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Abstract— In this paper, we generate the biped gait of a
humanoid robot that looks like a human’s one. To generate
the human like motion, we first capture walking motion of a
human. Then, we analyze the captured data and obtain several
information such as the relationship between the step length
and waist height etc. We consider applying these informations
to the real humanoid robot. Also, when the human walks, the
sway of the waist is smaller than most of the humanoid robot’s
one. By compensating the angular momentum of the robot and
by modifying the ZMP trajectory, we show that sway of the
robot’s waist can be smaller. We show the effectiveness of the

proposed method through simulation and experimental results.

I. INTRODUCTION

Through the humanoid research, we aim to develop a

humanoid robot that can work like a human in our daily

life. To realize this goal, we first have to develop a humanoid

robot that looks like a human. Then, this robot has to behave

like a human and perform a task as a human can do. Recently,

although there are a lot of works on the motion generation

of a humanoid robot, the number of research on humanoid

robots to generate a human-like motion is not large. On

the other hand, this research focuses on the biped gait of

a humanoid robot and is a first step on realizing the human-

like walking motion based on the captured data of human

motion.

Fig.1 shows the walking motion of a humanoid robot and

a human. To generate a human-like biped gait of a humanoid

robot, we can assume two approaches. The arrow (1) in Fig.1

shows the first approach where we start from the walking-

pattern generator of a humanoid robot, and then modify the

parameters of it such that the generated motion becomes as

close as to a human’s one. On the other hand, the arrow (2)

shows the second one where we start from the captured data

of a human motion, and then modify the captured motion

so as to apply it to a humanoid robot. Among these two

approaches, we focus on the first approach and consider

realizing the human-like biped gait of a humanoid robot. To

adjust the parameters of the walking-pattern generator, we

use the captured data of a human’s gait.

By using the walking-pattern generator of a humanoid

robot, we can generate several walking motion having several

step length, walking cycle time, and walking direction. This

means that, to generate the human-like walking motion based

on the captured data of human’s motion, it is not enough to

use a single captured data. Hence, we consider recording

multiple captured data having several walking parameters.
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Fig. 1. Two Approaches on Generating Human Like Motion

After capturing multiple walking motions, we analyze the

captured data and extract the relationship between each

walking parameters. For example, we obtain the relationship

between the vertical motion of the waist and the step length.

Most of the walking parameters can be obtained by using

multiple captured data of human’s motion. However, the

horizontal motion of the waist cannot be determined by using

the captured motion since it has to be determined by solving

the ordinary differential equation for given ZMP trajectory.

We show that the sway of the robot’s waist is larger than the

human’s one if we solve the ordinary differential equation

without considering the effect of the angular momentum.

Also, we show that, by modifying the ZMP trajectory by

referring the human’s one, the sway of the waist can be

further reduced.

The rest of this paper is organized as follows; after show-

ing the related works in Section 2, we show the overview

of the motion capture and the walking pattern generation

in Section 3. In Section 4, we analyze the human motion

capture. In Section 5, we analyze the sway of the waist.

After showing the implementation issue in Section6, we

show simulation and experimental results in Section 7.

II. RELATED WORKS

Several humanoid robots have been developed, includ-

ing [13], [14], [15]. The following three approaches have

been used to generate human-like motion for these robots:

a) Methods based on motion capture: Widely used in

computer animation, these methods generate the motion of

digital actors by stiching together pieces of captured human

motion. Many techniques have been proposed, including one

that is interactive [4], one that is constraint-based [5], and one

that combines different captured motions for each limb [6]. A

similar technique was even used to quantify, with a statistical
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TABLE I

A SET OF CAPTURED DATA

# Desired Step length [m] Desired Cycle Time [s] No. of Steps

1 0.15 1.0 24

2 0.3 0.75 12

3 0.3 1.25 13

4 0.45 Not Imposed 8

5 0.45 1.0 7

6 0.45 1.5 5

7 0.6 Not Imposed 8

8 0.6 1.5 5

9 0.6 2.0 4

model, what it means for human motion to be natural [3].

