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ABSTRACT

Human-like features, like toe-off, heel-strike can enhance the performance of bipedal
robots. However, few studies have considered the anthropomorphism of walking
planning. Fewer studies have achieved their toe-off, heel-strike gait planning
framework in a child-sized humanoid robot platform. This paper presents a human-
like walking control framework based on the Divergent Component of Motion
(DCM) com planning method that enables a child-sized humanoid robot to walk
with a humanoid pattern with a speed of 0.6 s per step a strike of 30 cm. The control
framework consists of three parts: the human-like gait generation of the center of
mass (CoM) and swings foot trajectory, the dynamic replan in phase switch and the
upper body stabilization controller. The dynamic replanning of the CoM and foot
trajectory can efficiently decrease the vibration in the step-phase switch. The up-body
stabilization controller can reduce the up-body swing in walking and increase the
robot's stability while walking. The robot uses a mems-based inertial measurement
unit (IMU) and joint position encoders to estimate the current state of the robot and
use force-sensitive resistors (FSR) on the robot foot to identify the actual step
phase of the robot. None of these solutions is high-cost or difficult to integrate with a
child-size robot. Software simulations and walking experiments are using to verify
the motion control algorithm. The effectiveness of the pattern generation and the
controller can realize more human-like walking styles in a child-size robot are
confirmed.

Subjects Autonomous Systems, Robotics
Keywords Humanoid robot, LIPM, Biped robot, Heel-contact and Toe-off

INTRODUCTION

As we know, the walking pattern generation and control of biped robots have been an
ongoing research hotspot in recent years. Many researchers use the linear inverted
pendulum (LIP) as the model for the gait generation algorithm to utilize the stable walking
trajectory. Nevertheless, the Hypothesis of LIP requires the center of mass (CoM) of the
robot to stay at the same height, which is why the robot must walk with a bended knee. On
the other hand, many people expressed the criticism that this kind of walking is not
human-like.

Many researchers have tried to solve this problem by demonstrating using their separate
methods. Ogura et al. (2006) designed a humanoid robot, WaBIAN-2R, with two passive
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Figure 1 Roban humanoid robot. Full-size &l DOT: 10.7717/peerj-cs.797/fig-1

joints in its toe to utilize a more human-like walking pattern. Lohmeier (2010) is another
humanoid robot with 4 joints in each foot designed by Lohmeier (2010) and some other
researchers like Li et al. (2010) and Kurazume et al. (2005) and other researchers (Kim
et al., 2008; Morisawa et al., 2005; Sekiguchi et al., 2006) have also realized good looking
human-like biped locomotion by real robots. However, their works rely on special
mechanisms of the robot’s feet. Nevertheless, these kinds of designs are not easy to
implement in a child-size humanoid robot. In recent years, some scholars (Carpentier

et al., 2016; Feng et al., 2013; Kuindersma et al., 2016; Leng et al., 2020; Wieber, 2006) are
also adopting optimization-based methods to achieve robot walking. However, the
versatility of these methods is outstanding, but the implemented gait algorithm is not
universal and may consume more time when calculating.

This paper presents a human-like walking control framework based on the DCM
theory. This framework includes a footprint generation unit that can generate footprints
according to the robot’s motion instructions. The robot can dynamically generate the
CoM and foot trajectory from the given footprint position. Considering the disturbance
during walking, a robot stability controller is implemented to improve the robot’s stability
during operation. We validate our approach in physically realistic simulations and use
the Roban child-sized humanoid robot with a height of about 68 cm. From Fig. 1, we can
see the specific dimensions of the experimental robot used.

This paper is organized as follows. The “Methods” section describes the basic theory of
the gait trajectory generation of a biped robot based on the capture point (CP) theory. On
this basis, we introduce the modified CoM trajectory and foot trajectory generation
methods needed to realize the human-like gait in the prospect. The “Stablizer” section
presents an overall robot human-like walking control framework, followed by an event-
based switching mode of one-foot and two-foot support. Finally, a stable controller for a

Wu et al. (2022), Peerd Comput. Sci., DOl 10.7717/peerj-cs.797 2/21


http://dx.doi.org/10.7717/peerj-cs.797/fig-1
http://dx.doi.org/10.7717/peerj-cs.797
https://peerj.com/computer-science/

PeerJ Computer Science

Figure 2 Linear inverted pendulum model. Table for notations (Notation & Description). Z.: The
robot’s Center of Mass in x axis; Fr The ground reaction force; F,: The vertical component of Fg
P.om: The robot’s Center of Mass position; P,: Total moment acting on the CoM; X.: The robot’s Center
of Mass in x axis; p,: The robot’s Zero Moment Point. Full-size K&l DOT: 10.7717/peerj-cs.797/fig-2

child-size robot with a low-cost modular actuator is proposed. The “Experiments” section
constructed the overall robot dynamics simulation model and verified the corresponding
human-like gait control algorithm in the simulation and the real object.

