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ABSTRACT: This paper presents an overview of the design process of humanoid robot

HUBOT-1: mechanical design, gait planning, control architecture and sensors implementation. The

robot is designed with full body in style of Vietnamese body proportion. At the present state the lower

limbs with 12 DOF are considered for natural walking pattern from hip and ankle trajectories. Walking

pattern based on ZMP criterion. Also, the dead-beat controller of servo motor is implemented for joint

control. In addition, the robot used IMU and FSR sensors which are designed and implemented for

verifying the ZMP trajectory in stability area.
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1. INTRODUCTION

Humanoid is one of the most exciting
topics in the field of robotics. Humanoid robots
are being developed to perform human tasks
like personal assistance. They can use tools and
operate equipment and vehicles designed for
the human form. The motivation of the
research is the suitability of the biped structure
for tasks in the human environment. The goal
of the studies in this area is to reach the human
walking  dexterity, efficiency, stability,
effectiveness, and flexibility. Several different
types of humanoid robots have been developed
for the last decade: child size robots whose
heights are about 120cm have also been
developed by Honda (Asimo) and Tokyo
University (H6 and H7) [1]. Sony has
developed a small toy size robot whose height
is only 50cm (SDR-3X) [2]. Heavy adult size

robots which are over 180cm in height and

weight over 100kg have been developed by
Honda and Waseda University [3]. Also the
control of a biped humanoid is a challenging
task due to the many degrees of freedom
involved and the nonlinear and hard-to-
stabilize dynamics [4].

The ZMP criterion is the most widely
accepted and used stability measure for the
biped robot locomotion. The natural ZMP
trajectories for biped robot are presented in [4]
which is not discussed in this paper. After
having found the required reference
trajectories, a position deadbeat control scheme
for the robot joints with references joint angles
obtained by inverse kinematics of the model.

In this paper, a biped walking robot
platform composed of 23 DOF HUBOT-1 is
developed, and an off-line motion control of
the biped walking robot is implemented taking

into account body stability. Also sensors
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development is presented for realtime control
during walking in the future work. Simulations
using Matlab - Simulink are performed of each
topic to show the posibility from theory to
practical fields.
2.MECHANICAL DESIGN

HUBOT-1 is the first prototype model of
DCSELAB. The mechanism is designed to
achieve low speed walking at 0.3m/s on the flat
floor without obstacles. The power is supplied
from outside. Total weight of the humanoid
including exterior appearance parts is about 30

kg.
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Fig. 1. Vietnamese body proportion
The target motion of HUBOT-1 is that it
can imitate several simple forms of human
walking motion and stand with hand shaking.
We refer to the guideline of Vietnamese body
proportion, the 7-head principle is applied, and
the overall dimensions of the humanoid robot

of 1000mm tall are shown in Fig. 1.

The proposed human proportion is used to
design the mechanical parts of HUBOT-1. It is
designed with 23 DOF: 12 DOF in legs, 1 DOF
in head, and 10 DOF in arms (Table 1). The
allocation of joints are shown in Fig. 2. The
joint axis of the shoulder, hip, elbow, knee and
ankle cross each other for kinematic simplicity

and for the dynamic equation of motion [5].

Table 1.The joint allocation

Joint No. of Joint
Head Yaw J21
Wrist Yaw J17,023
Pitch J18,J24
Elbow Pitch J16,J22
Arm
Yaw J15,J21
Shoulder Roll J14,J20
Pitch J13,J19
Roll J4,J9
Hip Yaw J17,023
Pitch J5,]8
Leg
Knee Pitch J3,J10
Roll 12,J11
Ankle

Fig 2. Joint position vectors
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a) b)
Fig. 3. (a) CAD design of HUBOT-1, (b) Body of
HUBOT-1

In the Fig. 3, the body art dimensions is
shown on the right, and the length of the limbs
of our robot are shown on the left, respectively.