This approach has also been applied to humanoid robots [2],

[1], [7]. These method can be classified as the method shown

as the arrow (2) in Fig.1.

b) Methods based on optimization: Rather than copy

human motion, these methods generate motion that is optimal

with respect to a particular objective function. A num-

ber of objective functions have been proposed, including

minimization of hand jerk [8], [10], minimization of the

change of joint torque [9], and minimization of joint torque

itself [11]. In [11], the gradient of the objective function was

computed analytically, with application to a planar model

of a humanoid. It has also been observed that angular

momentum about the CoG is highly regulated in human

walking motion [12], although this quantity has not been

used previously as an objective function to generate natural

humanoid motion.

c) Methods based on control: These methods use an

onboard control strategy to achieve natural motion. One

strategy is based on tracking linear and angular momen-

tum [16]. Another is based on achieving a hierarchy of task-

level objectives and postural constraints using an operational

space forumulation [17]. In fact, our work could be used to

define a set of appropriate postural constraints to be used

by [17].

As far as we know, there has been no research on hu-

manoid robot where we first analyze multiple sets of motion

capture data and apply the extracted feature to the biped gait

generation.

III. HUMAN MOTION CAPTURE AND WALKING

PATTERN GENERATION

A. Experimental Condition

As shown in the right side of Fig.1, we captured the human

walking motion. We asked a woman with 1.67 [m] tall to

walk straight ahead. We attached 86 markers to her whole

body and captured the walking motion. As shown in Table

I, we captured 9 sets of walking motion for different target

step length and different target cycle time. In this research,

we focus on the motion of the lower body of the human and

consider applying the feature of human motion to humanoid

robots. For this purpose, we calculated the motion of the

waist and the foot for each captured human walking data.

The feature of the human walking data is extracted and

will be applied to the biped humanoid robot. Fig. 2 shows the

x y

z

Fig. 2. Leg Module of HRP-4

overview of the biped walking robot used in this research.

This robot has 6 joints between the waist and the foot. In

addition, this robot has a toe joint in each foot. Also, this

robot has 3 DOF waist joint. Since the length of this robot’s

leg is almost same as the human’s one, the extracted feature

of the human motion is directly applied to this robot without

changing the scale of the motion.

Now, let us explain how to generate the walking motion of

the robot. While we focus on the motion of a humanoid robot

within the sagittal (x − z) plane, the motion in the frontal

(y − z) plane can also be treated in the same fashion. Let

us assume that the ZMP trajectory of a humanoid robot is

given by a spline function. Let p
(j)
zmp = [x

(j)
zmp y

(j)
zmp z

(j)
zmp]T

be the trajectory of the ZMP belonging to the j-th segment

of time. The trajectory of ZMP in the sagittal plane can be

expressed as:

x(j)
zmp =

n
∑

i=0

a
(j)
i (t − tj−1)

i, (1)

tj−1 ≤ t ≤ tj , j = 1, · · · , m

where a
(j)
i (i = 0, · · · , n, j = 1, · · · , m) are scalar coeffi-

cients. An example of the ZMP trajectory is shown in Fig.3.

Let p
(j)
G = [x

(j)
G y

(j)
G z

(j)
G ]T be the trajectory of the

COG(Center of Gravity) corresponding to the ZMP trajectory

belonging to the j-th segment of time. Also, let L(j) =

[L
(j)
x L

(j)
y L

(j)
z ]T be the angular momentum of the robot

about the COG. The relationship between the ZMP and the

COG within the sagittal plane is expressed by the following

ordinary differential equation:

x(j)
zmp =

−L̇
(j)
y + Mx

(j)
G (z̈

(j)
G + g) − M(z

(j)
G − z

(j)
zmp)ẍ

(j)
G

M(z̈
(j)
G + g)

.

(2)

Let z
(j)
Go be the initial value of z

(j)
G and be x

(j)
G = x̄

(j)
G +

∆x
(j)
G . Eq.(2) can be split into the following two equations:

1072



Fig. 3. ZMP Trajectory

x(j)
zmp = x̄

(j)
G −

z
(j)
Go − z

(j)
zmp

g
¨̄x
(j)
G (3)

fx = ∆x
(j)
G −

z
(j)
Go − z

(j)
zmp

g
∆ẍ

(j)
G (4)

where

fx =
L̇

(j)
y

M(z̈
(j)
G + g)

−

(

z
(j)
Go − z

(j)
zmp

g
−

z
(j)
G − z

(j)
zmp

z̈G + g

)

ẍG.

