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Abstract: This paper proposes novel approach to 3D virtual modeling of articulated mechanisms. It
follows widespread use of XML for various applications and defines a version of XML specially
designed for description of 3D geometric models of articulated bodies. It was shown how the 3D
geometric model of a mechanism can be gradually developed using suitable defined elements and
stored in corresponding XML file. The developed XML model is processed and using powerful VIK
(Visualization Toolkit) library the corresponding virtual model is built and shown on the computer
screen. To drive the virtual model the dynamical model of the mechanism is developed using Bond
Graph modelling techniques. The models, 3D virtual geometric and dynamic, are created using the
corresponding software packages: BonSim3D Visual and BondSim. The models are interconnected
by a two-way named pipe. During the simulation of dynamical model, the parameters necessary to
drive the virtual model (e.g., the joint displacements) are collected and sent to the virtual model over
the pipe. When the virtual model receives a package the computer screen is updated showing the
new state of the mechanism. The approach was demonstrated on example of a holonomic
omnidirectional mobile robot.

Keywords: 3D visualization; XML; omnidirectional mobile robot; path planning; bond graphs

1. Introduction

With development of 3D CAD technologies, the visualization of processes and systems has
become a powerful tool and has been increasingly used in process of the new products and processes
design, providing numerous benefits such as shorter development time and smaller costs, the
possibility of testing and verification of the functionality before the product production, checking of
possible part collisions in space, comparison of different product and process solutions to choose an
optimal one, etc.

The idea of remote access to the information of automatic systems and their visual representation
appeared with the invention of the Internet. Following [1] the online approaches are proposed for
remote control of automatic systems based on synchronous and asynchronous capabilities to control
developed 3D models using XML (eXtensible Markup Language) technology. Many researchers have
developed simulators with visual programming environments for the development, validation and
optimization of various products and processes.

The role of simulators becomes extremely important in robotics as robotic systems are
increasingly complex with numerous built-in sensors and complex tasks that the robots have to
perform. The design, analysis, performance optimization, and navigation of robots in unstructured
environments can greatly simplified using software for modeling and visualization.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the last couple decades, many researchers have developed different software for simulation
and visualization of the robot applications, which have obtained popularity and play important role
in solving the engineering problems. Some of the widely used simulators for development of mobile
robot applications are Gazebo [2,3] based on Robot Operating System (ROS) [4,5], Rviz—3D
visualization tools for ROS [6], Webots [7,8], MORSE [9], CoppeliaSim [10,11], CARLA [12], Raisim
[13], MARS (Multi-Agent Robot Simulator, developed in Matlab) [14], CARMEN (the Carnegie
Mellon Navigation Toolkit) [15], Movelt [16], etc.

To choose the right simulator for the development of a specific robot application among the
widely developed ones, many investigators offer an overview of the most used 3D robotic simulators
and evaluate their properties [17-21]. Some authors pointed out as powerful tools for modelling and
visualization of the complex systems the Virtual Reality (VR) [22], Augmented Reality (AR) [23] and
Mixed Reality (MR) [24]. Some useful algorithms for modeling and visualization of robots in Matlab
are presented in [25].

This paper proposes a novel approach for 3D geometric modeling of articulated mechanisms,
based on a version XML [26]. The main idea is to provide connection between such developed virtual
model to its dynamic model, created using other software [27]. Two-ways communication between
two models has established using named pipe technology.

The proposed approach is applied on an example of mobile robot FESTO Robotino [28].
Generally, the popularity of mobile robots is significantly growing in recent years and attracts the
research attention around the world. On other hand, FESTO Robotino is complex enough to be chosen
as a representative example. It is characterized by excellent maneuverability achieved using three
omnidirectional wheels. As such, it is the subject of many analyzes presented in [29-36]. Generally,
the construction of omnidirectional wheels is also given great attention and is the subject of research
[37-40].

The dynamic models for various mobile robots have been developed several decades ago, but
due to the complexity of omnidirectional wheels [31-35], the attention of researchers around the
world is still focused on dynamic modeling and the design of an appropriate control algorithms for
navigation of mobile robots equipped with such wheels [41-43].

In this paper, the lateral rolling of the rollers, which the wheels consist of, was taken into account
and analyzed. Dynamic model, based on the concept of component model approach, has been created
by bond graph technique using program BondSim [27,44].

The virtual 3D model of Robotino is developed in the paper using an XML approach by
BondSim3DVisual application. Methodology for development of the virtual model presented here is
updated, modified and conceptually different version of one explained in [45]. The proposed markup
language is a simplification of general XML scheme found elsewhere [26] and serves as a replacement
of a C-type language introduced in BondSim3DVisual [27]. The proposed version was designed for
3D geometric modeling of articulated bodies such as robots, multi finger robot hands, mobile robots,
multi legs platforms, cranes and similar objects. Using a DOM (Document Object Model) like
approach, an XML document can be represented as a tree of elements. Thus, the structure of 3D
geometric model of an articulated mechanisms can be represented as a tree of constitutive elements
and attributes in the computer memory. 3D virtual model is generated from XML tree using powerful
VTK library [46-48].

Between two robot models: the virtual, which works in environment of BondSim3DVisual, and
the dynamic model, which runs in BondSim, there exists two-way communication during simulation
based on named pipe techniques. After validation in virtual environment, the proposed algorithms
could be applied to a real robot. Verification of the robot’s behavior in a virtual scene reduces the
need for large experimental work with real robots.

FESTO has implemented similar idea for Robotino using two software packages RobotinoView
for driving of the Robotino, and RobotinoSim to visualize robot scene [49,50]. The approach presented
in this paper is more general and refers to the development of dynamic and 3D virtual models of any
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articulated mechanism, not only Robotino. Such models can exchange information with each other
in the planned future research on the real physical systems according to the concept of digital twins.

The rest of the paper is organized as follows. The methodology of how to develop a virtual 3D
model of articulated mechanism is described in Section 2. The dynamic model of Robotino using
bond graphs is developed in Section 3. Simulation results are presented in Section 4. Finally, the last
part of the paper gives concluding considerations and proposes for the future work.

