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Abstract

A biped humanoid robot is prone to fall when
walking or operating in a complex environment,
and forward fall is one of the most common
falling cases. This study focuses on the forward
fall issue and presents an “Arm Flexible Land-
ing Strategy” for safe falling. First, the forward
falling motion is analyzed from an energy vari-
ation perspective of the robot system, and a
method to choose best-fit landing attitude of
the arm is presented. Then, a flexible landing
controller is implemented in the arm to reduce
the impact force to the robot, thereby further
increasing protection. The presented algorithm
is very easy to implement and does not require
any additional physical elements to the robot.
Finally, a series of simulations are made on a
humanoid robot to validate the effectiveness of
the presented methods on a safe landing.

1 Introduction

A biped humanoid robot involves a high risk of falling
when walking or operating in an uncertain environment.
Falling may cause severe damage to both the robot and
the environment. Many related issues such as falling
strategies, falling directions control, instability detection
have been studied.

The existing methods for falling strategies of hu-
manoid robots can be divided into two categories:
optimization-based falling strategy and heuristic falling
strategy based on human falling motions. In general, the
optimization-based falling strategy [Lee and Goswami,
2013] seeks an optimal falling motion trajectory, ensur-
ing that landing damage of the robot is optimally small.
However, the lengthy calculation time for optimization
makes existing optimization control methods difficult to
meet the demands of online calculations. The heuris-
tic approach [Yun and Goswami, 2014 generally refers
to the rules of certain human falling motion strategies.

In this way, only several simple analytic expressions are
needed to implement these strategies. Although time is
urgent during a fall, the heuristic falling strategy can
meet the demands of online calculations.

To reduce the landing damage of a forward fall, knee
landing strategies and arm landing strategies are dis-
cussed. Fujiwara et al. presented a safe knee landing
strategy and suggested that the hip pitch joint, waist
pitch joint and shoulder pitch joint can be used to brake
the landing speed during the knee landing process [Fuji-
wara et al., 2004]. Subsequently, they presented an opti-
mal method to plan the falling motions [Fujiwara et al.,
2006]. Ogata et al. presented a method to determine the
landing position of hands for a forward fall, they aimed
at balancing the humanoid robot’s body after the hand
touching the ground [Ogata et al., 2007]. Recently, Yun
and Goswami proposed a tripod fall strategy, and this
method attempted to stop the robot from falling all the
way to the ground[Yun and Goswami, 2014]. Samy and
Kheddar proposed an active compliance control meth-
ods, by reducing the PD gains in an empiric way right
before the contact [Samy and Kheddar, 2015]. These
literature confirmed that, to some extent, knee landing
strategies and arm landing strategies are useful for a for-
ward fall. However, the flexible control of the whole arm
for impact safety issue has rarely been discussed before.

Biological investigations suggest that a human tends
to touch down with his hands first during a fall. The ad-
vantages of this strategy are that it is efficient to avoid
the critical parts of the body being damaged, and also,
humans can make full use of the flexibility of arms to ex-
tend the impact time, thereby reducing the impact force
[Tan et al., 2006]. Thus, this paper analyzes the prin-
ciple of the arm motion of humans when falling down,
and proposes an “Arm Flexible Landing Strategy” for
a humanoid robot. Specifically, based on the conditions
during a fall, the presented strategy can make full use of
the flexibility of arms for safe landing control, thereby
reducing the damage to the robot itself.

The advancement of this study is the implementation



of a whole arm compliance landing control for humanoid
robots. The advantages of the presented algorithm are
that it is very easy to implement in real-time and does
not require any additional physical elements to the robot.
Also, the proposed methods can be applied to any types
of landing if only arm compliance landing can be used,
while this study takes the forward fall as a case for anal-
ysis.

The remainder of this paper is organized as follows.
Section 2 establishes a humanoid robotic model for for-
ward falling control. Section 3 proposes and analyzes
the arm flexible landing strategies of a humanoid robot.
Section 4 presents the simulation results and the anal-
ysis of these strategies. Finally, Section 5 presents the
conclusions and future work.

