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The present work launches a new educational simulation tool aimed at making kinematic analysis of anthropomorphic
robotic arms more attractive and practical. This work focuses on the development of a new educational simulation tool for
the “Robotics” subject in the third year of the “Computer Engineering” and “Electronic Engineering” degrees at the
University of Huelva (Spain). The developed tool (3D Robotic Arm Simulator, 3D-RAS) is aimed at engineering practices
and demands students no programming knowledge. Its highly graphic interface allows easy and simple definition of both
parameters and geometry in serial arms with up to five degrees of freedom (DOF). Therefore, this work focuses on an
innovative graphic environment designed for teaching professionals which allows them studying D-H conventions,
mapping both forward and joint workspaces, evaluating surface and volume trajectories applied to anthropomorphic
robotic arms, and visual observation of the movement of serial robotic manipulators. This process is much simpler than the

analytical interpretations of results.
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1. Introduction

Since practices with robotic arms are needed to
understand fundamental theoretical concepts, stu-
dents need to complete a full study on different
kinematics-related aspects. The available bibliogra-
phy includes numerous works on tools aimed at
studying and simulating models for low-cost robotic
arms, thus being highly appropriate for educational
purposes [1]. For instance, ROBOTSIM was devel-
oped as a simulation tool for students working on
robotic-manipulator programming based on ani-
mations and 3D graphs [2]. A computer-aided de-
sign package for multi-DOF manipulators allows
computing mathematical equations to follow D-H
kinematic convention through a GUI [3]. Regarding
the study of robotic arms for industrial use (e.g.
PUMA 560), work models can be defined by means
of matrix equations through a robotics toolbox for
MATLAB® [4]. ROBOLAB s a simulation toolbox
based on this environment and aimed at solving
students’ problems with robotic manipulators [5].
With this purpose, Cakir et al. developed an educa-
tional tool to solve kinematics for 6-DOF industrial
robots [6]. Different methods have been studied so
far for the solution of IK models for robotic arms.
For instance, ROBOMOSP is a complete modelling
and simulation environment for robotic manipula-
tors through a 3D multiplatform CAD system. Its
main innovation is that this package, specifically
developed to train researchers, can be connected to
remote robotic arms [7].
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Obtaining the point cloud corresponding to the
workspace of a given manipulator helps us to
evaluate its physical limitations. For instance, the
workspace of robotic arm PUMA 560 is described
on the basis of discriminant polynomials (see Zhang
et al. [8]). In this sense, Wang et al. [9] study work-
space density in a hyper-redundant manipulator
through an algorithm which takes ~40 s to solve
workspaces. Thus, workspace boundaries are ana-
lysed by Abdel-Malek et al. [10] through the estima-
tion of workspace volume.

The study of joint workspace in kinematics en-
ables us to assure a continuous range of joint values
when the end-effector is intended to reach a parti-
cular position [11]. According to the points in a
trajectory, Lee-ElMaraghy [12] present a simulator
to calculate the IK model of 5-DOF robotic manip-
ulators. Based on this, Qin et al. [13] study IK
workspaces applied to PUMA 560.

Different methods have been proposed for the
implementation of trajectories applied to robotic
arms. Tools based on the generation of linear tra-
jectories between two given points through homo-
geneous transformation matrices are used in most
studies (for instance, see references [4] and [14]). A
trajectory planner through polynomial equations is
also used for industrial applications [15]. Trajectory
algorithms are applied to rigid robots with singu-
larity restrictions (Robot A255) [16] and a 3D-
trajectory pattern based on the IK model of 3-
DOF manipulator arms is also specified [17]. Im-
proving the ability of simulation and interactivity
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with the user are educational features sought by the
tool RobotiCad over the previous ones [18]. As
main features to note, RobotiCad implements
twelve types of different paths to simulate objects
in the workspace of a robotic manipulator and
interact with them.

