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ABSTRACT
The construction of in-space facilities is a significant capability for the establishment of a long-

term human presence in space. Autonomous robotic technologies are a critical tool to enabling
the construction and maintenance of such permanent facilities. This paper evaluates the outfitting
portion of the construction process, focusing on modeling required for robotic manipulation of
cable-like objects, referred to as Deformable Linear Objects (DLOs). DLOs contain a high degree
of variability, which makes accurate real-time autonomous operations a difficult task. Different
modeling methods for DLOs such as discrete mass-spring systems and Cosserat elastic rod models
range in problem complexity and accuracy, a trade-off that must be understood to fully realize
autonomous cable routing technologies. This paper validates different DLO models through
simulation and hardware experiments, highlighting the size of the state space and accuracy of
different approaches. The development of DLO manipulation models for outfitting enables an
autonomous architecture for the construction of lunar surface systems.

INTRODUCTION
A persistent human presence on the lunar surface is one of the next major milestones in space

exploration. This paper investigates the modeling of cables for outfitting permanent facilities with
robotic agents, a technology critical to construction and maintenance of lunar facilities but also not
a well matured technology terrestrially.

Robust extraplanetary construction and manufacturing capabilities, including structures and
materials modeling and robotic systems, have been identified as key areas for enabling lunar
infrastructure (NASA 2022a). Previous robotic construction technology development has primarily
focused on structural assembly, with significantly less focus on robotically performed outfitting tasks
to instantiate subsystems providing power, data, life support, etc. These tasks involve manipulation
of highly flexible elements, which are difficult to model, such as cable harnesses, ropes, and hoses.
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Such flexible elements are a constant presence for space systems, such as the International Space
Station (ISS) shown in Figure 1a. This paper presents structural models of deformable linear objects
(DLOs). DLOs are a subclass of deformable objects that encompasses common outfitting elements
such as cables and ropes. Models are validated through hardware experiments, and integration
in a robotic autonomy architecture for space environments is discussed. Robotic manipulation of
DLOs, especially cable harnesses, is an active area of research as cable harnesses are essential for
providing power and data to space assets. DLO models that can be used for robot manipulator
trajectory generation are necessary for autonomous operation of lunar infrastructure. An example
of robotic cable manipulation is shown in Figure 1b.

This paper evaluates two of the most common methods for modeling DLOs, position based
multibody models and the more continuous Cosserat rod formulations, and compares them to a 2D
hardware experiment. There is an evaluation of the state size of each model, exploration into the
trade-off between different modeling approaches, and comparisons of accuracy and computational
speed/complexity of the formulation types mentioned above. Understanding the tradeoffs between
different cable modeling techniques paves the way for developing robotic control and planning
architectures necessary for real-time manipulation of DLOs. Real-time control is required for
robotic systems to be able to actively manipulate a cable in a harsh environment where model and
sensor errors compound, and environmental conditions can cause significant disturbances. Cable
routing must be performed in areas with high density of objects/obstacles: through truss structures,
near solar panels or mirror arrays, next to bundles of electrical equipment. Understanding the best
way to plan and manipulate a cable without disrupting the environment or damaging the cable is
imperative to robotic outfitting operations on the lunar surface.

The remainder of this paper further details applications of multibody and Cosserat rod formu-
lations and compares the static solution to hardware experiments. The mathematical formulation
for each model is described in detail and implemented in simulation. The simulations are then

(a) (b)
Fig. 1. (a) DLOs on the ISS (Credit: NASA), (b) Robotic cable routing simulation
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compared to evaluate the trade-off between the number of states and accuracy to the hardware
experiments for each model. Finally, steps required to incorporate the appropriate DLO model into
an in-space outfitting scenario are discussed.
In-space construction

In-space assembly and construction has historically been a significant area of interest (Belvin
et al. 2016). For a persistent lunar presence, such assembly and construction activities must leverage
the use of robotic elements to reduce crew risk and maintain systems when crew is not present.
There have been a variety of studies evaluating existing technologies for robotic lunar infrastructure
(Waltz et al. 2022) (Govindaraj et al. 2019) (Moses and Mueller 2021), but the focus has primarily
been on evaluating the overall architecture and feasibility of an integrated infrastructure. Whether
erected from In-Situ Resource Utilization (ISRU) technologies (ICON Technology 2022), deployed
components (NASA 2020) or delivered strut components (Song et al. 2023), concepts for robotic
construction do not address the need for outfitting and maintenance once the structure is complete.

