EMITTER International Journal of Engineering Technology
Vol. 6, No. 1, June 2018
ISSN: 2443-1168

Walking Trajectory Optimization Algorithm For Robot
Humanoid on Synthetic Grass

Dimas PristovaniR., Ardik Wijayanto, Ali Husein Alasiry,
A. Subhan Khalilullah

Electronics Engineering Departement of Electronics Engineering Polytechnic
Institute of Surabaya (EEPIS) and Multimedia Broadcasting Departement of
Electronics Engineering Polytechnic Institute of Surabaya (EEPIS)

St. Raya ITS, Keputih, Sukolilo, Surabaya, 60111, Indonesia
E-mail: dimas@pasca.student.pens.ac.id, {ardik, ali, subhan}@pens.ac.id

Abstract

Synthetic grass surface is a new rule in international robot soccer
competition (RoboCup). The main issue in the development of the
RoboCup competition today is about how to make a humanoid robot
walk above the field of synthetic grass. Because of that, the humanoid
robot needs a system that can be implemented into the walking
algorithm. This paper describes how to maintain the stability of
humanoid robot called EROS by using walking trajectory algorithm
without a control system. The establishment of the walking trajectory
system is combined with a process of landing optimization using
deceleration and heel-strikes gait optimization. This system has been
implemented into a humanoid robot with 52 cm of height and walking
on synthetic grass with different speeds. By adding optimization, the
robot walks more stable from 32% to 80% of stability. In the next
research, the control system will be added to improve the stability.

Keywords: humanoid robot, inverse kinematic, landing deceleration,
heel-strikes gait, RoboCup, optimization algorithm.

1. INTRODUCTION

The kind of robots that resemble human body is humanoid robot. The
humanoid robot has been made with a lot of purpose such as playing soccer.
This kind of humanoid robot has competition called RoboCup [1]. On this
Robocup competition, the robot must be able to adapt the human soccer player
behavior. The main rules of the game are ball and goal have a white color, and
the field has synthetic grass with green color [1]. The main issue in the
development of the RoboCup competition today is about how to make this
robot walk in stable condition (not fall) above the field of synthetic grass and
how to identify the differences between ball, goal, and line of field. This paper
will only discuss the problem
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caused by synthetic grass to locomotion system of humanoid robot.

The humanoid robot in this discussion is called EROS. It has 20 Degrees
of Freedom (DoF). With this 20 DoF, the Inverse Kinematic (IK) method is used
to arrange the joint of legs and the other joint is arranged by using Forward
Kinematic (FK) method [8]. The IK method is used to transform the Cartesian
data space into joint data space, so the joint arrangement of legs would be
easier. The input of IK method is obtained from walking trajectory system.

2. RELATED WORKS

Some researcher using trajectory system to define walking model of their
humanoid robot. They use a polynomial equation or circle equation to
generate the walking trajectory system [2]. The dynamics walking trajectory
system has been proposed in [2,3,10,11], so the robot can adjust the walking
trajectory system based on base surface (floor), external disturbance, and
internal disturbance. The passive walking trajectory can also be used as an
alternative to generate the walking trajectory system more dynamics [4]. The
passive walking trajectory can reduce the energy consumption during walking
locomotion. But, by using this model, the walking velocity is harder to improve
than by using another model. In the other way to maintain the walking
stability, researcher using control system. In the previous research, the
trajectory joint was used to establish the walking trajectory in humanoid robot
[5]. The method which used to arrange the acceleration and deceleration
walking locomotion of EROS has been developed in previous research [6].

3. ORIGINALITY

As mentioned in the introduction, this paper only discus about the
problem caused by synthetic grass filed without a control system. In previous
research of EROS, the walking trajectory system is used in the flat field (green
carpet). But in this new competition, the field was changed with a synthetic
grass field. Because of it, when EROS is using previous walking trajectory
system, the EROS always falling (the foot always stuck inside the synthetic
grass surface). The idea to solve this problem is make the EROS robot walk like
human. By using EROS system, the previous walking trajectory system is
added with landing optimization with deceleration process [7] and heel-
strikes gait optimization process during the process of Single Support Phase
(SSP) to Double Support Phase (DSP). So, the EROS robot will walk look like
more human.

The contribution of this paper is generating a new walking trajectory
system that approaching human behavior. So, it will more adaptive with the
synthetic grass field. Furthermore, this system has been applied into the EROS
humanoid robot.

4. SYSTEM DESIGN

The system design of EROS humanoid robot is splited into 2 main section
which is design of EROS humanoid robot including hardware construction,
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mechanical construction, and kinematics design, and walking system including
walking trajectory system, heel strikes gait optimization, landing optimization
with deceleration, and comparation of implementation.
4.1 Design of EROS Humanoid Robot

This section will describe about design of EROS humanoid robot such as
hardware construction, mechanical construction, and design kinematics.