2. Virtual 3D Modelling of Articulated Mechanisms

2.1. The Basic Approach

The visualization in 3D space provides representing of three-dimensional objects on the
computer screen similarly as we see them in the real scene. In the real scene we have several essential
items (Figure 1):

e  Three-dimensional space with objects in it;
e Sources of the light such as Sun, or light bulbs, enlightening the scene;
e A person looking at it.

s S~ A person looking

\ @ at the object
al =\ j / /

LY
x¥'O World space ' Object in the scene

Figure 1. The components of real scene.

The objects generally are not static, but move over the scene, e.g., a robot hand moves over the
scene to grasp a part and moves it to another object to place or insert it there. We analyze their motion
in world space OXYZ. We assume that XY plane lies in the plane where objects lie and we look to
them along negative Z axis.

To visualize the objects and their movement over the scene, we

e  generate virtual 3D representation of them as 3D geometric objects;

e  generate dynamic model of the entire system in order to simulate their motion;

e interconnect these two worlds, 3D geometric and dynamical, by suitable means to enable
interactions between them.

To achieve this we use two applications, which were developed specifically for this purpose:
BondSim3DVirtual, and BondSim [44], as shown in Figure 2.

The Named pipe

BondSimVisual )* g@

Visualization Toolkit (VTK) library

Pugixml library

Figure 2. The programming environment for visualization.
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2.2. Generating Virtual 3D Model

To generate 3D virtual model of an articulated mechanism BondSim3DVisual application was
developed using Microsoft Visual C++ language. It is used for construction of the 3D virtual model
of a mechanisms and its generation on the computer screen. It uses a special version of Extensible
Markup Language (XML). The application uses well known pugixml library [51] to support processing
of XML code.

At opening of the application an empty mainframe appears, as shown in Figure 3. It is divided
into two parts. On the left side there are two tabbed windows: Tree View and XML Output. The first
one serves for construction of Document Object Model (DOM) like XML model tree. Thus, the model
is not developed as a conventional XML document, but as DOM like tree. It starts at a root, and
suitable elements and attributes are inserted one after other as its branches or leaves. Simultaneously,
a corresponding XML document is generated in read-only XML Output window. To see it we simply
click its title (Figure 3). The right side of the program frame is used to create a document window
containing the virtual 3D objects corresponding to the XML model on the left.

#B BondSim3DVisual2023 - m} X
File Edit View Help
0D B B = :

Tree View * o X

Tree View  Xml Qutput

Ready CAP NUM SCRL

Figure 3. BondSim3DVisual application’s mainframe.

The problems treated by this application are divided in several groups: projects, robots, tools
and objects. This division is rather arbitrary and serves to define the roots of the model trees and the
directories where their XML documents are stored. The models are stored as XML files, i.e., text files
with extension XML.

From modelling and visualization point of view, Robots, Tools and Objects are all treated in the
same way. Thus, when we need to develop a new robot model, e.g., 3D model of Robotino using
BondSim3DVisual application we need to assign a unique name to the model, which is used as the
filename for storing generated XML document in the Robot directory. We may select simply Robotino
as the file name. Program starts by creating the robot tree root and adding the attributes as children
(Figure 4a). The attribute id represents the robot identifier. It is a machine generated a unique number
as shown in Figure 4b. The Name attribute contains Robotino textual value.

#B BondSim3DVisual2023: Robotino.xml —
¢#B BondSim3DVisual2023: Robotino.xml

File Edit View Help
File Edit View Help

/ R = | @
L) e Loz | B ‘g WANEATAN WA
sz e i Xml Output v ax
B-% M <robot id="#Kmrg3aun4aloufoaRtgk0omgWc" name="Robotino" />
Did
) name
(a) (b)

Figure 4. Generated robot root: (a) Tree View; (b) XML Output.
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The operations on the tree are very simple. Starting from the root we insert elements or attributes
by selecting a corresponding node (an element or attribute) by clicking it by mouse and applying Edit
menu command, or right clicking it by the mouse. A drop-down menu appears from which an
element or attribute can be chosen (Figure 5a) to insert. Another drop-down menu now appears from
which a suitable command can be selected either to insert a new item as child, or above, or below of
the selected item. The menu disappears and a dialog window appears from which an element or
attribute node can be selected (Figure 5b). After selecting and clicking OK, the dialog closes and the
selected item appears in the tree. The structure of the virtual model is generated systematically
starting at the robot root and adding hierarchically its branches (elements) and leaves (attributes)
following the structure of the mechanism we model.

¢#B BondSim3DVisual2023: Robotino.xml B
: File Edit View Help b [ VED e
0 A ) Lol o LRE L= L6 =
J S| s v s
Tree Vi Tree View
ree View
= =% robot
8 *‘:? Delete { Did
Y ) name Nod X
O Element | insert Child oce
Attribute » nsert After fossembiy} =
Save Node peertibefore
(a) (b)

Figure 5. (a) The menus for inserting an element or attribute; (b) Dialog window for selection the element which

will be inserted into the tree.

Generating of the scene on the computer display is the responsibility of the computer graphic
subsystem, which consists of display hardware, graphics hardware and graphic library. It is possible
to program the graphic subsystem directly by use of the corresponding languages such as OpenGL,
DirectX, etc. However, many applications use a suitable application library to simplify this task. To
that purpose, the BondSim3DVisual uses the VTK, a powerful C++ library [46-48].

By applying Create 3D Scene command, the XML model description is processed and the
corresponding virtual model frame is created at the right side of the application’s frame windows.

2.3. Modeling Articulated Mechanism

A typical articulated mechanism consists of a base (link 0) and series of body links connected by
the joints. To describe mechanism, we use different coordinate frames. Thus, we add to every of body
links an orthogonal coordinate system, which is fixed to the particular body link. There are two
coordinate systems which are associated with every joint, and having the common origins. One of
these frames is fixed to the previous link, and the other to the next link (Figure 6a). The relative
position of these frames can be described by a common joint axis and a rotation angle/ translational
displacement by which one joint frame displaces with respect to (w.r.t.) the other.