2 Modelling of a Humanoid Robot

This section addresses the modeling of a humanoid robot
for a forward fall. In this section, a planar humanoid
robot model is built, and then the Jacobian matrix of
the robot is obtained.

2.1 Model

In this study, a three-link, three-joint system is modeled
(Figure 1). The three links represent the body, upper
arm and lower arm. As this study focuses on the arm
flexible landing strategy, the body and legs are simplified
to a rigid link, and the effectiveness of the leg falling
strategy are not considered. The two actuated joints are
the shoulder (¢2) and elbow (g3). One passive joint is
the lean angle of the body (g1). Two coordinate frames
are constructed: the world frame, Xy, which is fixed to
the ground; and a floating frame, ¥, which is fixed to
the shoulder of the robot model.
The model assumes the following.

e The actual joint angles and the attitude of the float-
ing frame, Y g, can be obtained from embedded sen-
SOTS.

e An impulse (I) is mounted on the mass center of the
model and the model falls from a standing position.

2.2 Jacobian

In this study, as we focus on the control of the robotic
arm, the kinematics of the arm are obtained with respect
to the floating frame, Y, in the shoulder. Based on this
model, the coordinate of the tip of the arm in frame X g

is:
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Figure 1: Three-link robot model

3 Arm Flexible Landing Control

In this section, an “Arm Flexible Landing Strategy” for
the forward fall of a humanoid robot is presented. This
approach consists of two steps. The first step is to choose
a “best-fit landing attitude”, the second step is to control
the motion of the arm for flexible landing.

3.1 Best-fit Landing Attitude

In the current model, if the initial height of the mass
center is hg, then the total mechanical energy of the

system is:
fall I?

E; :Mgiuﬁ-m. (3)
where M is the mass of the system; g is the gravitational
acceleration; I is the impulse mounted on the mass cen-
ter of the model.

Meanwhile, the mechanical energy of the system upon
landing can be written as:

1
Eg“lzzﬂlghe+—§ﬂluf, (4)

where Ef% is the total mechanical energy of the system
upon landing; h. is the height of the mass center upon
landing and v, is the impact velocity of the system, used
as the sole index to evaluate the strategies [Ma et al.,
2014].

If the robot undergoes a free fall, all the energy is
converted to impact energy upon landing impact. In
this case, the impact velocity of the system, v, is:

ve = \/ 2(ho — he) + 275 (5)

According to equation (5), the impact velocity is con-
cerned with the height of mass center (hg — h.), system
mass (M), and impulse (I). If M, I and hg are fixed,
then the height of the mass center upon landing (h.) de-
termines the impact velocity. The greater the height of



Figure 2: Best-fit landing attitude of the robot

the mass center upon landing, the less likely it is that
the robot will sustain damage.

Therefore, if the robot suffers a forward fall, the best-
fit landing attitude in theory is to maintain both the
upper arm and lower arm vertical to the ground upon
landing (Figure 2). In this case, the change of the height
of mass center (hg—h.) is smaller, which causes relatively
less impact. However, this posture is singular and the
impact force will be colossal in reality. Thus, the best-fit
landing attitude is to maintain both the upper arm and
lower arm in a nearly vertical state upon landing.

3.2 Impact Analysis

Although a robot can touch the ground with the “best-
fit landing attitude”, the arm of the robot would still
encounter a relatively large impact upon landing. The
landing impact can be characterized as from several
viewpoints, such as energy, force, and so on.

For the energy analysis, during the impact, the initial
kinetic energy is transferred or lost as plastic strain en-
ergy, elastic energy, vibration, sound and so on. In this
case, the energy variation of the impact process is:

Ega” = Eimpact + Eelastic + Eplastica (6)

where EmPact ig the kinetic energy after contact, for
the falling case, it is 0; FEejqstic i the elastic energy;
Epiastic is the plastic strain energy, which is determined
by the material of both the contact part of the robot
and the ground. In the falling case, this equation can be
rewritten as:

1
Ega” = §]€A12 + Eplastic, (7)

where k is the elastic coefficient of the material; Al is
the length of the elastic deformation.

