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Abstract: This paper presents the design of a biped robot, the walking trajectory generation method, and experi-

mental results about biped walking. Walking trajectory generation is one of the deterministic factors in walking robot

applications. Different approaches for stable walking trajectory are worked on in robotic research. The linear inverted

pendulum model (LIPM) is an effective method used with the zero moment point (ZMP) criteria. Biped robot trunk and

feet moving patterns are generated depending on these fundamental methods. In this study, generated trajectories were

tested by a 12 degree of freedom (DOF) biped robot RUBI built at Dokuz Eylül University. In the experimental work,

the joint angles obtained by using inverse kinematics from the generated trajectories were implemented on the robot.

The results showed that even with a simple control system implementation of generated trajectories is very promising in

terms of stability and reducing complexity.
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1. Introduction

In recent years, there has been growing interest and projects on walking biped robots [1–4]. Biped robots

inspired by human motions have higher mobility than other robots do in various environments. Although biped

robots have many advantages compared to other types of robots, the control of biped robots is a challenging

problem that is unbalanced, nonlinear, dynamically time variant [5,6].

One of the main problems is continuously and dynamically balanced walking pattern generation. There

are many methods and techniques to overcome that requirement [7,8].

The linear inverted pendulum model (LIPM) is one of the solution techniques [9–12]. The biped robot

is treated as a simple inverted pendulum problem. When the robot trunk starts to fall while walking, the

supporting leg prevents it from falling.

Another popular approach to the dynamic stability method for generating a walking pattern is the zero

moment point (ZMP) criterion [4,13]. The ZMP is defined as the point on the ground where the total moments

of the active forces equal zero. If the ZMP is within the convex hull of all contact points between the feet and

the ground, dynamically stable walking motion can be achieved.

This paper presents the design of a biped robot RUBI and its walking pattern generation using LIPM and
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ZMP techniques together. Moreover, walking test results and their analysis are discussed. As a contribution

to this subject, in this study, a walking pattern generation method for small biped robot equipped with simple

sensor structures and having relatively low complexity was realized.

After the brief introduction about the construction of the biped robot RUBI in Section 2, details about

the suggested walking pattern generation method are given in Section 3, control systems are summarized in

Section 4, and experimental results and the conclusion are given in Section 5 and Section 6, respectively.

2. Biped robot RUBI

The biped robot RUBI is designed 1:2.3 the proportion of the human lower body. The biped robot and its CAD

model are shown in Figure 1.

Figure 1. Biped robot RUBI and its CAD model.

RUBI was developed according to human-like shape with a trunk, human-like movements, compact size

and light weight, kinematically simple structure, and low power design philosophy. Therefore, the locomotion

system of the bipedal robot was limited to 12 degrees of freedom (DOF). The DOF of the robot are summarized

in Table 1.

Table 1. Degrees of freedom of RUBI.

Joint Direction Degrees of freedom
Hip x, y, z 3 d.o.f. × 2 = 6 d.o.f.
Knee y 1 d.o.f. × 2 = 2 d.o.f.
Ankle x.y 2 d.o.f. × 2 = 4 d.o.f.

12 d.o.f.

Robot joints are driven with various sensors embedded Dynamixel smart robot servos. RUBI is also

equipped with foot force sensors and an inertial measurement unit. The physical dimensions of RUBI are shown

in Table 2.
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Table 2. Physical dimensions of RUBI.

Height 481 mm
Width 190 mm
Depth 68 mm
Length of thigh (the hip to the knee) 232 mm
Length of shin (the knee to the ankle) 141 mm
Length of ankle (the ankle to the foot) 72 mm

3. Walking pattern generation

In this work, the linear inverted pendulum model (LIPM) and fixed zero moment point (ZMP) are used to

generate the walking pattern. The method in this study is based on finding the center of mass (CoM) position

with ZMP reference given. This technique assumes that the mass of legs should be much less than that of the

biped robot trunk and all mass concentrated in one point at the biped CoM. It is also assumed that the motion

of CoM moves in fixed height surface. This model is shown in Figure 2.

Figure 2. LIPM model of biped robot.