A. Hardware Construction

In the Figure 1, there are 2 controller system called sub-controller and
main-controller. The sub-controller serves as a motion controller, collect and
processing sensor data, and supply management in the EROS humanoid robot.
In the main-controller serves as processing the vision from camera sensor and
make the artificial intelligent. The main-controller also controlling the sub-
controller by using serial communication.
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Figure 1. Hardware construction of EROS humanoid robot

B. Mechanical Construction

The mechanical construction of EROS humanoid robot can be seen in
Figure 2. The mechanical structure is made of aluminum with high precision.
EROS humanoid robot has 20 DoF and 52 cm of height [9]. The mechanical
structure was made by the existing rule of RoboCup competition [1]. The
distribution of degree of freedom is 12 DoF in the legs, 6 DoF in the arms, 2 in
the head. The configuration of DoF can be seen in Table 1.
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Table 1. Channel clasification in mobile communication
Joint Degree of Freedom (DoF)
Head

Right Arm
Left Arm
Right Leg
Left Leg
Total

Figure 2. Mechanical design of EROS humanoid robot

B. Kinematics Design

With 20 DoF in the EROS humanoid robot, then the kinematic analysis is
divided into several parts: head, arm, and legs. The head and arm parts are
analyzed by using FK method. The leg is analyzed by using IK method.

B.1 Head Kinematic

In the head kinematic, the FK method is used to analyze the head
mechanism. The design kinematic rotational joint of head mechanism can be
seen in Figure 3 and the configuration of each joint can be seen in Table 2.
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Figure 3. Mechanical design of EROS humanoid robot

Table 2. Configuration of each joint in the head

. . Translation
Joint Rotational
X y z
Hl RZ(HH,I) 0 0 dH,Z,l
H, R,(0y,) 0 0 dyy 22

By using homogenous transformation, the transformation of each jointis
shown in equation below.

2Ty = 1Ty 3Ty (1)
The total transformation of head mechanism is shown in equation below.

cosfycosly, —sirfy,
costy,siy,; cosby,
_Sl IﬂH,z 0

0 0
cosOyisiy, dy,,cos0y,sithy,

sity sify, dy,,siy,siby,
cosly dyz1+dyz,c080y,
0 1

0 —
ZTH -

(2)

From equation (2), the position vector of End of Effector Head (EoEy) is
calculated by using equation below.

Py x Ap,z2€0SOy 1 S1 10y,
Puy | =|dyz25i0h,51 10y, (3)
Py, Apz1 + Apz2 €08y,

Where 9Ty and 1Tyis homogenous transformation from rotational and
translational joint Hyand H,, 8y, and 6y , is rotational angle jointH,;andH,,
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dy z1 and dy , , is translational vector from present joint to next joint. 3T} is
homogenous transformation from EoEy, Py (x5 is position vector of EoEy.

B.2 Left and Right Arms Kinematic

In the left and right arms kinematic, the FK method is used to analyze the
left and right arms mechanism. The left and right arms mechanism has the
same structure. Design kinematic rotational joint of right arm can be seen in
Figure 4 and the configuration of each joint can be seen in Table 3. Design
kinematic rotational joint of left arm can be seen in Figure 5 and the
configuration of each joint can be seen in Table 4.

Table 3. Configuration of each joint in the right arm

Joint Rotational Bas’ation
X y z
RA; Ry (6ra1) 0 dray1 | —Adraza
RA, Ry (HRA,Z) 0 0 —draz2
RA3 Ry(BRA,3) 0 0 —drazs3
'y

—d ol
e RAc/LA,

_dRA,2.3
< L’
Y
q> =Rotate I axis
—dpiss @-Rc:lmulaxih‘
o ® =Rotate .\ axis

EGERA

Figure 4. Kinematic rotational joint of right arm mechanism

By using homogenous transformation, the transformation of each jointis
shown in equation below.

(3)TRA = (1)TRA- %TRA- %TRA (4)

The total transformation of right arm mechanism is shown in equation
below.
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RRA,11 RRA,12 RRA,13 RRA,14
OT — RRA,21 RRA,ZZ RRA,23 RRA,24 5
3Tra = (5)

Rrazi Rrazz Rrazs Rgraga
0 0 0 1

Where:

Rpa11 = C0SOpy1C0OSORy3 — COSORy 5 S1 1R, 1

Rpap1 = Sithpy,sitbpys

Rpaz1 = —€0SOpy3Siga1 — COSORy 1 COSORA 5 S110Ry 3

Rpan2 = SithpyqSitbgyy

RRa22 = €0Sbpa,

Rpa32 = C0SOpy 151104,

Rpa13 = C0SOpy 15113+ COSORa3C0SORa, ST 10Ry 4

Rpap3 = —COSOpa3S1 1R,

Rpa33 = C0SOpy 1 COSORyCOSOR3 — SiThRa1S10Ry3

Rpa1a = —dpaz1 S110paq — S110p41 Oran

—dRa,z3COSORa 1 S10R43

Rpaza = draxy + draz2 S10pan + draz3C0S0g4 351 gy,

Rpraza = dpaz3Si gy 1Si gy

— €084 1 Dra1—ARraz1 COSORAL

Dray = Ara,z2 C0SOga2 + dra 3 COSORA 2 COSORY 3

From equation (5), the position vector of End of Effector Right Arm
(EoEgy,) is calculated by using equation below.