Based on equation (7), if the robot is under stiff con-
trol, the only way to reduce damage to the robot is to

Figure 3: Flexible landing model of the robot

use elastic material at the tip end of the arm, which
will transfer more impact energy to elastic energy upon
landing.

3.3 Flexible Landing Control

To further decrease the impact force and enhance the
safety of the arm, a controller to implement flexible land-
ing is proposed and analyzed. The main advantages of
this method are that it is very easy to implement in real-
time and does not require any changes to the physical
elements of the robot.

According to Semini et al. [Semini et al., 2015], ac-
tive impedance is a promising way to cope with the in-
teractive forces arising during contact with the environ-
ment. By using active impedance, the required stiffness
and damping of a robot is controlled by software and
torque-controlled joints. One useful way to implement
active impedance is virtual model control [Pratt et al.,
2001]. According to Pratt et al., virtual model control is
a motion control framework that uses simulations of vir-
tual components to generate desired joint torques. These
joint torques create the same effect that the virtual com-
ponents would have created, had they existed, thereby
creating the illusion that the simulated components are
connected to the real robot [Pratt et al., 2001].

In this study, we try to implement virtual model con-
trol for the forward falling motion of a humanoid robot.
Figure 3 shows the proposed virtual model, a spring and
a damper are employed as virtual components, and thus
a virtual mass-spring-damper system between arm tip
and shoulder is built; its mass equals to the mass of the
arm, the length of the spring and damper system always
equals to the length between shoulder and tip (I5).

Once the tip of the arm touches the ground, the robot
would contract its arm, and the active interactive force
(F) is:

F = kp(linitial — ls) + kd(iinitial - l.s)v (8)
where l;n;tiq; 1S the initial length between shoulder and
arm tip just before touching down; [, is the current
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Figure 4: Flexible landing control scheme

length between shoulder and arm tip; &, and kq are the
stiffness and damping of the arm. Then, the joint torque
of arm can be obtained as follows:

r=J'F (9)

Thus, with the arm contracting itself, the joint torque
is increasing gradually, thereby increasing the active in-
teractive force (F') gradually. In this case, the robot arm
is like landing on a mechanism composed of spring and
damper, and equation (7) can be rewritten as:

1
Elal — 5k:Al2 + Evirtual + Epiastic (10)

where FEy;riual 18 the energy consumed by virtual model.
Figure 4 shows the control scheme of the robot.

3.4 Parameter Selector

Compared to other interactive tasks, the falling land-
ing task has the character of high speed, very little
time duration, etc. Along with the geometric constraint
and joint torque constraint of the arm, the selection of
the impedance parameters plays a significant role in the
controller. In this section, two kinds of virtual spring-
damper are introduced, one is linear spring-damper, the
other is exponential spring-damper.

For the linear spring-damper, both the stiffness (k)
and the damping (kq) are constant. In this case, accord-
ing to the impulse theorem (FAt = mv; — muyg), the
larger the impact time, the less impact force the robot
would encounter. Thus, the stiffness (k,) should be the
smaller the better without regarding the geometric con-
straint of the model. Considering the geometric con-
straint of the model, the stiffness (k,) and the damping
(kq) should be sufficient to absorb the impact energy, so
as to avoid the COM from hitting the ground.

For the exponential spring-damper, the stiffness (k)
is changing exponentially as follows:

em(linitin,l —ls)

k ls >= lmin
P em(linitial+ls —2lmin)

, 11
ls < lmzn ( )

where [,,,;,, is a point which the stiffness of the virtual
spring reaches its top, and it is a user-set parameter, m is
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Figure 5: Stiffness of the virtual exponential spring-
damper

a constant which can be used to determine the size of the
exponent. Figure 5 shows an example of the variation
of the stiffness of the virtual exponential spring-damper.
The x-axis shows the contracted value of the arm, while
the y-axis indicates the value of stiffness k, of the sys-
tem. At first, the initial landing stiffness is very small,
as the arm contracts itself, the stiffness is growing ex-
ponentially, at a certain point, the stiffness is reducing
exponentially until the arm maintains a stable state of
supporting the body of the robot. In this case, the initial
landing force will be relatively small, which reduces the
large initial landing impulse, then, with the increasing
of the stiffness, the arms gradually absorb the impact
energy.