After determining the basic mechanical
structure, it is required to design the metallic
frames which act as the supporting skeleton of
the whole body. The robot is designed by CAE
for the trade-off between the stiffness of
material and the lightweight of the body. Shape
of the frames should be determined to obtain
high stiffness under the constraint of
minimizing the total weight. We employed
FEM-based technique to develop stiff and light
frames of the lower body for stable walking.
The FEM analysis is an effective method to
design the layout of a body in its initial design

step to achieve the above objectives.

Fig. 4. Results of the FEM analysis for leg
3.GAIT PLANNING

* Humanoid walking analysis
Each foot trajectory can be denoted by a

ankle position vector X, =[x,(¢),z,(),0,(O]"

and hip position vector

X, =[x,(0),,(),2,(0,6,(0]" . When both foot

trajectories and the hip trajectory are known,
all joint trajectories of the biped robot will be
determined by kinematic constraints.

* Ankle motion

The trajectories for the ankles and the
orientation of the feet, the trajectories of the
feet can be found from kinematic constraints.

From [6], we get the following constraints:

kD,, t=hT,

kD, +1,,sing, +1(1-cosg,) 1=kT +T,
xa(t): sz+Laa t:k]z+]:11

(k+2)D,~1,sing, ~1,(I-cosq,) 1=(k+)T,

(k+2)D, t=(k+1)T +T,

ey

hy (k) +1,,, t=AkT,

hg‘ (k) +luf sing, +1,, cos g, 1=kT +7T,

Zn (t) = Huu’ 1= k]-z + T;n
hge(k)+lah sin q; +l, cosq, t=(k+1)T,
h,(k)+1,,, t=(k+DT +7,

()
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q,(k),  t=kT,

O @)
=4, (k), t=(k+DI +T,

where

k :number of step

T. :step period

T, : the interval of the double-support
phase

kT +T,: the time of right foot at its
highest point

[, :the height of the foot

l,; : the length from the ankle joint to the
toe

[, :the length from the ankle joint to the
heel

(L,,H,): the highest postion of the
swing foot.

D, : the length of one step
4, (k) ,q,(k): the angles of the ground

surface under the support foot.

q, : the angle of foot as it leaves the

ground

g, : the angle of foot as it lands on the

ground
* Hip motion

The hip motion of the steady phase is
determined. The hip motion of the starting
phase and the ending phase can be obtained
similarly.

Hip motion of z,(¢) hardly affects the
position of the ZMP. We can specify z,(¢) to

be constant, or to vary within a fixed range.

Hhmin tsz; +OSTJ1
2, (O=1H,, . (=k[.+0.5T -T,) (4
H,,.  t=k+)T +0.5T,

where H, __ : highest position of the hip

h max *
at middle of the single-support phase, H, . :
lowest position of the hip at middle of the
double-support phase during one walking step.

The change of x,(¢#) and y,(?) is the main

factor that affects the stability of a biped robot

walking.
kD, +x,, t=kT,
x,()=4(k+1)D, —x,, t=kT +T, (5)
(k+1)D, +x,, t=(k+DT,

where x,, x,, : distances along the x-axis

sd > e

from the hip to the ankle of the support foot at
the start and end of the single-support phase,
respectively.

It is desirable that hip motion of 6, (¢) is

constant:
6,(t)=0.57 rad (©)
The trajectory of hip and ankle in sagittal
plane obtained by third spline interpolation
from the second derivative continuity condition
and equation (1),(2),(3),(4),(5)&(6),

respectively.