METHODS

Pattern generation

Linear inverted pendulum and capture point

The linear inverted pendulum (LIP) model is a major dynamic model used for domestic
modeling of biped robot walking (Choi et al., 2007; Shuuji et al., 2010; Sakagami et al.,
2002; Sugihara, 2009). The following assumptions must be met:

1. The robot is seen as a mass point and a massless light rod
2. CoM of the robot is held at constant height Z

Under the premise of the above linear inverted pendulum model, the motion mode of
the center of mass of the robot is decoupled in the front and rear motion direction and
the left and right motion direction. Therefore, the motion patterns in the center of mass of
the robot in these two directions during walking can be considered separately. Figure 2
gives an overview of the whole dynamic model. The ground reaction force Fyis
collinear with the vector (Peom — Pa). F, is the vertical component of Fy. It compensates
for the gravitational force Fg acting on the CoM. By comparison of the force parallelogram
and the geometrical parallelogram we find

Fh F, N mi&c

Xc — Px
F F : M
y Fg  mg zc

Therefore, an expression for the horizontal acceleration of the CoM is
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Figure 3 Capture point model. Full-size K] DOT: 10.7717/peerj-cs.797/fig-3
.. 2
X = (X — px) (2)

where @ = \/g/z. and px is the x-coordinate of the Zero-Moment-Point (ZMP). w has to
be positive in this paper. The complete system dynamics of the LIP model is the following

equation

. 0 1 0

o [wz O]H[—wz}p" ©)

where ¢ = [x, %]". The analytical solution of (3) is

o(t) = [ cosh(wt) %sinh(wt)] o, + [1 — cpsh(wt)] ) W
o sinh(wt)  cosh(wt) —o sinh(wt)

Pratt et al. (2006) and Hof, Gazendam ¢ Sinke (2005) independently introduced the
Capture Point (CP). The Capture Point is a point on the ground where the robot has to
step to complete rest, which means that the center of mass (CoM) can fully stop
horizontally at that point. For a general robot state ¢ = [x, x.]" it is defined as

£ = %+ (5)
(0)]

Since we have the definition of Capture point. We need to derive the dynamics based on
the capture point theory. Solving (5) for x. we can get

xc == —(D(XC - éx) (6)

1
We find that X, has a stable first-order open loop dynamics with time constant p By
differentiation (5) and (6) we know that

=kt =0(E—p) )

The Capture Point &, has an unstable first-order open loop dynamics. Figure 3 show
the coupling of the two states X'c and &,. By considering (6) and (7) we find the systems
dynamics is

: -0 0
[ e[

(0]

where 0 = \/g/z. , 0 = [x.,&,]" and p, is the ZMP.
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Figure 4 Forward step planning. Full-size K&l DOT: 10.7717/peerj-cs.797/fig-4

Step planner

In the process of planning the robot’s walking by the upper-level robot motion controller,
it is usually only the target position and posture of the robot. Therefore, a footprint
generator is needed to convert the target pose difference data into the target footprint data
of the biped robot. For example, the forward movement of the syncline needs to be
gradually given the footprint data of the forward movement of the syncline, and the CP
trajectory planner introduced below requires the information of the last few footprints
to plan a better centroid trajectory. We expect a walking framework that can continuously
plan the robot’s trajectory rather than intelligently let the robot walk a certain number of
steps. For biped robots, the usual planning goal of the upper planner is to run from

the current position to another given target position, so the corresponding motion
relationship is often given in the form of required increments. The motion parameters
given by the upper-level planning can be expressed as (dx, dy, 0). Several planning
examples are showing below:

(1) Forward/backward step planning

As shown in Fig. 4. The forward/backward trajectory planning algorithm is relatively
simple. The black steps are the footprints calculated directly through the given running
instructions, and the red footprints are assumed to be a series of steps generated by the
robot according to the gait pattern of the robot walking footprints. According to the
subsequent centroid trajectory generator, it can be found that when the number of
footprints in the supplementary plan reaches (4), the first few single foot support phase
trajectories in the overall centroid trajectory generated by these footprints are basically the
same. Special, For the forward or backward gait, the trajectory of the center of mass in the
one-foot support phase is symmetric about the xoz plane.

(2) Side step planning

As shown in Fig. 5. For the robot footprint planning required for the side shift of
the biped robot, in addition to the footprints that need to generate symmetrical footprints,
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Figure 5 Side walk planning. Full-size K&) DOT: 10.7717/peerj-cs.797/fig-5
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Figure 6 Steering step planning. Full-size K] DOT: 10.7717/peerj-cs.797/fig-6

it is also necessary to consider the interference problem of the swinging feet that may
be caused in the subsequent trajectory planning process. A simplified strategy is for the
lateral direction. To run the command, we need to move the foot in which direction first
and then move the foot in the other direction. At the same time, the other foot is resting on
the foot according to the planned foot gap.

(3) Steering step planning

As shown in Fig. 6. The footprint generation of the steering gait algorithm is similar to
the generation of the side-shift gait, and it is also necessary to consider the problem of
footprint interference to determine which foot to start from. In addition, to achieve more
block steering, the robot’s feet will turn during the operation. This planning method
will more easily cause interference between the two feet. This situation will be checked in
the gait planner to avoid interference during the actual operation of the robot. If the
footprints are generated, When the detector detects that the footprint will interfere, it will
limit the steering angle to a range that does not cause interference.

