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Abstract. This research will model and analyze the six-legged robot foot movement using two
motors. The robot used is using the Lego Mainstroms EV3 robot. Searching for eigenvalues
and vectors will use the MATLAB and Scilab programs. From the value and eigenvectors
obtained, analysis will be performed for the movement of the six.
at are in the same group perform the same mover

components making
two motors (moving the robot's legs) and connectors, (2) modelling when all feet move in
iteration is enough to model one foot in each group of feet and modelling footwork requires a
matrix g 1212 10 find out the total time needed for the foot to make movements in
one cycle, (3) the eigenvalues obtained for all groups of legs are the same so that it can be

own when each foot starts to make periodic movements, that is, when the time needed for
cach leg to lift and touch the ground.

1. Introduction

The current technology of robots has progressed rapidly along with the advancement of
existing technologies. The development of robots is not only in the sophistication of mechanical
design, but also the control system using computerized system. Along with the development of
robotic programming techniques, it is increasingly casier for humans to create robots that have
intelligence that follows human wishes and abilities. The running Robot that has been created to
date has two, four, six or even cight feet. [1]

Research on current running robots is driven by two application areas: two-legged humanoid

robots for service o regional operations in the surrounding environment and four-legged, six-and
cight-legged robots that are expected to be a search engine or lifesaver in some very difficult
locations faced by humans. In this scenario, six-legged robots are more stable than four-legged
robots and are more complicated than eight-legged robots, and subsequently various types of six-
legged robots have been developed. [2].

One of the many types of robots that are also developed is the six-legged Robot (Hexapod).
The Robot is based on the movement of the tripod gait, consisting of both the front and back legs
and the middle leg on the other. [3]. The six-legged Robot (Hexapod) has a cycle of leg step
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Abstract. This research will model and analyze the six-legged robot foot movement using two
motors. The robot used is using the Lego Mainstroms EV3 robot. Searching for eigenvalues
and vectors will use the MATLAB and Scilab programs. From the value and eigenvectors
obtained, analysis will be performed for the movement of the six-legged robot. Tripod gait
means that 3 legs that are in the same group perform the same movements both raised and tread
and alternately with other groups of legs. Research results in this study: (1) The main
components making up the six-legged robot are the robot body, EV3 Brick (robot controller),
two motors (moving the robot's legs) and connectors, (2) modelling when all feet move in
iteration is enough to model one foot in each group of feet and modelling footwork requires a
matrix measuring 12x12 to find out the total time needed for the foot to make movements in
one cycle, (3) the eigenvalues obtained for all groups of legs are the same so that it can be
known when each foot starts to make periodic movements, that is, when the time needed for
each leg to lift and touch the ground.

1. Introduction

The current technology of robots has progressed rapidly along with the advancement of
existing technologies. The development of robots is not only in the sophistication of mechanical
design, but also the control system using computerized system. Along with the development of
robotic programming techniques, it is increasingly easier for humans to create robots that have
intelligence that follows human wishes and abilities. The running Robot that has been created to
date has two, four, six or even eigheet‘ [1]

Research on current running robots is driven by two application areas: two-legged humanoid
robots for service or regional operations in the surrounding environment and four-legged, six-and
cight-legged robots that are expected to be a search engine or lif@hver in some very difficult
locations faced by humans. In this scenario, six-legged robots are more stable than four-legged
robots and are more complicated than eight-legged robots, and subsequently various types of six-
legged robots have been developed. [2].

One of the many types of robots that are also developed is the six-legged Robot (Hexapod).
The Robot is based on the movement of the tripod gait, consisting of both the front and back legs
and the middle leg on the other. [3]. The six-legged Robot (Hexapod) has a cycle of leg step




movements using a tripod of gait that will continue to move in accordance with the rules that three
feet must tread on the floor surface. In this study, it will be discussed the mechanical construction

modeling motion, control, and optimization on the six-legged robot using the two drive motors
using Max-Plus algebra.