In this paper, y,(¢) obtained from natural

CoM references presented in [4]

a > 2kt 2kt
)=—2+>|a, cos + b, sin| =—
7, (@) 5 AZ]:|: k ( 2T ] (3 ( 2T ]:'

@)

the Fourier coefficients of y,(¢) can be

obtained as
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a0=0
ak=0
2AT @} (1—coskx) (8)
= S —— k=1,23,..
kzz(Tc w, +kx )

o, =gz,

In this equation, 4 is the distance between

the foot centers in the y-direction , g is the
gravity constant (9.8 m/s?) and z, is the height
of the plane on which the motion of the point
mass is constrained in LIMP model, with this
robot model z_ is chosen equal z, .
Vukobratovic’s ZMP criterion [7] is used
for balance control. The ZMP can be calculated

by using Newton’s law from Robot Motion [6]

as:
n - n . n .
_ Z;=1”’i(v +g.)x, _Z[=l mx.z — Zi:lJiv}'[i)’7f»'
Xomp = n o
> om(E+g.)
n - n - n .
_ Zi:l m(Z,+g.)y,— Z,»zl myizi+ 2, Ji,xw,,x
Yor = n "
DHRCESS)

©

where n is the number of links, m,is
mass of link 1, I,._‘_,IU, is the inertia components
of link i, @, ,, is the absolute angular velocity
components around x-axis and y-axis at center

of gravity of link i, g_is the gravitational

acceleration, (X;,);,2;) is the coordinate of

the mass center of link i on origin coordinate
system. If the ZMP is within the convex hull
of all contact points (the stable region), the
biped robot is able to walk.

By chance x,, x, we obtain desired

trajectories with a large stability margin.

Hip Trajectory
(Xh,Zh,0h)

Ankle Trajectory
(Xa,Za,0a)

ar

Lao
Dy Ds

Fig. 5. Gait planning [6]

*Control strategy

Fig. 6 schematically presents the
developed control strategy. The control
strategy is composed of two parts: offline
motion planning and static dynamics control to
legs. The motion planning is based on a ZMP
criterion to determine the body trajectory as
described. Lastly, inverse kinematics is applied
for the transformation of the ankle and body

trajectories into joint angular trajectories.

Offline Motion Planning

Defined gait Generate r”if‘ Inverse
parameters Gait Pattern "| Kinematics

Z].ref -~
N ari | Local Deadbeat Forward
- "] Motor Control Dynamics

Online Control
Fig. 6. Control strategy of offline motion planning
and static dynamic control.
The gait trajectory planning and

simulation using Matlab is shown in Fig. 7, and
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the number of parameters that completely
describes the desired gait parameters for the
simulation, in Table 2, respectively.

The dynamic simulation using Matlab -
Simmechanics connect to Solidworks for full-
dynamics 3-D simulation. This simulation
easy calculation of the required

permits

actuators' torques.

ROBOTICS ANC MECHATRONITS THVISION
HUMANCID DY NAMIC SIMULATICN

Rear foot length, /,, 0.158m
Front foot length, /,, 0.044m
Distance between the foot centers in the 0.25m

y-direction A4

Fig. 7. Simulation interface

Table 2.The parameters for the foot simulation

Motion Parameters Value
Number of step, k 4
Step period, T, Is
SSP/DSP ratio, » 4
Duration of SSP, T, 0.8s
Step length, D, 0.2m
Highest point of step (L, , H ) (0.1,0.1)m
Foot angle, g, and g 0,0
Ground angle, g, and q,,, 0 (level
ground)

Dimension parameters

Ankle height, / 0.074m
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Fig. 8. Simulation result

Fig. 8 show some results of the simulation.
Fig.8.d show the stick picture with gb = qf = 0.
The hip trajectories (Fig. 8.a) and the both foot
trajectories (Fig. 8.b,c) are smooth. The ZMP
trajectory that satisfy the largest margin is
shown in Fig.8.ef. Fig.8.g show results of the
pitch joint torque of right hip as an example.
Through the simulations (all of the results are
not shown in this paper), it is known that a high
foot requires large peak torque and velocity of
almost all the joints. Different foot motion can
be produced by adjusting the values of the foot
constraint parameters. Based on the chosen
walking gait, it is also possible to select a
walking pattern requiring small specifications
of the joint actuators.
4. MOTOR CONTROL

The actuators have been chosen to use two
different servo motors for two parts: (1) the
legs with servo motors are exposed to high
torques since they will be carrying the body
during walk and will be exposed to a load
during stance; (2) the arms with RC servo
motors only have to move their own weight.
This research focuses on the walk of the biped

and ignoring the effects of the arms. Each arms
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weight 1,2kg. It is much less than the 25-kg
robot weight.