Autonomous robotic systems aiding in assembly and manufacturing provide a promising foun-
dation for the level of autonomy necessary for a robotic agent to complete cable routing tasks. In
a space environment, communication latencies and poor visual quality could impact an operator’s
ability to successfully maneuver a DLO without some degree of autonomy. Planning and state
estimation for in-space construction and assembly systems have been evaluated for robotic teams
(Everson et al. 2020), satellite servicing (NASA 2022b), and telescope assembly (Karumanchi et al.
2018). These endeavors for in-space robotics demonstrate the viability of leveraging autonomous
techniques for in-space applications, paving the way for applying DLO manipulation techniques to
in-space outfitting and maintenance applications.
DLO Modeling and Manipulation

Modeling and manipulating DLOs is a challenging robotics problem, complex in modeling and
execution but extremely relevant to automation. The complexity of modeling DLOs varies based
upon the application and desired accuracy, and has evolved into a significant field of research within
the domain of deformable objects (Lv et al. 2020) (Sanchez et al. 2018). There are many proposed
methods for modeling DLOs, and the trade-off between model accuracy and computational speed
informs which type should be used. An understanding of this trade-off is imperative for real-time
control of autonomous systems. High computational requirements reduce the speed of the model,
making real-time control difficult, while accuracy is critical to preventing collisions.

Treating a DLO like a serially chained multibody model is one of the simplest ways to model a
given cable. By defining the cable as rigid segments connected by linear and torsional springs and
dampers, the total energy and forces in a cable can be determined using formulations as in multibody
dynamics. This model is also referred to as the mass-spring approach. Such a method has been used
to assist in multiple automation applications, including welding cable shape optimization (Suzuki
et al. 2022), managing cables powering automation robotics themselves (Iwamura et al. 2022),
and dual-arm manipulation and planning (Yu et al. 2023). Modeling a DLO with the multibody
approach reduces the size of the state space, but the reliance on discretization reduces the accuracy
of the model for complex systems.

In comparison to reducing a DLO into simpler components, Cosserat rod theory is a general-
ization of the inextensible Kirchoff rod and provides the basis for a high fidelity continuous model
(Kugelstadt and Schömer 2016). Cosserat rods are popular for modeling DLOs and continuum
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robots due the higher fidelity, but require a large number of states to track the DLO in an environ-
ment. There has been significant research in recent years into applying Cosserat theory for DLO
manipulation; planning for ropes and wires (Liu et al. 2023) (Lv et al. 2022), tying knots (Saha and
Isto 2007), and applications to automotive wiring harness installation (Hermansson et al. 2013).
Tummers et al. (2023) and Gazzola et al. (2018) investigate different approaches with modeling
continuum robots with a Cosserat formulation.

A Lagrangian energy formulation is often used to determine the physical shape of the cable.
Since a cable at rest will have minimal potential energy, optimization techniques can be used to
model a static cable (Moll and Kavraki 2006). The multibody formulation in this paper directly
applies this concept, similar to other works (Suzuki et al. 2022) (Yu et al. 2023). Implementations
of a Lagrangian energy solution can also be applied to a continuous Cosserat rod (Tummers et al.
2023) (Shah et al. 2018).

Additionally, in recent years there have been efforts into utilizing neural network approaches to
DLO estimation (Jin et al. 2022) (Mitrano et al. 2021). Such machine learning algorithms require
few computations and can be valuable tools if trained exhaustively, which is challenging for an in-
space outfitting scenario. Conversely, finite element modeling can be leveraged with a polynomial
approximation method such as B-splines to provide high fidelity models for a high computational
cost (Lan and Shabana 2009) (Koessler et al. 2021).

PROBLEM DEFINITION
This section outlines the mathematical formulations for both the multibody and Cosserat rod

representations of a single, uniform mass cable with constant diameter. The multibody and
Cosserat-based model are both compared to a physical cable in a 2D plane.