Prax RRa4
Pray | = |Rraa4 (6)
Pra—2 Rpa3a

WhereTg4, 1Tz, and 3Tg4is homogenous transformation from rotational
and translational joint RA;, RA,, and RA3, Oga 1, Ora, and g, 3 is rotational
angle joint RA;, RA;, and RA3. dgy x 1, draz1, Adraz 2 and dgpy , 3 is translational
vector from present joint to next joint. 3Tk, is homogenous transformation
from E0Egy, Pra,(x,y,z) 1S position vector of EoEg,. Important to remember that
position vector in Z axis is always negative when the right arm in normal
position (fr4 123 = 0), because the translation of joint in Z axis is always
negative, so the Pg, _,y in normal position is always has negative value.
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Figure 5. Kinematic rotational joint of left arm mechanism

Table 4. Configuration of each joint in the left arm

Joint Rotational hxans'ation
X y z
LA, Ry(HLA,l) 0 _dLA,y,l _dLA,z,l
LAZ Rx(BLA,Z) 0 0 _dLA,z,Z
LA, Ry(gLAB) 0 0 _dLA,z,3

The differences of left and right arms are the translational vector of joint
1 (LA; and RA,) in Y axis. So, in the left arm, the transformation of each joint is
like transformation of each joint in right arm, just change the indexing name.
By using right arm total transformation, the left arm transformation is shown

in equation below.

Rian1 Rpanz Rians Riana
gTLA — Ria21 Rpazz Rpazs Rpaza

Ria31 Rpazz Rpaszs Rpass

0 0 0 1

Where:
RLA,11~RLA,31 = RRA,11~RRA,31
Rip12~Rpa32 = RRA,12~RRA,32
RLA,13~RLA,33 = RRA,13~RRA,33
Rip14a~Rpa34 = RRA,14~RRA,34
Riaza = —dpax1 +draz2Si 04, +dpaz3€080438110,,,

@LA,1 = Q)RA,l
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From equation (7), the position vector of End of Effector Right Arm
(EoEg,) is calculated by using equation below.

Prax Ria14
Pray | =|Rraza (8)
Pra—z R34

Where 0,44, 0,4, and 8,3 is rotational angle joint LA;, LA,, and LA;,
Arax1 Arazi drazz and dp, ;3 is translational vector from present joint to
next joint. 9T, ,is homogenous transformation from EoEj,, Pra(xyz is
position vector of EoE; 4. Important to remember that position vector in Z axis
is always negative when the left arm in normal position (6,4 1,3 = 0), because
the translation of joint in Z axis is always negative, so the P, _,y in normal
position is always has negative value.

B.3 Left and Right Legs Kinematic

In the left and right legs kinematic, the IK method is used to analyze the
left and right legs mechanism. The left and right legs mechanism has the same
structure. If one of them has been analyzed, the analysis will represent the
other. The design kinematic rotational joint of right leg mechanism can be seen
in Figure 6 and the configuration of each joint can be seen in Table 5. The
design kinematic rotational joint of left leg mechanism can be seen in Figure
10 and the configuration of each joint can be seen in Table 6.

The calculation of IK method is done by using complex trigonometry and
reflection method. The IK analysis of legs is divided into 3 parts of analysis.
The first part is analysis based on transverse plane (X, Y), the second part is
analysis based on frontal plane (Y, Z), and the third part is analysis based on
sagittal plane (X, Z).
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Figure 6. Kinematic rotational joint of right leg mechanism

Table 5. Configuration of each joint in the right leg

. . Translation
Joint Rotational

X y z
RL, R,(0ru1) 0 driya —dpp 21
RL, Ry (6g.2) 0 0 0
RL, Ry (HRLS) 0 0 _dRL,z,3
RL, Ry (Orz2) 0 0 ~driz4
RLs R, (OrL3) 0 0 0
RLg R, (6RL,3) 0 0 _dRL,z,6

The IK is using to transform the cartesian space into joint space. The
cartesian space data of the rightlegis position vector of EoEgy, (Pgy,(x,y,-z)) and
the orientation angel (0g; peqaing)- Important to remember that position
vector in Z axis is always negative when the right leg in normal position
(BrL,123456 = 0) because the translation of joint in Z axis is always negative,
so the Py () in normal position is always has negative value. The beginning
to analysis the IK is find the relation between x and y position (transverse
plane), it can be seen in Figure 7 and the calculation is shown in equation
below.

