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Abstract. Robotic designs played an important role in recent advances by pro-
viding powerful robots with complex mechanics. Many recent systems rely on
parallel actuation to provide lighter limbs and allow more complex motion.
However, these emerging architectures fall outside the scope of most used de-
scription formats, leading to difficulties when designing, storing, and shar-
ing the models of these systems. This paper introduces an extension to the
widely used Unified Robot Description Format (URDF) to support closed-loop
kinematic structures. Our approach relies on augmenting URDF with minimal
additional information to allow more efficient modeling of complex robotic
systems while maintaining compatibility with existing design and simulation
frameworks. This method sets the basic requirement for a description format
to handle parallel mechanisms efficiently. We demonstrate the applicability of
our approach by providing an open-source collection of parallel robots, along
with tools for generating and parsing this extended description format. The
proposed extension simplifies robot modeling, reduces redundancy, and im-
proves usability for advanced robotic applications.

Keywords: Robotics, Modeling, Description Format, Humanoids, Parallel Robots,
Kinematics, Standardization

1 Introduction

The democratization of electric actuators has led to large usage of serial robots with
low-complexity mechanics but a high number of degrees of freedom (DoF). Along
with methods and tools to simulate the robots[9] [16], description formats were de-
veloped, allowing researchers and manufacturers to share their models. One of the
most famous format is the Unified Robot Description Format (URDF) [13] that re-
mains to date the basic standard for robot modeling [17]. Yet, URDF only applies
to serial mechanisms. While parallel kinematics has long been recognized for dedi-
cated applications in manipulation or haptic, it now becomes increasingly important
through hybrid architectures in legged robotics. Most recent bipedal platforms em-
ploy parallel mechanisms, especially for the ankles actuation, as seen in robots like
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Digit [1], Tello [14], Tesla Optimus [6] and Unitree G1 [2]. These architectures reduce
the foot effective inertia and enhance the robot dynamic capabilities [7]. So far, the
community is lacking of efficient tools to accurately model and control these sys-
tems. Consequently, a part of the kinematics is often neglected for simulation and
control of these robots, leading to suboptimal behavior [L1]. Even though simulation
frameworks have begun integrating algorithms to handle such architectures [8/12],
there exists no robot description format suitable for parallel mechanisms with uni-
versal acceptation. Recent solutions like URDF+ [10] and SDF [4] all suffer of signifi-
cant conceptual flaws, as we will discuss with more details in Sec.

In this paper, we argue that a description format able to handle parallel mech-
anisms should be based on an underlying serial kinematic chain and make closure
constraints explicit. We propose a complete solution by extending URDF with addi-
tional information describing the closures. The proposed format is generic and re-
mains flexible for user-specific applications. To illustrate its use, we present a collec-
tion of parallel robots modeled with our approach, using the Pinocchio library [9].

The paper is organized as follows. In Sec.[2Jwe provide background on robot mod-
eling and closed-loop constraints. In section Sec.[3|we describe how we extended the
URDF to handle a wider variety of architectures. Section Sec. [4| shows examples of
robots modeled with our approach. Finally, Sec. |5/ concludes the work and discuss
future work.

2 Background

2.1 Multi-Body Systems

Modeling a multi-body system is typically achieved using graphs that represent the
system’s kinematic tree. For robotic systems, this connectivity graph is undirected
and connected, with nodes representing bodies with inertial properties and edges
corresponding to joints. Some robot architectures introduce loops in this graph, in-
dicating kinematic closures. To accurately model robotics systems, one must define
the position and velocity of each joint using so-called generalized coordinates. In
this setting, the system configuration can be expressed by a single vector g of size
ng defining the position of each joint and the system articular velocity is given by
the vector g of size n,, where in general for legged robotics n, # n,. We describe the
transform from a frame A to a frame B by an element of SE(3) denoted AMp.

2.2 Loop Constraints

The kinematic closure can be modeled by adding a bilateral motion constraint to the
system, fixing the relative placement of two contact points. This constraint appears
in the equation of motion as an force applied on the system joints. This leads to the
following procedure; 1) Extract a representative spanning tree of the closed-loop sys-
tem; 2) Add constraints to the equation of motion to account for kinematic closure; 3)
Solve simultaneously these equations for the system acceleration and contact forces.
[8] These closed-loop constraints can be expressed either in explicit or implicit form.
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The explicit formulation express a relation between an independent subset of con-
figuration variables and the complete system configuration, that can be formulated
at the position, velocity or acceleration level [12] This expression is in general diffi-
cult to obtain is more likely hard to transpose to different systems.

In the implicit formulation, the constraint takes the form

@ =0, K(@q=0; K(gg=k(q g 1)

which has been shown to be general, with existing methods to solve the correspond-
ing equations of motion, with K = g% the constraint Jacobian. [8]. In this paper we
will focus on generating, storing and sharing efficiently the data required to formu-
late these constraints and solve the corresponding equation of motion.