Fig. 9. Motor drivers on testing

The problem of identification consists of
estimation of system’s model basing on
observations of input-output data. It allows to
obtain a mathematical model describing
dynamical behaviour of the system. The motor

system is desribed as

E(z) Y(2)

»

Fig. 1.The system of motor

in which HG,(z) is the transfer function

of the system. With OE model structure, the
transfer function is in the form of as

Y(z) az+a,
U(z) z°+bz+b,

HG,(z)= (10)

Then the estimation is processed to give

a,,a,,b,b, which are the input and output of

the system respectively.

As for the experiment of the system on
Fig. 9, the model fitting is 69.73% at sampling
time of 0.0015s.

The estimated result gives a, =0.000435,

a, =0.0004364, b, =0.8433, b, =0.009029.

The Eq. (11) shows  mathematical
representation of estimated system for joint
motor Harmonic servo motor RH-8-3006-
E020A0-SP with 200ppr encoder as follows:

0.000435z —0.0004364
z* —0.8433z +0.009029

HG,(2) = (11

The dead-beat controller is given by

followings:

1 2k
D(Z)_[HGF(z)j(1-z-k] (12)

with dead-beat law: G, (z)=z",k>1.

The controller give the output as input in some

delay. We choose G, =z,

2 -1
D(z)=(z +blz+b2J[ z _IJ
az+a, 1-z

+b +bz”"
:D(z){ o ]
az+(a,—a)—a,z
we have:
i+ﬁz_l+b—zz_2
D(z)=| A4 (13)
14074 2 %
al al
-1 -2
= D(z)= % (14)
1+pz" - B,z
1 b b a,—a a
al:_;azz_l;%:_z;ﬂl: i p =2
a a, a a,

1 1
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DC) U@ _q +ta,z oz
T E(2) B l+ﬂlz'| —ﬁ':z'2

2UE+AUE)T -BUE)T = EE)+0,E()2 +a,E(2)7

U@ =0 E@)+%E@) +a,E(2)” - U2+ fU(2)”
Applying differential operation on Eq. (8),

we have the controller is the following:

u, =oe, +ae, +ase,_, — P + fhu,_, (15)
As for the implementation on motor RH-8-

3006-E020A0-SP; the system identification

process give the following results:

The motor transfer function is

0.000435z —0.0004364
z* —0.8433z +0.009029

HG,(z)= (16)

and the coefficients of (13) is as follows:

o, =2298.850574712644

o, =—1938.620689655173

o, =20.756321839080460 17

B, =-2.003218390804598

£, =—1.003218390804598
5.SENSORS IMPLEMENTATION

To provide feedback for the controller a
number of sensors are available on HUBOT-1:
Force Sensing Registers (FSR) and Inertial
Measurement Unit sensor (IMU sensor). The
FSR provide measurements of forces from each
foot which can be used for CoP (center of
pressure) position sensing. In a balanced gait,
the ZMP coincides with CoP [7]. The ZMP in

SSP is calculated as follows:
N
2P
Pavr = Pcor = Fiv
21
=1

where N is the number of FSR sensors on

(18)

the foot, f).is the force applied on sensor j in

z-direction, and p,is the position of sensor ; .

