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Engineering Optimization of a Robot with Six Legs
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Abstract. Walking robots are becoming more widely used in human activity. Basis for achieving good
quality indicators are certain basic geometric parameters. Engineering optimization was conducted in this
work, of the main dimensions of the body and legs of a robot with six legs in order to ensure sustainable
movement in unstructured environments and overcoming obstacles. The results, obtained from the engi-
neering optimization, were used to make a model of the robot through 3D printing. The model was used
to conduct experiments and confirm the theoretical results.
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1. INTRODUCTION

Walking robots have a wide field of applica-
tion. In most cases this involves movement in
unstructured, dynamic environment with ran-
domly placed obstacles, which have complex
geometric parameters and various characteris-
tics. Under specific conditions, robots must
bypass or pass through obstacles. Depending
on the size and location of the obstacle, as well
as its technical limits, the robot must make a
decision. The control panel has elements of
artificial intelligence, which is supported by a
targeted combination of sensors (Xochitl et al.,
2013; Jayanta et al., 2014).

There are many factors, that influence the
choice of the number and positioning of the
legs. As it is known, the number can be 1
(rarely), 2, 3 (rarely), 4, 6, 8 or more. Their
position is related to the geometry, the degrees
of mobility and functional purpose of the
body. We have many examples in the living
nature, which serve as a model for developing
robots. (Antoine et al., 2015). The authors
aimed at the development of a six-legged ro-
bot. One of the essential criteria for the design
is to ensure the rollover stability of the robot
motion. (Frangois, 2007). The six-component
vector of external forces or moments, acting
on the robot, must be balanced by the reac-

tions in the supporting legs. Technical balance
can be static or dynamic.

It is known that when walking each leg
passes through four stages — lifting, moving
away (it can be done by the body), stepping
and moving the leg again(it can also be per-
formed by the body). For quality kinematic
movement, each leg must have three suitably
oriented degrees of freedom. When the num-
ber of legs is 6 and more, quality motion
(along a marked path) of the robot can be ob-
tained in the case where some of the legs lose
part of their mobility. (Trifonov et al., 2016).

In this work we conducted engineering op-
timization of the main dimensions of the body
and legs of a robot with six legs in order to
ensure sustainable movement in unstructured
environments and overcoming obstacles. A
model of the robot was made through 3D
printing, using the results, obtained from the
engineering optimization. The model is used
to conduct experiments and confirm the theo-
retical results.

2. ROBOT DESCRIPTION AND
THEORETICAL FUNDAMENTALS

2.1. Robot Construction

Below follows an overview of the walking
robot, developed by the authors (Fig. 1). The
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batteries and the control module are mounted
inside the body. Six legs with three degrees of
freedom are also mounted to it.

Fig. 1. General overview of the robot

All legs have similar construction, which is
shown in Fig. 2. Each leg is driven by three ser-
vomotors. The axis of the first two are orthogo-
nal (R; L Ry,), the second and the third servomo-
tors axis are parallel (R,|| R3). This principle al-
lows the tip of the leg (P point) to perform con-
trollable spatial movements. The units are made
out of PLA (Polylactic acid) using FDM (Fused
Deposition Modeling) 3D printing technology.

Fig. 2. Basic elements of the leg.

2.2. Control System Architecture

The control system of the robot is a con-
troller Servotor32, which is based on ARDU-
INO ArcBotics [HEXY].
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Fig. 3. Architecture of the control system

Arduino is an open source microcontroller
board. It is based on easy for use open source
software and hardware. Its development envi-
ronment supports Mac, Windows and Linux.
Large number of standard shields and sensors
can be used as building blocks for rapid devel-
opment of network of intelligent devices with
sensing, control and Internet access. Arduino
can also be connected to a SBC (Single Board
Computer) Raspberry Pi 3 (Fig. 4) to extend
the functionalities of the control system.

Fig. 4. Raspberry Pi 3

Raspberry Pi 3 Model B 1GB characteris-

tics:

* Broadcom BCM2836 ARMv7
900MHz Quad Core Processor;

* IGB RAM,;

* 40pin extended GPIO (General-purpose
input/output);

* 10/100 Ethernet port;

* MicroSD slot;

* Multiple Ports: 4 USB ports, Full Size
HDMLI, 4 pole Stereo output and
Composite video port, CSI camera port
& DSI display port

* Micro USB power source
(element14.com/raspberripi)
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2.3. Theoretical Basis

An example of a kinematic scheme of a
robotic leg is shown in Fig. 5. The coordinate
systems are placed following the rules of De-
navit and Hartenberg (Roy et al., 2009). The
parameters are displayed in Table 1. It is
known that the presentation of vectors from a
reference system to another is done with
transformation matrix 7} type:

R, O,
T,=| " - (1)

where R;; 1s a 3x3 matrix, which defines the
orientation of the coordinate system j related
to the coordinate system i; p;; = [Xjj, Yij, Zij]T
i1s the radius vector which connects the two
coordinate systems, 0=[0 0 0]" is zero matrix.