2.3 Existing Description Formats

The models of robotics systems are usually contained in description files, that allows
describing the structure of the robot along with other information such as frames of
interest and joint limits. To the best of our knowledge, three main description for-
mats are in use nowadays, URDE SDF and the more recent MCJE The first two have
been used for a long time in the robotics community and now come with efficient
file generators and parsers. However, they struggles to handle robots with closed
kinematic loops for different reasons. On one hand, the URDF relies on the tree-like
structure of a robot model and is limited in joint type, as it can only handle revo-
lute, linear, prismatic, planar, and floating joints, missing the now widely used ball
joints. On the other hand, the SDF handles all joint types and is not restricted to
tree-like structure, thus allowing representing closed-loop systems. However, it lacks
information to efficiently parse and use parallel mechanisms. For instance the in-
ertia properties repartition in closed-loops, the constraint placements, and the con-
straint formulation are not clearly defined, yielding unrealistic splittings. It also tends
to generate a null inertia link near the tree extremity, yielding an generalized inertia
matrix that lacks strict positivity. The MCJF and srobot (format used on the Drake[15]
simulator) format on the opposite, are designed to be able to work with kinematic
closures, but stays for now restricted to the MuJoCo/Drake simulator. Therefore, us-
ing this format would require users to write custom and complex file parsers and
generators for their applications. Thus, as highlighted on the table(1} there is no ex-
isting format or method to correctly handle systems with kinematic closures while
maintaining the ease of use required in most applications.

2.4 Closed-Loop Algorithms

In order to use closed-loop algorithms, one should be able to define implicit con-
straints by simply parsing the description files [8]. To do so, several information is re-
quired, that is the constraint type - i.e. what form the implicit constraint should take
-, the constraint placement, usually defined by a parent joint and a relative place-
ment with respect to it and the underlying serial model to use. With this information,
one can write the equation of motion of the serial model and add bilateral contact
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Ease to Models Models
Format generate | closed-kinematics | the actuation Restrictions
URDF Easy No No General Use
SDF Moderate Partially No Gazebo Only
URDF+ Hard Yes No Custom Imple-
mentations
MJCF (MuJoCo) Moderate Yes Yes MuJoCo Only
Srobot (Drake) Hard Yes Yes Drake Only
Extended URDF Easy Yes Yes Pinocchio - Easily
(ours) adaptable

Table 1: Comparison of robot description formats and their main caracteristics

constraints. In this paper, we will limit the discussion to two types of constraints.
The 6D constraint imposes the contact frames to have the same position and same
orientation

logggs (AMB((J)) =0 (2)

where A and B denote the contact frames on both side of the constraint (cf Figure.
The 3D constraint imposes the contact points to have the same position but do not
constrain any orientation, leaving

AB(q)=0 ®3)

While our description method mostly targets these two formulations, we let it gen-
eral enough to handle new constraint types.

3 Extension of Description Format

3.1 Method Overview

As discussed in Sec. 2] we propose a method to overcome limitations in current de-
scription formats. We propose to easily generate the description files from a CAD
software while being adaptable for different architectures, constraints, and joint types.
Additionally, we found information on the robot actuation to be essential for control
problems.

We extend the well-defined URDF format, preserving its advantages and widespread
adoption and extend it using a single YAML file, which stores structured informa-
tion efficiently while allowing both automated generation and manual modifica-
tions. The simplicity of YAML enables users to add custom data, such as frames of in-
terest or velocity limits, and easily adapt parsers and generators. By using an external
file, this approach ensures backward compatibility when only URDF is required. To
fully support kinematic closures, the extended format must overcome URDF’s lim-
itations by incorporating closed-loop information, defining system actuation, and
supporting additional joint types beyond the URDF standard.
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3.2 Handling Kinematic Closures

As mentioned in section|2.2] kinematic closures are usually written as a constraint on
points relative placements. While considering 6D constraint only may be sufficient
for modeling kinematic closures, handling several constraint types can be beneficial
in certain context. For instance, if one parent joint of the 6D constraint is a ball joint,
one can rewrite the constraint using a 3D formulation in place of the ball joint. This
yields the same kinematic behavior while maintaining a smaller system state. Fig[l]

| ‘. @ Contact points
to close kinematics
chains

@ Non actuated
joints

. Actuated joints

ey

Digit-like leg model with 6D | Digit-like leg model with 3D
contact constraint on the contact constraint on the
closed kinematics loop ‘ closed kinematics loop

Fig. 1: Information needed to fully exploit a parallel mechanism leg, with either 6d or
3d contact

presents a model of a parallel robot - based on the Digit architecture [1I] - modeled
with either 6D or 3D constraints.