Figure 6a shows simple case of revolute joint. To define the next link coordinate frame defined
by the corresponding rotation matrix, we start from the current frame rotation matrix and apply the
pre-transforms to transform it to overlap the current joint frame fixed to the current link. These
transforms usually consist of the translation which move the origin of the current link frame to the
origin of the joint frames and rotation of the translated frames to align with the joint frame, which is
fixed to the current frame. Next a drive transform is applied, which typically consists of a rotation or
translation of the other joint frame around/along the joint axis. Finally, we apply post-transform,
which align the other joint frame with the next link body frame. These transforms can be compactly
described by XML tree segment shown in Figure 6b.
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link frame hext link B joint
Jid
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_J translate
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_J rotate

link frame

current link
(a) (b)
Figure 6. (a) The coordinate frames associated with connected body links; (b) The XML segment describing the

joint’s the next link transform.

Often transforms along the body links are much simpler. Thus, e.g., joint coordinate frame fixed
to the previous link can be used simultaneously as the link frame. In that case, pre- and post-
transforms are not necessary (they are identity transforms); only the drive transform is needed.

After the rotation matrix of the next link frame is defined by above transforms, we need to
describe the geometry of the next link. We may use different geometric elements such as cuboids,
cones, cylinders, bodies of revolution e.t.c. for this purpose. All such elements are the children of the
next joint, and thus they use as the reference frame the frame of the next body link, which id defined
by the link element in Figure 6b. Hence, all of these elements have to follow the link element. Every
of these elements have a unique id attribute, which is used to refer to them.

There is a special element—assembly. It is used it to add the geometric elements to it by referring
to them by their ids. In this way all of the next body link geometric elements can be referred to as unit
by the assembly id attribute. We can also use it to transform position and orientation of added
elements w.r.t. the reference frame.

The articulated mechanism’s parts typically have the complex shapes and are usually generated
using a 3D CAD software (e.g., SolidWorks, Catia etc.) [51,52], from which they can be exported in
the form of STL files. This is the case with many robots including the Robotino. In this way the 3D
virtual models of such robots can be reconstructed so that they are very close to the real devices. The
main difference is in the color of the robot parts, because they are not defined in STL files; they contain
the geometry data only. The corresponding stl files are specified by the part elements.

The final element in the joint segment is the render element. The element is inserted at the same
level but below all body elements or assemblies it refers to. It connects geometry of the element or
assemblies it refers to with the visualization object (the actor). It also connects to the link frame (the
next body frame). Because the geometry does not contain information on the color, it is defined here.
The color can be defined by a color name, similarly as in the web browsers (Edge, Google. etc.), or by
the red, green or blue (RGB) color indices in range 0.0-1.0. This value is set to the color of the current
visualization object.

2.4. Modeling of FESTO’s Omnidirectional Mobile Robot Robotino

The Robotino is an omnidirectional device, which has ability to move over the ground floor in
any direction no matter what are the current orientations of theirs wheels (Figure 7). This is mainly
result of the special design of the wheels. For version of Robotino studied in this paper, every wheel
consists of two groups of three rollers each, which are contained in a wheel holder (supporter) in which
they can rotate. The rollers in one group, e.g., the front or back group, are angularly displaced by 60°
w.r.t. the other in such a way that (looking at the wheel’s outer circle at the point of contact with the
ground) the end of a roller of the first group overlaps the start of the roller of the other group. In this
way, during the rotation of a wheel, at every moment one roller is in the contact with the ground
floor and rolls over it. The coordinate system shown in the Figure 7a is the world coordinate system
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in which the device is described. It is displaced in order not to overlap the device. The Robotino
consists of chassis and three wheels, which are displaced around the vertical axis by 120°. The wheels
are driven by DC motors, which are connected to wheel axles by tooted belts and planetary gears.
The basic parts of Robotino are shown in Figure 7b.

-
distance sensors
.

camera -

chassis
wheel wheel holder roller
(b)

Figure 7. Virtual model of: (a) Robotino; (b) its constitutive parts.

Figure 8 shows a scheme of Robotino with the local coordinate frames defined. There are three
frames with the origins at the wheel centers Ci (i=1,2,3) and whose xi axes (i=1,2,3) are directed along
the wheel rotation axes. We also added another local frame whose x-axis is directed opposite to x2
axis and serves to orient the Robotino. Their zi and z axes are parallel with the world Z axis; the yi and
y axes are created by rotating xiand x axes around zi and z axes for 90° in positive (counter clock wise
ccw) sense. The local coordinate frames are fixed to Robotino chassis, and moves jointly with it.

wheel 2

chassis

Ps X3

Figure 8. Scheme of Robotino with world OXYZ and local Cxyz, Cixiyizi (i =1,2,3) coordinate frames.

We create a new virtual model of Robotino as explained in Section 2.2 (Figure 4). It generates the
corresponding the robot root (Figure 9a).
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_J joint Wheel _2
-] joint V\’]ICL’I_S
(a) (b)

Figure 9. The structure of the Robotino’s 3D model: (a) the basic; (b) of the wheels.

Next, to enable pushing of the robot over the world frame, we inserted three virtual joints. The
first one is inserted as child of the root and other two as the children of the previous ones. The joints
have the link elements containing only the simple drivers—the first the prismatic one along the X-
axis, the next the prismatic one along the Y-axis, and the third one a revolute around the Z-axis. Note
that these joints do not exist in the real device.

Following the last joint’s link element, the chassis, bumper, distance sensors and camera are inserted
into the tree by the part elements, and by specifying their id and name attributes. After every of them
an assembly element is inserted that is used to properly position the part with respect to the joint
reference frame. Next a render element is added to specify the color and generate 3D view of the part.

After all part elements are added, we add a probe. It is used to define a particular point in the
robot structure, which we would like to monitor during motion of the Robotino’s 3D model and
return its current coordinates back. Here we will put it at the center of the Robotino’s chassis bottom.
We may add some other points as well.

Finally, there are additional three joint elements in parallel (Figure 9a). They correspond to the
axles on which the wheels are mounted (Figure 8). Their link children define positions and
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orientations of the corresponding local frame. The object elements define the corresponding
omnidirectional wheels that rotate jointly with the axles.

The model of a wheel object is generated similarly as we did for the robot. Only we use
New/Object command, and set the names: Wheel_1, Wheel_2, or Wheel_3. The corresponding model
tree is shown in Figure 9b. The part element defines a roller supporter. It is added to assembly element
and its position and orientation are defined there. Finally, the render element, which refers to the last
assembly element, defines its color and generates the 3D view of the supporter. The next six joints
correspond to rotation axis of every of six rollers. The structure of the joints’ tree is similar to other
joints. They define their axes, geometric shapes, colors and draw their 3D view. This allows modeling
of every roller motion separately.

