impose a smooth curvature to cable shapes, im-
posing the curvature provided by the basic ge-
ometrical optimization, resumed in the bending
angles f3;, associated to the shape, and hence
the term |B,,; — Bi(&:)] is used, where 3;(&;) are
the bending angles related to the new shapes
for ¢ = 1---5. For this reason the computa-
tion of the basic geometrical optimization is not
fully replaced by the advanced geometrical opti-
mization, but must be performed for a smooth
curvature extraction. w;, W, Wo, Welip and wg
are the optimization weigths.

4.1.3 Physical optimization

This last optimization step aims to process each
intermediate shape, in order to minimize the

forces associated to the geometrical configu-
rations provided by the previous optimization
steps. Each shape is processed independently,
distributing the problem complexity in more it-
erative steps. The decision variables are the
mass-points coordinates of the intended shape
& € R3™ and the cost function is:

min = Wallo|[* + w| | Fy||* + ws| | F[[* - (4)
where o is the variation from the geometrical
proposed shape, and w,, wp and ws are the
optimization weights. The problem is uncon-
strained, and the forces are extracted from the
mass-spring model. Emphasis has been placed
on the bending Fj, and axial F; forces, that can
be considered the most relevant ones. More-
over the grippers orientations are not considered
yet, and hence torsional behaviours can’t be in-
spected in this phase. However, torsional effects
will be minimized during the gripper computa-
tion phase.

4.2. TCPs trajectories definition

After the model-based optimization, the infor-
mation provided through the planned shapes can
be exploited in order to plan the intermediate
poses of the grippers holding the cable. The
positions of the grippers are defined as the in-
termediate points of the first and last link of
each shape. The orientations of the grippers can
be defined in many ways, some algorithms have
been developed, involving an identification of
the minimal rotation between adjacent shapes,
or involving a rigid-approximation of the cable
when dealing with stiff and curved DLO. Those
methods aim to avoid the introduction of tor-
sional behaviours in the cable during the ma-
nipulation.

5. Iterative planning through
simulation

The planning step described in Section 4 pro-
vides the path for the end-effectors TCPs (tool
center points) of a dual arm robot to bring a
DLO from an initial configuration to a desired
one. An additional phase involving simulation
of the cable behaviour under manipulation con-
straints is implemented for two reasons: (1) to
provide a static simulation of each intermedi-
ate shape in order to let the cable stabilize un-
der gravity effects while held by the associated



planned grippers; (2) to perform collision detec-
tion with modeled obstacles in the environment.
A collision avoidance and a re-planning strat-
egy through optimization are then implemented
(Figure 3, 4).
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Figure 3: Collision detection.
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Figure 4: Obstacle avoidance.

6. Stiffness identification

In industrial frameworks different kinds of DLO
are involved, with a wide variety of properties.
Particular attention must be paid to the stiff-
ness related to a DLO, because huge behaviours
variations can be experienced. Such informa-
tion can be resumed in the Young’s modulus
(E) associated to the DLO. Since many kinds
of industrial cables are made of composite ma-
terials, and their Young’s modulus can’t be tab-
ulated, an identification algorithm for the equiv-
alent Young’s modulus is developed.

6.1. Young’s modulus identification

The strategy consists in performing a dual arm
manipulation of a cable in the real world and
in the simulation environment. Such manipula-
tion must be informative, providing a bent final
configuration for the cable. A least square algo-
rithm is exploited in order to find the right value
of E, comparing the simulated final shape with
the real one (Figure 5).
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Figure 5: E identification for an USB cable.
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6.2. Data-driven optimization tuning

The obtained E is used in the optimization
phase, in order to tune accordingly the weighting
parameters for the cost functions, since variation
of the stiffness leads to a variation in the rela-
tionship between geometrical deformations and
generated forces, that can unbalance the opti-
mization problem. The identified value of E is
provided also to the simulation environment.

7. Experimental analysis and
use case

A series of experiments and test, involving DLOs
of different materials, were carried out. A
quantitative analysis is provided for some two-
dimensional manipulations, instead a qualitative
analysis is provided for more complex manipula-
tions. Moreover a use-case application involving
a wire harness assembly operation for 3 differ-
ent DLOs with different mechanicle properties
is performed, exploiting the proposed method.
The experimental setup is performed through an
ABB Yumi Robot, and a RealSense camera is
used for shape registration.

7.1. Quantitative analysis

For this part of analysis 3 tests are carried out: a
“sinusoidal deformation” manipulation (M1) for
a PU hose, and an “uniform curvature deforma-
tion” (M2) for an USB cable and a PA12 hose.
The final shapes experienced during the tests are
provided in Figure 6.

(b) M2(USB) (c) M2(£’A12)

(a) M1(PU)
Figure 6: Final shapes experienced during the tests.

Each experienced intermediate shape is regis-
tered and discretized into n + 1 points, in order
to be compared with the planned ones. For the
USB cable the Young’s modulus was estimated.

’ ‘ E [Pa] ‘ erroriot [m] ‘
M1 1108 0.0173
M2(USB) | 2.5-10° 0.005
M2(PA12) | 1-10° 0.0066

Table 1: Quantitative analysis results.

In Table 1 the averaged errors for the shapes ex-
perienced in the real manipulation are provided.
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In Figure 7 the planned shapes are shown.

x(a) M1 (b) M2

Figure 7: Planned and shapes for the quantitative tests.

7.2. Qualitative analysis

For this part of analysis two manipulations are
carried out: the planned shapes are provided
in Figure 8, the final shapes experienced are
shown in Figure 9. The expected behaviours are
achieved during the manipulations.
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(a) test-1 (b) test-2

Figure 8: Planned shapes for qualitative analysis.

(a) test-1 (b) test-2

Figure 9: Obtained shapes for qualitative analysis.

7.3. Use case

The use case examined in this work takes place
in a wire harness assembly operation (Figure
10). A USB cable, an Ethernet cable and a
PU-hose must be clipped in some fixtures and
assembled through some pegs.

b

(b) Framework

(a) Achieved operation

Figure 10: Use case operation.

Various kinds of stiffness are related to the
different DLOs. The proposed methodology
aims to plan the manipulation of the cables

from their initial configurations to the final
ones, providing the necessary curvature to the
DLOs and performing obstacle avoidance. A
second planning phase is carried out in order
to align the cable ends with the fixtures, to
prepare the cable for the insertion operation, as
shown in Figure 11. The cable is then clipped
into the fixtures.

(b) phase-2
Figure 11: Planning for PU-hose operation.

(a) phase-1

Some results about single operations are pro-
vided in Table 2.

DLO | E [Pa] | timels] | success rate
USB 2.5-10 9 86%
Ethernet 7.5-10° 9 93%
PU hose 1-108 9 80%

Table 2: Single operations results.

The equivalent Young’s modulus for the USB
and the FEthernet cable have been identified
before the manipulations. The expected be-
haviours are experienced during the dual-arm
operation, and good success rates are achieved
for each manipulation. Some issues can arise,
related to non-modeled plastic deformations of
DLOs, and contacts with fixtures during the
clipping operation.

8. Conclusion

The proposed method aims to realize an offline
model-based planning for a dual-arm robotic
manipulation of a deformable linear object.
Low errors and good behaviours are achieved
during the experimental phase, achieving the
goal of performing an implicit planning involving
deformable linear objects, even in a complex and
industrial framework. Those behaviours are not
affected by the material composing the cables,
since the adaptation mechanism and the equiv-
alent Young’s modulus identification allows to
properly manipulate various kinds of DLOs.
The methodology can be improved by building
an online control scheme for the shaping of the
cable, exploiting a visual servoing strategy.
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