The ability to test different kinematic techniques
and complex algorithms, as mentioned above, on
anthropomorphic robotic arms is possible through
the use of educational simulation tools [19]. Thus, a
tool integrated in a virtual laboratory that is being
applied to robotics teaching is presented as a new
learning experience [20]. In this sense, a remote and
virtual laboratory that allows students to interact
with real and simulated robots with 5-DOF is pre-
sented [21]. From the standpoint of impact on
teaching and learning, a robot toolbox for kine-
matics simulation is also being applied with educa-
tional purposes [22]. The tool provides interactive
real-time simulation and visualization of the indus-
trial robot PUMA 560. Finally, an analysis about
the advantages and disadvantages of using virtual
environments and remote laboratories to teach
practical courses in Robotics is discussed [23].

The present paper is organized as follows. The
General Overview section presents and describes the
main components of the developed simulation tool.
The next section, Educational Tool for Kinematics,
presents the graphic user interfaces which develop
the equations based on the D-H method for the FK
model and the geometrical method for the IK
model. The subsections 3D Forward Workspace
and 3D Joint Workspace describe the developed
algorithms and simulation tools which allow calcu-
lating both forward and joint workspaces for dif-
ferent robotic arm configurations. The subsections
Surface Trajectory and Volume Trajectory allow
planning surface and volume trajectories through
analytical geometry. The Experimentation section
puts into practice the methodology developed so
far, in which robotic arm Lynx6 is used as a plat-
form. The section Pedagogical Assessment discusses
the impact of the simulation tool on teaching and
learning in Robotics. Finally, this paper contributes
some conclusions, provides new features under
current development and offers the developed set
of tools to the scientific community for free down-
load.

2. General overview

3D-RAS comprises functional subsystems which
represent particular aspects of the kinematics of
anthropomorphic arms. The simulation tool was
programmed as a virtual instrument (VI) in Lab-
VIEW™ and includes the following applications:

Robotic Arm Simulator (FK & IK);
2D Joint Workspace;

3D FK Workspace;

3D IK Workspace;

Surface Trajectory;

Volume Trajectory.

Since this simulation tool is based on modules, the
present methodology allows studying them and
comparing the geometry of anthropomorphic
arms through different subsystems (as long as their
physical parameters and mechanical characteristics
are known beforehand and regardless of their phy-
sical availability in our lab). Forward and inverse
kinematics, together with forward and inverse
workspace, helps students to understand kine-
matics-related aspects while using arm observations
to debug discrepancies. Its different features—inter-
activity, robot type, input via programming or user
commands, workspace typology, dynamic capabil-
ities or remote control—are compared to some
previously available tools to prove the novelty and
possibilities contributed by this new simulation
tool, as Table 1 shows.

3. Educational tool for kinematics

The solution to the problem of finding the FK
model for a robotic manipulator is based on the
matrix method proposed by D-H [24]. Equation (1)
is the resulting transformation matrix which relates
the reference system of segment -1 to the reference
system of the i-th segment of the arm:

iilAi = ROIZ(()I') . T(0,0,d,) . T([l,‘, 0, 0) . ROZX(OQ') (1)

where (i=1, ..., 6); Rotz (6;) stands for rotation
around axis Z;.; with angle 6;; T(0,0,d;) is a transla-
tion of distance d; along axis Z;; T(a;0,0) is a
translation of distance «; along axis X;; Rotz (a;) is
a rotation around axis X; with angle ¢;; and 0,, d,, a;
and a; are the known values of joints and length in
each coordinate system to be expressed in terms of
the D-H convention.

Equation (2) shows the relation between trans-
formation matrices, which forms the robotic arm’s
kinematic chain of joints and segments:

T ="A¢ = "A;2A33A4 A5 A¢ (2)

where T stands for the homogeneous transforma-
tion matrix we are looking for. As a practical case of
the FK models developed and studied through 3D-
RAS (see Fig. 1), Figures 2a—d show different simple
3D representations of 3-5 DOF serial manipulators.
The results obtained exclusively depend on the
robotic arms’ geometrical characteristics—namely,
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Table 1. Main features of some educational tools for teaching anthropomorphic robotic arms

Features ROBOTSIM  Robotics ROBOLAB Cakir et al. ROBOMOSP ROBOSIM RobotiCad 3D-RAS
Toolbox