The projects are used to define the work-space where robots, tools and objects are used. Consider
a project in Figure 10a, which contains a Robotino robot that is moving over a ground floor
constrained by the walls as described by object element.

o
s SR e

_] name Project_Robotino Jdid
8- object ] name Ground
: L) id J cube Floor
il ] name  Ground & cube Walls
&-_J robot - cube
i 0O id _J cube
. J cub
...| ] name Robotino Lane
E ' b ) assembly
" ase
i ) render
-] translate
i J shz
(a) (b)

Figure 10. The structure of: (a) Project Robotino; (b) Object’s Ground.

The geometrical model of ground is shown in Figure 10b. It consists of bottom floor in form of
thin cuboid, and the walls also in the form of the cuboids. They are added into the assembly element
to properly position them. The render element defines the color of the ground object and generate its
3D view on the screen. The robot specified is a Robotino device. It also contains the base element,
which define its position w.r.t. the floor. (The bottom of the Robotino is moved up so that the wheels
just touch the ground.)

After the complete XML model of Robotino project is developed we start processing it in order
to generate its 3D view. First, the Robotino project is opened using Open-Project command from File
menu and Project Robotino is selected. Next, we apply Create 3D scene command from File menu. The
processing starts from the project root. When object or robot elements are encountered, the application
read the names of the attributes and find the corresponding XML files, load them, and continues
processing from their roots until all processing was done. Figure 11a shows the scene generated. To
better show the generated Robotino device and the ground, the scene is modified by pressing mouse
on the screen near the device and dragging it, and then sizing it up by rotating the mouse wheel
(Figure 11b).
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7

L.
(a) (b)

Figure 11. Generated Robotino project view: (a) Normal; (b) Sized-up.

3. Development of Dynamic Model of the Robotino by Bond Graphs
3.1. Coordinate Transforms

Figure 12 shows scheme of Robotino’s chassis —the base (see also Figure 8.) with rigidly attached
several local coordinate frames. Three of them are local body-fixed frames Cixiyizi (i=1,2,3), whose axes
xi are fixed at the corresponding wheel centers Ci (i=1, 2, 3) and drawn through the base’s center C,
axes zi are orthogonal to the plane of motion and directed up. Also, there is another Cxyz coordinate
frame whose x-axis is directed in camera direction and thus shows the heading of the Robotino.

Hence, due to parallelism of z-axes, the angular velocity expressed in the world and the local
coordinate frames are identical:

o' =w=¢, @D

where angle ¢ is rotation angle of the chassis. In this paper, vectors represented in the global
coordinate frame will be denoted by w in the exponent. In vector projections, the capital letters X and
Y in the index indicate that the vector components projected onto the axis of the global coordinate
frame. In the case of a radius vector of a point, projections onto the axis of the global coordinate frame
will be denoted by the capital letters X or Y, with the corresponding point indicated in the index.

Figure 12. Robotino’s base with the coordinate frames: Cxyz and Cixiyizi (i=1,2,3).

The translational part of the base motion w.r.t. the world coordinates is described by
components of the center C velocity:
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Ve = Y%y |- (2)
0

The orientation of the local coordinate frames w.r.t. the world one is defined by rotation
matrices:

cos(¢) —sin(p) 0
R =|sin(p) cos(g) 0] (=123) ®)
0 0o 1

where ¢, is rotation angle given by (Figure 12):

0, =p+7/3, ¢, =p+7, ¢, =p-7/3. (4)

Thus, e.g., if velocity vector viis defined in the local system, its components in the world system
is defined by transform:

v'=Rv, (i=1223). ®)

1 1

Similarly, the components of a vector, e.g., force E’ defined in the world frame can be expressed
in the local coordinate frame by the inverse the transformation matrix. Because the matrices (3) are

orthogonal, their inverse matrices are simply their transpose Rz-_1 =R1T. Therefore, it follows:

F =R'F". (6)

1 1

The power defined by scalar product of these quantities in the world system can be evaluated
using the above expressions:

(B*) vi=(RE)'Ryv,=F'R'Ryv,=Fv, @

and hence, it is equal to power evaluated by local representation of these variables. We may describe
this transform using Bond Graph component Transform in Figure 13a. It is known in Bond Graph
literature as its word model. It has two power ports represented by half-arrows. To every of these ports,
we assign a pair of effort (force) and flow (velocity) vectors whose scalar product is power transferred
by the component. There is another full arrow port, which represent a signal input port. There is no
power associated with this port. It serves only to transfer information on the rotation angle into the
component.

By opening the component, a document appears (Figure 13b), which has the same title as the
component, in this case the Transform, and which serves to define the internal structure of the
component model. Note the narrow rectangles along the boundary rectangle of the document. They
correspond to the power and signal ports. These are the document ports. To every external port thus,
corresponds a document port and vice versa. The document ports are internally connected to other
ports by bond lines or bonds for short.

The Transform is an example of a Bond Graph component. Any such a component can be
represented in two ways. Looking from the outside it is represented by a common Bond Graph word
model consisting of a title and the ports in the form of half- or full-arrow ports. To define its internal
structure we open its document, which is bounded by a rectangle and on its outside, there are
document ports. To define its structure, we insert into the document other world models whose ports
are connected to the document ports by the bond and signal lines. The components are also inter-
connected by bond and signal lines. Thus, the model of a component is defined by a Bond Graph.
This approach is known as the component approach and it enables generation of complex models as
the hierarchies of the models (Damic and Montgomery [44]).
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Figure 13. Bond Graph representation of direct and invers coordinate transform: (a) The basic level; (b) Its

structure.

Number of connected bonds defines the dimension of the port. If there are exactly three bonds
it does not mean that port is a vectorial one. It is also necessary that every bond on its other side is
connected to a one-dimensional port. If on other hand they are connected e.g., to three-dimensional
ports, the external component port is a second-order tensorial port. In this study we will deal with
3D (vector) and 1D (scalar) ports.