(4) Mix step planning

As shown in Fig. 7, combining the above-fixed gait pattern generation, the footprint
generator we proposed can essentially generate corresponding footprints for any form of
command position incremental input. For example:
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Figure 7 Arbitrary step planning. Full-size K&l DOT: 10.7717/peerj-cs.797/fig-7

1. It can use both forward walking and side walking at the same time. Features, plan a
trajectory that allows the robot to walk obliquely forward.

2. The characteristics of simultaneous side walking and turning can be used to allow the
robot to achieve a larger angle of turn.

ColM trajectory generator

In common biped robot application scenarios, such as Englsberger et al. (2011), the usual
method is first to generate a reference trajectory of the CP point and then implement a
feedback controller so that the CP point of the actual robot can track the reference
trajectory of the CP point. However, this study did not use the methods in the references.
Since the experimental platform used in this article is a child-size humanoid robot.
Suppose we directly use the method described in the literature to implement it. In that case,
the following two problems will arise: On the one hand, the experimental robot we use is a
module. The resolution and accuracy of the encoder of the modified drive joints are

not very high, resulting in more incredible noise when reading the joint angles. On the
other hand, we are using a MEMS-based IMU, and the obtained linear acceleration and
angular velocity noise are relatively large. Due to the above two problems, the robot

will have much noise in its speed estimation, so there will be much noise in the estimation
of the cp point. In this research, we further generate the desired CoM trajectory
through the CP point trajectory and then calculate the joint angle of the robot through the
inverse kinematics solution of the robot.

The CP point correlation theory is an inference about the linear inverted pendulum
correlation algorithm. The definition of CP point is described above. The CP point
correlation theory can be used to calculate the stability of the biped robot during its
operation. Also, similar to the linear inverted pendulum model, we can use the theory of
CP point to get the centroid trajectory of the robot operation more conveniently when the
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Figure 8 CoM recursive path. Full-size ] DOIL: 10.7717/peerj-cs.797/fig-8

footprint position changes. Generally speaking, it is necessary to obtain the footprint
information of all the steps of the robot. However, this planning method is not suitable for
the situation where the robot receives continuous walking footprints.

Nevertheless, after a certain amount of footprint information (i.e., ZMP) sequence
information is given, the centroid trajectory of the first few steps is approximately the
same. Therefore, the method used is to first generate a part of the CoM trajectory sequence
through the footprint generator but only use it to generate the relevant information of the
first single foot support phase trajectory and discard other data in the trajectory. After
actual simulation, considering the error of the trajectory and the computing power of the
corresponding controller, we found that in addition to the corresponding position of the
previous footprint, it is also necessary to generate the last four footprints for CoM
trajectory planning.

From CP theory, we know that the relationship between the CoM position, Capture
Point, and ZMP point can be expressed as

HE R P HE o

As we can see, (9) is a differential equation that is easy to solve. From (9), we can get

Go($) : Xky1 = ef‘”T(xk - &)+ & (10)
Gi(s) : & = e T (&1 — pr) + i

Now we can get the expression of the CP point and the center of mass trajectory of
the robot in the time domain. Therefore, as long as the initial value can be selected
appropriately, the trajectory of the center of mass of the robot can be obtained when the
robot is running. Since the speed of the center of mass of the robot is 0 when the robot
finally stops walking, the CP point and the position of the center of mass are also
coincident when it reaches that point, so it can be used as the corresponding recursive
boundary condition. Through the introduction in the previous article, we can obtain four
additional ZMP points that the robot is expected to pass. Therefore, we can obtain a
corresponding recurrence relationship as follows:

From Fig. 8, we can see that after the boundary conditions of the last step, the previous
CP point position and the position of the corresponding centroid can be cross-derived, as
shown in Fig. 8 so that the entire required trajectory information can be obtained.
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Figure 9 CP and CoM trajectory from ZMP. Full-size K&l DOT: 10.7717/peerj-cs.797/fig-9
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Figure 10 Pattern of human motion and posture in a typical walking cycle.
Full-size K&l DOT: 10.7717/peerj-cs.797/fig-10

From Fig. 9, we can know the relationship between CP trajectory, CoM trajectory and
ZMP point in geometric space.

Variation of CoM height

As we can see in the Fig. 10 (Xie et al., 2016). By studying human motion data (Chen et al,
2017; Miura et al., 2011), we found that the height of the center of mass of the human body
changes during walking. Therefore, for a robot to realize a human-like gait, the CoM
also needs to change z-direction. The change in the height of the robot’s center of mass can
also bring some practical uses. For example, it can reduce the robot’s power consumption
to a certain extent, and it can also increase the step strike when the robot is walking.
However, for the trajectory planning of CoM height, the previous theory requires it to
remain unchanged in the height direction. Nevertheless, we found that we can change the
center of mass of the robot through a certain pattern, and when the height of the center of
mass of the robot changes, we can regard the height of its center of mass as a kind of
linearity. The disturbance of the inverted pendulum model, in the following, we will first
analyze its impact on ZMP.