2. Basic Theory

2.1. Max-Plus Algebra

In [4] algebra Max-Plus is a algebraic structure where the set of all real numbers R U {—co}
equipped with Max and plus operations. [5] The maximum operation is € and sufimation
operations is &, so that (R U{—00},,®) denoted by R,,,, dan —co denoted by &. The ¢
element is a neutral element (ffoperation €p and 0 is an identity element to the Operation &.
Given R,: = R w{& }where R is the set of all real numbers and & := —co. In R the following
operations are defined:

V5 € Ry, a®b == max(agh) dana®b :=a+b

In this study, we will use matrix calculations on max-plus algebra. Addition and product of the
max-plus matrix 4, B € RS defined by [6]:

[A@DBl;j=a;®b;= max(a(-j.b;j) (D
m max
[A® Bl = ?lau @b = 1_____m(aij + by (2)

J
pek=D® Dk?a'f}' DD e N{O) 3)
Where A,B € RIVGE, D € RIS, In this case the zero matrix & and the identity matrix E are
defined as follows:

[e];; = ¢
[E1j { £ others

In this paper we will use Max Plus's iterative (SPLI) linear equation system. SPLI max plus has a
general form:
x=ARx®b 4)
With A € RN andx, b € RV . Futhermore given [6]:
co

A= @ A%k
k=0
If A* has RIS then the solution of system (4) is
x=A"Qb (5)

In this discussion, eigenvalues (4) and eigenvectors (v) will be used for the analysis process and
define:

AQurv=A1Q v, v *E
For the linear max system plgg the eigenvalue of the matrix system represents the total time cycle
of the robot leg. Meanwhile, the eigenvector signifies that the leg starts periodic movements in an
iteration.

2.2. Basic Legged Robot Motion
In this section we will {fibdel robot-legged movements. From the gait ¢;(k) = time of leg
stepping, [; (k) = time of leg lifted off the ground. The footing time t; (k) is the time the leg starts
to lift from the ground [;(k) plus the time when the leg floats T, or can be written in the
following equation:
t0) = L0 + 77 6)

Using same analogy, can be obtained for the time the feet are lifted from the ground as follows:




LK) =ti(k-=1D+ 14 M
With ¢;(k — 1) is the time to tread on the previous event and 7, is the time of standing feet. From
equations (6) and (7), we can use to synchronize or synchronize two different legs, ie. for
example { and j. When we start stepping, a process occurs where 1 can only lift T, after jleg
touches the ground. 7, is the time when { and j feet both touch the ground. From the explanation
above we can get a relationship that is:
i (k) = max(t;(k — 1) + 74, ¢; (k — 1) +74)
_ ti(k—1)
=rue gy ®
From Equation (8) we know legs [ remain a little 7, seconds in an upright position and will
only be raised less than 7, seconds after leg j lands. When the two situations above are fulfilled,
the leg lifting event is in progress. For this reason, a person can be efficient to demonstrate
synchronous movements at a certain time.
For n-legged robots, the position vector when the leg is tread and hovering is discrete is defined
as follows:
x(k) = [t][(k) tn(k)JI E%(k)... In(k)r
Y Y
t(k I(k
(k) (k)
Equations (6), (7) can be written in the form of a two-dimensional equation system as follows:
t(k)] e 1;QF t(k)] € & [t(k -1
= f 9
[E(k) ;757 ]e 100/ ® lo,0r c|® -l @
Based on the system of equation (9) all feet follow the same rhythm i.e moving with the
same period of at least 7, + 7, seconds. It is assumed that all feet are synchronized when the

relationship between the time when the leg is lifted and the time when the other leg touches the
ground is reached. This assumption is expressed by adding the P and @ matrices to equation (9),
resulting in a synchronized system as follows:

ol =[; "*leligoleleree doliG=y] v
By example A; = [; f?E] dan A, = [Tg®Z'EBQ :]
Then the equation (10) can be written as:

x(k) = A,@x()®A,®x(k —1) (1)