The transformation from world to the local frames and vice versa by matrices (3) is in Bond
Graphs described by transformers TF, which describe the effects of the matrix elements onto the
components of velocities and forces vectors given by (5) and (6). Thus, going from the bottom to the
upper ports represents the direct transform of velocities from local to world system (5). The 0-
junctions represent the summation of transformed quantities. Similarly, the transforms from top to
down represent the inverse transform of forces from world to the local frame (6), and 1-junctions
describe the corresponding summation of transformed quantities. The nodes represented by dots
serve to distribute angle delivered to the transformer internally to the transforms TF. To better
understand these transforms the corresponding transformed efforts and flows are superposed on the
Figure 13b. We follow the convention that symbols to the left or above of bonds are efforts, and to the
right and down of them are flows.

3.2. Dynamics of the Wheels

Figure 14 shows a side view of a wheel. Every wheel is driven by a DC motor over a geared belt
and planetary reducer. We describe motion of the wheel w.r.t. the corresponding local coordinate
frame Cixiyizi. The angular velocity of rotation of the wheel is wiand is directed along the xiaxis!.

Assuming that the rolling is without slipping, i.e., the velocity of the temporary contact point Pi
is zero, the velocity of the wheel’s center is given by:

1 It is a convention. The real direction depends on design of drivers’
chains. It will be discussed later when dealing with the wheels’ drivers.
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where Rw is the radius of the wheel.

Figure 14. The side view of a wheel.

Note in Figure 14 the components of reaction forces at Pi. Component Fi, is the reaction force
opposing slipping of the wheel on the ground during its rotation around x:axis. Similarly, Fi is the
reaction of the ground to slipping of the current roller during its rotation due to side moving of the
assembly along xi axis. The component Fi: is the reaction due to weight of the complete wheel
assembly.

We reduce Fiy component to the center Ci of the wheel (Figure 14). Hence the respective moment
w.r.t. point Ci is given by:

0 0 -R -F
M= 0 xE|=| o | ©)
R, 0

Hence, the rotation to linear motion transform (8) and (9) can be simply modeled by a LinRot
component in Figure 15a, consisting of a single transformer TF in Figure 15b. It uses parameter Rw as
the transformer arm.

We will also introduce the wheel body-fixed frame xwyuzi (i=1,2,3), which overlaps xiyizi (=1,2,3)
frame when the current roller touches the ground at its greatest diameter point (Figure 14). Thus, the
current body-fixed wheel frame is defined w.r.t. the current roller by which the wheel touches the
ground. As the roller changes the body-fixed frame changes as well.
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Figure 15. Rotation to linear motion transform: (a) World model; (b) Its internal model.

We study the rotation of the wheel w.r.t. world frame coordinates XYZ. However, we may study
it in the current wheel body-fixed frame as well. In this frame, the temporary contact point P: moves
apparently in the opposite sense.

When the wheel rotates around x-axis by 0: radian, the zi-axis rotates by an angle §,. We

calculate a helper angle defined by the expression:

6,,, =mod(6,,/3). (10)

temp

By mod operator definition this angle lies in the range [0, 7/3). Note however, due to o,=r/3,
when this angle is greater than 6, /2, the contact point switches to the next roller and the body-fixed
frame changes accordingly (Figure 14). Therefore, to properly define angle 6, between body-fixed

zi-axis and zi-axis, we set?

17

ib

=0,,20?70, < 7/620, : 0,

terp

:sz—ﬂ/6 ? Hm:—em—ﬁﬁ

w_”/?’

i’

(11)

Every roller by itself can freely rotate about its longitudinal axes (Figure 14). These axes form a
plane, which is orthogonal to the wheel rotational axis. In this way in addition to normal rolling of
the wheel around its rotational axis xi, the wheel may move sidewise due to rolling of a roller
currently in contact with the ground about its longitudinal axis.

We may find the velocity arm ru from the relationship (Figure 14):

R, cos(@h) =r,+R -7

max /

or
Ton =T — Ky (1 - COS(@ih )) . (12)

Assuming that the rolling of the roller takes places without the slipping, and applying the right-
hand rule to the roller, we obtain:

vix = 7"mlla)imll . (13)

Thus, the velocity of the wheel center is holonomic, i.e., it does not depend on the direction of
the wheel axis.

The model of the roller is shown in Figure 16. Comparing with Figure 15 it can be seen that the
rotation is similar to that of the wheel, but with different rolling arm.

2 Operators “?:” are known as the question operators and represents
the inline version of if-then-else construct.
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Figure 16. Model of Roller: (a) The basic level; (b) Its structure; (c) Structure of LinRot.

After these kinematical considerations, we turn to the dynamics of the wheel. Due its rotational
symmetry we assume that the wheel’s mass center coincides with its geometric center Ci. Thus, the
motion of the wheel can be decomposed into its translation determined by the motion of its center
and rotation around it. Because the wheels are joined to the Robotino’s base and translates with it,
we may take into account the translational dynamics of the wheel when analyzing the motion of the
chassis. Thus, it is left to analyze here only the rotational dynamics of the wheel.

We apply moment of momentum law for rotation around the wheel’s center Ci. The moment of
momentum w.r.t. the local frame xiyizi, (i = 1,2,3) reads:

%)
x 1

Lo=| 0 | (=123), (14)
0

where I _is moment of the inertia of the wheel w.r.t. xi axis. We transform (14) to the world frame

XYZ by pre-multiplying by rotation matrix (3):

I.o I o, Cos((pi)
L. =R,| 0 |=|I.osin(p)| (i=12.3). (15)
0 0

Now the moment of momentum law reads:
dL?.
—<_Mv, (16)
dt

where MY is applied moment. If we denote the net moment applied to the wheel by Mix we have:

Mix
M= 0| (i=123). (17)
0
Using (15) and (17) we can write (16) as
Lo, M,
ARl 0 ||=r| 0 |. (18)
dt 0 0

Figure 17 shows Bond Graph component describing (18). Note, that component RotTFi in
RotDyn document is coordinate transform between local xi and world coordinates. Finally, the last
component in Figure 17 represents the rotational dynamics of the wheel in the world frame.
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Figure 17. (a) Rotation dynamic of the wheel; (b) Its internal model; (c¢) Transformation of variables; (d)

Rotational dynamics.

At the end we formulate the Bond Graph model of the wheel, which contains all components
that we have discussed previously (Figure 18). The integrator serves to find the angle of the wheel
rotation in radians, and the function converts the radians into degrees.