Language C MATLAB®  MATLAB®  MATLAB®™  Open-Source - MATLAB®  LabVIEW™

Visualizing 3D-CAD 3D-Wire 3D-Solid 3D-Wire 3D-Solid 3D-CAD 3D-CAD 3D-Wire

Interactive No No Yes Yes Yes Yes Yes Yes

Input Commands Commands Parameters Parameters Commands Commands Commands Parameters

FK & IK Rhino XR-3 PUMA 560 16 Industrial ~ Industrial Mitsubishi Microbot Cartesian and  Robots up to 5-

Simulator Robots Robots PA-10, PUMA TeachMover  Serial Robots  DOF

DOF 5 6 6 6 7 5 8 5

Forward No No Yes No No Yes No Yes

Workspace

2D Joint Yes Yes Yes Yes Yes Yes No Yes

Workspace

3D Joint No No Yes No No No No Yes

‘Workspace

Analytical No Yes Yes Yes Yes Yes Yes Yes

Trajectories

Dynamics No Yes Yes No Yes Yes Yes No

Real Remote  Yes No No No Yes No No Yes

Operation

physical parameters and joint values (0;, d;, ¢; and
ai).

The IK model allows arm positioning once spe-
cific coordinates (py, p,, p-) have been introduced for
itsend effector. A closed and feasible solution can be
found for the inverse problem using a geometrical
method which relates end-effector coordinates, joint
angles and the robotic arm’s physical parameters.
The method is particularly feasible when only the
four first degrees of freedom which define the posi-
tion of the gripper are considered in order to mini-
mize multiple solutions.

b

Equations (3-9) report a list of equations which
allow determining the end effector’s position and 6;
orientation angles in relation to the ground:

61 = atan2(py, px) (

0> = atan2((x, — (¢ x zp)), (26 + (¢ X xp))) (4)
03 = 0, — atan2((xp + (¢ X zp)), (z5 — (¢ X xp)))  (5)
04 = 06 — atan2((x, + (g % 2p)), (25 — (¢ x xp)))  (6)

where 60, 05, 3 and 0,4 are the joint angles formed by
the arm’s kinematic chain; 05 stands for the values
introduced for gripper opening/closure, and 6
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Fig. 1. GUI of Robotic Arm Simulator subsystem with 5-DOF arm Lynx6.
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Fig. 2. Several models of anthropomorphic robotic arms with different DOF: (a)
3-axis for bionic arm, (b) 4-axis for A255, (c) 5-axis for IRB2400, (d) the first 5-

axis for Pioneer 2.

stands for the wrist angle in relation to the ground
(wartg):

(px — a1 — (aa x cosby))

b= 2 X ay @
. (p: —d — (a4 X sineﬁ))
zp = T (®)

1
= ¢ (CEIEED ©)

where x; and z, stand for the coordinates in axes X
and Z at the end of the forearm; d,, a;, a» and a4
stand for segment lengths, and ¢ is a relation to
facilitate compactness and equation solving.

The inverse tabs in Fig. 1 and 3 represent the IK
and 2D Joint Workspace subsystems, respectively,
which allow studying the IK model of anthropo-
morphic arms when the values of the end effector’s
coordinates (py, p), p-) change. Figure 3 shows that
kinematic motion can be studied for each joint
separately or combined for all joints in the same
chart.

4. 3D forward workspace

Obtaining a mathematical equation to calculate
workspace in anthropomorphic arms is not an
easy task. For this reason, the present paper
launches a tool for the calculation and 3D computa-
tional representation of the forward workspace of

serial robotic arms by means of a point cloud. The
study of forward workspace is focused on determin-
ing the reachable point cloud surrounding the stu-
died robotic arm through the FK model. The
algorithm of the developed tool creates an ActiveX
container of parametric surfaces and configures the
properties of the graphic window where results are
displayed. Its graphic interface enables the user to
configure D-H parameters and introduce the seg-
ment lengths of the robotic arm under study.