In this figure, the ZMP is described by a point on the supporting foot (px , py, 0) and the position CoM

is described by (cx , cy, cz), where g is the gravity constant, the fixed height of CoM cz = z and m = mass of

biped robot.

The equations of ZMP with CoM positions can be written from gravity torque and acceleration torque

balance.

px=cx−
cz
g
c̈x (1)
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py=cy−
cz
g
c̈y (2)

For robot stability, ZMP should be on the supporting foot area while the swing foot is moving. When both feet

are on the ground in the double support phase, ZMP moves from one foot to the other. This action is repeated

in walking. Therefore, the reference ZMP trajectory can be used for generating the walking pattern. Choi et

al. [12] worked on an indirect ZMP controller with this idea. It is assumed that the reference ZMP trajectories

are shown in Figures 3 and 4. This assumption says that ZMP is always in the middle of the supporting foot

and changes quickly to the other foot during walking. Therefore, the equations of reference CoM trajectory cx

and cy are
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y
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cx (t) = B
∑∞

k=1
[1− coshwn (t− kT )]u (t− kT ) (3)

cy (t) = A [1− coshwn (t)] +2A
∑∞

k=1
(−1)

k
[1− coshwn (t− kT )]u (t− kT ), (4)

where T is step period, A is the distance between the two feet centers in the y direction, B is the step distance

in the x direction, and w2
n = g/cz . Eqs. (3) and (4) cannot be used because of the unbounded function cosh.

Moreover they are very sensitive to the change in wn . Therefore, one of the approximate solutions with Fourier

series [12] is suggested in biped walking robots. In this method, reference ZMP pref
x and pref

y are expressed as

the odd functions with period T, and reference CoM trajectories crefx and crefy are assumed as Fourier series.

After finding the Fourier coefficients, crefx and crefy are expressed as

crefx (t) =
B

T0

(
t− T0

2

)
+
∑∞

n=1

BT 2
0w

2
n (1 + cosnπ)

nπ (T 2
0w

2
n + n2π2)

sin
nπt

T0
(5)

crefy (t) =
∑∞

n=1

2AT 2
0w

2
n (1− cosnπ)

nπ (T 2
0w

2
n + n2π2)

sin
nπt

T0
(6)
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Reference ZMP, Fourier approximation reference ZMP, and reference CoM trajectories are shown in Figures 3

and 4.

Figures 3 and 4 are plotted with A = 65 mm, B = 110 mm, T = 1 s, and w2
n = 21.36 (cz = 459 mm and

g = 9.81 m/s). Although these ZMP references have a small double support phase and the Gibbs phenomenon,

approximate solutions of CoM references are suitable for biped robot applications.

The swing foot trajectories are easily generated by function-based spline [13,14]. Generally, simple

expressed curves are used with some assumptions. On the sagittal plane, Huang et al. [14] expressed foot

trajectories by a vector Xa = [xa (t), za (t), θa (t)]
T , where xa (t), za (t) are the coordinates of the ankle

position, and θa (t) is the angle of the foot.

The parameters for swing foot calculations are given as follows. The period for one walking step is Tc .

Td is the interval of the double-support phase. Lao and Hao are the position of the highest point of the swing

foot ankle, which is important if there are obstacles in environments, and Tm is the time that the swing foot

reaches the highest position. Ds is the length of one step, lan is the height of the foot, lab is the length from

the ankle joint to the heel, and laf is the length from the ankle joint to the toe.

Thus, the above constrains are obtained for xa (t):

xa (t) =



kDs, t = kTc

kDs + lan sin qb + laf (1− cos qb), t = kTc + Td

kDs + Lao, t = kTc + Tm

(k + 2)Ds − lan sin qf − lab(1− cos qf ), t = (k + 1)Tc

(k + 2)Ds, t = (k + 1)Tc + Td

(7)

and for za (t):

za (t) =



hgs(k) + lan, t = kTc

hgs(k) + laf sin qb + lan cos qb, t = kTc + Td

Hao, t = kTc + Tm

hge(k) + lab sin qf + lan cos qf , t = (k + 1)Tc

hge(k) + lan, t = (k + 1)Tc + Td

, (8)

where qgs (k) and qge (k) are the angles of the ground surface, and hgs (k) and hge (k) are the heights of the

ground surface under the support foot. qgs (k) = qge (k) = 0 and hgs (k) = hge (k) = 0, if the support foot is

on level ground. In other words, the robot moves on the flat surface. In this work, we assume that the swing

foot is moving parallel to the ground. Thus the angle of the foot is θa (t) = 0 when walking.