°

RotDyn

TN

Wheeli 4
0

R Ti

L RotLin « 1 ~ E.| o,

(DI x 1
4 Fh/

0 ~ 0 . ~
Giy
Weight
Roller +—

Fp; | vpi

Figure 18. The basic level Bond Graph model of the wheels.

3.3. Dynamics of the Chassis

Bond Graph model of the chassis is shown in Figure 19. The model follows the structure of the
real device, which contains three drive units represented by components Drive 1 to Drive 3. The
drivers develop angular velocities wi and torques 7, which are applied to the wheels (Figure 18).

Component Dynamics in Figure 19 models the kinematics and dynamics of the chassis motion.
We start form relation between velocity of the wheel centers in the local coordinates and world
velocity of the chassis center:

w . . T
ve=(X. Y. 0), (19)
where Xc and Yc are its coordinates in the world frame. This relation reads:

vi=R'V", (i=12,3), (20)

v+ c

Ve =

or
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) (0] (-R) [ cosla) sinlo) 0)(x.
v, |+ 0|x| 0 |= —sin((oi) cos(gpi) 0 YC ,(i=1,2,3),
0 @ 0 0 0 1)1 0

where R is radius of the chassis, which contains the wheel centers (Figure 12). Expanding the last
equation gives:

v, = XC Cos(goi)+YC sin(q),,)

v, ~Rp=-X_sin(¢,)+Y.cos(p,), (i=1,2,3). (21)

Chassis 4 4

Fy, [0y, F3,| 05
. T
Drive 1 P
1
T3
Drive 3
0‘)3

p| L1
| \ Dynamics fg’/
vy, 2 03,
Fy| 0y,
Reference —— pnode — Y|
4|J C
T
Drive 2 2 b
T , i
y !

Figure 19. Structure of Chassis model.

Bond Graph model of the Base Dynamics is shown in Figure 20a. The central role in it plays
Equation (21). The three transformers TF describe rotation-to-linear transformation (similar to Figure
15). They also generate the moments of y-axis forces of the wheels acting on the chassis about its Z-
axis. The Transform describes the right side of second (21) (Figure 20b). It also transforms the y-axis
forces of the wheels acting on the chassis to world frame and apply them to the center of mass of the
assembly (see Translation in Figure 20a).

The Side rolling in Figure 20a describes the motion of the wheels due to rotations of the rollers.
The velocities of this motion are described by Bond Graph representation in Figure 21a. It generates
x-component of the wheel center as defined by the first (21). The roles of the transforms are not only
to transform the velocities of the chassis center from world to local frames, but also to transform to
world frame the x-axis components of the forces acting at the contact of rollers with the ground
(Figure 14), which are transferred by wheels to the chasses. Sum of these forces are transferred
through the bottom port into Translation’s upper port (Figure 21b).

The component Translation describes the translational dynamics of the Chassis including the
wheels. The inertial element I describes the rotational dynamics of the chassis.
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Figure 20. Dynamics of the Chassis: (a) Structure of Dynamics model; (b) Structure of Transform.
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Figure 21. (a) Structure of Side rolling; (b) Structure of Translation dynamics.

We now return to the model of Chassis in Figure 19. There are three Driver components, one
for every wheel, which models the driver units of the Robotino.

Figure 22 shows the structure of the drivers. The drivers consist of DC motors [53] and reducers
(belt drives and planetary reducers). The DC motors are modeled using gyrators (Damic and
Montgomery [44]) and lossless reducers by simple transformers.

In this model the control of the drivers is provided by common PID controllers. The reference
angular velocity follows from (8) and second (21):

~(Rp—Xe sin(p,)+ Y cos(p,))/R,, (i=1,2,3) . (22)

The reference inputs are generated by the Reference component described in the next Section.
There is one point that we have now to take into account. Positive direction of the motor rotation,
following the right-hand rule, corresponds to the motor rotation axis directed into the Robotino body
(see Figure 7a). On the other hand, the wheels’ axes are parallel to these axes, but they are directed
out of the body (See Figure 8). Therefore, the positive directions of angular velocities and torques at
the motor’s and driver output’s side are opposite.
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Figure 22. Structure of the Driver 1 to Driver 3.

This can be taken into account by setting the transformer ratio equal to negative of gear ratio,
ie.,

w; = —kgear-w,,,t, =—kgear-t,. (23)

This also implies that the reference input in the feedback loop of Figure 22 should be scaled back
by —1/ kgear before it is applied.

3.4. Planning of the Motion

The purpose of Reference component is to define path of a plane curve that center C of the
Robotino bottom should follow, the direction of its motion, and to generate the control signals for
wheels driving. As an example of the curve, we use a (geometric) rose described by the following
pair of Cartesian coordinates [54]:

Xy = ampl- COS(k¢)COS (¢)} ) (24)

chf =ampl-cos (k¢) sin (¢)

If parameter k = 3 then (24) describes a rose with three petals of amplitude ampl =2 m (Figure
23a).
To describe the path shown in the Figure 23a, we define parameter ¢ by:

p=a-t+5z/6, (25)

where g is a parameter and t denotes the time. Notice that initially Xc =0, Yc =0 and the curve starts
in the fourth quadrant with ampl of 2.0 m. To pass over all three petals it needs mt radians. Thus, if a =
0.1, it needs approximately 31.4 s for one complete cycle. Differentiating (24) and (25) w.r.t. time we
find the expressions for the world velocity components of the Robotino center C along the reference
path:

XCrcf

Vg = o =ampl~a~(—ksin(k¢)cos(¢)—Cos(k¢)sin(¢))

v (26)

d
Uiy = i =ampl-a~(—ksin(k¢)sin(¢)+cos(k¢)cos(¢))
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Figure 23. Robotino path: (a) In the form of a rose; (b) The direction of the motion; (c) Reference functions.

The direction of the motion is defined by assuming that Chassis axis x is tangential to the
reference path at the current position of the Chassis center C (Figure 23b). The corresponding angle
@ is given by:

tan (gomf ) = ZZ—ZZ : (27)

The reference angular velocity of the chassis we find by differentiating (27) w.r.t. time:

d [ Veny =a.Zkzsinz(kqﬁ)-k(kZ+1)cos2(k¢})
dt kzsinz(k¢)+cosz(k¢) ’

2
@, = COS ((owf)

(28)
UCXyEf

Now, to find angle @rs as continuous function of ¢, and thus of time ¢, we may integrate (28)
using suitable the initial value, i.e.,

Pres = J @, dt - (29)

The component Reference (Figure 23c) implements the above functional relationships consisting
of the input function (25), the chassis center position (24) and linear (26) and the angular velocity
functions (28) and rotation angle (29). The outputs of these functions are forwarded to drivers in
Figure 19.