9RL,1 = 9RL,Heading 9)

ROg;, = \/PRL,(x)z + PRL,(y)2 (10)
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(P
Opip = tan™ (T p )= O (11)

APrpyy = Pri,yy + (ROp, X sithp.p) (12)
APgp ) = Priy — (ROg, X c0SBpyp) (13)

Ay

r
Prix) Prix.y)

APgp(x) { /) Prrxy)

Prix)

Brr 1 SEL ROg;

> YV

PRL,(}-')

Pery)

APRL.U’)

Figure 7. Right leg kinematic model from transverse plane view (top view)

Where 6, is joint angle in the RL; joint. The 8, , is special joint
because the input is directly from joint space and become a reference of the
leg orientation. ROg,, is resultant that occurs because existence of Pg; () and

Pri(y)- Oripis angle deviation between present position vector of EoEg,
(Prr,(x,y)) with the next position vector of EoEp, (P L,(xy))- APrL(x) and APgy (5
is distance deviation between present position vector of EoEg; (Pgp(x,y)) With
the next position vector of EoEg; (P,'QL'(x'y)). APgy,(x) and APy () is used for IK
calculation in the frontal plane of IK analysis, Pg () is replaced by APg; () and
Prpyy is replaced by APg, (,) . Furthermore, the analysis of IK is finding the

relation between Y and Z position (frontal plane). It can be seen in Figure 8 and
the calculation is shown in equation below.

Prig(-2) = Pri(—2) — (_dRL,Z,6) (14)
. (AP
Rlg, = \/APRL,(y)Z + PRL6,(—Z)2 (16)

Where Py, (-7 is new height for IK calculation, because the joint RL¢ has
a translation of —dpg, ,¢ from EoEg;. Og,, and O, ¢ is joint angle in the

joint RL, (Hip roll angle) and RLy (Ankle roll angle). R1g,is resultant that
occurs because existence of P, (_ ) and APg; (..
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Y
RLg PRrg(-2)
BrL6 4—-—;»"3 }—d
L0 L e
0

Figure 8. Right leg kinematic model from frontal plane view (front view)

R1pg; is used to arrange new height of the leg when analyzing IK in the
sagittal plane. Moreover, the analysis of IK is finding the relation between X
and Z position (sagittal plane), it can be seen in Figure 9 and the calculation is
shown in equation below.

R2p, = \/APRL,(x)Z + PRLG,(—Z)Z

2 2 )
SrLyca = ((_dRL,z,3) + (_dRL,Z,4) — R2p; )
SRLych = (2 X (_dRL,Z,3) X (_dRL,ZA))

S
_ —1 RL,yc,a
HRLJ,C = coS ( /SRL,yc,b>
_. (AP
Ortya = tan™! ( RL’(x)/R 1RL)

SrLyba = ((_dRL,Z,s’) X i 10gp, ¢ )
SRL,yb,b = <(_dRL,Z,3) + ((—dRL,z,4) X COSBRL,}/C) )

SRLyb
0 = tan~! ( v ‘a/ )
RLyb SRLyb,b

OrL3 = OrLya + OrLyp
9RL,4 =180 — HRL,)/C
Ores = Orr3 + Orra
OrL6 = —Ori2
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Figure 9. Right leg kinematic model from sagittal plane (side view)

Where R2g,, is resultant from APy, ) and P (), this resultant is used
to calculate 8g; . Ogyyc is inside knee angle, this angle is calculated by using
Pri, (—2)) —AdRLz4 and —dgy ;3. Op; 3 is RL3 joint angle (Hip pitch angle). 0 5
divided into two parts called 6g,,,, and 6g;, .. The g, is calculated by using
trigonometry with APg; yand Rlg,. The g, is calculated by using
trigonometry with (—dRL,Z,3) si g, and (—dRL’Z,3) + (—dRL,z,4) COSOgy yc-
Br1 4 is RL, joint angle (Knee pitch angle). O, 4 is calculated from 180 — 6, ..
Br. 5 is RLs joint angle (Ankle pitch angle). 8z, s is calculated from sum of 8 3
and Og; 4. Og. 6 is RLg joint angle (Ankle roll angle). 6, ¢ is calculated from
reflection angle of Hip roll angle (—6, ;). The origin joint (LLy and RL,) has
similar position vector. The differences of left and right legs are the

translational vector of joint 1 (LL; and RL,) in Y axis from origin position
vector (LLy and RL,). It is like differences between left and right arm.

Table 6. Configuration of each joint in the right leg

. . Translation
Joint Rotational ansatlo

X y z
LLl RZ(HLL,l) O _dLL,y,l _dLL,z,l
LL, Ry(0,.2) 0 0 0
LLs Ry(eLL,S) 0 0 —diiz3
LL, Ry(GLL,z) 0 0 —dirza
LLg Ry(HLL,S) 0 0 0
LL6 RX(HLLB) O O _dLL,z,G
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Figure 10. Kinematic rotational joint of left leg mechanism

So, in the left leg, the IK equation model of each joint is similar to IK
equation model of each joint in the right leg, just change the indexing name. By
using right leg total IK equation model, the left leg IK equation is shown in the

equation below.