(5)

Substituting eq.(1) into eq.(3) and solving with respect to

x̄
(j)
G , we obtain the analytical solution of the nominal position

of the COG as

x̄
(j)
G = V (j) cosh(wc(t − tj−1)) + W (j) sinh(wc(t − tj−1))

+

n
∑

i=0

A
(j)
i (t − tj−1)

i, j = 1, · · · , m (6)

a
(j)
i = A

(j)
i −

1

T 2
c

(i + 1)(i + 2)Ai+2, i = 0, · · · , n − 2 (7)

a
(j)
i = A

(j)
i , i = n − 1, n (8)

where wc =
√

g/(zG − zzmp), and V (j) and W (j) (j =
1, · · · , m) denote the scalar coefficients. Although, in [24],

we propose the real-time gait generation method, we use the

same method for the off-line walking pattern generation in

this research. In most of the cases, although ∆x
(j)
G is much

smaller than x̄G, we show later of this paper that ∆x
(j)
G

is important in realizing the human-like motion. ∆x
(j)
G is

calculated by using the dynamics filter based on the preview

control [16].

IV. ANALYSIS OF CAPTURED MOTION

In this section, we consider analyzing the human-motion

captured data and obtaining the parameters used for the

walking pattern generator.

A. Experimental Condition

Fig.4 shows the definition of the physical quantities ob-

tained by using the motion capture data. In this research,

we focus on the motion of the lower body of the human.

Assuming that each leg of the robot has 6 + 1 (toe) joints,

the motion of the humanoid robot’s lower body can be

completely specified if we can specify the 6 dimensional

motion of the waist and the both feet and the joint motion

of the toe.

First, we analyze the motion capture data. If the vertical

velocity of both feet is smaller than the predefined threshold,

we define the double support phase around this period of

time. Then, we obtain the time at the middle of the double

support phase. Let tfk be the time at the middle of the k-th

double support phase. We define Tk = tfk − tf,k−1 as the

cycle time of the k-th step. Also, let us focus on the motion

of the foot in the sagittal plane. We define the motion of

the foot at the rotation center of the ankle joint. Let xf,k−1

be the horizontal position of the foot going to lift off in the

k − 1-th double support phase. Also, let xfk be the position

of the foot having touched to the ground in the k-th double

support phase. We define Lk = xfk − xf,k−1 as the step

length of the k-th step.

Among the six dimensional motion of the waist, the

horizontal (x − y) motion is determined by solving the

differential equation for the given ZMP trajectory. Also, we

found that the roll and the pitch rotation is smaller than the

yaw rotation. Thus, in this section, we focus on the vertical

(z) motion and the yaw rotation of the waist based on the

motion capture data. Here, the horizontal motion of the waist

will be considered in the next section. With regard to the

motion of the foot, since we consider the human motion

walking straight ahead, the roll and the yaw rotation of the

foot is much smaller than the pitch rotation. Thus, we focus

on the x − z motion and the pitch rotation of the foot.

B. Vertical Motion of Waist

We first consider the vertical motion of the waist. Vertical

position of the waist becomes maximum at the single support

phase and becomes minimum at the double support phase.

Let us consider the k-th step. As shown in Fig. 4, let the

difference between the maximum and the minimum vertical

position of the waist be ζk. Fig.5 show the result of the

human motion capture. As far as we tried, there is no

remarkable relationship between the cycle time and ζk. On

the other hand, although it is not remarkable too, we can

recognize that ζk increases as the step length increases.

The line shown in the right figure expresses the 2nd order

curve fitted by using the least squares method. This curve is

calculated as

ζk = 0.0019− 0.0015Lk + 0.01L2
k (9)

We applied this ζk when generating the walking pattern of

a humanoid robot.

There are several researches on humanoid biped gait

considering the vertical motion of the waist. However, in

most of the human-sized humanoid robot, the length of the

1073



Fig. 4. Definition of Parameters used to Analyze the Motion Capture Data

Fig. 5. Difference of Waist Height of Human Motion Capture

step is less than 0.4 [m]. Our experiment indicates that the

vertical motion of the humanoid robot’s waist is less than 10

[mm] and is very small. On the other hand, the step length

of the human’s gait often exceeds 1 [m]. In this case, the

vertical motion of the waist becomes more significant.