3.5. The Overall Model of Robotino

In the above sections we have discussed Bond Graph models of the basic components the
Robotino device consists of. It remains to discuss the Ground over which it moves.

Model of Ground is shown in Figure 24. It models interaction between the wheels and the
ground floor at the wheels contact points P1 to Ps (Figure 8). These are modelled simply by three
components vP1 to vP3 (Figure 24a) containing three source flows (SF) elements (Figure 24b) that
impose zero velocities components of the current connection point in direction of world axes. The
corresponding the reaction forces depend on dynamics of the Robotino.
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Figure 24. Model of: (a) Ground; (b) vP1.

Finally, we describe the basic, the root level, model of Project Robotino consisting of Robotino
device running over the ground and connected to a server by an IPC (Inter Process Communication)
link in the form of Named Pipe. The model is shown in Figure 25. We will concentrate here on the
interactions between the basic components Chassis, Wheel 1 to Wheel 3, and Ground. The IPC we
will discuss in the next Section.

Project: Robotino

o IPC 0
—Pu — — U —
L O =L
Node «+—
1
. L4 L rad/deg
|
l b | I | iyt
Wheel 1 » Chassis ~ Wheel 3
1 EEN R
out \
. »out
Il T
L \ \——>u — L

Wheel 2
o »
—s U
Ground t——

Figure 25. The basic model of Robotino device.

In reality the wheels are mounted on the chassis axles that rotate the wheels by means of internal
driver units. Thus, the upper-left power ports transmit the driving toques and wheel angular
velocities. In addition, there are transverse force-velocity pairs that are transmitted between the
wheels and chassis which appear-due to rotation of the wheels.

The Ground applies the no-sliding conditions on the wheels at point of the contacts. The other
are the signals that transmit input and output information of the components. Many of them are
transmitted to the display components (in form of XY plotters) and serve to generated x-y or x-t plots
during the simulation.

3.6. Building the Mathematical Model and Solving by BDF

Before we start the simulation, we need to build the mathematical model of hierarchical Bond
Graph model of Figure 25. Starting from this root level model, we build first its model in the
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background. Next, every component it contains are visited, opened in the background and their
models generated. Processing then continues by opening the next contained components and
generating their models, until the elementary components, which constitutes the branched of Bond
Graph model tree, are reached.

The classical Bond Graph method can have nine elementary components: source effort SE and
source flow SF, effort 1 and flow 0 branches, resistor R, capacitor C, inertial element I, transformer TF
and gyrator GY. To them we may add several input-output signal elements: the input function, the
output function of one or more input variables, integrator consisting of one input and one output, and
other analog and discrete signal functions, which are not used here [44]. Instead of causality assigned
constitutive relations of the elementary components we use their implicit form. Thus, e.g., the
constitutive relations of the left flow junction of Figure 20b, and connected to it the transformers, are
described by equations:

Ociy +fi-£=0,
fi +veysin(e) =0,
fo—vey cos(¢) =0.

Similarly, the constitutive relations of the inertial elements in Figure 21b read:

dpy

—2_F, =0,
T
dﬂ_py =0.
dt

In the same way we can generate the other constitutive relations. For the model of Figure 25 we
generate thus 28 simple differential equations and 206 algebraic equations. Thus, the mathematical
model has form of semi-explicit differential-algebraic equations (DAE) of the form:

%, -y, (i=1,...,n)=0, } "
ﬁ.(xl,...,xn,yl,...,yN,t)zO,(i=1,...,N) ’ (30)

where, x,,...,x, are differential variables, and y,,...,y, are algebraic variables. We define the

N

following column matrices:

x:(xl,...,xn)T,z:(yl,...,yn)T,f:(fl,...,fN)T, y :(yl,...,yN)T (31)
Thus, we can write (30) in the matrix form as:
x—-z=0,
£(xy,t) =0 (32)

Taking time derivation of the last Equation (32) we obtain:
of . of . of
X+ +—=

v Xy Xy,
ox oy ot (33)

Taking into account first Equation (32), we may write the last equation in the form:

of . of of
gy:_[&zwj. (34)

. . . of . . . . .
Thus, if Jacobian matrix — is invertible, we may express the time-derivate of y as:

-1
of of of

V= —| — —z+— . 35

Y (8yj [6xz 6tj )
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Therefore, the second Equation (32) has differentiation index 1, and taken together with the first
we obtain that (32) are index 2 DAE (see Brenan et al. [55], p. 39).

Well-known Backward Differentiation Formulas (BDF) emerged as one of the best methods for
solving general DAS'’s. It was shown in Brenan et al. [55], pp. 54-56, that when applied on model (32)
the k-step BDF (k <7) is convergent to order of i*, where h is the current step-size. BondSim uses only
one integrator —the general form of Backward Differentiation Formula (BDF), i.e., its variable coefficient
form [44], to solve Bond Graph model. In comparison the famous DASSL uses the constant coefficient
form of BDF [55]. It is well known that variable coefficient form of BDF is the most stable version of
BDF, but it asks for more frequent evaluation of the partial differentiation matrix of DAE system (the
Jacobian). This is counterbalanced in BondSim by generating this matrix in sparse analytic form. In
addition, the equations of mathematical model of the problem and corresponding expressions of the
matrix elements are internally converted into NET assembler form using C++/CLR Microsoft’s
language extension, and thus evaluate them efficiently (in DASSL this matrix is evaluated
numerically). For details see Damic and Montgomery [44].

Hence, we may conclude that equation of mathematical model can be successfully solved by
BDF method if they are independent. This is relatively easy to achieve by applying Bond Graph
method as described in [44] and following the structure of the physical system under the study.

To start the simulation process, after mathematical model build was successfully applied, we
apply menu command Run. A dialog window opens which is used to input the simulation
parameters (simulation time, output interval, maximum step size, absolute and relative errors, etc.).
After the OK button was pressed the simulation starts.