9LL,1 = HLL,Heading

_. (AP
0112, = tan 1( LL,(y)/PL

OLLy@b.c) = OrLy(ab.o)
0113 = Orrya + Oriyp
9LL,4 =180 — HLL,yc
Orrs =013+ 0114
9LL,6 = _QLL,Z

L6:(_Z)>

(29)
(30)

(31)
(32)
(33)
(34)
(35)

Where 60g, , is joint angle in the RL; joint. 6, , is joint angle in the
joint RL, (Hip roll angle). 6;; ,(ap,) is angle support to calculate 6g, 5 and
OrL,a- Ore,3 is RL3 joint angle (Hip pitch angle). 6, 4 is RL, joint angle (Knee
pitch angle). 8z, 5 is RLs joint angle (Ankle pitch angle). 6y, ¢ is joint angle in
the joint RL¢ (Ankle roll angle).

4.2 Walking System

This section will describe about walking system of EROS humanoid robot
such as walking trajectory system, landing optimization with deceleration,
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heel-strikes gait optimization, and comparison of implementation (before and
after optimization).

A. Walking Trajectory System

Walking trajectory system is discussed into two parts, the walking
trajectory sagittal plane view (X and Z axis) in Figure 11 and the walking
trajectory frontal plane view (Y and Z axis) in Figure 12. Walking trajectory
system has 4 steps trajectory for 1 cycle of walk.

IV 111 I1 [

H/ PPyrx.933 J, PPiraya
T.(xv)4 A LT.2.3 LT, (x,¥v).2

ASira ASiTx2
Figure 11. Walking trajectory sagittal plane view

C

PP,

IV 1 | I

PPiry2)a
Figure 12. Walking trajectory frontal plane view
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The first step is Single Support Phase (SSP) to Double Support Phase
(DSP) for right leg, the second step is DSP to SSP for left leg, the third step is
SSP to DSP for left leg, and the fourth is DSP to SSP for right leg.

In Figure 11 and Figure 12 explain the left leg step in one cycle of walk.
The left and right leg is using similar system. By using circle equation, the input
of equation will not in the time domain, but always in angle domain. In this
discussion, walking trajectory system is generated by using quarter circle
equation in each step. The input is on 0 ~ 90 degree in each transition step.
The result from calculation of quarter circle equation is points of trajectory.
These points is used and combined to generate the trajectory system. It is
shown in Figure 13 and Figure 14. This figure is explaining left leg walking
trajectory system (the index is LT).

X, Z)r iy

PPir(x2)4 ¢

LT3

Figure 13. Walking trajectory generator result sagital plane view

—

PPyr (x2)2

"
ASLT,yB

Figure 14. Walking trajectory generator result transversal plane view

o
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The transition of each step will spend time about ¢, 7 ;. This time depend

on transition of each point in trajectory system that is used. Because of that,
the transition arrangement between each point will influence to the speed of
walk. The left (LT) and right (RT) legs equation of quarter circle in Z axis, X
axis, and Y axis is shown in the equation bellow.

ASi1.xy,2),0) = PPurxy,2).i+1) — PPur(xy,2),a0) (36)
XLT (T +Tomn) = ((— codTr + Typp) + 1) X ASLT,x,(i)) + PPrrx i) (37)
, Z)LT,(2,4-),(TT+Tmn) = (Si QT + Trn) X ASLT.(y,Z),(i))

+PPL1 (y,2),0) (38)
(Y, 2) 17,1,3) (Tp+Tyy) = ((1 —si T + Tppp) +90) X ASLT,(y,Z),(i))

+PPrr(y,2),31) (39)
ASpr (x,y,2),0) = PPrr(x,y,2),ii+1) — PPRT,(x,y,2),(0) (40)

XRT (T 4Tmn) = ((— coSTr + Tpp) + 1) X ASRT,x,(i)) + PPrryy  (41)
(Y, 2 rr 2,0 Tp+Tyy) = (S1ETr + Trpn) X ASgr(y.2)))

+PPrry,2),0) (42)
(Y, Z) rr(1,3),(Tp+To) = ((1 —si Ty + Tppp) +90) X ASRT,(y,Z),(i))
+PPrr,(y,2),0i) (43)

Where PPir (xy,z2),i) and PPprxy 2 i+1) IS left leg present point and
future point reference. PPgy (x,y,2), i) and PPrr (xy,2)i+1) 1S right leg present
point and future point reference ASgr 11y (x,y,2),¢i) iS difference from present
point reference PPgr 17y (x,y,2),i) and future point reference PP(gr 11) (x,y,2),(i+1)
between steps. (X, Y, Z) rr,L1),(i),(Tr+Tmy) 1S POINtS of trajectory. (Tr + Ty ) is
input from degree space. The start value of this input is always zero (0) degree

and the end value is always 90 degrees (0 < T < 90). This input will always
have summed by T, (Tr@) = Tr(i-1) + Tmn)- So, each transition between

present input and last input has a difference of T,,,,.