According to the derivation in the reference (Li et al., 2010), assuming that the height of
the center of mass of the robot changes during walking, the corresponding ZMP point
error and the center of mass motion trajectory of the corresponding robot will satisfy the
following relationship:

Wu et al. (2022), Peerd Comput. Sci., DOl 10.7717/peerj-cs.797 9/21


http://dx.doi.org/10.7717/peerj-cs.797/fig-9
http://dx.doi.org/10.7717/peerj-cs.797/fig-10
http://dx.doi.org/10.7717/peerj-cs.797
https://peerj.com/computer-science/

PeerJ Computer Science

N, _kzcé+g(zc—z)
o e gz +g)
where x and z denote the 2D CoM’s position, and g be the gravitational constant

The value of Z and height z will affect the size of the ZMP error. Consider an
acceleration variation z € (—0.2,0.2)m/s?, a height variation z € (0.39, 0.41)m and an

(11)

average horizontal acceleration X = 0.8 m/s*. From simulation, we can know the ZMP
error is relatively small. We can also analyze its impact on the trajectory of the center of
mass from another angle. It should be that we need to consider the acceleration in the
Z direction when setting the CP point parameters. Therefore, the following formulas can
be used to calculate the acceleration in the Z direction and without the Z direction
Centroid trajectory generated during acceleration. Due to the decoupling characteristics in
the X and Y directions, we use numerical calculations to analyze the influence of the
centroid trajectory in the Y direction by the acceleration of the centroid in the Z direction,
and its influence on the trajectory of the centroid in the Y direction is less than 5%.

It is considered that the influence of acceleration in the Z direction on the trajectory at this
time is significantly smaller. The value of Z and height z will affect the size of the ZMP
error. Consider an acceleration variation z € (—0.2,0.2)m/s?, a height variation z €(0.39,
0.41)m and an average horizontal acceleration x = 0.8 m/s?. From the simulation, we can
know that the ZMP error is relatively small. We can also analyze its impact on the
trajectory of the center of mass from another angle. We need to consider the acceleration
in the Z direction when setting the CP point parameters. Therefore, the following
formulas can be used to calculate the acceleration in the Z direction and without the Z
direction Centroid trajectory generated during acceleration. Due to the decoupling
characteristics in the X and Y directions, we use numerical calculations to analyze the
influence of the centroid trajectory in the Y direction by the acceleration of the centroid in
the Z direction and its influence on the trajectory of the centroid in the Y direction is less
than 5%. It is considered that the influence of acceleration in the Z direction on the
trajectory at this time is significantly smaller.

It can be seen from the analysis of the above two angles. From the perspective of
ZMP error, for the small acceleration of the center of mass of the robot in the Z direction,
the change in ZMP is small, and the foot length of the robot is 160 mm, which can tolerate
the ZMP error of the robot. From the point of view of CP generating CoM trajectory,
it has little effect on the generated horizontal centroid trajectory. Therefore, it is stable for
robot walking if we can design a trajectory that does not have too much displacement and
acceleration in the Z direction. The impact of stability is also limited.

From the analysis in the previous article, it can be seen that the primary influence on
the new walking stability of the robot is the acceleration of the robot’s center of mass in the
Z direction. Therefore, we need to design a trajectory with less acceleration in the Z
direction to avoid unstable walking.
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Figure 11 Hip pattern generator. Full-size K&] DOT: 10.7717/peerj-cs.797/fig-11

As show in Fig. 11 we will change the corresponding CoM in the Z direction to satisfy
the following expression:

Zeom = Zc + A [—0.5 tanh (4 Teom = Hootrear _ 2) - 0.5] (12)
Xfootfront — Xfootrear
where Xf,o1rear 8 the position of rear foot. Xgoon: is the position of front foot. Respectively,
z. is a constant hip height, and A is the amplitude of the specific pattern. A larger z,
means the robot’s knees will extend straighter while walking. The larger A means the hip
position will be lower while walking, so the knee singularities can be avoided. The
parameters z. and A can be changed to generate different walking patterns. We should not
let hip-height be a function of time as an independent variable because this will cause the
hip height to be discontinuous with respect to time, as the horizontal velocity x is not
constant. But our method defines Z,,,, respect to x.,,, as in (12). The acceleration caused
by the hip motion is:

. 2ALstep
cosh?(2 + 4bLgep — 4LstepXcom

a(t) = )kcom (13)

Compared with the method in the reference (Li et al., 2010), on the one hand, we use a
variable height center of mass trajectory instead of the hip joint trajectory so that while
completing the human-like gait, it is more in line with the original gait assumptions.

At the same time, the center of mass is used. The planning method can also facilitate the
design of subsequent controllers. Another convenience is that we use the tanh function
instead of the trigonometric function, which is smoother than the trigonometric one.