The implemented FK model performs a multi-
plication of transformation matrices through the
kinematic chain defined in Equation (2). Thus, the
developed algorithm calculates the set of coordi-
nates (P, pyi» p-;) for each segment of the robotic
arm through Equations (10-12):

Pxi = T(01,02,03,04,05) (10)
pyi - T(91)92793394795) (11)
p-i = T(01,62,03,04,05) (12)

As input values to the algorithm, the user must
define a range of joint values for 6y, 6, 65 and 0,
to simulate robotic arm orientation in different
positions:

01 = thetay; 0 < theta; < 180° (13)
0, = thetar; 0 < thetay < 90° (14)
03 = thetay; 0 < thetaz < 90° (15)
04 = thetay; —90 < thetas < 90° (16)
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Fig. 3. GUI of 2D Joint Workspace subsystem. Charts represent joint values combined or separately.

the robotic arm’s workspace linked to its kinematic
chain. These series of coordinates depending on the
FK model are calculated iteratively. The points of
each robotic joint are passed from each iteration to
the next and—once all points have been obtained—
they are restructured and ordered for the same
segment (namely base, shoulder, elbow, wrist and
gripper) to facilitate point-cloud visualization, as
points are grouped by colours into a 3D graph to
perform the forward workspace.

In some graphical applications, robotic arm
workspace is tested through manual variation of
joint values for 6, angles. As a practical example of
the algorithm implemented in this subsection, work-
space is computationally generated for different 3-5
DOF anthropomorphic arms (Fig. 4a—d).

The graphic user interface (see Fig. 5) is divided
into three tabs: control panel of D-H parameters,
simulation controls and time graphs. In the upper
left-hand part, 6; controls take the joint’s range of
continuous values defined by the user in Equations
(13-16). The different arm’s segments are identified
by colours in its central part—base (orange),
shoulder (yellow), elbow (red), wrist (magenta)
and gripper (purple)—to determine the coordinate
point-cloud (p.;, pyi, p-;) to be drawn in the work-
space. In its right-hand part, depending on the on-
going simulation, the tool allows varying the Scale
to reduce the number of values for 6; and represents
the number of points composing the 3D map ac-
cording to Equations (17-18):

Each value in joint angles leads to a new state of

theta;

Scale = ;1< <90 (17)

91X92X03X04
fi

where fis the user-defined Factor in the GUI and iis
the number of considered joints. Points indicates the
number of points calculated for each joint, while
Elapsed Time displays the seconds elapsed in the
representation of each point cloud. In the lower
right-hand part, auto-scale can be selected depend-
ing on the simulated robotic manipulator. In the
lower left-hand tab, D-H parameters specify the
robotic arm’s segment lengths, although these va-
lues can be loaded from a library or modified by the
user when working with different robotic-arm
lengths.

For instance, the panel in Fig. 5 shows the point
cloud for the Lynx6 arm formed by the revolution of
joint angles with the following values: 6; = 180, 6, =
90, 65 = 90, 6, = 180 and Factor = 15.

Number of points = 1<i<4 (18)

5. 3D joint workspace

This section puts forward the development of a tool
which allows obtaining the range of joint values of
anthropomorphic robotic arms and determining
whether their physical limits are exceeded. The
user provides the simulation tool with all the D-H
parameters which define the robotic arm’s physical
model and the simulation’s functioning parameters.
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Fig. 4. Set of graphs to compare forward workspace of anthropomorphic robotic arms with
different number of DOF: (a) 3-Axis for bionic arm, (b) 4-Axis for A-255, (c) 5-Axis for
IRB2400, and (d) the first 5-Axis for Pioneer 2. Workspace has been performed for base
(orange), shoulder (yellow), elbow (red), wrist (magenta) and gripper (purple).
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Fig. 5. GUI of 3D FK Workspace subsystem performing simula-
tion.

The algorithm combines the range of values (p, p,,
p-) and calculates all the possible joint values (61, 6,
03, 04 and 6s) which can be adopted by the manip-
ulator. Once ordered, the array of joint values
obtained by the IK model allows joint workspace
visualization and study by means of independent

graphs. During joint angle calculation (7Theta;), the
algorithm calculates the robotic arm’s FK model
and obtains the coordinates (p,;, p,;, p-;) for each
arm segment.