Based on (4), (5) then the solution for equation @)1) is
x(k) = A,"®@4,@x(k — 1) (12)
x(k) = A®x(k — 1) (13)

The P and Q matrices are used to encode all the feet in each set of feet that make the same

movements. The set of legs that performs the same movement is notated as follows:
Ly} < (L) <~ < {Ln} (14)
Notation (14) represents that the set of L; legs will be lifted and landed simultaneously preceding
the appointment of the set of L;;;. legs. The L;;, leg set will be lifted after the L; leg set has
touched and has been on the ground for at least 74. For example, one of the tripod gait patterns on
a hexapod robot if written using notation (14) is {1,4,5} < {2,3,6}. This means that the robot's
legs numbered 2,3 and 6 are allowed to be lifted off the ground after feet 1, 4 and 5 land and have
been on the ground for at least 75. By using notation (14) the elements in the P and Q matrices in
(10) can be defined. Given the pattem of leg movements defined in (14) with V;€ {1,...,m —
1}, Vp€ Lj, 1, V4E Lj.
[P]p,q = Ta (15)




And V,€ Ly, Y € Ly,

[Q]p,q = Ta (16)

Where for the other elements of the P and @ matrices are .

3. Result and Discussion

3.1. Six-

gged Motor Robot Construction
this study, using the Lego Mainstroms EV3 robot. The hexapod robot used for the

simulation of leg movements is the robot in Figure 1.

Egure 1. Hexapod Robot with two
motors and their components

Caption of Figure 1:
1.

Robot body construction. In order to move the Hexapod robot's legs, all robot legs are
connected using gear and other components.

Brick EV3. Functioning as a controller (brain and power source for EV3 robots). Programs
that have been created can be uploaded to EV3 Brick to be compiled or run. Brick EV3.

Port Brick. The picture above serves as the output port used to connect the motor to the
EWV3 Brick. Whereas the bottom picture functions as an input port that is used to connect
the sensor with Brick.

Hexapod robot leg. Hexapod robot legs are constructed using a tripod gait movement
pattern that is alternately a group of legs totaling three to make the same movement (tread
or float). The feet are labeled with numbers 1-6 (red) to make it easier to mention the tripod
gait forgmation.

Motor. In the Lego Mindstroms EV3 robot, the motor used is a DC servo motor equipped
with an encoder that functions as feedback, so that the control center can provide a current
that matches the load on the motor. The maximum angular speed of the motor is one
rotation per second. The motor functions to move the robot parts, such as tumning a wheel
or becoming a joint. The motors used are of two motors. Where each motor moves the 3
legs of the Hexapod robot.




3.2. Modeling Six-Legged Two-Robot Robot Motion

In previous studies, there were 3 types of ways for six-legged robots to move, namely
Quintaple gait, Quadruped gait and Tripod gait [6]. Quintaple gait is alternately from leg number
I to leg number 6 raised and tread. Quadgiped gait is alternately a pair of legs that are adjusted up
and down. Tripod gait that is alternately 3 legs that are in the same group do the same movements
both raised and tread and altemately with other groups of legs. Examples of Quintaple Gait,
Quadruped Gait and Tripod Gait in succession are ({1} < {2} < {3} < {4} < {5} <
{6}, ({14} < {3,6} < {2,5}),and ({1,4,5} < {2,3,6}). In this paper the six-legged robot uses
two motors. So that each motor moves three legs and each leg is connected using a gear.
Therefore, the type of stepping robot hexapod that fits the two motor drives is a tripod gait. All
tripod gait formations can be seen in the table below:

Table 1. Tripod Gait Formation on the Hexapod robot

(1,23} < (4,5,6) {13,5) < {2,4,6)
{12,4} < {3,5,6} {13,6} <{2,4,5}
(12,5} < (3,46} {14,5) < {2,3,6)
{126} <{3,4,5} (14,6} <{2,3,5)
(13,4} < (2.5,6) {15,6) < {2,3,4)