B. Heel-Strikes Gait Optimization

Heel-strikes gait was adapted from human walking behavior to optimize
the walking trajectory system. Heel-strikes gait is controlling ankle joint when
beginning of transition process from DSP to SSP state (Push-Off) and SSP to
DSP state (Collision).

ASrLiLyHz = ZRT,LT)() — ZLTRT).() (44)
ASpimz = Z@Tim),@ — Zarrm)6) (45)
AS,
_ (RL,LL),H,z
O®rLLL)Ha = ( /CH,aBe) + OrLLL) 4 (46)
AS, !
_ (RL,LL),H,z / ) ,
O(rLLL)H,B ( Chi,pe + OrLLL) 4 (47)
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Push — of f Collision
Figure 15. Heel-Strike gait model of EROS humanoid robot

Where Og; p o and g, g p is right ankle angle in RLg joint (ankle pitch
angle) when push-off and collision state. 6;; y , and 8, y g is left ankle angle
in LLs joint (ankle pitch angle) when push-off and collision state. 8, , and
6,14 is knee joint angle in right and left legs when push-off state. 8z, 4" and
6,14 is knee joint angle in right and left legs when collision state. ASg; ;; , and
ASy; . s difference distance between Zgr ;) and Z;r ;) when push-off state.
ASgy . and ASy; " is difference distance between Zgr ;y and Z,r ;) when
collision state. Cy 4p. is constant gain value to arrange gain in 6g; 5, and

OrLH,p-

C. Landing Optimization with Deceleration

In the landing process, the transition value to reach t, ;) has a constant
value of T,,, (explained in walking trajectory system). In the walking
trajectory system T,,, is always constant value. This value of T,,, is summed
with last transition value (Tr () = Tr(i-1) + Tmn)- Because of it, the speed of
steps will comparable with value of T,,,,. When transition of each step at high
speed, it will cause a huge reaction moment. With a huge reaction moment, the
stability of robot when walking is disrupted even fall. Therefore, the
deceleration speed of steps in landing process is done by using arrangement
value of T,,.

Figure 16 is explaining about dividing the area of T;r,, (leftleg) in SSP to
DSP state. The area of left leg is similar with right leg (T(rr,1r)n = (Torn =
Trrn)) These areas have a number depend on speed of steps and detail
deceleration needed, so that when deceleration process the robot still in stable
condition. To arrange the deceleration process, the value of T,,, is arrange
with equation bellow.

AS ;
T(rr,LT) 0 = REIDXO [, (48)
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Tmn,DC(n) = 1Og(Tmn,DC(n—l) - CDC,e) X Tmn

(49)

Tira
Tir2
TIT,B ' z
N PEETITLEL LLL T
Tira .37\ pp e,
et N \ LT,(x2)3 "*a,
ot N \ LY .,
Tirs 0 g, S 11 A
~ £ hS 1 -
o oo NN | ASires *,
S A} -
Tiyrn ™ e % N
M o v % .
il T 4115 s %
.  senl -— \\\‘ -
. L T S MM -
. it~ S F
N ASiT x4 .9 ASiTx2
Y PP,
LT.(x.2).2
PPyt (x,2),4 tira tirz )

Figure 16. Dividing the area of T} ,, in SSP to DSP state (landing process)

Where T(gr 11), is number of areas in left (LT) and right (RT) leg after
divided. 4S(gr L1)x (i) is difference between present and future point reference
in X axis from trajectory system. T,,,, is difference value between transition
process in each step. Ty, pcn) 1S present difference value between transition
process in each step after deceleration process. Ty, pe(n—1) is last difference

value between transition process in each step after deceleration process. Cp¢ .

is constant gain value to arrange gain in Ty, pc(n)- The result after deceleration

process can be seen in Figure 17.
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Figure 17. Dividing the area of T; 7, in SSP to DSP state (landing process)

By using LOG function, the deceleration will not drop in linier condition.

Because of that, the robot will be too much to lose the speed during walking.
With adding this algorithm, the stability of robot is maintained.

D. Comparison of Implementation (before and after optimization)

As mentioned in the originality section, this paper only discus about the
problem caused by synthetic grass filed without a control system. In previous

research of EROS, the walking trajectory system is used in the flat field (green
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carpet). But in the new competition, the field was changed with a synthetic
grass field. Because of it, when EROS is using previous walking trajectory
system, the EROS always falling (the foot always stuck inside the synthetic
grass surface). The idea to solve this problem is make the EROS robot walk like
human. By using EROS system, the previous walking trajectory system is
added with landing optimization with deceleration process and heel-strikes
gait optimization process during the process of Single Support Phase (SSP) to
Double Support Phase (DSP). So, the EROS robot will walk look like more
human. Landing optimization with deceleration is used to arrange the velocity
of landing process by sending the transition time value (Ty,pcn)). This
section is replacing the constant velocity in previous system (walking
trajectory system). Heel-strikes gait optimization is replacing the angle in
ankle joint (directly to the robot joint). Both of optimization is explaining more
clearly in the Figure 18 and Figure 19.