The centroid trajectory of the robot generated by this generator has the following
characteristics:

1. This smooth trajectory reaches the lowest point during the bipedal support phase. This
feature allows the robot to have a longer walking step length in the actual walking
process. It can also complete the energy conversion through the change of the center of
mass to reduce the walking process—power consumption.
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Figure 12 Pattern of human motion and posture in a typical walking cycle.
Full-size K&l DOT: 10.7717/peerj-cs.797/fig-12

2. For continuous acceleration trajectories, the acceleration of the trajectory in the Z
direction can be controlled by a reasonable selection of relevant parameters in the
trajectory to ensure walking stability.

Foot motion generator

In order for the robot to achieve the human-like effect during the walking process, in
addition to planning the position trajectory of the foot end, we also need to plan the pitch
attitude angle of the foot end during the walking process. The attitude angle adopts
five-degree splines in the planning process. The trajectory is planned. The quintic spline
trajectory can satisfy the position, velocity, and acceleration information of the starting
point and the endpoint at the same time. Moreover, we can plan the trajectory by
appropriately selecting the quintic spline curve. First, we distinguish the walking process.
It is the bipedal support phase and the single-foot support phase. Separate the posture and
position of the foot for planning. Then in the toe-off process, the heel is raised first, in
which the posture of the foot determines the ankle trajectory. In the middle process,

the posture trajectory of the sole center is the planning target, and the posture of the
swinging foot is adjusted to prepare for landing. Then run to the planned landing
position in advance and run the corresponding heel-strike after detecting the foot landing.
We can define a quintic spline curve by (7) parameters f (Xinit, Xend, Xinits Xends Xinits Xends T)
which contains the boundary conditions and spline time. The following table gives the
boundary conditions of each curve in the entire trajectory planning process as follows:

toe — off Phase : t € (O, Ttoeoff)

Ttoeoﬁ’ = Wpitch Tssp + ﬁpitch Tpsp

Hfoot :f(oa 9toe: 0,0,0,0, Ttoeoﬂ)

Xfoot = Ltoe(l - COS(Hfoot)

Zfoot = Lioe sin Qfoot)

swing Phase : t € (meﬁ, Tioeofr + Theelstrike) (Theeistrike can be choosed by fsr sensor)
efoot :f(etoe, Qhelb 0,0,0,0, TSSP)

Xfoot :f <Ltoe(1 - COS(Qtoe))7 Lstride - Lheel(l - COS(Hheel))a
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Figure 13 FSR installed on the robot. Full-size k] DOT: 10.7717/peerj-cs.797/fig-13

Ltoe Sin(etoe)gtoe Lheel Sin(gheel)eheel 0 0)
pitch Tssp (1 — opiren) Tssp

heel — strike Phase :

Ofoot = f(Open, 0,0,0,0,0, 20psp Tpsp)

Xfoot = Lheel(l — COS(Hheel))

Zfoot — Lheel Sin(gheel)

(14)

where a,.;, apsp and B are trajectory parameters which can define the detail motion of
foot.
Figure 12 show the whole curve of foot and some specific parameters in (14).

STABLIZER

Event based walking phase switcher

When the robot performs bipedal walking, the two legs alternately execute the trajectory of
the landing phase and air phases trajectory. Ideally, after the supporting leg finishes the
ground phase trajectory, it should immediately switch to the air phase trajectory. The
swing leg is the opposite. After executing the vacant phase trajectory, switch to the ground
phase trajectory immediately. Furthermore, the switching between the two should be
completed at the same instant. However, in the actual execution process, if the open-loop
control is adopted for the phase switching time, the actual switching timing of the two legs
always has a deviation before and after. The greater the deviation before and after the
switching timing, the greater the deviation caused by the center of mass trajectory, and
the more it affects gait execution. In order to improve this phenomenon, this article adopts
the method of installing pressure sensors on the soles of the feet to control the phase
switching time of the two legs to reduce the vertical movement of the torso and the impact
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Left Leg Stance Double Right Leg Stance

Right Leg Swing, Support Left Leg Swing

Figure 14 Walking phase state machine. Full-size K&l DOI: 10.7717/peerj-cs.797/fig-14

of the swing leg when performing the planar biped gait. Ensure the smooth running of the
bipedal gait.

As shown in Fig. 13, a resistive film pressure sensor is installed on each of the four
corners of each foot. When the sole of the foot touches the ground, the sensor gives a
contact force signal. When the sensor detects that the contact force is greater than 1N, it is
considered that the pressure sensor has detected the ground signal. When the robot is
walking, the sole of the foot may not be completely flush with the horizontal surface when
touching the ground. Therefore, when the same sole of the foot is on the ground, the four
sensors on it may not detect the ground signal. Experiments have found that when
performing bipedal plane gait, the switching time is advanced, usually near the time point
of switching from the air phase trajectory to the ground phase trajectory. At least three
pressure points are detected for more than two consecutive seconds sampling periods.
When the ground is detected, it is considered that the leg has touched the ground.
Switch directly to the ground phase trajectory. For the case of switching time lag, it is
generally near the time point when the trajectory of the ground phase is switched to the
trajectory of the air phase. At this time, the grounding situation of the other leg should be
used as the basis for switching judgment. In order to ensure the regular switching of
the landing phase of the legs, the finite state machine needs to be used to control the
landing status of the legs so that it only jumps under several normal landing conditions,
thereby avoiding falling to the ground. The landing condition finite state machine is shown
in Fig. 14.

