
  

 

Abstract— This paper proposes a human-like fall avoidance 

and stable gait generation technique for humanoid robots. 

Inspired by human posture assessment and push recovery, we 

propose a system that uses sensory input from both vision and 

inertial sensors for an improved perception of the robot status 

for equilibrium during quiet standing. The proposed system is 

tested on Nao in push recovery experiments under different 

scenarios. For stability during walking, we introduce a new 

technique for designing stable humanoid gaits, inspired from 

human walking characteristics, where about seventy percent of 

the required energy during walking is attributed to the 

exchange of kinetic and potential energies. We test our system 

by creating an energy-conscious gait for a five-link simulated 

bipedal robot in MATLAB Simulink and validate that during 

this gait energy exchange occurs as per our design. 

I. INTRODUCTION 

Humanoid fall avoidance is important for protecting the 
robot against breakage and reduces time needed to recover 
from a fall. Humanoids are prone to various disturbances that 
could be harmful if not mitigated properly, especially that 
humanoids are meant to operate around humans, so bumps 
and trips are inevitable [1, 2]. 

Our approach is biomimetic in nature, in fact, humans 
possess superior balance capabilities and mimicking them 
would help devise a more robust fall avoidance system. 
During quiet standing, humans tend to rely on three sensor 
information: visual sensors, vestibular sensors (otolith and 
semi-circular canals), and somatosensory information 
(coming from muscles and joints) [3]. 

Most humanoid balance systems in the literature focus on 
Zero Moment Point (ZMP) control [4]. ZMP is the contact 
point of the foot with the ground where the sum of the inertial 
and gravity forces is zero [5]. This concept also applies to 
human behavior; however, the difference lies in how posture 
is sensed. Few attempts have been made to take measurement 
noise into consideration while assessing balance. Mahboobin 
et al. [6] introduced a sensory reweighting mechanism in 
order to fuse vestibular and proprioceptive information. The 
reweighting scheme consists of two Kalman filters, each 
giving more preference to one sensor over the other (through 
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Kalman gain changing). Another work on sensory 
reweighting in humanoid fall avoidance involves the fusion 
of the gyro and accelerometer sensors which together 
constitute the vestibular system [7]. However, none of the 
previously mentioned systems includes vision. In fact, the 
first system that applies sensory reweighting of visual, 
vestibular and proprioceptive information was recently 
introduced by Klein et al. [8]. Although vision is included in 
posture estimation, its role is limited to the distance 
separating the robot from the visual environment. Any 
change in this distance causes inaccurate posture estimation 
and thus a faulty control strategy. 

In our approach, we use MonoSLAM vision odometry as 
a basis for the visual perception and a gyro for angular 
velocity measurements; and we devise a reweighting method 
within a Kalman filter framework. Moreover, our system is 
designed to be robust against visual and measurement noise 
such as blur, poor lighting conditions, and faulty sensory 
output. The novelty in this work is a robust humanoid fall 
avoidance system, which relies on the fusion of sensory 
input, mainly gyroscope and visual odometry, taking into 
account changes in the environment. The fusion of the 
mentioned sensors in addition to the image quality 
assessment, ensure a more human-like fall avoidance in 
comparison to currently existing systems. 

Walking and gait design lie at the core of research in 
bipedal systems, which could not perform the simplest of 
tasks unless they walk in a stable and robust manner [9]. 

The study of bipedal robot gaits reached a major 
milestone with McGeer in 1990, where the passive dynamic 
gait was verified, and a bipedal robot was made to walk 
passively with no actuated joints, given a proper initializing 
force [10]. The walk depended only on gravity and inertia, in 
addition to mechanical knee stops to prevent shank 
hyperextension. While McGeer’s focus was mainly on the 
biped’s mechanical design, the success of his gait synthesis is 
governed by a characteristic found in human walking, which 
we will elaborate on throughout this paper. 

The theory of passive dynamic walking remains limited 
when the biped is involved in tedious tasks [11]. This lead 
researchers to seek other theories and intuitions to generate 
more robust gaits; accordingly, the attention turned back 
around 20 years before McGeer’s hypothesis, to the Zero 
Moment Point (ZMP) theory of Vukobratovic [5]. 

Bipedal gait synthesis requires motion planning for foot 
placement. Therefore, Pratt et al. [12, 13] introduced the 
fictitious ZMP for gait synthesis using what they called 
‘capture points’. Their method consists of calculating the 
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capture points, which are considered as future ZMPs once the 
swing leg hits the ground [13]. 

 

Figure 1: Mechanical energy fluctuations showing Kinetic Energy (KE 

in blue-dashed) and Potential Energy (PE in red) out-of-phase during a 

human gait. 