The vector p𝑖
𝑗

is used to represent the translation to go from frame 𝑖 to frame 𝑗 . The special
orthogonal group, 𝑆𝑂 (3) ∈ R3𝑥3, contains orthonormal columns and can be used to represent
orientation. The rotation matrix R𝑖

𝑗
∈ 𝑆𝑂 (3) contains the rotation between frames 𝑖 and 𝑗 . The

special Euclidean group 𝑆𝐸 (3) ∈ R4𝑥4 builds about the rotation matrix to provide location and
orientation of a given frame. The transformation matrix T𝑖

𝑗
∈ 𝑆𝐸 (3) represents frame 𝑗 relative to

frame 𝑖 and is equivalent to Eq. 1.

T𝑖
𝑗 =

[
R𝑖

𝑗
p𝑖
𝑗

0 1

]
(1)

One important property to note about rotation and transformation matrices is that inverse flips
the frame relationship. For example, (R𝑖

𝑗 )−1 = (R𝑖
𝑗 )𝑇 = R 𝑗

𝑖
. This property is used heavily in both

the multibody and Cosserat rod formulations, to relate cable segment frames relative to each other
as well as to the global frame. For both models, the superscript frame 𝑖 is often the spatial (global)
frame, referred to as frame 𝑠.
Multibody formulation

The multibody formulation splits up the cable with mass𝑚 into 𝑛 segments, where each segment
has uniform mass 𝑚𝑙𝑖𝑛𝑘 = 𝑚

𝑛
. Each link segment consists of two nodes, a base and forward node,

as shown as dots in Figure 2. The forward node of the 𝑖𝑡ℎ segment connects to the base node of
the (𝑖 + 1)𝑡ℎ segment via a multibody joint with the relative position and orientation dictated by
rotational and linear springs. At the end of the cable, there is a (𝑛 + 1) spring set that connects the
final link’s forward node with the desired end position. The model is built parametrically to easily
change the number of link segments for a given cable. By changing the number of links, there is
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Fig. 2. Model definition with torsional and linear springs

direct control over the number of generalized coordinates required to generate a static solution via
minimizing the potential energy in the cable as an optimization problem.

As the problem evaluated in this paper is 2D, each segment has one rotational spring evaluated
along the central axis of the cable. The rotation matrix notation used throughout this model
description is R(𝜃𝑖) and indicates a rotation of 𝜃𝑖 in the 2D plane. The external force due to gravity,
𝑚𝑙𝑖𝑛𝑘𝑔, acts in the −𝑦 direction.

The spring deformation values can be combined into a single optimization variable vector q,
shown in Eq. 2, which represents the generalized coordinates of the multibody system. The spring
deformation variables 𝜃𝑖 and 𝛿𝑥𝑖 represent the rotation and translation between the (𝑖 − 1)𝑡ℎ and 𝑖𝑡ℎ

nodes, respectively, as in Figure 2.

q =
[
q1 . . . q𝑛+1

]
where q𝑖 =

[
𝜃𝑖 𝛿𝑥𝑖

]
for 𝑖 = 1 . . . 𝑛 + 1 (2)

The optimization problem is formulated using the cable potential energy as the cost function to
be minimized, and includes potential energy terms for torsional springs, linear springs, and gravity
acting at each link’s center of mass (COM) as seen in Eq. 3.

𝑈 (q) =
𝑛∑︁
𝑖=1

1
2
𝑘𝑟𝜃

2
𝑖 +

1
2
𝑘 𝑙𝛿𝑥

2
𝑖 + 𝑚𝑙𝑖𝑛𝑘𝑔𝑦𝑖 (q) (3)

Constants 𝑘𝑟 and 𝑘 𝑙 represent the cable rotational and axial spring stiffness, respectively, and
determined through system ID procedures for a specific cable. The global height of the link 𝑖 COM,
𝑦𝑖, is a function of the optimization variables.

The location of the base node, T𝑖, of a segment as shown in Figure 2 is given by Eq. 4.