Among them, A represents the state switching route when the gait is running normally,
B represents the state switching route when the vacant leg advances or lags behind the
ground. C represents the state switching route adjusted by the program when the feet are
on the ground. The exact landing time and landing state of the robot can be obtained
through pressure sensitivity. This information can be used to adjust the gait parameters
in real-time to execute the planned trajectory, thereby avoiding the problem of
unsynchronized phase switching of the two feet landing on the ground during open-loop
control and can enhance walking stability.

Upper body feedback controller

In the previous section, we have analyzed the impact of the introduction of the human-like
gait planning framework on the robot’s stability when it is walking. During the robot’s
operation, we will find that the error in the operation of the robot’s joint unit and the
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error in the mechanical structure of the robot itself will cause The actual ZMP point to
have a specific offset. In order to solve this problem, the solution of a scenario is to use the
ZMP control of the ankle joint, but the modular actuator used in the child-size robot
cannot directly control the force. Therefore, This paper proposes a method to achieve
force control under the constraints of using modular actuators. The principle of ankle joint
force control to compensate for the deviation of the ZMP point is relatively simple, which
can be deduced according to the relevant theory of LIPM:

g 1

X==x+
2 Mz,

T (15)

Moreover, we use the angular velocity of the torso to approximate the torso velocity, and
the torso velocity will cause changes in the angular momentum of the torso, which will
affect the ZMP point of the plantar. Therefore, we need to adjust the torque applied on the
ankle joint to avoid changing the plantar ZMP point. The problem causes instability.
However, we use a modular-based robot to drive the joints, so we cannot directly give
torque commands to the ankle joint. Nevertheless, through the analysis of the following
modular joint control framework, we can see that we can use some methods to give
position commands so that the ZMP point can be kept within a stable range. For the
control frame of the modular drive joint, it can be found that the current information is
given by the difference between the current position and the given position. Moreover,
before the controller is not attached, The given joint angle trajectory can be regarded as
continuous, and the joint tracking characteristics of the robot itself are good. We regard the
reference position and the actual position as approximately the same. We need to add a
different value to the original reference angle information for the ankle joint torque
command because this difference value will become an incremental current data after
passing through the position controller. To achieve the effect we need on the lower price
joint unit controller. The specific controller form is as follows:

Ggoal - Href + Kp * ?body (16)

where Y4y is the angular speed of pitch of body. The parameter K, need to be adjusted
carefully to avoid toe shaking during walking.

EXPERIMENTS

Simulations

Figure 15 shows the scene of the robot walking in the simulation environment. It can be
found that the robot can achieve Toe-off, heel-contact walking in the simulation
environment.

Figure 16 shows the trajectory of the knee joint angle when the robot is walking in the
simulation environment. Generally speaking, the change of the knee angle when a human
is walking is between 0-60 degrees. The minimum angle of the knee joint of the robot
running under the human-like walking frame we realized is about 20 degrees, and in order
to achieve a longer step length, the maximum angle is about 70 degrees.
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Figure 15 Humanoid walk scene in V-rep. Full-size E&] DOTI: 10.7717/peerj-cs.797/fig-15

Figure 17 shows the height curve of the center of mass in the z direction when the
robot is walking in the simulation environment. It can be found that the height change of
the center of mass in the z direction is about 1.7 cm, and this change in the height of the
center of mass can make the robot’s new walk more huan-like effect.

We can evaluate the anthropomorphism of biped robot walking from the following
aspects: The first feature of human walking is to achieve a larger step length and thus have
a “single toe support stage”. From Fig. 15, we can It can be seen that our robot has the
above characteristics. Secondly, humans have a tendency to straighten their knees during
walking. It can be seen from Fig. 16 that the minimum bending angle of the robot knee in
the simulation environment can reach 20 degrees, while the minimum knee of the robot
using a standard gait algorithm The angle will basically be above 40 degrees. The third
aspect is that the height of the torso (center of mass) will change when humans walk,
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thereby increasing the step length of a single step. From Fig. 17, we can find that our
method has this feature.

Real robot experiments

We have implemented the suggested walk controller on the Roban child-size humanoid
robot, which is 68 cm height, weights 6.5 kg. It has Core i3 processor for the onboard
processing, has various sensors including IMU, FSR on foot nd joint encoders at the joints
It can be seen from Fig. 18 that a real robot can achieve a better human-like walking effect
on flat ground.

We compared whether to use an event-based trajectory switching controller. From
Fig. 19, it can be found that if the controller we proposed before is not used, the running
time of each step of the robot is the same, but in the actual running process, the swing
phase will land in advance, which will affect the stability of the robot. However, the
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Figure 18 Humanoid walking in real scene. Full-size k4] DOT: 10.7717/peerj-cs.797/fig-18
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Figure 20 Robot’s pitch vibration in real scene. Full-size K&l DOT: 10.7717/peerj-cs.797/fig-20

controller we proposed can switch the working state of the state machine according to
the actual landing situation, thereby improving the walking effect of the robot.