Energy efficient humanoid gait design is a wide area of 
research, which aims at producing gait patterns with minimal 
energy expenditure [14]. Current energy-based solutions set 
as an objective function for their designs the minimization of 
energy—potential plus kinetic. However, we postulate in this 
paper, that in gait design, one could rely on a more 
fundamental theory of energy efficiency in human walking, 
which is known in kinesiology entourage as the energy 
exchange theory [15]: 

Walking at a constant speed, the kinetic and potential 
energies oscillate in an out-of-phase manner (Fig. 1), such 
that approximately seventy percent of the needed mechanical 
energy [15] is recycled, rather than produced. The muscles 
supply the remaining required energy. The data in Fig. 1 is 
taken from experiments done on more than 20 adults walking 
at a constant speed in the forward direction. The average 
energy fluctuations are shown in Fig. 1. 

In the following sections, we briefly introduce the 
methodology behind the fall avoidance strategy and the new 
gait generation technique. We also present results showing 
the effectiveness of our approach. 

II. METHODOLOGY 

A. Humanoid Push Recovery using Sensory Reweighting 

The sensory reweighting system is shown in Fig. 2. This 

approach improves humanoid’s stability against push 

disturbances in the sagittal plane and adapts for 

environmental changes such as poor lighting conditions and 

noisy gyroscope measurements. The details of this work were 

published in [16]. 

 
Figure 2: Control Loop of the overall system. The visual and gyro 

measurements are subjected to noise. The Kalman Filter fuses the 

measurements along with the blur and brightness metric and sends the 

predicted angular position and velocity to the Virtual Model Controller 

which in turn sends the appropriate ankle torque (τ) to maintain 

postural balance [16]. 

B. Energy Exchange Theory 

The objective is to generate energy-efficient stable gaits, 
using the principle of out-of-phase oscillation between the 
kinetic and potential energies. This would render the 
humanoid walking more human-like (Fig. 1). We will use the 
following definition for out-phase, namely, an exchange of 
peaks and valleys. That is, for two signals f(t) and g(t) to be 
out-of-phase, we must have:  
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(2) 

The first step in humanoid gait design is the choice of a 
walking model. In this paper, we adopt a 5-link humanoid 
model with five degrees-of-freedom as shown in Fig. 3, 
where (x0, y0) is the position of the humanoid’s Center of 
Mass (CoM) while α, βl/r, and γl/r are the torso, left/right 
thigh, and left/right shank angles respectively. 

The next step is to compute the expressions for the kinetic 
and potential energies at the CoM. The rotational kinetic 
energy and potential energy at the CoM are shown in (3) and 
(4) respectively, where M is the body mass and α’ is its 
angular velocity. Details of this work were published in [17]. 

       

 

  

  

  

  

 

Figure 3: 5-link humanoid model. 

                        (3) 

(4) 

The gait angles are obtained by solving an optimization 

problem enforcing the energy exchange property. Therefore, 

we define our optimization problem as follows:  



  

objective function: (1) and (2) forcing energy exchange at 

CoM 

subject to: joint angle limit constraints 

solving for: Fourier Series parameters that define the gait 

angles 

III. RESULTS 

The sensory reweighting system for push recovery during 
quiet standing is tested on the Nao humanoid against pushes 
in the sagittal plane under different conditions. The results 
are summarized in Fig. 4, showing the robustness of the 
proposed system against sensor noise and changing 
conditions. Analysis of the results were published in [16]. 

 

Figure 4: Performance parameters for the 7 scenarios (maximum 

torque, maximum displacement angle, and settling time)-Values. 

To validate the success of the proposed stable gait 
synthesis, we apply it to the humanoid model simulated in 
MATLAB/Simulink. The optimization problem is defined for 
the 5-link model (Fig. 3). 

 

Figure 5: Mechanical energy patterns showing energy exchange 

between KE (blue-dashed) and PE (red) during 5-link model gait. 

The kinetic and potential energy variations at the model’s 

CoM during gait are shown in Fig. 5. The energy exchange 

property is satisfied as can be seen in the plot. The time at 

which the kinetic energy hits its maximum peak, the potential 

energy is at its lowest, and vice versa. This pattern is 

maintained throughout the walking simulation, thereby 

mimicking the energy exchange in human gaits. 

The proposed gait synthesis is also tested against 

disturbances in the sagittal plane. The model can recover 

from push disturbance of up to 0.01 rad./sec. as compared to 

a maximum disturbance rejection of 0.004 rad./sec. for the 

gait developed in [18] for the same humanoid model. The 

results prove the robustness of the proposed gait generation 

algorithm against push disturbances This improves stability 

during humanoid gait and reduces risks of falling. 
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