3.6. The Named Pipe Communications and Simulation

The named pipe is two-way IPC mechanism, which enables transfer of data between two or more
applications on the same computer, or the computers connected in a local net. Any applications can
serve both as server and client making two-way communications possible. However, only one
application creates the named pipe and is termed the server. The others that connect to the first are
called clients.

In this implementation there is one server—BondSim3DVisual, and one client—BondSim
implemented on the same computer. After a project is opened on the first one and the scene is created,
we create the named pipe using command Open Pipe. After the pipe is created, a message is sent
inviting the client to connect to.

To connect to the server, we activate BondSim applications and open the Bond Graph problem
corresponding to virtual project we have created in the server. We manipulate the frames of the both
applications to make them both visible on the computer screen.

The Bond Graph model contains an IPC component in the form of a ring (or pipe cross-section),
(see at the top of Figure 25). It has the input signal port that serves for connection of the signal lines,
which transfer data across the pipe to the server, and output port that receive the signal data returned
by the pipe. After all IPC ports are connected, we build mathematical model of the BondSim
application. If the building of the model is successful, we can start the simulation. Before starting the
simulation, we need to connect it to the server using corresponding command under Build menu.

There is one other parameter that need to be defined at the start of simulation. This is the Frame
per second (FPS) parameter. The visual screen in BondSim3DVisual is updated by sending data over
the pipe at the discrete times. Every pack of data generates a picture displayed on the screen, and is
called a frame (following the film’s terminology). How often we need to send data? The human brain
can process 10 to 12 FPS received by our eyes as steady pictures; the higher rates are recognized as
the motion. Its default value is taken equal to 20.

When a 3D visual server application receives a pack of data, it reads it, transforms and updates
the geometry of the mechanism to a new state and then render it to the screen. Repeating these
transforms appears as motion of mechanism over the screen.
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4. Simulation of Robotino Path Following

We can now simulate the motion of Robotino along the planned path. We build the model first
and then start a simulation run using the following parameters: simulation interval 50 s, output
interval 0.02 s, maximum time step size 0.02 s, errors le-6. Simulations are performed on PC with
x64-based processor AMD Ryzen 7 PRO 4750G with Radeon Graphics 3.60 GHz. The total elapsed
time was 0.51 s. After that we repeated simulation with the same parameters, and this time we enable
communication between dynamic and virtual model. Communication was established using IPC
pipe component (Inter Process Communication)—red ring in Figure 25, which enables that the
dynamic model can send some information, in our case these are joint angle values to the virtual
model thirty times per second. When the dynamic model is connected to the virtual one, the total
elapsed time was 46.83 s. After testing behavior of Robotino using these both models, in the future
investigation we plan to connect them with real physical robot according to the digital twin concept.

BondSim3DVisual application enables also writing of the mechanism movement over the screen
on a video file in format MP4. We start witing by command Start Video, and end by command End
Video under File menu. We may read this file with verious applications such as Media Player, Moves
& TV, and similar. We uppload this file to You Tube under name Project Robotino where the readers
can view it. When video writing is started process is something slower, but still is about 50 s.

Some of generated plots during simulation are depicted in Figure 26. Figure 26a shows trajectory
traversed by the center of the Robotino. The data are taken from the virtual side. To check accuracy
of the virtual model, owing to established two-way communication between dynamic and virtual
side during simulation, the coordinates of the robot center were read from the virtual model and
delivered to the dynamic side.
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Figure 26. Simulation results: (a) Path traversed; (b) Differences of Xc and Yc coordinates obtained with the
virtual and dynamic models; (c) Differences of Xc and Yc coordinates obtained with dynamic model w.r.t.

referent ones.

The comparison of the coordinates of the robot center obtained on the virtual and dynamic side
during simulation runs is shown in Figure 26b and shows good agreement. Signals picked up from
virtual model is delayed for a time required for its reading and delivering from the virtual to dynamic
side (Figure 26b).

To verify developed dynamic model and control algorithm we compared coordinates of the
robot center and its orientation obtained during simulation with the reference values. Deviations of
obtained coordinates of the Robotino center (Xc and Yc) and its orientation (angle ¢ in radians)
regarding to analytical values, defined by (24) and (29), are depicted in Figure 26c. They are order of
several 10 m for Xc and less than 210 m for Y¢, and 10 rad for angle ¢ (after initial transient state).
That is very good agreement. Note that amplitude of the path is 2.0 m.

Virtual model of Robotino captured at different time instants during simulation is shown in
Figure 27.
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(e) ()
Figure 27. The Robotino in motion: (a) t=0s; (b) t=5s; (c) t=15s; (d) t=255s; (e) t=30s; (f) t =40 s.

5. Conclusions

This paper proposes a novel methodology for 3D virtual modeling of the articulated
mechanisms that can be driven by signals obtained from other model, for instance from its dynamic
model developed using other software package.

Proposed approach uses well-known XML technology which provides systematically
development of 3D visual model in form of a tree. But, instead editing of XML document, the
operations are applied to the document tree in Tree View pane by inserting or removing the elements
or attributes in environment of BondSim3DVisual. Simultaneously with DOM like tree a
conventional XML code is also automatically generated and shown in a separate read-only pad.

The methodology explained in the paper has applied on modeling of the holonomic mobile robot
(Robotino) equipped with three omnidirectional wheels. The 3D model of Robotino is created using
3D CAD models of robot parts in form of STL files. Virtually driving the articulated model by external
signals is provided by developed dynamic model of robot using a separate general-purpose Bond
Graph software BondSim. During the development of the dynamic model of the robot, the lateral
rolling of the rollers of the robot’s omnidirectional wheels was also taken into account and described
in the paper.

The two-way communication between two developed robot models—the dynamic and virtual
is established. Both models run during simulation in different software packages and can
communicate to each other. The dynamic model sends information to virtual one to drive it, but there
is also communication in opposite direction. This means some information can be picked up from the
virtual model and delivered to the dynamic (or any other). Thus, some information which can be
more easily obtained on the virtual model, can be delivered from virtual to the dynamic side. To
verify presented methodology a geometric rose with three petals used as an example of the plane
curve that the center of the Robotino should follow.

In future research, it would be interesting to develop a more complex visual model of the
environment in which the robot moves and to establish communication between the dynamic, virtual
and real, physical robot—the Robotino, equipped with a complex sensor system to optimize its
motion.
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