There are 10 formations or movement patterns of the tripod gait type on the hexapod robot. In
the first part we will model the time that the movement of each leg when it starts and starts to
float on each iteration (k). Using equation (6), (8) we will use one of the tripod gait patterns
namely {1,4,5} < {2,3,6} to model the time for each leg. Tripod gait with the pattern {1,4,5} <
{2,3,6} means that alternately 3 legs namely 1, 4 and 5 and feet 2, 3 and 6 make the same
movements both raised and tread, so based on equation (6), (8) obtained:

Table 2. Modeling the time of leg movement with the pattern {1,4,5} < [{B,3,6} in iteration k
tilk+1) =tyk+ 1) =ts(k+1) = max(t, (k) + 75 + 17, t, (k) + 14 + 7f)
= max(t, (k) + 1, + 77, t3(k) + 74 + 7f)
= max(tl(n+ T+ 1 tek) + 14+ /)
max(t1 (k) + g, t2(k) +7a)
= max(t; (k) + 74, t3(k) +74)
max(t, (k) + 14, ts@P + 74)
max(t,(k) + 74+ Tp ty(k + 1) + 75 + 77)
max (t, (k) + g + Tp, ty(k + 1) + T4 + 77)
max(t,(k) tE skt D 1y + 1r)
max(tz (k) + 7g, ty(k + 1) + 12)
=max(t, (k) + 1g talk + 1) +74)
= max(t,(k) + 74 ts(k +1) +74)

Lk+1D =lLk+D-Lk+1D)

ta(k + 1) =tzlk+ 1) =ts(k + 1)

Lk+1) =L+ -lk+1)

In the next section we will describe the process of making matrix A in equation (13). There are
ten possible patterns or tripod gait formations. But to make the A matrix we only show it using
the tripod gait pattern {1,4,5} < {2,3,6}, because the same method also applies to other pattems.

The parameters used to construct the matrix 4 are 7, = 0,55,7; = 0,7s,and7y, =0.1s




We begin by making a matrix P, 7,®E, 7,&FE and @ in equation (10)
€ €

£ E £ £ 0.5 & £ 3 £ £
01 £ € 01 01 ¢ e 05 ¢ £ £ €
(01 £ £ 01 01 ¢ e e 05 ¢ € €
p= e £ E €& £ € T ®F = £ £ g 05 & ¢
£ €& E & £ € € € £ e 05 ¢
01 € € 01 01 = 13 £ £ 3 g 05

0.7 € E £ E E ] € 01 01 £ & 0.1

e 07 ¢ € £ € £ £ £ E E E

| e e 07 ¢ £ € _le = E €& & €

T, ®F = € £ e 07 = € dan Q= ¢ 01 01 & & 0.1

€ £ £ e 07 ¢ e 01 01 & & 0.1

3 £ £ £ e 074 A E E E E

Next we construct the matrix Ay and A,in equation (11), and use them to construct matrix A,"
and A.
Using the MATLAB [5] matrix program A," in equation (12) can be obtained as follows:

r 0 0.5 7

£ E £ E £ . £ £ £ £ £
06 0 & 06 06 & 11 05 ¢ 11 11 ¢«

06 ¢ 0D 06 06 £ 11 £ 05 11 11 ¢

£ £ k£ - - £ g 05 ¢ £

£ £ & £ 0 ¢ ¢ £ £ e 05 ¢

A= 06 € € 06 06 0 11 ¢ e 11 11 05
0 e € € € € €& 0 & € €& & ¢
01 ¢ ¢ 01 01 £ 06 0 e 06 06 =«