Fig. 5. Scheme of a leg with the coordinate
systems of the joints

Table 1. Denavit-Hartenberg parameters for one
leg (see Fig. 5)

Link 0 o d a
Number
1 0, 90 0 a,
2 0, 0 0 a,
3 03 0 0 a,

The location of the point P (Fig. 7) and the
orientation of the foot can be determined by
the following matrix:

T03 = z)lleTn
€043 —C1S3p S| 410 T aC16) +a3C1C43
S1C243  TSIS3-2  —Cp 41S] FaAps16) +a381C)43

T03 = (2)'

$243 ¢33 0 az8y +a38,3
0 0 0 1

where c¢; = cos(0;); ¢, = cos(0,); s; = sin(0,);
ci2=cos(6; + 0,) etc., a; and 0; are geometri-
cal parameters (Fig. 5 and Table 1). Formula
(2) is the solution of the kinematics forward
problem for one leg of the robot.

It is necessary to solve the kinematics in-
verse problem, which is required for the de-
sign and control systems. The main purpose is
to find the joint angles 6; as function of the
location of point P. This problem doesn’t have
a simple solution so it has to be calculated for
each structure using geometrical relations. To
solve the problem for the leg on Fig.5 the fol-
lowing equations can be applied:

0, = arctan [1] 3)
Y

0, = —arctan (%@)J +

a, +a; cos (6,

(4)

z

\/(a2 +a, cos (6, ))2 +a; sin(t%)2

2
X
———a, | +7—a —-a
cos(0)

2a,a,

+arcsin

0, = —arccos

)

where x, y and z are the coordinates of the
point P relative to Xo,Yo,Zo. In general, this
problem may have more than one solution.
The equations (4), (5) and the joint limits,
which are determined by the capabilities of
the motors and design considerations of the
motors, are necessary to define the work-
spaces and motion laws of the robot’s legs.

3. DATA

The top view of the designed robot with
the global dimensions and the distance be-
tween legs is show in Fig. 6. The unit's di-
mensions respectively are a; = 0.05 [m],
a; = 0.04 [m], az= 0.058 [m] (Fig. 7). Joints
limits in radians are relatively:
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T <X -1,29<6, <0,366,
2 2
~0,54< 6, « 2,72

(see Fig. 8). The robot’s elements are made
out of PLA with a 3D printer. The electronic
components are presented in section 2.2. Four
NiMH batteries supply the servomotors and
an additional battery power bank supplies the
control system. Different power supplies for
the control system and the motors are used, so
when the motors drain different amount of
current, it doesn’t generate additional noise in
the control system.

Fig. 6. Intersecting workspaces of the legs and
base dimensions.
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Fig. 7. Dimensions between the joints of a leg.

4. EXPERIMENTAL RESULTS

A model of six legged robot was designed
and constructed (Fig. 1). The leg workspace
of the robot is defined by the theoretical
model formulas (4) and constructions in a
CAD environment. This is the set of all possi-
ble points which point P can reach (Fig.7)
only using the leg when the body of the robot
is static. The results are shown in two cross-
sections in planes orthogonal to each other
(Fig.8). The current dimensions and joint con-
straints allow the max reachable height to be
hmax = 0.0776 [m], with a maximum radius of
rotation Ry,x=0.099 [m].

Rmax=99

R2=41 REmax=89

=
[t

Fig. 8. Workspace of the robot’s leg.

The working height for walking on a plane
is considered to be h, = 0.053 [m], so the
maximum size of a step is S = 0.1 [m] and
height Hy= 0.02 [m].



Journal of Physics and Technology, Volume 1 (2017), Number 1, pp. 6—11

Fig. 9. A typical trajectory for motion
in a straight line.

Fig. 9 displays a sample trajectory, which
is used for testing the robot movements when
walking in a straight line. Fig.6 shows the
workspaces of 3 adjacent legs where it can be
seen that the reachable areas are overlapping.
Successful tests were conducted using the
constructed model where legs 1, 2 and 3 move
under the same law of motion — trajectory S.
The legs 4, 5 and 6 move under the same law,
dephased so that we always have three legs in
contact with the surface.

Experiments show good functional possi-
bilities for moving of the legs separately when
the robot walks on a flat surface.

-120

0 5 10 15 20 Time

Fig. 10. Joint angles of a leg for a complete
walking cycle.

Fig. 10 shows the change of the joint angles
in a leg over time while walking. 0, is the angle
of the vertical axis. 0, and 05 are the joints with
parallel axes. By sending these angles to the
servomotors using the control system, point P
follows the trajectory on Fig. 9.

10

5. COMMENTS AND CONCLUSIONS

The chosen structure of the robot’s legs al-
lows motion of the foot in the space. This al-
lows generation of different trajectories for
movement of point P, which allows the use of
different strategies for moving and overcom-
ing obstacles.

The workspaces and cross-sections of the
legs are defined, which is necessary for the
generation of walking algorithms by the con-
trol system. The chosen walking algorithm re-
tains static balance of the robot. A proper tra-
jectory for moving in a straight line is chosen
and we are looking for optimum proportions of
the trajectory in the workspace of a leg.

The next goals of the authors are optimiza-
tion of the geometric dimensions, choosing of
optimal power supply and including sensors
and elastic elements.
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