To avoid erroneous angle values, joint variables
are tested to prevent them from exceeding the thresh-
old values. Likewise, the IK model guarantees that
joint movements do not lead the robotic arm into a
position exceeding its maximum physical length.
Computationally, the physical limit of the robotic
arm can be calculated through Equations (19-20):

e
[(S5), (S1)],.. = [xs —x1,zs —z1]  (19)
where [(S5), (S1)], . is the vector joining the base’s

reference system to the arm’s end effector in plane
XZ.

[(S5), ST, < \/(di + a2+ as + as)+ad - (20)

where (a,, d,, a», a3, a4) stand for the segments’
maximum length from the arm’s base to its end
effector.
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The graphic user interface is divided into two
main sections: application controls and joint-work-
space graphs. The length of any robotic arm with up
to 5 DOF can be configured through its D-H
parameters. By default, it includes the parameters
of the arm studied in the present work (see the
“Experimentation” section). Through its GUI, the
range of values followed by the end effector (p,, p,,
p-) can be defined by the user. Graphs are useful to
study joint workspace (04, 65, 63 and 6,) and prove
that the values adopted by joint angles meet joint
restrictions and conditions. In this user environ-
ment, indicators ¢, ¢, ¢3 and ¢4 are activated when
the joint angles reach out of the range values. On the
other hand, the performance step enables simula-
tion speed variation of the simple model into a 3D
graph. It helps to study the robotic arm’s slowed-
down movements and the positions adopted by its
segments.

6. Surface trajectories

The objective of the present subsection is describing
a simulation module intended to study different
surface equations through analytic geometry, which
allows applying open curvilinear trajectories to
anthropomorphic robotic arms with up to 5 DOF.

The user provides the algorithm of this module
with the robotic arm’s D-H and operating para-
meters for simulation. Its formula menu enables the
user to experiment with different equations as well
as to compare and study aspects related to analytic

geometry. The model for a given surface is gener-
ically defined by the following explicit equation:

y; = fi(x1,x2) (21)

where {:R? — R, x1,x2 € [a,b] and [a,b] € R.

Programmatically, Function (21) renders an ar-
ray of defined values (x;, x,) between the initial and
final points in the arm’s real workspace [a,b]. The
number of intermediate points (i) calculated by this
function depends on a digital control (points) lo-
cated at the GUI, which sets the number of curves
composing the 3D surface. The user can select each
of these curves individually in the 3D graph by
means of a cursor (index row). The set of values
(px> Py, p-) shaping the curvilinear trajectory fol-
lowed by the robotic arm through its IK model is
actually defined when one of the possible curves is
extracted. The manipulator’s movement is consid-
ered constant along the curve when planning and
applying 3D trajectories.

The GUI control panel (Fig. 6) is divided into two
main sections, which are further divided into two
subsections. All these subsections can be accessed
through the view tabs: configuration of simulation
and D-H parameters (a), and path planning and 3D
modelling (b). The upper tabin (a) allows the user to
observe the points (p,, p,, p-) in the robotic arm’s
trajectory as well as to control simulation steps. The
running speed can be set according to research
needs, thus facilitating the understanding of the
manipulator’s movements along its curvilinear tra-

e B s BRt o bl It S s

Points Formula Menu

Pytip Pztip
Formula Box y=F(x1,x2)

Total Lenght  Limit
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Delay (ms)
3

3D Surface

Fig. 6. GUI of surface trajectory subsystem performing a simulation.
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jectory. The resulting array of data can be extracted
and exported into a file for real robotic-arm control.
The lower tab allows the user to configure D-H
parameters and introduce the segment lengths of the
studied robotic arm.

The upper tab in (b) displays the controls neces-
sary for surface modelling through explicit formulae
(Equation 21). These controls enable the user to
select different predefined surfaces as well as to edit
new formulae. The lower tab displays the evolution
of the simple model of the robotic arm in 3D
perspective along user-defined movement se-
quences. This tab also enables the user to study all
the values of homogeneous transformation matrices
for each robotic-arm segment.