To obtain a smooth trajectory, first and second derivatives of xa (t) and za (t) should be continuous at

all breakpoints. When third-order interpolation is used, the second derivatives xa (t) and za (t) are always

continuous. Therefore, using third-order interpolation is the best way to find xa (t) and za (t) [14].

For one simple step, the step length was 50 mm/step with the step period of 1 s/step and the position

and time of the highest point of the swing foot ankle were Lao = 50 mm, Hao = 100 mm, Tm = 0.5 s, and Td

= 0.1 s. With these parameters, foot and hip trajectory were achieved using third-order interpolation.

Figure 5 shows the foot trajectory along the x-axis according to Eq. (7) and Figure 6 shows the foot

trajectory along the z-axis according to Eq. (8).
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Figure 5. Foot trajectory along x-axis. Figure 6. Foot trajectory along z-axis.

4. Control systems

The joint angles of the biped robot are obtained with inverse kinematics from CoM and the swing foot

trajectory. Each smart joint actuator, which has its own PI controller, is driven independently. An embedded

PI position controller corrects joint position in 0.3◦ degree error. In addition, balanced foot contact controls

are implemented with force sensors. That is a simple balancing feet ground force application. Currently, except

for these controllers, the global control system is an open-loop system.

5. Experimental results

The 12 DOF biped robot shown in Figure 1 was used in the experiments. The reference CoM and foot trajectory

generated in Section 3 were used for achieving the joint angles by inverse kinematics. With these reference angles,

an 8-step walking test was done. Parameters used for the experiment are presented in Table 3.

Table 3. Important experiment parameters.

Parameters Value Parameters Value
Step period 1 s Fixed trunk height 459 mm
Step size 50 mm Feet distance in y-direction 65 mm
Step height 29 mm Double support period 0,1 s

During the walking period, the biped robot’s trunk roll and pitch angles were measured by inertial

measurement unit. Figure 7 shows the trunk angles change without any control except for motor PI control.

Although there are some irregularities in angle changes, the robot continues to walk steadily. Figure 8

shows the trunk angle changes with balanced foot contact controls.

As shown in Figure 8, with that controller, angle change range from –6 to 6 degrees becomes the range

from –4 to 4 degrees. More stable walking is achieved using balanced foot contact controls. Figure 9 shows the

trunk angles change comparing with and without balanced foot contact controls.
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Figure 7. The trunk angles change without any control except for motor PI control.
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Figure 8. The trunk angles change with balanced foot contact controls.

6. Conclusion and future works

In this paper, a walking pattern generation method based on LIPM and ZMP criterion for biped robots is

presented. The walking pattern generation method suggested in the literature for big well-known humanoid

robots is applied to a small biped robot RUBI, equipped with simple sensor structures and having relatively

low complexity.
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Figure 9. The trunk angles change comparison with or without balanced foot contact controls.

Robot trunk and feet movement equations were achieved as human-like walking by LIPM technique with

Fourier series approximation and fixed reference ZMP trajectory. Experimental studies were evaluated by simple

PI control structure.

The results of walking experiments showed that the robot trunk movements were in acceptable margins

in both sagittal and coronal planes and the robot can walk stably. As a result, calculated trajectory equations

with suggested assumptions were sufficient for the robot to walk without applying more complicated control

algorithms that require more powerful processing units.

Unwanted swing foot moving effects and landing impact force influences seen in the experimental studies

can be eliminated by some tunings of variables depending on the application in the control algorithm.

As future work, different ZMP references, swing foot dynamics considerations, and new LIPM – ZMP error

compensation algorithm methods can be applied for more effective walking pattern generation. In addition, some

control algorithms can be implemented to improve the control systems, such as landing impact compensation,

early landing modification, and center of pressure (CoP) position controller.
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