4 Simulation

In this section, a series of simulations were made to val-
idate the effectiveness of the proposed method. After a
description of the simulation platform, we made three
experiments: (1) A comparison of flexible arms and stiff
arms, (2) a comparison of different stiffness, (3) a com-
parison of linear spring-damper and exponential spring-
damper for a safe landing of humanoid robots. The re-
sults of these simulations were presented and analyzed.

4.1 Simulation Setup

In this study, a simulation setup was established us-
ing a 3D dynamic robotic simulation software V-REP
[Rohmer et al., 2013] (Figure 6). In this study, the model
of a human-sized humanoid robot Asti was employed to
simulate the presented falling strategies.

The height of Asti is 1.28 m, and its weight is approx-
imately 53 kg. It has a total of 20 degrees of freedom
(DOF), and they are divided in this way: 6 DOFs in
each leg, 3 DOFs in each arm, and 2 DOFs in the head.



Figure 6: V-REP simulation setup

Table 1: Physical parameters
Uy lh lo
1.03 | 0.159 | 0.346

Length [m)]

Table 1 shows the length parameters of the arm. Table
2 shows the joint angle and torque limits. Table 3 shows
the dynamic parameters of the model.

As this study focuses on the landing control of the
arms, all the joints in the head and legs were kept fixed
during the simulation, and the joints in the arm were
set as torque control mode. The control period was set
to 1 ms, and ODE was employed as the physical engine.
At the beginning of all the simulations, the center of
mass in the head encountered a forward impulse of 25
Ns (where 25 Ns is the approximate the impact of a 5.6
kg object released from a 1 m long pendulum at 90°).
Also, the robot would try to maintain a near vertical
attitude before touching the ground.

4.2 A Comparison of Flexible Arms and
Stiff Arms

In this simulation, the model first fell down with stiff
arms, and then fell down with flexible arms. In the flex-
ible arms, the linear spring-damper controller was em-
ployed, and the stiffness (k,) was set to 3000, while the

Table 2: Angle range and torque limits

Joint 2 Joint 3
Motion Range [°] —90 — 90 —180 — 0
Torque Range [Nm] | —300 — 300 | —300 — 300

Table 3: Dynamic parameters

Mass [kgl| Ly [kgm?]|1,, [kgm?]|L.. [kgm?]
Head Joint 2.00 0.012 0.012 0.012
Head 5.00 0.028 0.028 0.028
Shoulder 2.00 0.012 0.012 0.012
Upper Arm| 2.00 0.016 0.016 0.016
Lower Arm| 3.00 0.01 0.01 0.005
Hip 4.00 0.012 0.012 0.012
Thigh 4.00 0.032 0.032 0.016
Shank 4.00 0.032 0.032 0.016
Ankle 2.00 0.012 0.012 0.012
Foot 2.00 0.028 0.016 0.008
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Figure 7: Landing forces of stiff arms

damping (k) was set to 1000.

Figure 7 and Figure 8 are the landing force curves of
the stiff arms and the flexible arms, respectively. Figure
7 shows the maximum landing forces of the stiff arms are
huge (for left arm it is 10839.12 N). Figure 8 indicates
that although a relatively large impulse encountered at
the initial period of touching the ground, the flexible
arms contracted its arms, and absorbed the impact grad-
ually. Meanwhile, Figure 9 shows the joint torque curves
of flexible arms. As is shown from this figure, the max-
imum and minimum of the joint torques are within the
joint torque ranges, which indicates that the robot can
successfully absorb the high impacts during the landing
process.