01 ¢ £ 01 01 &£ 06 ¢ 0 06 06 ¢

£ £ £ £ £ £ £ £ £ 0 £ £

£ £ £ £ £ £ £ £ £ £ 0 £

01 £ ¢ 01 01 £ 06 ¢ g 06 06 0

The final step will be made A matrix as in equation (13), where A = 4,"®A4,

1.2 06 06 ¢ e 06 05 ¢ £ £ £ £
18 1.2 12 18 18 12 11 05 ¢ 11 11 ¢
18 12 12 18 18 12 11 & 05 11 11 ¢
g 06 06 1.2 = 06 =« £ g 05 ¢ £
e 06 06 & 12 06 ¢ £ £ e 05 ¢
* 18 1.2 12 18 18 12 11 ¢ e 11 11 05
A=A0®Nu=147 01 01 ¢ ¢ 01 0 ¢ ¢ & ¢ ¢
1.3 07 07 13 13 07 06 O £ 06 06 =
1.3 07 07 13 13 07 06 ¢ 0 06 06 =
e 01 01 07 & 01 =« £ £ £ £
e 01 01 & 07 01 =« £ 3 £ 0 £
L13 07 07 13 13 07 06 ¢ s 06 06 0

The resuffiing matrix A is used to determine the eigenvalues and eigenvectors to be analyzed
in section 3.3.

3.3. Analysis of Six-Legged Robot Motion with Two Motors
In section 3.2 we have determined the matrix A which is represented by the tripod gait
pattern {1,4,5} < {2,3,6} for all possible patterns of leg movement. In this section we will
determine the eigenvalues and eigenvectors for each of the tripod gait formations or patterns in




Table 1. Determination of eigenvalues and eigenvectors for all matrix A using the Seilab program
(7].

Based on calculations using the Scilab program, the eigenvalues of the A matrix for all
tripod gait formations are the same, namely A = 1.2. This means that the time needed for a leg
(on all tripod gait formations) to carry out one cycle (from being lifted up from the ground to
returning to the ground) is 1.2 seconds.

Based on the results of calculations using the eigenvector Scilab program generated
from each matrix A, it can be seen in Table 3.

Table 3. Eigenvectors of all Tripod Gait Robot Hexapod formations
For‘mag;i'[rlpod Vektor Eigen (1)

{1,2,3} < {45,6} [24 24 24 30 3.0 30 19 19 19 25 25 25]7

{1,2,4}) < {35,6} [24 24 30 24 3.0 3.0 19 19 25 19 25 25]"

{1.2,5} < {3,4,6} [24 24 30 3.0 24 30 19 19 25 25 19 2.5]"

{12,6} < {345} [24 24 30 3.0 3.0 24 19 19 25 25 25 1.9]

{1,3,4}] < {25,6} [24 30 24 24 3.0 30 19 25 19 19 25 25]"

]

]

]

{1,3,5} < {24,6} [24 30 24 3.0 24 30 19 25 19 25 19 25
{1,3,6} < {245} [24 30 24 3.0 3.0 24 19 25 19 25 25 1.9
{1,4,5) < {23,6} [24 30 30 24 24 30 19 25 25 19 19 25
{146} < {23,5} [24 3.0 30 24 30 24 19 25 25 19 25 19§
{1,5,6} < {2,3,4} [24 30 30 30 24 24 19 25 25 25 19 19]"

Basfl) on Table 3, it is known that the eigenvectors for all tripod gait formations on hexapod
robots are the me size ie 12 x 1. The first 6 rows represent the time i feet tread (t;) in
sequence from i = [§)...,6 and rows 7 to 12 represent the time i feet floated (I;)in sequence
from i = 7,...,12. Based on glis table it is also known that the eigenvectors for all tripod gait
formations on hexapod robots are different from one another. This can be seen in the different
eigenvector matrix structures. This difference is due to the elements in the eigenvectors
produced in accordance with the order of the leg movements in each tripod gait formation. For
example eigenvectors [2.4 3.0 3.0 24 24 30 19 25 25 19 19 RS5|"
represents the time of hovering and stepping on each leg in the formation {1,4,5} < {2,3,6}.
Note that the first, fourth and fifth rows have the same value of 2.4, and the sixth, tenth and
cleventh rows have the same value of 1.9. This shows that time the legs 1, 4 and 5 touches the
ground on agiteration is 2.4 seconds and the time to float the other three feet on an iteration is
I, condsAEe same explanation also applies to feet 2, 3 and 6.

e eigenvector signifies that the leg starts periodic movements in an iteration. This can be
seen in Table 4 and Table 5. The formation used in both tables is {1,4,5} < {2,3,6}.