Cartesian Space :
T,y = constant ! Joint Space
. Legs :
ngkmg 4 Inverse - " Legs Angle
Tr:’cuectory | Kinematic [C@®LLD(A~6) Joint
System :
(X, Y, Z) rr (7 4T

Figure 18. Walking locomotion previous version (flat field: green carpet)

. Cartesia_[l S ace ....................... : ....................................
L y Joint Space
Landing | -y it | E
Optimization with i} Heeé&;ilkes O(rLLL)H @B)
Deceleration i} %t
_ ! ':'_Optlmlzatlon ' 4
T P 1
1- Aupee) X) Legs Angle
Walking Legs +I Joint
Trajectory Inverse :
System Rinasiaie O(rLLL),(1~4,6)
KoY, DR 4 Tmnpe)

Figure 19. Walking locomotion newest version (synthetic grass field)
Based on Figure 17 and Figure 18, the mean of optimization process is

how to make a better solution from desired system into a new complex system
as mentioned in the originality section.
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5. EXPERIMENT AND ANALYSIS

The experiment explains about robot stability during walking
locomotion with optimization and during walking locomotion without
optimization. The experiment is started with the difference of synthetic grass
and several variations of walk distance in each step. The method of experiment
is measuring angle body (Pitch) in X axis during walking motion. This
experiment uses 4 kinds of different synthetic grass. The specification of the
synthetic grass is shown in Figure 20, Figure 21, Figure 22 and Figure 23.

Figure 20. Pedestal 1 (synthetic grass with 50mm of grass height)

Figure 21. Pedestal 2 (synthetic grass with 30mm of grass height)

Figure 22. Pedestal 3 (synthetic grass with 10mm of grass height)

Figure 23. Pedestal 4 (green carpet with 4mm of thickness)

In Figure 20, the synthetic grass has a very rough and tender texture. The
distance of each grass is 10mm. So, it is look rarely. The length of each grass is
50mm with irregular direction. In Figure 21, the synthetic grass has a very
smooth and tender texture. The distance of each grass is 5mm. So, it is looks
solid. The length of each grass is 30mm with same direction. In Figure 22, the
synthetic grass has a very rough and tender texture. The distance of each grass
is 5mm. So, it is look solid. The length of each grass is 10mm with same
direction. In Figure 23, the carpet has a very smooth and soft texture with 4mm
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of thickness. The experiment is explained with 3 represented result of
experiment. Those experiment only using synthetic grass type 1 (pedestal 1)
with different variation of walk distance in each step. The experiment has
limitation distance about 6 meters of total distance.

The first experiment using walk distance about 8mm each step on the
pedestal 1. The result can be seen in Figure 24. The Cartesian data input
parameter for walking trajectory is X = 8mm, Y = 45mm, and Z = 100mm.
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Figure 24. Experiment result using distance: 8mm each step of walk

In Figure 24, the red line is the stability graph during walking locomotion
without optimization. It has average vibrations at + 199. But at distance about
4460 mm or in step 6, the robot is falling. So, the walking locomotion is in
unstable condition. The blue line is the stability graph during walking
locomotion with optimization. It has average vibrations in * 60. The robot does
not fall. So, the walking locomotion is in stable condition. The walking
locomotion without optimization have 4.46 meters of distance or 6 steps of
walk and the walking locomotion with optimization have 6 meters of full
distance or 9 steps of walk. The difference of distance in (%) is 25.67%. The
implementation experiment in pedestal 1 is shown in Figure 25.

Figure 25. Implementation result using distance: 8mm each step of walk
The second experiment using walk distance about 16mm each step on

the pedestal 1. The result can be seen in Figure 26. The Cartesian data input
parameter for walking trajectory is X = 16mm, Y = 35mm, and Z = 95mm.
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Figure 26. Experiment result using distance: 16mm each step of walk

In Figure 26, the red line is the stability graph during walking locomotion
without optimization. It has average vibrations at + 220. But at distance about
3570 mm or in step 5, the robot is falling. So, the walking locomotion is in
unstable condition. The blue line is the stability graph during walking
locomotion with optimization. It has average vibrations in + 8%. The robot does
not fall. So, the walking locomotion is in stable condition. The walking
locomotion without optimization have 3.57 meters of distance or 5 steps of
walk and the walking locomotion with optimization have 6 meters of full
distance or 9 steps of walk. The difference of distance in (%) is 40.5%. The
implementation experiment in pedestal 1 is shown in Figure 27.

Figure 27. Implementation result using distance: 16mm each step of walk

The third experiment using walk distance about 24mm each step on the
pedestal 1. The result can be seen in Figure 28. The Cartesian data input
parameter for walking trajectory is X = 24mm, Y = 25mm, and Z = 90mm.