If the biped robot is in DSP, the ZMP can
be found by interpolation the ZMP calculated
for each foot, and weighing by the total force

applied to all the sensors:
N, N,
zpjr-szr +Z pj]-szl
j=1 J=1
Nr N
2wt 2 i
J=! =1

where N, and N, are the total number of

(19)

Pzup =

sensor on right and left foot respectively, f

Jzr

and f, are the forces applied to sensor j in z-

direction on right and left foot respectively

and p, and p, are the positions of the sensors

on the right and left foot respectively. The
force sensors implementation with signal
processing board on foot and the calibration

software is shown in Fig. 11.

F/T Calibration
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s s miy

ey

Fig 11. Calibration software of force sensor on foot

When humans are walking they use their
inner ear to sense motion and orientation, and
when the orientation is felt it is possible to
balance. Hence, for HUBOT-1 to be able to
walk it is desirable that it is capable of sensing
the 3D orientation. For this reason HUBOT-1
is equipped with an IMU which can measure

the 3D orientation and accelerations.
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6. CONTROL SYSTEM DEVELOPMENT
The system consists of two units, the biped
robot and a PC for monitoring. The link
between them is through RF communication.
The robot control system consists of an
embedded computer with OMAP proccessor
running WinCE operating system. The CAN
communication interface is used to gather
information from sensors and send joint
variables to motor drivers as well (Fig. 12).
The robot control interface from computer for
testing the communication and off-line control

is shown in Fig. 13.

Database

1/0 Server Report Server | | Alarm Server | | History Server

(?))
AccessPoint
(5
Embedded Computer
(WinCE, 7-inch

AccessPoint LCD, 256MB)
A

Ethernet
Y
IMU Sensor
IMU-CAN CAN bus Main Controllfar
(dsPIC33FJ256GPT10) Master-CAN
PIC32MX256F512L
T Sensor — vcas0
FT-CAN (10/100Mbs Ethernet)
(dsPIC30F6014)
CAN bus
DC Motor Drive RC Servo Controller RC Servo Controller
Servo-CAN RCServo-CAN RCServo-CAN

(dsPIC33FJ128MC706) (dsPIC33FJ128MC706) (dsPIC33FJ128MC706)

Legs (6x2 motors) Arm (5x2 motor) Head (2 motors)

Fig 12. Overall structure of the control system

Fig 13. Robot control interface

7. CONCLUSION

In this paper, the design process of
humanoid robot HUBOT-1 is presented from
mechanical design concept to human walking
planning and control system integration. The
control strategy in this research is offline
motion planning, that is the walking trajectories
are calculated beforehand using an external
computer and then implemented on the robot as
functions describing the trajectories.

The simulation results and testing indicate
that walking algorithm can be implemented to

the practical robot.
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PHAT TRIEN ROBOT GIONG NGUOI CO KHA NANG BUOC PI BANG HAI CHAN
- HUBOT-1 THIET KE PAU TIEN VA NHUNG KET QUA PAT PUQC

Nguyén Thanh Nhyt, Phan Huynh Lam, Chung T4n LAm
DCSELAB, Truong Pai hoc Bach Khoa, PHQG-HCM

TOM TAT: Bdi bdo trinh bay qud trinh thiét ké robot nguoi HUBOT-1 tir thiét ké co khi, hoach

dinh quy dao, tich hop cam bién va thiét ké b diéu khién. Robot dwoc thiét ké c6 kich thude theo ti 16

cua nguoi Viét Nam. Phén chén ciia robot véi 12 bdc tw do dwoe xem xét nham dat muc dich buéde di tw

nhién giong ngieoi. Quy dao cdc gée khép ciia chan dwoc hoach dinh tir quy dao ciia ban chdn va héng

theo tiéu chudn cdn bang ZMP. B¢ diéu khién dead-beat duwoc siv dung dé diéu khién bam theo cdc géc

khép da tinh dwoe. Ngodi ra, cde cam bién IMU va FSR dwoc st dung dé héi tiép cac gid tri mong

muén nham tinh todn va kiém tra cén bang cho robot.

[1].

Tir khéa: robot nguoi HUBOT-1.
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