To store the kinematic closure information in a description file, we need to spec-
ify the type of constraint (3D or 6D), the parent joints of the contact points, and their
placements with respect to their parents. The two last information can be replaced by
the knowledge of two frames associated with the contact points, which can in turned
be described in the URDE yielding a lighter YAML extension. Therefore, we propose
to dedicate two fields in the extension file for a) defining the type of constraint for
each kinematic closure and b) point to the contact frames - which are defined in the
URDF file. In order to ensure that the inertia of each link is correct, we model the un-
derlying serial model in a CAD software, with added contact frame, before exporting
to URDE

3.3 Description of the Under-actuation

By definition, parallel mechanisms must have actuated and non-actuated joints. For
instance, on a leg of the Digit robot, there are 6 actuated revolute joints, 3 passive rev-
olute joint, and 6 free spherical joints as shown in figure[I] Note that using 3D con-
tacts can help reducing the dimension of the problem by transforming a ball joint
into a single 3D constraint.

The knowledge of actuated joints is mandatory for many problem such as control.
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Hence the creation of another field in the extension file for storing actuation infor-
mation. As there are often more passive joints than actuated ones, we choose to in-
clude the names of the actuated joints in the YAML file. The rest of the joint informa-
tion (limits, type...) is stored classically in the URDE

3.4 Extension to Specific Joints

To overcome URDF’s limitations in joint type representation, we use the YAML file
to specify joint replacements, enabling support for additional joint types. During
parsing, this allows the automatic substitution of one or more joints with alterna-
tive joints, which is crucial for kinematic closures that typically involve ball joints or
U-joints, both unsupported in URDE Additionally, our implementation detects three
consecutive, concurrent revolute joints without intermediate link inertia and auto-
matically replaces them with a spherical joint, improving efficiency and accuracy in
modeling. We also believe that future implementation of URDF will nativelly solve
this issue.

3.5 Parsing the Extended Files

In order to use the extended format in different applications, we propose a method
to easily load and generate it. Our implementation includes an algorithm that loads
URDF files into the Pinocchio library [9], extending them with closure and actua-
tion details. When parsing the YAML file, we enforce joint type modifications, create
an actuation model, and generate constraint models for constrained dynamics algo-
rithms. The YAML format’s readability and existing parsing tools facilitate replication
across different simulators. For model generation, URDF files can be created using
CAD-embedded tools [3][5]. We also provide a script that automatically generates
the YAML file based on user-defined naming conventions, while keeping it simple
enough for manual editing when needed.

4 Examples of Robots Models

To showcase the method’s versatility, we model robots with closed kinematic chains
using our extended URDF format. The URDFs are generated via Onshape to robot
131, with YAML files written manually or following a naming convention. Below, we
present models of Digit and Kangaroo.

4.1 Digit

Digit is a humanoid robot designed for factory work, carrying boxes while walking.
We model only its legs, as the upper body is purely serial and compatible with stan-
dard URDE Fig. |2|shows the real and modeled robots. The real and modeled robots
are presented in Fig. [2| Each leg has 6 motors for 6 DoFE with three kinematic clo-
sures per leg—one for knee motion via a hip motor and two for ankle motion via
calf motors. Our model consists of a 27 DoF serial structure with 18 constrained DoF
(3 x 6D contact constraints), allowing three internal mobilities. Alternatively, the clo-
sures can be represented with 3D constraints.
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(a) Digit Robot (b) Modeled digit robot

Fig. 2: Digit real and modeled robot. In the model, the 6D contacts constraints are
"opened" for better visualization

4.2 Kangaroo

Kangaroo, a high-dynamic humanoid from Pal Robotics, features legs actuated by 6
linear motors. Its complexity surpasses Digit, as all actuators are in the hips, result-
ing in 12 kinematic closures (Fig. [3). The real and modeled robot are presented in

(a) Kangaroo Robot (b) Modeled kangaroo robot

Fig. 3: Real and modeled robot. The model is presented with open 6D and 3d contact
constraint

figure 3| The model includes a mix of three 6D constraints and nine 3D constraints,
yielding 45 constrained DoF within a 63 DoF serial model. This results in 12 internal
mobilities, where each closure rod rotates freely around its axis. Other parallel robot
examples are provided inside the git repository.

5 Conclusion

The code for generating and parsing the extended files, along with a collection of ex-
ample models, can be found on GitHulfl Additionally, we provide the code of several
utility functions for working with parallel robotﬂ These resources demonstrate the

Shttps:// github.com/Gepetto/example-parallel-robots
8https://github.com/Gepetto/toolbox-parallel-robots
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practical implementation of our proposed extension and serve as a foundation for
further exploration and development for other specific software.

Our paper introduced an extension to URDF to support closed-loop kinematic
structures, addressing the need for a description format for parallel robots. By over-
coming the limitations of standard URDE our approach enables more comprehen-
sive and efficient modeling of complex robot topologies while maintaining compat-
ibility with existing simulation and control frameworks. This extension integrates
seamlessly into current workflows, simplifying the modeling process and enhanc-
ing URDF’s usability for advanced applications. Future work will focus on making
this extension work on different software and simulators.
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