C. Yaw Motion of Waist

Fig. 6 shows the plot of the yaw rotation of the human’s

waist. The top figure shows the plot of ryk = (tymax −

tf,k−1)/Tk as a function of the cycle time where tymax

denotes the time when the yaw rotation becomes maximum.

As shown in this figure, the yaw rotation becomes maximum

at the middle of the double support phase regardless of the

cycle time. Hence, we set ryk = 1 when generating the

walking pattern of a humanoid robot. The bottom left figure

shows the maximum yaw rotation as a function of the cycle

time. There is no significant relationship between the cycle

time and the yaw rotation. On the other hand, the bottom

right figure shows the maximum yaw rotation as a function

of the step length. As we can see from this figure, the

maximum yaw rotation increases as the step length increases.

The curved line in this figure shows the 2nd order curve fitted

by using the least squares method. We applied this curve

when generating the walking motion by a humanoid robot:

Fig. 6. Maximum Waist Yaw of Human Motion Capture

φyk = 0.1835Lk + 0.157L2
k (10)

When the humanoid robot walks with large step length,

the leg often falls in the singular posture. The yaw rotation

of the waist is effective in avoiding the leg to be in the

singular posture. On the other hand, when the robot walks

with small step length, the yaw rotation is not needed. By

using our method, since the yaw rotation can be obtained as

a function of the step length, it is effective in avoiding the

leg to be in singular posture when the step length is large.

D. Swing Leg Motion

The left of the Fig.4 shows the motion of the swing foot.

As shown in this figure, the pitch rotation becomes maximum

after the foot lifts off. Then, the foot touches the ground after

the pitch angle becomes minimum.

Fig.7 shows the plot of the ankle height. The top left

of Fig.7 shows rak = (tamax − tf,k−1)/Tk as a function

of the cycle time where tamax denotes the time when the

ankle height becomes maximum. As shown in this figure, the

height of the ankle becomes maximum almost at the middle

of the single support phase while this time slightly increases

as the cycle time increases. The top right figure shows the

plot of ξak = (xamax − xf,k−1)/Lk where xamax denotes

the x coorinate of the ankle position maximizing its height.

The ankle height becomes maximum almost at ξak = 0.4.

The bottom figure shows the maximum ankle height as a

function of the step length. We can see from this figure that

the ankle height slightly increase as the step length increases.

In our walking pattern generator, we fixed rak = 0.5 and

applied the 2nd order curve of the maximum ankle height as

a function of the step length fitted by using the least square

method.

Figs.8 and 9 show the plot of the maximum and minimum

pitch rotation of the foot, respectively. As shown in these

figures, the time and x coordinate when the pitch rotation

becomes maximum/minimum are almost constant regardless

of the cycle time and the step length, respectively. On
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Fig. 7. Maximum Ankle Height of Human Motion Capture

Fig. 8. Maximum Ankle Pitch of Human Motion Capture

the other hand, the maximum and minimum pitch rotation

angle increases and decreases, respectively, as the step length

increases.

In our walking pattern generator, we fixed the time when

the pitch rotation becomes maximum/minimum and applied

the 2nd order curve of the maximum/minimum pitch rotation

angle as a function of the step length fitted by using the least

square method.

V. HORIZONTAL MOTION OF WAIST

Next, we focus on the horizontal motion of the waist.

Fig.10 shows the motion of the CoG within the lateral

plane as a function of time. These figures compare the CoG

trajectory between a human and a humanoid robot. Fig.10(a)

shows ȳG obtained by using eq.(6) where the step length and

the cycle time are 0.3[m] and 1.25 [s], respectively. On the

other hand, Fig.10(b) shows the human motion shown in the

3rd sample of Table I. We can see from these figures that

the sway of the humanoid robot’s waist is much larger than

the human’s one.

Fig. 9. Minimum Ankle Pitch of Human Motion Capture

Fig. 10. Horizontal CoG Trajectory of Humanoid Robot and Human

We consider two effects to reduce the sway of the hu-

manoid robot’s waist. One is to take ∆yG in eq.(4) into

account and the other is to make the robot’s ZMP trajectory

in the single support phase be close to the human’s one.