7. Volume trajectories

This section explains the development of another
3D-RAS subsystem by means of a geometrical
method of volume parametric equations. This sys-
tem allows generating close curvilinear trajectories
to study movement in anthropomorphic robotic
arms with up to 5 DOF.

The algorithm implemented for this simulation
module is an adaptation of the algorithm described
in the previous subsection for volume parametric
equations. Generically-defined, explicit equations
such as (21) have the limitation of needing the curve
to be a function of (xy, x,) in y. That is, all values (x,
X5) have one only corresponding value in y. Not all
curves fulfil this condition, so—in order to be able to
work with them as if they were functions—a domain
(the manipulator’s workspace) must be chosen and
(x;, i, z;) must be considered as dependant vari-
ables. Thus, the 3D-space parametric representa-
tion of any given object requires defining the three
functions in Equations (22-24):

Xi = g;(uv) (22)
Yi = h,‘(u,V) (23)
2= j\(u) (24)

where u,v € [a,b], [a,b] € R and g;, h;,j; : K2 — R.

Functions (22-24) render an array of values (x;,
Vi, z;) which represent the i-th coordinate of the
point generated when independent variables (i, v)
are assigned values within the interval [a,b].

Like the module structure described in Fig. 6, the
control panel is divided into two main sections. The
left-hand panel (a) contains the controls and indi-
cators which interact with the robotic arm’s 1K
model. The lower tab allows the user to configure
the D-H parameters, segment length and DOF for
any robotic manipulator.

The right-hand panel (b) contains 3D-trajectory

modelling (lower tab) and the robotic arm’s 3D
modelling (upper tab). The lower tab displays the
parameters which define the trajectory and volume
functions applied to the manipulator.

The number of intermediate points (i) calculated
by parametric equations is specified by the user by
means of a digital control (points) at the GUI which
defines 3D-object surface resolution. Once volume
has been studied, the next step allows the user
selecting a close curve, thus obtaining the values
followed by the end effector and applying this
trajectory by collecting the points (x;, y;, z;) which
compose it.

The upper right-hand tab displays a 3D perspec-
tive of the simulated robotic arm. The homogeneous
transformation matrices and coordinates of each
segment (py;, p,,» p-;) can be studied in the lower
central area.

8. Experimentation

Lynx6 is used here for practical demonstration of
the results obtained with the developed methodol-
ogy. This robotic arm allows quick, accurate and
low-size movements, thus being highly recommend-
able for educational practices. Lynx6 is a 5-DOF
manipulator: its first three degrees of freedom cor-
respond to its base, shoulder and elbow, respec-
tively, while the remaining ones correspond to wrist
movement and rotation. Although it does not affect
end effector positioning or orientation, its func-
tional clip acts as an additional DOF.

The time the software takes for forward work-
space mapping is an appropriate measure of com-
putational cost in terms of effort. Note that
calculation of all possible coordinates (py;, py:, p-i)
for each robotic arm segment demands high com-
putational effort due to the huge amount of pro-
cessed data, as calculation complexity increases
with the arm’s number of degrees of freedom.
Completion and processing time necessary to calcu-
late the coordinates (p.;, p,, p-;) within every loop in
the algorithm depends on the scale Factor chosen.
Equation (18) allows analysing the effect of the
number of DOF (18), showing that, for equal
DOF complexity, the range of angles (¢;) can differ
so as to provide different number of points. There-
fore, the number of points calculated is inversely
exponential to the Factor.

As a demonstrative example of the previously-
presented “Volume Trajectory” subsystem, Fig. 7a-
d shows the results obtained through the study of
different parametric equations. Thus, to obtain a
close trajectory through a hyperbolic paraboloid
composed by i =25 curves (see Fig. 7a).
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Fig. 7. Examples of planned close curvilinear trajectories: (a) hyperbolic paraboloid, (b)
epicycloid, (c) Mobius belt, and (d) latitudinal sphere.