T𝑠
𝑖 = T𝑠

𝑖−1T𝑙𝑖𝑛𝑘T𝑙𝑖𝑛𝑘
𝑠𝑝𝑟,𝑖 (𝜃𝑖, 𝛿𝑥𝑖) for 𝑖 = 2 . . . 𝑛 + 1 (4)

As the first link is connected to the origin and not a previous link, T𝑠
1 = T𝑠

𝑠𝑝𝑟,1(𝜃𝑖, 𝛿𝑥𝑖). T𝑙𝑖𝑛𝑘 is
the transformation that connects the two nodes of a link segment, from base node to forward node,
creating a rigid body with mass 𝑚𝑙𝑖𝑛𝑘 as indicated in Figure 2. T𝑙𝑖𝑛𝑘 is a constant property of the
cable and does not change between links, and as such the 𝑖 term is left off the notation to emphasize
this uniformity. The superscript from the T notation is also left off as these transformation matrices
to further emphasize these frames as operators and not treated as frames in the model by themselves.

The transformation matrix for a given spring relative to some frame 𝑎 is as defined in Eq. 5.

T𝑎
𝑠𝑝𝑟,𝑖 =

[
R(𝜃𝑖) p𝑠𝑝𝑟𝑖𝑛𝑔,𝑖

0 1

]
p𝑠𝑝𝑟𝑖𝑛𝑔,𝑖 = R(𝜃𝑖)

[
𝛿𝑥𝑖
0

]
(5)
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The position component p𝑠𝑝𝑟𝑖𝑛𝑔,𝑖 is rotated internally because T𝑎
𝑠𝑝𝑟,𝑖

is from frame 𝑎 to the spring
frame - the linear deformation of the spring would not be applied axially without first applying the
rotation of the spring. One end of the cable is fixed as a zero reference, and the desired end point is
given by p𝑑𝑒𝑠 =

[
𝑥𝑑𝑒𝑠 𝑦𝑑𝑒𝑠 0

]𝑇 . The propagated end of the cable is dependent on the generalized
coordinate vector, and is the translational component of T𝑛+1.

Utilizing the definitions above to describe the static goal configuration and contributions to
potential energy, an optimization problem can be described as in Eq. 6. Sequential Quadratic
Programming (SQP) via the Sequential Least SQuares Programming (SLSQP) solver in SciPy is
used to solve this optimization problem (Virtanen et al. 2020).

min
q
𝑈 (q) =

𝑛∑︁
𝑖=0

1
2
𝑘𝑟𝜃

2
𝑖 +

1
2
𝑘 𝑙𝛿𝑥

2
𝑖 + 𝑚𝑙𝑖𝑛𝑘𝑔𝑦𝑖 (q)

subject to 𝑔(q) = |p𝑛 (q) − p𝑑𝑒𝑠 | ≤ 0
ℎ(q) = p0 = 0

(6)

The inequality constraint is the absolute value of the difference between the calculated and
desired end positions, and is formatted in such a way as to assist the chosen solver, which has
some hidden functionality due to using an external library. By formulating the static cable shape
as an optimization problem, incorporating additional constraints for a feasible solution (collisions,
additional goal points, etc.) is straightforward once defined.
Cosserat Elastic Rod Theory

The Cosserat rod approach takes advantage of known mechanical properties to generate force
balance equations taking into account forces and torques due to load-strain and torque-curvature
relations. For this formulation, the PyElastica open source library (Tekinalp et al. 2023) is used.
The following section outlines the mathematical formulation for the continuous, shearable Cosserat
rod, and the discretization process employed by PyElastica and detailed in Gazzola et al. (2018).
PyElastica solves the static solution of the cable by applying the dynamic solver to the constraints
and running it until the cable comes to rest.

The governing equations for the Cosserat rod of length 𝑙 can be evaluated by considering the
rod centerline, 𝑠 ∈ [0, 𝑙], at a given time, 𝑡, relative to a global frame. In the global frame, the cable
position can be represented as r(𝑠, 𝑡) and the orientation as rotation matrix Q = Rr(𝑠, 𝑡) (change in
notation to align with Gazzola et al. (2018)).

The cable has known mechanical properties including cross-sectional area, density, Young’s
modulus, shear modulus, and second area moment of inertia. For this experiment some of the me-
chanical properties were approximated based on the physical cable composition. These mechanical
properties can be combined to create the stiffness, S ∈ R3𝑥3, and bending, B ∈ R3𝑥3, matrices that
compactly represent the internal load-strain and torque-curvature relationships as shown in Eq. 7.

n(𝑠) = S𝜎(𝑠) 𝜏(𝑠) = B𝜅(𝑠) (7)

where n is the internal load relative to vector shear/stretch strain 𝜎 and 𝜏 is the internal torque
due to curvature strain (bend and twist) 𝜅, relative to the centerline. External loading can be split
into force (f) and torque (c) components.