The ZMP trajectory in the single support phase is shown in

Fig.11. As shown in this figure, the human’s ZMP moves to

the toe at the middle of the single support phase. We also

make the robot’s ZMP move during the single support phase.

The motion of the ZMP in the x direction contributes to avoid

the knee of the stance foot fall in the singular posture. On

the other hand, the motion of the ZMP in the y direction

contributes to reduce the waist’s sway.

Fig.12 shows the results of the reduction of the waist’s

sway where we set xzt = 0.04, xzh = −0.005, and

yzh = 0.01 [m]. Here, as shown in eq.(5), ∆yG compensates

the effect of angular momentum and the vertical motion of

the waist. Here, as shown in Fig.13, although we set the

magnitude of waist’s vertical motion about 0.01 [m], the

effect of the waist’s vertical motion is much smaller than

that of the angular momentum.

VI. IMPLEMENTATION ISSUE

We installed the function explained in the previous section

to the walking pattern generator. This section explains some

implementation issues about our proposed method.

First, we did not explicitly give the initial vertical position

of the waist. If the initial position of the waist is too high, it
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Fig. 11. ZMP Trajectory of Humanoid Robot and Human

Fig. 12. Reduction of the sway of waist

sometimes become impossible to place the foot to the desired

position. Thus, we first give the initial vertical position of

the waist and check the joint velocity of the legs during

the walking motion. If the velocity is too large, we make

the initial position lower than the first trial. Otherwise, we

make the initial position higher than the first trial. We iterate

this operation until the initial waist position becomes high

enough and joint velocity is within the predefined limit.

Second, a human usually lifts his/her heel during the single

support phase. This contributes to enlarge the step length.

On the other hand, in our walking pattern generator, the heel

always touch the ground during the single support phase. In

this case, when the step length is large, we have to make the

vertical position of the waist lower at the beginning of the

double support phase. Hence, we modified eq.(9) as follows:

ζk+1 = 0.002 + 0.144L2
k (11)

By using this equation, the magnitude of up/down of the

waist becomes 0.015 [m] when the step length is Lk =
0.3[m].

Thirdly, as shown in Fig.11, the human’s zmp trajectory

during the single support phase moves close to the thumb

finger. Learned from this characteristic, we set yzt = 0.01[m]

in Fig. 12 and the sway of the waist could be reduced.

However, the foot of our humanoid robot is connected to

the ankle joint through the rubber bush. In this case, if

we set yzt = 0.01[m], unexpected bend of the rubber is

introduced and the swing leg touches the ground earlier than

expected. Thus, in simulation and experiment shown in the

Fig. 13. Effect of Angular Momentum and Vertical Waist Motion on ZMP
Deviation

Fig. 15. Experimental Result

next section, we set yzt = 0.0[m].

VII. RESULTS

We performed simulation and experiment by using the

leg module of HRP-4. We basically used the walking pat-

tern generator proposed in [25] and wrapped our proposed

method explained in this paper. Fig.14 shows the simulation

result. In this simulation, we set the step length as L1 = 0.15,

L2 = 0.3, L3 = 0.3, L3 = 0.3, and L4 = 0.15 [m]. In this

simulation, the robot changes the pitch angle of the foot,

height of the foot, up/down of the waist, and yaw rotation of

the waist depending on the step length. Also, Fig.15 shows

the experimental result. We can see that the robot can stably

walk without falling down. Here, we have deleted the foot

mechanism from these figures due to the patent problem.

VIII. CONCLUSIONS AND FUTURE WORKS

In this paper, we generated a biped gait of a humanoid

robot based on the human motion capture data. We first

analyze a set of human motion capture data and extracted the

information needed to generate the gait pattern of a humanoid
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Fig. 14. Simulation Result

robot. In our gait generation method, the up/down of the

waist, the yaw rotation of the waist, and the ankle rotation

are the function of the step length and the gait cycle time.

Also, we show how to reduce the sway of the waist. The

effectiveness of the proposed approach was confirmed by

simulation and experimental results.

We have a lot of future works to realize the human like gait

in several situations. First, we will automatically determine

the initial height of the waist. Then, we consider realizing

the turning motion. Also, we will consider the effect of yzt

for the simulation and experiments. Also, we will increase

the number of subjects capturing the walking motion.
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