We compared whether to use Upper Body Feedback Controller. From Fig. 20, it can be
found that the swing amplitude of the robot’s upper body is relatively large and
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inconsistent when the controller is not used. However, when the controller we proposed is
used, the swing of the robot torso in the pitch direction is small, and The amplitude is
consistent, which is conducive to the stability of walking.

CONCLUSIONS

In this paper, a human-like walking control framework based on DCM com planning is
proposed. By using capture point theory, we can get the com trajectory in the horizon
plane. By constructing a reasonable center of mass Z direction and foot end trajectory
generator, makes the walking step length of the robot lengthen (in this experiment, the
strike reaches 75% of the leg length). It can also make the knee joint of the robot closer
to the straight state so that the robot can be anthropomorphized during walking. At the
same time, to avoid the influence of our human-like gait planning method on the walking
stability of the robot itself, we designed an event-based trajectory switching controller
and a trunk stability controller to ensure the robot’s stability during walking. We also used
our method to conduct experiments on the dynamic simulation environment and
child-size actual robots. The simulation and physical robots both achieve relatively stable
walking on flat ground. The current control framework allows the robot to walk on flat
ground. In our subsequent research, we can consider modifying the current control
framework so that the robot can also walk on a human-like gait on uneven roads.
Additionally, the introduction of a human-like gait does not resolve the problem of
stability for the robot. The instability of the overall walking process is aggravated, and
the stability controller for the human-like gait could be further designed to improve the
stability of the robot’s walking gait.

ACKNOWLEDGEMENTS

We thank our colleagues for the inspiring technical discussions. Thanks for the
anonymous reviewers for their valuable suggestions of additional papers and points for
discussion.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The work was supported by Leju Robotics. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Leju Robotics.

Competing Interests
The authors declare that they have no competing interests.

Wu et al. (2022), Peerd Comput. Sci., DOl 10.7717/peerj-cs.797 19/21


http://dx.doi.org/10.7717/peerj-cs.797
https://peerj.com/computer-science/

PeerJ Computer Science

Author Contributions

e Yucong Wu conceived and designed the experiments, performed the experiments,
analyzed the data, performed the computation work, prepared figures and/or tables,
authored or reviewed drafts of the paper, and approved the final draft.

e Yang Pan conceived and designed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.

e Xiaokun Leng performed the computation work, authored or reviewed drafts of the
paper, and approved the final draft.

e Zhicheng He performed the experiments, performed the computation work, authored or
reviewed drafts of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
Raw data are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj-cs.797#supplemental-information.

REFERENCES

Carpentier J, Tonneau S, Naveau M, Stasse O, Mansard N. 2016. A versatile and efficient pattern
generator for generalized legged locomotion. In: 2016 IEEE International Conference on Robotics
and Automation (ICRA). Piscataway: IEEE, 3555-3561.

Chen X, Yu Z, Zhang W, Zheng Y, Huang Q, Ming A. 2017. Bioinspired control of walking with
toe-off, heel-strike, and disturbance rejection for a biped robot. IEEE Transactions on Industrial
Electronics. 64(10):7962-7971, Piscataway: IEEE DOI 10.1109/TIE.2017.2698361.

Choi Y, Kim D, Oh Y, You BJ. 2007. Posture/walking control for humanoid robot based on
kinematic resolution of com Jacobian with embedded motion. IEEE Transactions on Robotics.
23(6):1285-1293, Piscataway: IEEE DOI 10.1109/TR0O.2007.904907.

Englsberger J, Ott C, Roa MA, Albu-Schiffer A, Hirzinger G. 2011. Bipedal walking control
based on capture point dynamics. In: 2011 IEEE/RS] International Conference on Intelligent
Robots and Systems. Piscataway: IEEE, 4420-4427.

Feng S, Xinjilefu X, Huang W, Atkeson CG. 2013. 3d walking based on online optimization. In:
2013 13th IEEE-RAS International Conference on Humanoid Robots (Humanoids). Piscataway:
IEEE, 21-27.

Hof AL, Gazendam MG]J, Sinke WE. 2005. The condition for dynamic stability. Journal of
Biomechanics 38(1):1-8 DOI 10.1016/j.jbiomech.2004.03.025.

Kim MS, Kim I, Park S, Oh JH. 2008. Realization of stretch-legged walking of the humanoid
robot. In: Humanoids 2008-8th IEEE-RAS International Conference on Humanoid Robots.
Piscataway: IEEE, 118-124.

Kuindersma S, Deits R, Fallon M, Valenzuela A, Dai H, Permenter F, Koolen T, Marion P,
Tedrake R. 2016. Optimization-based locomotion planning, estimation, and control design for
the atlas humanoid robot. Autonomous Robots 40(3):429-455 DOI 10.1007/s10514-015-9479-3.