The scalar field 𝑒(𝑠, t) = 𝑑𝑠
𝑑𝑠

represents the local dilation (stretch/compression) ratio relative to
a reference configuration 𝑠 and the tangent vector along the centerline t. This dilation ratio, along
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with the off axis rotation of the rod can be used to represent the local strain along the centerline
via the relationship 𝜎 = Q(𝑒t − d3), where d3 is the column of Q that points perpendicular to the
cross-section. The rod angular velocity 𝜔 and curvature 𝜅 at a local point are dependent on the
rotation matrix Q. Therefore, they are calculated as [𝜔] = ( 𝜕

𝜕𝑡
Q)𝑇Q and [𝜅] = ( 𝜕

𝜕𝑠
Q)𝑇Q, where

[·] indicates a skew-symmetric operator on the contained vector.
The internal forces and torques of the Cosserat rod, with the external forcing from the vertical

gravity vector, are applied to Newton’s second law to calculate the translational and rotational
accelerations for a given time step. The velocity relationships are easily obtained in the global
frame. These equations combine to form the governing equations of the system, and are fully
detailed in Gazzola et al. (2018).

Additional steps are implemented in the PyElastica library to discretize the continuous model to
allow for timely computation. The spatial discretization evaluates internal and external forces over
fixed sublengths of 𝑠, distributing forces between them. A time discretization allows the simulation
to reach a stable orientation, PyElastica utilizes a second-order position Verlet time integrator. The
constraints used to solve this problem involve fixing one end (constant position and orientation)
and one pinned end (position only). The model would more accurately represent the cable with
two fixed ends, but this additional constraint did not produce a valid solution in PyElastica.

RESULTS
In order to evaluate the performance of the different modeling methods, static configurations

are found using the previously described formulations. The models are compared with each other
to illustrate the changes in behavior for a changing number of states, and compared with a hardware
experiment in multiple static configurations.

For each link in the multibody system there are two variables in the 2 dimensional case,
in addition to the variables necessary to track other constraints (such as end points); for the 3
dimensional case an additional 2 rotational springs are added. Conversely, the discrete Cosserat
rod formulation requires 6 variables to track the full orientation and direction of each discretized
segment. Model accuracy is evaluated using a physical cable in a static configuration. True cable
shape is obtained using an Intel RealSense camera for RGB images. The test setup was erected
using a uniform cable purchased off the shelf, utilizing a vertical test stand with evenly spaced
markings and mounting fixtures. The vertical stand allowed gravity to be applied along a single
axis to prescribe a single solution to the cable shape. The RGB image is processed using the
OpenCV library (Bradski 2000), utilizing edge detection to isolate the cable as a contour in the
image. Then, the Zhang-Suen thinning algorithm (Zhang and Suen 1984) is applied via the OpenCV
ximagproc module to generate the cable centerline to compare against the simulated cables. Figure
3a illustrates the centerline resulting from the processing overlaid on the original hardware image.

To evaluate the accuracy of the multibody and Cosserat formulations to the hardware image,
each point in the simulated model has an error associated with the closest in magnitude point on the
cable. The differences between the hardware and simulated cables are fairly small, as indicated in
Figure 3b. The multibody and Cosserat models deviate more from the hardware model than each
other, however this may be due to challenges in constraining the orientation of the end position
in the simulated models. The mean-square errors (MSE) to the hardware configuration shown
in Figure 3 are summarized in Table 1, evaluating multiple discretization levels of the multibody
model alongside the Cosserat formulation.