Equations (25-27) must be defined as follows:

X; =30+ 10 - sin u (25)
y; =30+ 10 - cos(u+v) (26)
z; = 18 - exp(—v) (27)

where u € [0,6] and v € [0, 1]. Equations (28-30)
define a close trajectory obtained from an epicycloid
composed by i =70 curves (see Fig. 7b):

x; =20+ 20 - sinu - cosu (28)
y; =20+ 20-sin3u - sinu (29)
i =20+, (30)

where u € [0,30] and v € [0,0]. To obtain a close
trajectory belonging to a Mobius belt (Fig. 7c),
Equations (31-33) must be defined as follows:

x; =20+ (5+0,5v-cos(0,5u)) -cosu (31)
X; =20+ (5+0,5v-cos(0,5u)) - sinu  (32)
2 =20 + 0, 5v - sin(0, Su), (33)

where u € [0,360], v € [0,360] and i = 28. If a lati-
tudinal sphere is required instead of the previous

one (see Fig. 7d), Equations (34-36) allow generat-
ing the following curvilinear trajectory:

X; =20+ 10-cosu-cosv (34)
y; =20+ 10 -sinu - cosv (35)
z;=15415-sinv (36)

where u € [0,360], v € [0,360] and i = 28. For cor-
rect application of the path defined by parametric
equations to the robotic arm’s kinematic model, the
range of independent variables (u, v) must fall within
the manipulator’s real workspace. With this pur-
pose, it should be borne in mind that each different
point in the curve within the interval [¢, 5] must fulfil
the following conditions: u, v € [a,b] and [a, b] € R.
In order to obtain a close trajectory, the coordinates
of the points obtained when (u, v) = @ must coincide
at least in one of its limits when performing (i, v) = b.

Since lines represent the intersection of two
planes, the analytic description of curves defines
the intersection of real objects. As a practical ex-
ample, a welding cord in the union of two pipes (Fig.
8) is one of the possible applications of the Volume
Trajectory subsystem. The orthogonal cylinders
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Fig. 8. (a) Intersection of two orthogonal cylinders, (b) trajectory obtained with
Equations (37-39), (c) zenithal view of the curve, and (d) transversal perspective.

with radios r;=8 and r,=9 cm, respectively, produce
an intersection whose function can be expressed
with Equations (37-39). To produce the via-points
used to guide the robotic arm, the cylinders must
belong to the manipulator’s workspace. For this
example, their location must be defined with a
relative displacement of (25,25,15) as it can be
observed in the following equations:

X; =dy+r-cosu (37)
y;=dy+r -sinu (38)

zi=d, +\/r} —r}-sin’u (39)

where d,, d,, and d. are the offsets on axes (X,Y,Z),
respectively, and i = 32.

9. Pedagogical assessment

Robotics, whose teaching innovation is the driving
force of this work, is an elective subject in the
university degrees Electronic Engineering and
Computer Engineering at the University of Huelva
(Spain). With the aim of presenting the contribu-
tions and proving the capabilities of this educational
simulation tool, Table 2 presents a statistical study

completed in 2008/09 and 2009/10 with a score
ranging between 1 (very low valuation) and 5 (very
high valuation). This assessment includes aspects
referred to the tool’s features and its acceptance and
use. Two groups of users (38 students of this subject
and 14 professionals from this university Depart-
ment) were considered. Their initial knowledge level
on Robotics was low (question 1). Fig. 9 shows that
the students’ opinion was similar (57.9%) to that of
teaching professionals (42.1%). Regarding the
teaching and learning of Robotics, the high scores
given by the users prove that the use of the simula-
tion tool reinforces and favours the acquisition of
these concepts (questions 2-7). In this sense, stu-
dents declare they disagree with the idea that theo-
retical concepts are to be learned by studying,
without the need of computer simulations. Regard-
ing the user graphic interface, its ease of use and
interactivity stand out remarkably. Besides, stu-
dents stress the way theoretical and practical con-
cepts are related to one another, thus allowing quick
learning (questions 8—12). Clear preference for the
modules composing the 3D-RAS tool is also shown
(questions 13-18), as the users’ degree of satisfac-
tion is rather high.