4.3 A Comparison of Different Stiffness

For the linear spring-damper controller presented above,
we selected an appropriate parameter. To study the in-
fluence of different parameters on safe landing, we made
a series of simulations using different stiffness. In this
part, the damping kg was set to 1000, while the stiffness
k, was variable.
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Left Arm Joint Torques
10 T T

Torque (Nm
5
L

Joint 2 b
3 Joint 3 ; ; ; ;
0 02 04 06 08 1 12
Time (s)
Ri ght Arm Joi nt Tor ques
10 : ’ ;
o -10- T
=)
o
2 -20 Joint 2 1
Joint 3
_3 il 1 1 1
0 02 04 06 08 1 12
Time (s)
Figure 9: Joint torques of arms with virtual linear

spring-damper

Figure 10 shows the simulation results. As is shown
from this figure, as the stiffness increases, the maximum
landing force is also increasing. If the stiffness is enor-
mous, for instance, k, equals 5000, the maximum landing
force is 6736 N. However, if the stiffness is too small, the
maximum landing force is becoming larger too. For in-
stance, if the stiffness is 0, the maximum landing force is
6384 N. We consider this is because if the stiffness is al-
ways too small, the virtual components cannot generate
enough force to absorb the impact.

For comparison, if k, equals 500, the maximum land-
ing force is 4309 N, which is approximate 39.75% of the
rigid case, 67.5% of the case without stiffness. Thus, we
are considering using a variable stiffness during landing
process, which will be explained in the next simulation.
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Figure 10: Maximum landing forces for different stiff-
nesses

4.4 A Comparison of Linear and
Exponential Spring-damper
To decrease the initial large landing forces as well as ab-
sorb the landing impact gradually, we employed a virtual
exponential spring-damper. In this simulation, the ex-
ponent of the exponent constant m was set to 60, the
damping kg was set to 1000, while l,,,;,, was set to 0.35.
Figure 11 shows the sequence of falling states. Figure
12 and Figure 13 show the landing force and the joint
torque curves of the arms, respectively. As is shown from
these figures, the robot touches the ground with both
arms, contracts its arms gradually, and finally maintains
a stable state. The maximum landing force (for left arm
it is 2740 N) is much smaller than that of a linear spring
(for left arm it is 4970 N); meanwhile, the maximum
and minimum of the joint torques are within the joint
torque ranges. Thus, compared to linear spring-damper,
the exponential spring-damper can reduce the maximum
landing force more efficiently.

5 Conclusions and Future Work

This study focuses on the safe forward fall issue of a
biped humanoid robot. The contributions are as follows.
1) The forward falling motion is analyzed from an en-
ergy variation perspective of the robot system, and a
best-fit landing attitude of the arm is presented.

2) Based on human protective falling motion, an “Arm
Flexible Landing Strategy” for safe falling is presented,
and two kinds of virtual spring-damper controller are
designed.

3) The effectiveness of the falling strategy is validated
by dynamic simulations with a human-sized humanoid
robot model. The results confirm that the proposed
controller can largely reduce the maximum landing force
comparing to stiff arms, a relatively small stiffness can
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Figure 11: Sequence of falling states using virtual expo-
nential spring-damper

absorb the impact better than a relatively large one, and
an exponential spring-damper is better than that of a
linear one.

Although this study assumes falling from a standing
position, and only forward fall is discussed, the proposed
methods can also be used for falling from complex mo-
tion, such as walking or operating. Future studies will
address the flexible landing control of a robot from dif-
ferent kinds of motion.

Our current approach ignores aspects such as sensor
response time, ground friction force and the structure of
the hand, and does not combine other falling strategies
such as leg or torso strategy. The results of our approach
on a real robot are not expected to be the same as the
simulation results, but we expect the experiments on a
real robot will yield similar trends. Our future stud-
ies will also discuss the implementation of the proposed
strategies with an actual humanoid robot.

Meanwhile, it needs to say that this study assumes
that the material of the hands are rigid, according to
the analysis of III(B), if the robotic hands use elastic
materials, the hands can reduce the landing damage it-
self by transferring more impact energy to elastic energy
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Figure 12: Landing forces of arms with virtual exponen-
tial spring-damper
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Figure 13: Joint torques of arms with virtual exponential
spring-damper

upon landing. In our future research, we will design an
elastic robotic hand for the falling experiments.
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