The data from this experiment points towards the Cosserat model providing a more accurate
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Table 1. Comparison to hardware data

Simulation Model Mean Square Error
[
𝑚2]

Cosserat Rod 6.531E-05
Multibody (n=5) 4.263E-03
Multibody (n=10) 2.010E-04
Multibody (n=20) 1.307E-04
Multibody (n=50) 2.292E-04

result. The multibody approach, while an order of magnitude higher in MSE still illustrates a
fairly close tracking that could be well within the constraints of a robotic cable outfitting scenario.
The 𝑛 = 20 multibody case has a MSE of 5.134𝐸 − 05

[
𝑚2] when compared to the Cosserat

rod approximation for the case shown in Figure 3b, where there are 40 variables in the multibody
solution compared to 240 variables in the Cosserat solution (discretization of 40 links in PyElastica).

The process used to identify the constant parameters for both the multibody and Cosserat models
is not exhaustive, and it is evident when moving the cable in a quasi-static manner that the current
values could be tweaked to better inform a dynamic model. Figure 4 shows the hardware and model
approximations for various fixed locations. Ongoing work is being done to incorporate a classifier
into the simulation to optimize the stiffness values based on errors with hardware data for both
models. Part of the errors in this positioning is due to test setup and measurement of the cable,
real-world approximation problems that are sure to arise in an in-space cable routing scenario.

CONCLUSION
This paper presents background into different state-of-the-art modeling methods for DLOs, and

performs a simulated comparison of the two most prominent model-based methods: multibody
and Cosserat rod formulations. The results of the simulations are compared to RGB images of a

(a) (b)
Fig. 3. (a) Hardware setup with skeleton overlay, (b) Multibody and Cosserat modeling methods
compared with cable RGB image.
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Fig. 4. Performance of multibody and Cosserat cable models for various cable positions.

cable. Both the low-state multibody approach and the high-state Cosserat rod approach are able to
approximate the static cable shape, which indicates that the lower fidelity multibody approach is a
valid modeling method for when medium accuracy is required for a cable routing scenario.

A fundamental evaluation such as this, evaluating different DLO modeling methods with an eye
towards computational complexity, is necessary to advancing in-space outfitting and maintenance
operations. Real-time control benefits from a minimum length state vector, allowing the autonomous
system to react faster to deviations in the environment. A real-world outfitting scenario is likely
to have many waypoints along the cable, in addition to bend constraints and collision volumes of
a dense structural environment. The DLO itself must not bottleneck the control-loop; a slower
control loop may not be responsive enough to avoid constraint violations of what could be a critical
electrical component.

Ongoing work is focused on optimizing the parameters in the multibody model and comparing
the 3D dynamics of the multibody model with the Cosserat model. Future work involves incorporat-
ing knowledge of a given scenario’s constraints, and finding the minimum discretization necessary
to reliably satisfy constraints. The resulting model can then be incorporated into a robotic system,
aiding in the planning and real-time control of a DLO in a cluttered environment and enabling
autonomous robotic cable routing of in-space facilities.

A viable control scheme is necessary to fully leverage robotic capabilities and establish a
persistent presence on the lunar surface. Outfitting and maintenance are historically tasks that have
not seen much automation. This approach which must change in order for a lunar facility that is
not continuously crewed to operate effectively.
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NOTATION
The following symbols are used in this paper:

𝑒 = cable dilation ratio
f, c = force and torque vectors ∈ R3

𝑔 = gravity constant
[
𝑚

𝑠2

]
𝑘𝜃 = rotational (torsional) spring constant

[
𝑁
𝑟𝑎𝑑

]
𝑘 𝑙 = linear spring constant

[
𝑁
𝑚

]
𝑙 = total length of cable [𝑚]
𝑚 = total mass of cable [𝑘𝑔]

𝑚𝑙𝑖𝑛𝑘 = mass of single link [𝑘𝑔]
𝑛 = number of link segments per cable

p𝑖, r = position vectors ∈ R3

𝑞 = optimization variables
R𝑖

𝑗
= 𝑆𝑂 (3) rotation matrix ∈ R3𝑥3

𝑠 = point on parametric line
𝑠 = point on rest reference line ∈ [0, 𝑙]

T𝑖
𝑗

= 𝑆𝐸 (3) transformation matrix ∈ R4𝑥4

𝑈 = potential energy [𝐽]
𝜃 = relative rotation [𝑟𝑎𝑑]
𝛿𝑥 = deformation of linear spring [𝑚]
𝜎 = linear strain ∈ R3

𝜅 = curvature strain ∈ R3

𝜔 = angular velocity ∈ R3
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