Wu et al. (2022), Peerd Comput. Sci., DOl 10.7717/peerj-cs.797 20/21


http://dx.doi.org/10.7717/peerj-cs.797#supplemental-information
http://dx.doi.org/10.7717/peerj-cs.797#supplemental-information
http://dx.doi.org/10.7717/peerj-cs.797#supplemental-information
http://dx.doi.org/10.1109/TIE.2017.2698361
http://dx.doi.org/10.1109/TRO.2007.904907
http://dx.doi.org/10.1016/j.jbiomech.2004.03.025
http://dx.doi.org/10.1007/s10514-015-9479-3
http://dx.doi.org/10.7717/peerj-cs.797
https://peerj.com/computer-science/

PeerJ Computer Science

Kurazume R, Tanaka S, Yamashita M, Hasegawa T, Yoneda K. 2005. Straight legged walking of a
biped robot. In: 2005 IEEE/RS] International Conference on Intelligent Robots and Systems.
Piscataway: IEEE, 337-343.

Leng X, Piao S, Chang L, He Z, Zhu Z. 2020. Universal walking control framework of biped robot
based on dynamic model and quadratic programming. Complexity 2020:1-13
DOI 10.1155/2020/2789039.

Li Z, Tsagarikis NG, Caldwell DG, Vanderborght B. 2010. Trajectory generation of straightened
knee walking for humanoid robot icub. In: 2010 11th International Conference on Control
Automation Robotics & Vision. Piscataway: IEEE, 2355-2360.

Li Z, Vanderborght B, Tsagarakis NG, Caldwell DG. 2010. Human-like walking with
straightened knees, toe-off and heel-strike for the humanoid robot icub. UKACC International
Conference on Control 2010. 1-6 DOI 10.1049/ic.2010.0356.

Lohmeier S. 2010. Design and realization of a humanoid robot for fast and autonomous bipedal
locomotion. PhD thesis, Technische Universitdt Miinchen.

Miura K, Morisawa M, Kanehiro F, Kajita S, Kaneko K, Yokoi K. 2011. Human-like walking
with toe supporting for humanoids. In: 2011 IEEE/RS] International Conference on Intelligent
Robots and Systems. Piscataway: IEEE, 4428-4435.

Morisawa M, Kajita S, Kaneko K, Harada K, Kanehiro F, Fujiwara K, Hirukawa H. 2005.
Pattern generation of biped walking constrained on parametric surface. In: Proceedings of the
2005 IEEE International Conference on Robotics and Automation. Piscataway: IEEE, 2405-2410.

Ogura Y, Shimomura K, Kondo A, Morishima A, Okubo T, Momoki S, Lim HO, Takanishi A.
2006. Human-like walking with knee stretched, heel-contact and toe-off motion by a humanoid
robot. In: Proceedings of the 2006 IEEE/RS] International Conference on Intelligent Robots and
Systems. 9-15 October 2006, Beijing, China.

Pratt ], Carff J, Drakunov S, Goswami A. 2006. Capture point: a step toward humanoid push
recovery. In: 2006 6th IEEE-RAS international conference on humanoid robots. Piscataway: IEEE,
200-207.

Sakagami Y, Watanabe R, Aoyama C, Matsunaga S, Higaki N, Fujimura K. 2002. The intelligent
asimo: system overview and integration. In: IEEE/RS] International Conference on Intelligent
Robots and Systems. Piscataway: IEEE, 2478-2483.

Sekiguchi A, Atobe Y, Kameta K, Tsumaki Y, Nenchev DN. 2006. A walking pattern generator
around singularity. In: 2006 6th IEEE-RAS International Conference on Humanoid Robots.
Piscataway: IEEE, 270-275.

Shuuji K, Mitsuharu M, Kanako M, Shin’ichiro N, Kensuke H, Kenji K, Fumio K, Kazuhito Y.
2010. Biped walking stabilization based on linear inverted pendulum tracking. In: 2010 IEEE/RS]
International Conference on Intelligent Robots and Systems. Piscataway: IEEE, 4489-4496.

Sugihara Tomomichi. 2009. Standing stabilizability and stepping maneuver in planar bipedalism
based on the best COM-ZMP regulator. In: 2009 IEEE International Conference on Robotics and
Automation. Piscataway: IEEE, 1966-1971.

Wieber PB. 2006. Trajectory free linear model predictive control for stable walking in the presence
of strong perturbations. In: 2006 6th IEEE-RAS International Conference on Humanoid Robots.
Piscataway: IEEE, 137-142.

Xie L, LiJ, Cai S, Li X. 2016. Design and experiments of a self-charged power bank by harvesting
sustainable human motion. Advances in Mechanical Engineering 8(5):1687814016651371
DOI 10.1177/1687814016651371.

Wu et al. (2022), Peerd Comput. Sci., DOl 10.7717/peerj-cs.797 21/21


http://dx.doi.org/10.1155/2020/2789039
http://dx.doi.org/10.1049/ic.2010.0356
http://dx.doi.org/10.1177/1687814016651371
http://dx.doi.org/10.7717/peerj-cs.797
https://peerj.com/computer-science/

	Kid-size robot humanoid walking with heel-contact and toe-off motion
	Introduction
	Methods
	Stablizer
	Experiments
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