Table 4. Periodic iteration when x(0) = 0 Table 5. Periodic iteration when x(0) = V,
k k
0 1 2 3 4 5 0 1 2 3 4 5
ty 0] 12|24 | 36 | 48 | 60 ty 05|24 [36 |48 |60 |72
ty 0| 18 | 30| 42 | 54 | 66 ty 1.1 [3.0 |42 |54 |66 |78
ty 0| 18 |30 ] 42 | 54| 66 ts 1.1 [3.0 (42 |54 | 6.6 |78
ty 0] 12 ] 24 |36 | 48 | 6.0 ty 05 (24 |36 [48 |60 |72
ts 0 12 | 24 | 36 | 48 6.0 te 0524 36 |48 |60 |72
tg 0] 18 | 30 [42 | 54| 66 te 1.1 [3.0 |42 |54 |66 |78
ly 0|07 19 | 3.1 4.3 5.5 Iy 0 19 |31 |43 |55 |67
L, 0] 13 ]25 (37|49 | 6.1 I, 06 |25 |37 [49 |61 |73
Ly 0 13 | 25 | 37 | 49 6.1 [, 06 |25 |37 |49 |61 |73
ly 0]07 19 |31 | 43| 55 ly 0 1.9 |31 [43 |55 |67




4.

I5 0|07 19 | 31 | 43 5.5 ls 0 19 |31 |43 |55 |67
lg 0] 13 ] 25|37 ] 49 6.1 le 06 |25 |37 |49 |61 |73

1

Based on Table 4, it is known that in the beginning all hexapod robot legs were in the same
condition namely tread. 1,4 and 5 feet start to lift from the ground at t = 0,7 seconds and begin
to tread again at t = 1,2. Furthermore, at 1,3 feet 2,3 seconds, and 6 just lifted off the ground
and stepped back at ¢ = B. It is clear that it takes 0,1 second for both feet to tread together
and this corresponds to the T, used. In the first iteration the time (hovering and treading) needed
by each leg starting from a stationary position is different. While in the second iteration the time
(hovering and retracing) required by each leg increases to the same ffagnitude of 1,2 seconds.
This is in accordance with the magnitude of A that is 1,2. Notegghat in the second iteration the
time required for each leg to make a move (hover or tread) is the same as the eigenvector
structure. After the second iteration the movement of all legs starts periodically, increasing by A
for the next iteration. When k = 0 the components in table 5 have been modified to make it
more realistic. So that all g@mponents do not have a negative value and at least one component
is zero. Based on table 5 1t is known that in the first iteration the time used is the same as the
eigenvector, which means that from the beginning the feet begin to move periodically.

Conclusion

There are 3 types of ways the six-legged robot moves, Quintaple gait, Quadruped gait and
Tripod gait. The type of stepping robot hexapod that fits the two motors is a tripod gait. Theregare
10 tripod gait formations or pattermns on the hexapod robot that are presented in Table l%e
movement of the tripod gait means that the 3 legs that fit in the same group perform the same
movements both uplifted and tread and replace with other group of legs. So to model the time
whenever the leg moves in an iteration it is enough to model one of the legs in each group of leg as
in Table 2. When modeling footwork, a 12 = 12 matrix is required. From the ma@ix you can know
the total time legs are needed to move in one cycle (floating and then rising) by looking at the
eigenvalue. The eigenvalues obtained for all formations are the S?EA In addition, from this matrix,
we can know at any time that the periodic compilation necessary tor each leg to do the floating and
tread movements is equal to the elements in the eigenvector.
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