In Figure 28, the red line is the stability graph during walking locomotion
without optimization. It has average vibrations at + 210. But at distance about
2680 mm or in step 4, the robot is falling. So, the walking locomotion is in
unstable condition. The blue line is the stability graph during walking
locomotion with optimization. It has average vibrations in * 7. The robot does
not fall. So, the walking locomotion is in stable condition. The walking
locomotion without optimization have 2.68 meters of distance or 4 steps of
walk and the walking locomotion with optimization have 6 meters of full
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distance or 9 steps of walk. The difference of distance in (%) is 55.33%. The
implementation experiment in pedestal 1 is shown in Figure 29.
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Figure 28. Experiment result using distance: 2Z4mm each step of walk

Figure 29. Implementation result using distance: 24mm each step of walk
More complete experiment result with variation of walk distance in each
step and several types of synthetic grass is shown in Table 7 and Table 8. The

system without optimization experiment is shown in Table 7.

Table 7. Experiment Result of Walking Locomotion without Optimization

FORWARD DIRECTION
Distance (cm) Pedestal 1 Pedestal 2 Pedestal 3 Pedestal 4
0 STABLE STABLE STABLE STABLE
4 UNSTABLE UNSTABLE STABLE STABLE
8 UNSTABLE UNSTABLE STABLE STABLE
12 UNSTABLE UNSTABLE | UNSTABLE STABLE
16 UNSTABLE UNSTABLE | UNSTABLE STABLE
20 UNSTABLE UNSTABLE | UNSTABLE STABLE
24 UNSTABLE UNSTABLE | UNSTABLE | UNSTABLE
BACKWARD DIRECTION
Distance (cm) Pedestal 1 Pedestal 2 Pedestal 3 Pedestal 4
8 STABLE STABLE STABLE STABLE
16 STABLE STABLE STABLE STABLE
24 UNSTABLE | UNSTABLE | UNSTABLE | STABLE

In this experiment result, the unstable condition is more dominant than
stable condition. This condition happened because the robot is losing their
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stability during the walking locomotion in the Single Support Phase (SSP) to
Double Support Phase (DSP) or step 2 (landing). The toe of the foot was landed
first, and it caused the toe stuck in the synthetic grass. The landing speed of
steps are also makes toe stuck harder.

The system with optimization experiment is shown in Table 8. From
information in Table 5, the stable condition is more dominate than unstable
condition. The robot walks more stable in this experiment because some
factors that causes the robot in unstable condition at the experiment without
optimization is minimized by using optimization model (heel strikes gait and
landing deceleration). When the walking trajectory in the Single Support Phase
(SSP) to Double Support Phase (DSP) or step 2 (landing). The toe of the foot
will be landed at the last time and the toes will not stuck in the syntetic grass
because the implementation of heel-strikes gait optimization. The foot was
landed slowly and softly because the landing speed of steps has been
decelerated by using landing optimization with deceleration. It is make the
toes will not stuck harder than before.

Table 8. Experiment Result of Walking Trajectory without Optimization

FORWARD DIRECTION
Distance (cm) Pedestal 1 Pedestal 2 Pedestal 3 Pedestal 4
0 STABLE STABLE STABLE STABLE
4 STABLE STABLE STABLE STABLE
8 STABLE STABLE STABLE STABLE
12 STABLE STABLE STABLE STABLE
16 STABLE STABLE STABLE STABLE
20 UNSTABLE | UNSTABLE | STABLE STABLE
24 UNSTABLE | UNSTABLE | UNSTABLE STABLE
BACKWARD DIRECTION
Distance (cm) Pedestal 1 Pedestal 2 Pedestal 3 Pedestal 4
8 STABLE STABLE STABLE STABLE
16 STABLE STABLE STABLE STABLE
24 UNSTABLE | UNSTABLE | UNSTABLE STABLE

In the experiment without optimization, the comparison of stability in
per one hundred percent (%) is when on pedestal 1 the percentage of stability
is 10%, when on pedestal 2 the percentage of stability is 10%, when on
pedestal 3 the percentage of stability is 30%, and when on pedestal 4 the
percentage of stability is 80%.

In the experiment with optimization, the comparison of stability in per
one hundred percent (%) is when on pedestal 1 the percentage of stability is
70%, when on pedestal 2 the percentage of stability is 70%, when on pedestal
3 the percentage of stability is 80%, and when on pedestal 4 the percentage of
stability is 100%.

In the all experiment of stability, the efficiency is obtained by averaging
the stability value. Efficiency walking trajectory without optimization is 32%
and efficiency walking trajectory with optimization is 80%. The experiment is
using 4 types of pedestal, so it can be knowing the stability characteristic of
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the robot. The main result of this experiment is the stability while using
optimization is much better than without the optimization. The results can be
seen from efficiency comparison of stability.

6. CONCLUSION

In this paper, walking trajectory model with landing optimization with
deceleration and heel strikes gait optimization has been applied into EROS
humanoid robot. The combination of both optimization systems has been
tested. By adding landing optimization with deceleration and heel-strikes gait
optimization into walking trajectory system for EROS humanoid robot, the
stability of walking was increased from 32% to 80%.

To reach 90% - 100% of stability, control system will be added into EROS
humanoid robot in the future work.
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