Figure 10 shows a comparison of the students’
assessment along two academic years. In general,
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Table 2. Evaluation questionnaire of the 3D-RAS simulation tool

Item Requested Features and Capabilities Teachers  Students  Deviation
1 Previous level on Robotics 2.5 1.88 3.83
2 The use of a graphic tool fosters the students’ motivation and interest 4 4.28 2.28
3 The software application has a clear and intuitive structure 4 3.95 3.35
4 Putting the application into practice is feasible in the university context 4.5 4.65 3.19
5 The application allows learning new theoretical concepts 35 3.43 3.03
6 The application allows consolidating previous theoretical concepts 3 4.65 3.19
7 Theoretical concepts are learned through study, without need of computer simulations 4.5 2.1 1.79
8 Interface appearance 4 3.38 2.28
9 Usability 4 3.83 1.92

10 Graphic simulation and results 3.5 39 3.35

11 Theoretical-practical understanding 4 393 2.05

12 Application interactivity 4 4.58 3.03

13 2D Joint Workspace subsystem 4 3.88 3.35

14 3D FK Workspace subsystem 4 43 3.49

15 3D IK Workspace subsystem 4 4.3 3.49

16 Surface Trajectory subsystem 4 4.1 3.35

17 Volume Trajectory subsystem 4 4.1 3.35

18 Robotic Arm Simulator (FK & IK) subsystem 4 4.45 3.19

19 General assessment 4 4.1 4.38
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Fig. 10. Comparison of the students’ opinion along two academic years.
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the opinion of the two groups of students can be said
to follow the same tendency, showing slight varia-
tions. Itis still too early to obtain concluding results,
although the developed analysis leads us to con-
clude that the generic capability of the tool allows
graphical simulation of the movement of anthro-
pomorphic robotic arms and helps studying kine-
matic models. In this sense, the general assessment
was rather high (question 19), since practices were
more pleasant and appealing. Regarding the place
where this tool was used, 56.52% of users opted for
completing practices in lab, counting on the teach-
ing support of professionals and help of their class-
mates. However, a large number of students
(43.47%) used the tool at home. The reason behind
this decision is that they did not feel conditioned by
the need to dispose of specific equipment to com-
plete these practices in the classroom.

10. Conclusions

The main contribution of the present work is the
proposal of a new educational tool (3D Robotic
Arm Simulator) aimed at studying and evaluating
the kinematics of anthropomorphic robotic arms.
With this purpose, the present work develops the
different subsystems which shape the 3D-RAS tool.
This simulation tool is based on the D-H method;
thus, the followed methodology is put forward in
the present paper as well as proven capable of
simulating different robot arm configurations. The
developed GUIs—given their high versatility and
visual nature—are highly intuitive and allow study-
ing forward and joint workspaces in serial robotic
arms with up to 5 DOF. Besides, a simulation
module of trajectory planning has been developed.
The capabilities of this module allow generating
surface and volume trajectories applied to serial
robotic arms. With the aim of teleoperating a ro-
botic arm with educational purposes in lab prac-
tices, a remote control module was also developed
for one of the arms available in our lab: Lynx6.
The download of a set of demonstrative videos
and an installable version of this educational tool
(including all its subsystems, which allow running
simulations without connecting the tools to remote
experiments) is available at http://www.uhu.es/
tomas.mateo/investigacion/3DRAS.htm (3D Ro-
botic Arm Simulator file). This tool is available as
GNU license and the source code can be requested
from the authors for educational purposes only.
Both comments and critics are welcome.
Regarding future developments, which are to be
presented in forthcoming papers, our current re-
search activity is aimed at integrating new analysis
tools and validating the proposed algorithms by

means of one of the manipulators available in our
lab. This allows studying robotic arms according to
different kinematic models (Quaternions, Jacobian,
etc.) In this sense, the use of numeric analysis tools
and other analytical solutions with feasible algo-
rithmic implementation may improve the quality of
the results. For instance, the workspace of a manip-
ulator can also be obtained by considering its vo-
lume limits. The dynamic features of robotic
manipulators shall also be considered with the aim
of improving trajectory planning (interpolation,
speed, etc.) Finally, among the tool’s new features,
GUTI s currently being improved by means of a view
allowing 3D CAD representation of simulated
arms.
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